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ABSTRACT (academic)

According to the International Energygency, the global Electric Vehicl&V) sales are
experiencing approximately 24% annual growth and the total market could4realtion
in 2020 and 21.5 million by 2030 However, the mass production of lithition batteries
(LIBs) to power EV ceates concerns over environmental impacts and thetéong
sustainability of critical elements for producing the major pattemponentsAlthough
much investment has beenade it is still imperativeto develop an effective LIB
production and recyclingrocess

This dissertationdemonstrates a green and sustaingdaeadigmfor LIBs where the
batteries are manufactured adidect recycled to form a cloddoop. The watebased
cathode electrodeeliverscomparableycle life andrate performance to tlanes fronthe
conventional organic solventbased processThe direct recycling process has the
advantageto regenerate theathode material from electrode instead of decomposing into
elementsUtilization of a watersoluble binder enableseparatinghe cathode compound
from spent electrodes using water, whichthen successfully regenerated to deliver
comparable electrocheaal performance to the pristine one.

When scaled up, the degraded cathode material can be directly regenesateptingized
relithiation thermal synthesis (RTS) method rasynthesizéhe homogeneous cathode
powder of high qualityThe key factors and sintering proceduaesstudied to ensure the



performance of the producthe pilotscaletest successfullgcales up to Kdevel with
recycled output materials delivering good electesaltal performance.

To automate the direct recycling process and improve the efficiency, machine learning and
sensors are utilized in a novel battery disassembly platforrraniclassify different
batteries based on their typandsizes. The processirigmperatures instantly monitored

using thermal imagerand the prediction modek trained to give the prediction for
measurs taken by a closkloop control systemEFurthermore, the image recogan is
employed for quality control after the cuttingopess and the defect can be mitigated to
ensure effective dismantling &ndof-life (EOL) batteries.The integration of machine
learningtechnique makegheelaborate dismantling procesafer andnore efficient.
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GENERAL AUDIENCE ABSTRACT

According to the International Energy Agency, the global Electric Velil§ sales are
experiencing approximately 24% annualwtio and the total market could reatmillion

in 2020 and 21.5 million by 2030 However, the mass production of litim-ion batteries
(LIBs) to power EV creates concerns over environmental impacts and théetomg
sustainability of critical elements for producing the major battery compometiss work,

a greenand sustainable manufacturing and recycling paradigniii8s is ushered and
scaled up to pilescale testCompared with the ettrodes produced bgonventional
organic solvenbased processhe waterbasedelectrodes cadeliver comparabléattery
performancemeanwhilereduce the cost as well as talution to the environmeniThe
spentbatteres aresuccessfully regearated tdorm the closed loopystemwith minimal
external toxic solvent usedAt pilot-scale, Kg-level battery material can be directly
regeneratedo deliver high-quality cathodepowder.It provides the guidancef @esign
parameters for largecale battery recycling in industryo automate the direct recycling
process and impve the efficiency, machine learning and sensors are utilized in a novel
battery disassembly platform. The integration of machine learning techniqgues makes the
elaborate dismantling process safer arate efficient.
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Chapter 1 - Introduction
1.1Introduction ofLIB and theLIB manufacturing

1.1.1The cevelopment oL.I1B

During the oil crisis in the 1970s, the breakthrough oLiBehappened abBr. M. Stanley
Whittingham worked on reseatioly conductors and found the eneirggh material, which
inventedthe novel cathodéor LIB ’. The titanium disulphiddas spaces for housing
lithium ions and allowsheir intercalation and datercalation at a molecular perspective

8 The anode ofIB was partially made from lithium metal, whican suppl enough
lithium ions for circulation between tteode and anodélhe battery with this electrode
combination camleliver greatpotential but increasahe risk of explosion due to the great
reactivity of lithium metalTo further increase the cqlbtentid for achieving high energy

or power density, mearchers have tried to improve the battery components. John
Goodenough demonstrated that transition metal oxide, like LIC@ICCO)
electrochemically reached as much as four volts in 298¢ith Goodenough's invention

of LCO as the cathode material, Akira Yoshino invented the rechargeable litiztery

five years later using petroleum coke as the anodeadsof lithium metal®. Then the
lightweight and powerful batteries were presented in human Kisamd they have
revolutionized our lives to help build the wireless, fosdl free society. In 2019, LIBs
accounted for the highest market share among energy storage devices. In the same year,
the Nobel Prize in Chemistry awarded to M. Stanley Whitiamgh John B. Goodenough
and Akira Yoshino, for their pioneering contribution fbe development of LIBS.

With high energy density and porfiel dynamics,LIB is continuously expanding its
market share for the growing mand of electric EVs and ingratiating tBepectatiorby
society to decarbonize the transportation fleet. The world will need to produce more than
700GWh of batteries, which wid be more than six times what were produced in 2016, if
just a 15% penetratiorate of electric vehicles in proportion to all new vehicle sales by
20262 However,the share oEVsin the global auto market is growirad a slower rate
thanpeopl e’ s & ©Oneefcthe&kayireasons is that the unbalanced supply and

demand relationship fluctuatthe prices in supply chain cdw materials, which limits the

1



scaling up®. The booming market dfIBs leads to a threefold increase in the price of
lithium and a fowfold increase in that of cobalt betweerl8tGnd 2018 Therefore, the
critical comporentsin the supply chain of the battery manufacturing is an important
strategic resource, which is the cornerstohkrgescale promotion of LIBs. The critical

and strategic metal resources such as cobalt, lithium, will be more scarce if they are mined
only in a few countries whose trade policies could limit their availability and influence
pricest®. In addition, environmental impact during the manufacturinggss also hinders

the development of LIBdt is believed that thgreenhouse gas (GHG) emissions for the
manufacturing of 24 kWhLIB packapplied on BEVare 3.4 metric tonnes of G@q (11

kg CO-eq per kg of battery at40 kg CQ-eq per kWh). 45% of #n GHG emissionsf

the cell manufacturing process are relevant to the use of utilitie¥he battery
manufacturing process and the cell components from upstream dominate the criteria
pollutant emssionsincludingvolatile organic compound¥OC), carbon monoxid€¢CO),

sulfur oxides(SQ.) and nitrogen oxidesNOx) 1**°. Hence, lte current manufacturing
process needs to be further improvetéécome morecacfriendly.

1.1.2 The manufacturingrocesf LIB

Battery assembly process

A LIB is made up of the classidadtterystructure components: cathode, separator, anode,
electrolyte, and current collectors. While the battery gischargethe anode releasés-

ions and theLi-ions would go across the separator to the cathode. When charging, the
opposite happensidionswill transit from the cathode part to the anode. Th@&nscan
migrate between cathode and anode sides ke e battery cycling pracal. In the raw
material perspective, the processing technology of the electrode manufacturing should be
as follows: active materiahinder ancdconductive additive, are homogeneously mixed in a
solvent under the water free aisphere. Currently the mostidely used solvent in
commercial battery manufacturing is-miethyt2-pyrrolidone (NMP) combined with
binder of poly (vinylidene fluoride) (PVDF) 2°. The uniformed and smooth suspension
should be perfeatl coatedon the metal foils like the mirror. Aluminum foil is normally
used for cathode material while the copper is used for the counter one. To form the
electrode in high energy density with superior electrochemical performance, several factors



or parameers wil be taken into consideration: the solid/liquid radibthe suspensign
stirring speed or duration, drying temperafeaating thickness and so on. After the drying
and vacuum treating, the coating sheet is cut into designed shape for batterylyaste
whole cell assembly contains the electrodes winding with separator, electrolyte fulfilling,
sealing, cell formation and examinati&f,

Figure 1 describes the flow chart of gheuch cellbattery manufacturgline in our lab.

The cathodepowder materials mixed with conductive additivand the binder PVDn

the proper ratioThe homogeneous slurry is maeeth solvent NMP using theacuum
mixing machine The influence of moisture in the as excludedduring theslurry mixing
process The time duration and the stirring speed should be controlled to ensure that the
slurry is in aproperthickness. Then the slurig coated on the aluminum sheet using the
doctor blade. For a consistent thickness of the @detsice, the scraping speed or force
needs to be stable. After air drying in the convection oencalendaring processuld

be conducted on the electrode shedtatten the surface arghhancehe energy density

as well as its physical properti&s Using the die cutting machine, the whole electrode
sheetsare sheared into proper shapes, whgttould becompdible with the size of the
pouch cases. In the structure of the stacking cell, the cathode andshretiarestacked
alternatively with the separator separated. Nickel éabwelded to each electrode current
collector by the ultrasonic metal vdelr. Normally the new made pouch paat®vacuum

dried to further exclude the remaining moisture before adding electrolyte. With the
designed mold, pouch cell casgslaminated to accommodate the core material. The cells
aresealed bythe hot sealing mehinekeeping one side open for electrolyte addition in the
glovebox. Then, the vacuum sealis@lso conducted in the argon filled glovebox followed

by cell formation process employing the battery tester or analyzer.
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Figurel. The flow chart of the lab scale pouch cell battery manufacturing

Cell is the most basic unit of thmattery which has the voltage of 3.7V ta€O cell. The
connected cells in series or in parallel can form the module of battery, which can provide
high voltage and capacity. The jointing of multiple cells needs the battery management
system (BMS) to measeithe voltage of the module. When the modules are connected in
a stackable frame, it is the pack. One or multiple packs can be connected to form a system
and a cooling system will be accoupled for avoiding the theramalway problem.
Thermal managementase of the biggest problems that impede the development of a LIB
system. Although the energy density of the battery pack has been remarkably improved in
contrast with the lead acid battery, the compact design of cells would accumulate large
amount of heathat deteriorate the cycling performance of the battery system. It is believed
that, the elevated temperature condition would facilitate the dynamitiseobattery
cycling, but the surface reaction between electrolyte and electrode would also be
aggravaed, causing irreversible lithium ion loss and even safety proBfe®@snilarly, the

low temperature condition also deteriorates the cycling performance of the battery.
According to the literature, the reason is that the degradation in both bulk and surface of
graphite anod&. The loss of litium ions which are plated on the surface of anode triggers
the capacity deca¥/. In somecold regionsthe battery pack must be heated to ensure the
normal function. Therefore, a liquid circulation fagat exchanging is required to keep the

whole battery system in the appropriate temperature section.
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The battery manufacturing process can be regarded as the linear process with parts added
in sequential order. Figure 2 below represents the flow chathefbattery pack
manufacturing process and the material flow for the 24kWh EV battery pack. Theamateri
flow and corresponding energy consumption were analyzed for better understanding the
whole battery production. Yuan et af.,analyzed thematerial flow and thesnergy
consumption during the manufacturing process of Liie2 pack employing LNn>O4

(LMO) as the cathode accompanied with graphite anode. This 24 k¥gh battery pack

was used in commercial EVs like Nissan Leaf. Based on the Battery performance and cost
software (BatPac) 28, the detailed components and their composition weights were
presented for research analysis as well &sulzdion. This 24kWh pack contained 192
single cells with 3.85V working voltage that uge§10) as cathode material and graphite

for the counter one. For the cathode electrode, the ratio of active materials, PVDF binder
and the conductive carbon in magas89:5:6 while the anodevas made of graphite and
agueous binder carboxymethyl celluld&MC) at the mass ratio of 95:5. The total N/P
ratiowas 1.2. As for the electrolyte, thghiumfluorophosphate (LiF§ was used as the

salt which was dissolved irhé combindbn of ethylene carbonate (EC) addnethyl
carbonate (DMC). The mass of the separator and pouch case was 11g and 39.5g
respectively. Current collectors for cathode and anode sleeeB99g. The total mass was
868g. The pack contained 16 maskiwith insilating polymer spacers inserted and the
whole pack was situated in the aluminum tray. For each module, there were 12 cells
arranged in series. THEMS and cooling system were also part of the pack whose weight
was linearly correlated with theze of thewhole pack.The battery packssembling
accessories accounted &opund 18%nass fraction athetotal battery packWith all these

parts assembled and tested, the battery pack was ready for sale.

For the production process, details of the paaters weralso summarizeih the literature
The activematerialsLMO and graphitevere separatly mixed with binder and additives
in theNMP solvent The graphite slurry waated ori2 mmthick copper foiwhile LMO
was coated o5 mmthick alumirum foil. The slurry was coated on the aluminum sheet
followed by thedrying processinder 150°C overnight forevaporaing and reycling the
NMP. The dried electrode sheet went through the calendaring process ateshsitg of
electrode will reaci0 mg/cm. Theprepared electrodgheetsvould be puncheihto the



desiredshape using thdesignedmould, then the cathode and anode sheet capalred
and stacked int@IB pouchcells. Multiple pairs of the electrodesere stacked together
with and separated byhe separator. The electrolyteas addedfollowed by the cell
formation procesand the pouch casesre thensealed to form the single pouch cé&lhe
quality test would be conducted to evaluate the pouch cells before the pack assembly.

Mass production dfIBs may result in more serious environmental concerns during battery
manufacturing and disposal *° In fact, 4.1 million kg per year of NMP is used for
depositing the cathode layers for a battery manufactyfisngt producing 100,000 packs
per year of 60 kW, 10 kWh pluig hybrid vehicle (PHEV) battees.. NMP is expensive

and reprotoxic and has been added to the restricted substances list by the European
Commissim in 2018. In additionenergy consumefibr the NMP solvent evaporation and
recoveryduring the electrode drying process accounts for more 4fi& of the energy
consumptionin the wholeLIB manufacturing It can reduce 25% the NMP is replaced

with wate 2, The dry room facilities used for the temperature and moisture control during
the slurry preparation and coating process occumth@r 29% ofthe total energy*.
Thereforeit is favorable tasubstitute the NMP with harmless solventing the &ectrode

manufacturing processés redudng theenergy consumptioandprocessing cos¥.
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Figure2. The flow chart of the manufacturipgocess and material flow of the 24kWh Li ion batter
pack used in commercial EAf.



The energy consumptiaf the material production

There arevarious types of cathode material that are widely used.r@vematerials for
cathode are synthesized through aetions between lithium source artde metal
compoundsForcathodematerial likeLCO, it can be made by high temperature cahgn
cobalt oxide (CgD4) with lithium carbonate under precisely regulated conditidnghe

nickel rich cathodénvolvesmultiple metal elements like nickel, cobalt and manganese for
partially replacing cobalt to reduce the csThe precursor metal hydroxidetiviequired
element ratio, which has the similar morphology with the final product, can be synthesized
by coprecipitation, segjel and spraylrying method, eté®*8, Finally, the cathode powder

is synthesized by sintering lithium salt with the cathode precursor. Several factors would
influence the characteristics of cathode material including the processing temperature,
synthesis the, atmosphere and the ficle size as well as pH of the precurstr&.

The energy consumption for théB manufacturinghasalsobeencalculatedThesoftware,
Greenhouse gases, Regulated Emissions, and \Emsey in TransportatioGREET)
modelis used to model and calculatiee unit energy consumption of the raw material
production proces¥. Together with Batpache life cycle analysif_.CA) is conducted to
calculate the energyonsumptionof the battery packnanufacturing™® 44 The processing
erergy alsocontainshe energyconsumed from ingredient productionppessing utilities

as well as the transportation costisltalculated that the total energy consumption for the
cathode materidlMO is more than 30 MJ/kdn addition the energy consaption for
other cathode material production using virgin matehiad also beencalculated. The
purchased energy for virgihCO materialis 169MJ/kg while it for LiFeP® (LFP),

LiNi 0.5C00.2Mno.302 (NCM523) and LiNio.sCoo.15Al 00502 (NCA) are22MJ/kg, 1404J/kg

and 162MJ/kg respectively, as shown in the Figubelow. The lithium resourcevould

be mainly from the LiCOs except for the threelement compounds which use the LiOH.
The LCO:s is producedrom Chile where the energy intensity including transgasn is
40% less than it from U$. Figure3 (c) and (d) illustratéheenergy intensity oCM and
NCA chemistry. The production of thredement material needlse formation of cathode
precursor beforéhefinal prodiwct. Normally, the preparation of cathode precursor derives
from metal sulfate with ammonia and NaOH added. The reaction between LIOH and

precursor wouldjeneratéhecathode materidf. The LCO has the highest energy intensity
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among all these materials because the high \aileeergy harvating during cobalt oxide
obtainment. Meanwhile LCO is also the most expensive cathode material compared with
others. That ishe reason whynost of the recycling technology aims at cobalt recovery.
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Figure3. Theenergy intensityof cathode active material productiand contributions of different
componentga) LCO (b) LFP (c) NCA (d) N®523*,

The energy consumption and the contributions of different raw materials are shown in the
Figure 4 which includes four types of LIBs with different cathode material. Although the
mass and energy consumption of each component vary aagtodiifferent athodes, the
relative contributions of each battery are in common. The cathode material accounts for
36~48% of life cycle energy consumption of the total battery pack. In contrast, aluminum
and copper sheet which are served as currentctmileontributel8~ 29% of energy

consumption. LFP is the exception due to its low purchased energy. Battery constitution



including the binder, binder solvent, electrolyte and separator contribute minimally to life
cycle energy consumption. Although thevetisity of battey manufacture gives us many
choices in LCA such as BMS and binder use, the model is simplified by some normal
assumptions. For example, the BMS is supposed to account for 2.5% of totabfmass
battery pack. The binder for cathode and anode in differdiveamaterial should be
PVDF.
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Figure4. Thelife cycle energy consumption of components in LiBsdifferent cathode materials.
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1.2 Overview of LIB supply chain

1.21 The critical material flow of.IB supply chain
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Figure5. The end use of lithium and cobalt element as a percentage of consumption

Cobalt has a wide application in the development of society, such as the superalloys and
hard materials. In recent years, thwoming of batteryndustry has gained growing share

of the cobalt use, espially in the cathode materials €fB for EVs and consumer
electronics’’. From Figures, the LIBs application of Co accounts for nearly 60% of global
Co demand in 2019. The price of Cobalt has experienced ddiouincrease from 2016

to 2018, which directly stimulated the vigilance of the whole indussuglply chain
including the batterynanufacturer and automakérsAlthough nickel rich and cobalt free
cathode materials like NCM333, NCA and LFP have been investigated and applied in EVs
to aleviate some of the supply issues, cobalt is still the indispensable element in existing
LIBs as its largest demand becatise cobalt should be contained more or [s§he

future direction of cathode components is aiming at lowering the cobalt content which can

be replaced by other cheaper transitionaisesuch as manganese or nickel

Same as cobalt, lithium is also widely used as the industrial ingtedire end use of

lubricating greases, glasses and ceramics has obtained the largest part of share in end use
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%0 With theexpansiorof the battery markef structural shift happens to the end use of
lithium resourceAs Figure5 shows, the percentage of lithium consumption and end use
has greatly inclined to being applied to rechalie batteries. It can be seen that its market
share of material end use has significantly increased from 29% in 2013 tio @B%0°".

Lithium carbonate is the normal form exadtfor lithium use, which is the main lithium
source for synthesizing the battery materials, and has a steady price at $4600 to

$5000 per ton before 2016, but it have gone through the sharply rise then to a price of
around $1%00 at 2017 and $J000 per ton in 2018!%. From the USGS Mineral

Commality Summaries, the worldwide reserves of lithium are 17 million tons.

Nickel and manganese are being used in manufactoatigpde active material of NCM

LIB to replace part of the cobalt and reduce its cost. Nickel can provide high energy and
power denisy while it is cheaper than cobalt. Bilte NP* in cathode materiahay cause

the cation mixing withLi-ions due to the siilar radius®2. Manganese is utilized in the
cathode material tenhancehe thermal stability and has even lower ptizan nickel*2
Aluminum is served as current collector in LIBs for cathode materidlasthe high
electricalconductivity, good ductility and islectrochemicallystable under the working

range of voltagé®,

Graphiteis widely used in the anode of LIBs and it can be found natunaltyiversified
locations®®. Meanwhile itcan beartificially synthesizedn the form ofcoke (from codl
andcharcoal(from wood) The applicationof graphitein battery jus accounts for a small
fraction of the graphite production. However, the battery productionresqthe flake
graphite of high purity, which would be more constrained. It is believedakatgraphite
only accouns for 30% of the natural graphite proded in Chinain 2017 The graphite
production inNorth America onlyaccount for3% of the globasupplyin 2017°. Although
silicon has been investigated to replace the graphite for the anode material since it owns
the extremely high specific capacity, the large espanof volume during the cycling
impedes its replacement of graphite. The eclectic method@ribine graphite and silicon
in a seemly ratio but entirely eliminating graphite is nearly impossible in the shofPterm
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Tablel. Summary of 60 kWh NCM523/Graphite battery matefRals

Electrode  Element Weight Cost Mine production and supply information
percent percent worldwide
(kg/kwh)  ($/kWh)
Cobalt 0.22 14800 tons 70% CongdKinshasa)
Nickel 0.55 2400000 tons25% Indonesia, 15% Philippine
Cathode  \1anganese  0.31 40.77 18900 tons31% South Africa, 18% Australic
Lithium 0.13 95000 tons62% Australia, 18% Chile
Aluminum 0.22 0.03 63600tons: 56% China
Anode Copper 0.46 0.08 20400 tons29% Chile, 12% Peru
Graphite 1.1 20.43 1120000 tons62% China

1.22 Challenges in material supply chain tdB

Table 1 introduceshe elementausedin the battery manufacturing and their mining
productiongeological locatios It is known that over0% of global cobalt production is
from the onefold area, the Democratic Republic of the C¢BJRC), which has a long
tortuous and conligated history with civilwar, internal conflict and infrastructure issues
. The heavy geographical comtgation of mining and réfing, sociopolitical instability
and unrest significantly destabilize the cobalt supplyn et al., has assedsbe material
supply risk of the LIB materials which means the possibility of material supply
interruption The HefindahtHirschman Index (HI), which representgshe market
concentrationhas been incorporated with the Worldwide Governance Indicator (WGI) to
express theisk for different countries administration levekhen the indeXdHI-WGI is
utilized to represerthe supply stability anthe cobaltsupplyis proved to bdiigh risk as
well as vulnerability®®. What makes the matter worse is that cobalt is primarily
mandactured from the byroduct or ceproduct of other metals. It is known that around
38% of cobalt was the Byroduct of nickel productiorgnd60% was mined &ém the by
product of coppef®. Also the production ahprice of Cdalt would fluctuate with the
market ofthe primary productiorof nickel and coppe®°.
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The challenges of lithium production lie in whetlseipply can meetthe demandather
thanif there is enough materiél. Lithium has diversity of extraction technologies. Main
mining countries like Australia and Chile are obiag lithium from pegmatite, which also
leads to the extraction of other valuable elementsSilemnun??. Argentina and the U.S
also recover the lithium via evaporation from the brine of salt |akegjich the ceproduct
potash can bextracted and provides some offsetting reveliuélowever, this process
requires the drilling and breaking the shell of salt brine which neels elevated into
evaporation ponds for experiencing 12 terddnth solar evaporatid. Eventually only

6% of Li content can be extractedpmducethe pure LiCOs for the LIBs*S. Meanwhile

the process is also extremely water consuming, nearly 5000@@&ggbper ton oflithium
productionis needed”, which may destroy theockbed andring safety concerns about
the local water use. High time consumption for production period, low recovery rate as
well as the water intensityf dithium product make the brine evaporation method less
preferable, while the hard rock mining of lithium has obtained more market share as the
demandof lithium was continuously increasing, although it is much more cé%tljhe
worldwide lithium production increased from 35000 ton in 2016 to 950D tA018 while
Australia, who extracted the lithium by hard mining operation, hptbportion growth

from 40% to 6296°. Thereforeto satisfy the explosive demand of lithium due to the EV
producton, most of théithium production growth came from the hard rock mining and the
cost is bound to rise compared with that from brine evaporakarnthermore, the
geographical concentration of lithium mining is becoming more serious. Therefore,
improving the extraction technology of lithium through efficientand cost saving way is
necessary.

1.2.3The application of Internet of ThingkT)

Internet of things

Internet of Things(loT), one of the latesinformation technologyIT), is a new IT
revolutionsupplyinga fundamentathift acrossvariousfields. The'Internetof-Things is
served as the umbrella keyword to extend the Web and Internet into the physical world
through the devices, sensors with functions of sensing datztwoll and data procesgi
To build a more powerful manufacturing plant with strong structural flexibdiyg
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resilience facing marketing risk, 1oT makes for mitigating the time delay between the data

capture and the actioBy linking the digital signal and physical entitiesthe rapid

spreading of redime interactionskillsare necessary emhancehe industriabpplications

and servicedor the customer$®. Thae are four essential layers in the classical IoT

network.First, the sensing layewhich canintegratethe t hi ngs’ or existing he
Ratiofrequency identificationRFID) tags, actuatoysensors The networking dyer is

responsible for the information transferring across the netwddanwhilethe service

layeris to combine the application with sex® using theniddleware Theinterface layer

is facing the customer amthieve the communication betwageses andthe systent’.

There are fiveritical 10T technologies fothe dataconnection and communicatiof-ID

is for verification functionprocessindrace as weélasmessage passinghich is classified

into five main classe$?eople can only write and read information from plassiveclass

1 tags.Class 2 tagareadded with security related functionaliti@sdthe class 3 is semi
passive which can extract thenformation by the integrated battery and sensors. For the
class 4 tags, they can achieve the active communication between different faghevhi
highestclass 5 tagare able to interfere with the baekd networks and control other tags
comprehensivelyTo monitor the whole process, several sensor devices are used to detect
the local information, such as the moisture, distance, and sgasds The Wireless sensor
networks, or WSN. It is known that the sensors are widely used in the different felds. F
example, the physicatenarian temperature, viscosity, moisture, acceleration and various
of forces.In addition the sensorgan be usedn industrial processingo control and
monitor the parameters like liquid flow, pressure, movement and ribisan alsobe
integrated into the network to upload the data to receiver®RUH® tags.To realize the
reaktime comnunication for different things, theiddlewarecan be used to explore the
method communicating the sensor devices with tags or actuharslata detected from

the sensors is transferred feeingused in the next step. As for thiswd computing it
includes several resources in one sharing platform, which allows all the identified people
to get access to it based on their requiremettss very significant to process the real
time data from the IoT system in high volume and theml#wugsion can be nd@ efficiently

for purposing. That is the central theme in the loT application to solve problems.
Furthermore, the loBystems can haved human and device connected. This interaction
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can promote the interflow of the informatiohhe interface between theser and the
devicesmakes it easy to i nfuse tlhhsamnamg,dhplole’ s mi nds
technologies function cooperatiyeto realize the accurate data collection, fast data
transportation, effective analysis to locate the defects andateamaking to improve the

whole system.

0T upgradeghesupply chain t@ higherével: The “ t hi ngs’ are interconn
humanis involved to achieve the autonomous and smart coordination. To finish the
customer order, the supply chain is tonsfer the information through the processes and
entities and the goal is to deliver the product that can satisfy the customer reguatdolt
suggested to reduce the cost and time consumption while the product should be kept in
high quality. For the saply chain system, it is the linear relationship between the raw
material suppliers and the customer. The factories and retailers atedldetween them

to jointly process the plamaking sourceexploration production productdelivery and
customer fegback orreturn®. Although these commercial behaviors hagerbaround

for many years, the systematic and intelligent management is lacking for promoting the
industrial ecology. With 10T embeddethe physical objects in the supply chain are
effectively connectedor data connection and transmission. The industeahpanycan
monitor the manufacturing processdthe local things on the manufacture line would
sense the characterized data for imprgwthe quality of production. The data can also be
shared between the companies if permitted. Therefore, this patbeitd vastly enhance

the visibility and the data sharing of the manufacturing. When the underlying defect is
detected, the 10T system widipresent its advancement in the reaction agility to make the
decision for improving it. The information sharing carorpote the realime control,

timely planning and benefit maximization of the supply chainces<®. The researches

on supply chain mnagement aim to promote the function efficiencythie product

tracking proces®ptimization inventory accuracgndcostsaving.

Theapplication of CyberPhysical systenflCPS)in the supply chaimas been
investigated by several searchers and itaanbinethe cloudbased manufacturing
(CM) with analoguenardware odigital hardwareThe purpose is to make the system fit

for scaling upand agile for different applicationd/leanwhile, theaubiquitaus access
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resource poolingndvirtualizationare also importarfor developing the architecture for
supply chain flow. The supply chain not only contains the material flow but also the
information and value flowlt is significant to cut the expenses aftectively manage

the growth of node identity for maximizing the adoption by users and infrastrié&ture

Challenges of IoT applicatioim supply chain management

The function of |l oT devi ce apandsinpkerTheo n s
devices can be remotely accessed aadtrolled and the problems are expected be

diagnosed and mgated remotely. However, this advanced technology proposes higher
requests when being applied. Several challenges of the 10T application are listed below:

1) Cybersecurity:lt is believed thatthe security issue ishe biggestbarrier for the
applicationof 10T. The underlying threats are further amplified by the new conditions when
applied to the Website servic&éhe IoT system might be attracted by manufacturers
becase that the hardwareare distributed separatelyloT devices arehen typically
interconnected with other devices making complex to manage devite-device
interactions This structurealso can protect them from vicious data manipulation.
Furthermorethe computing power of theystem is limitedloT deviceswould drain he
computing power anthe security frameworksould be exponentially exposed to the web
attacks The complexity of the 10T system in the internet would aggravate this issue
because the modern security threaty rattack the system and spread throughriteznet

to cause the massive s

2) Privacy:The loT devices can collect, transmit and process thegegaeratedrom loT
devices The volumes of the datsoincludethe private information of the usersor-
example, the living address of the usersowners and their personal habits may be
containedIt may not be an intentional data collection with private filch purpose. But these
data can expose the private information and can be accessed by thertiresdzihout

user consentThe data on theoll cloud which is shared with others lacks the safeguard
procedures and evexpropriatingusersof the right to manage theitata’. Although the
policies have been issued to protect the useysicyin 0T systemthe enforcement and
punishment of the rules are still the barrieetsureprivacy security
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3) Data ManagementThe amount of datproducedby the loT devices is verynassive.
Managing data would bdifficult for processing, refining, transmission, storagel
communication.To handle the data efficiently, it is necessary toldotine €alable
infrastructuregor dealing with theenormous/olume of datan high speed increasing

4) Lackof StandardizationAs a newborn technologyvhich is still under development,
engineers around the world aeploring the possibilitapplying the 10Tin different fields

under different regulations. The application of 10T would b&uericed by localdctors

such as the customer habits, government policies and even the climate environment.
Several multinational governance organizations or allignegesh as OneM2M, IETF,
IEEE, ETSI, W3Care supporting the open solutidios the standals Currently trey are

under discussion to reach the agreement which cover different areas of the IoT from the
communication to architectures. The system function, product model and the services are
required to be standardizedlowever standardization nas most of the ésting strategies

will be discarded and it is difficult to calculate the profit of the final norm. With the
continuousproliferation of standardshe IoT adoption and application would be further
impeded by théragmentatiorof standardsThis is a real &rrier that hinders the interaction

or integrationof multiple application domain$.

5) Lack ofCraftsmanship Theprofesional skills are needed to design and execute the l1oT
infrastructures due to the highly complexity and advancement of this emerging technology.
Obtaining or building thesskills is very difficult by organizations. In these circumstances

it is necessary to supply the proper skills for users or organizations to ensure the efficient
application ofloT. These technologies iloT ecosystenmmakes for capturing value by
connecting the governments, consumers and consufners

Therefore, information security and the privacy protection are the core of fialire
technologies. Increasing the transparency is essential to guarantee the trust and security of
the loT systemFor the supply chain in battery manufacturing process, the main conflict
lies on the cossaving and the quality control. In contrast witledassupply such as cold

chain transportation, which requires gensor to record the temperature during the whole
transportation process and ensure the quality of the prétjube battery manufacturing
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also involves complicated procedures tlamé strictly requiring conditions, such as
atmosphere, temperature and viscodimploying the sensors or devices to monitor the
parameters not only can help irope the quality of product but also track the records for
fault diagnosis. The integration of 10T with the supply chain of battery manufacturing is a
promising researcfor the near future.

Celia et al.® presented a muitage framework focollection, assessent disnanting,
recycling and shipment of thEV batteries. The 10T ecosystem was integratedo this
frameworkwith suitable communication standardsniging intelligence to thé Things
like containers, pallets and trucks which dasnsmit data collected by embeddeshsors.
The Thingslevels of hiearchy was established from truckalbet, container,to battery
module levelsMeanwhile theRFID tags were placeon the cover of the lizry to tace
the informationsuch as thenanufacturing dat®r material compositianThe sensors
embedded on theallets can provide the retine inventory data and improve the
transparency and visibility of the system.

The recycling process is becomia newban return procedure in supply chain system.
Normally the return happens when the product exists the defects which ascribes to the
responsibility of manufacturers. When the recycling grows into popularity the return
procedure will be inevitablié the produts reackdtheir EOL. Then the manufacturer will
have tworeources of supply chajone of whom ishe conventional supply chain atige

other oneis the material recyclef’. A closedloop supply chairand the reverse supply
chain modehave been builtto reduce the@xcessive dependence new materials. Bth
thenewmadeand remanufaared productsvould together serve for the input of the supply
chain Thelifecycle information of the products are utilized by gneposed modehrough

the IoT technology’®. The direct recycling serves for reusing the battery grade material
for supplying the battery manufarers.It is sugestedthat theinformationsharing
platformshould be builfor electronic wasteollection andecyclingthroughtheelectronic
product codée®.
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1.3LIB recycling: state of the art

The boomng LIB market notonly continuously consumes scarce expensive metals but
also brings a rapid growth in battery waste from EOL LIB disposal. Improper disposal of
EOL LIBs can generate enormous amounts of waste and poses a significant environment
hazard as@ne components atexic and carcinogen natut® 8L Thus, economic viability

and environmental sustainability should be taken into consideration while the LIB is being
developedlt is expected that 41 million EVs will be on the roads worldwide by 2040,
which can displace 13 million barrels of crude oil per gfayVvhile the use of EVsauld

relieve the scenario thaansportation heavily reliesn thefossilbased fuels antkad to

the reduction of GHG emission$ietrelated concern will follow: Where will such a large
guantity of battries go when they retire from EVs? It is well known that the waste LIBs
contain both pollutants and valuable metal resources. The growing market of the EVs,
accompanied by plentiful batteries in service, will result in the resource shortage of the raw
matrials in nature including lithium, cobalt and then price swing in the upstream supply
chain” 8 The cobalt resource is even considered strategically important as it is widely
used in the militar{#*. Thereforethe LIBs need a circular economy modeled after that of
lead-acid batteries, more than 99% of which aaycled®®. There are four major objectives

for LIBs recycling: Making full use of the valuable elements to createnéwve profit
growth, retainingkey resources with the longgrm supply chain to avoithe shortage,
reutilizing the potential hazards for eradicating environment pollution and capturing the
critical materials for national securiy®. However, the current situation is that only less
than five percent of the LIBs are recycled. Hence, the effective recycling technology
deserves an extensive concern and deep development, which should be faster than the

battery retirerant.

Currently, he hydrometallurgical and pyrometallurgical methods arentlaén industrial
methods of recycling LIB& °© These two approaches are regardeidd@isect recycling

where the battery components are degraded into elementaltwentsihus losing their

high value position for resale. To say nothing of the energy consumption or economic cost
during the process, the secondary pollution generated from them has already gone against

the original intention othe recycling. Promising dect recycling technology is on the
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pipeline. It is the recovery, regeneration and reuskedfatterycathodematerials directly
without breaking down the chemical structulteis the electrod¢o-electrode recycling
process which can yield the battegsadematerials.Recycling theEOL LIBs is alsoa
potential strategy for narrowing the gap between supply and defh&hé Thegrowing
demand ofrelevantcritical materals andthe increasingpressure on thenvironmental
impact of solid waste disposal promote m@searclon the recycling of LIBSThe service

life of the EV battery isabout8-10 years®:. As it is known that the mket of electric
vehicles started to boom in 2012, we can expect that the battery padkesehtheir EOL

in the near futuré’. The huge ingntory of the spent batteries and potential continuous
accumulation in the near future will providefficientinput for the recycing plant and
ideally the metal material extracted from spent batteries satisfy the demandor
batteries production, W the continuously optimaion of therecycling technologs The
balanced supply circular chain will form whenest ofthe batteries are manufaoed with

the recycled material from retired batteries and the metal materials cgpelagedlyeused
andserve for human development in the long run. Compared with mining products, those
cathode materiatetiredfrom EVs still holds as high as 80% cajitgcand keeps the
crystallized layered structufé. The lithium metal oxide electrode as well as the anode
graphiteflakes are in high grade, which are very suitablebt reutilized for battery

manufacturing.
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Figure6. Material flow of the LIB manufacturing, consuming and recycling.

1.3.1 Pyrometallurgical process

Nowadays the recycling routes of LIBs can be classified into pyrometallurgical
hydromentallurgical and direct recycling process. Resdarfdtusing on tem to make
them more efficient and more environmentally sound. The red line in Figmaicates

the pyrometallurgical process, or smelting, which treats the EOL batteriethag Were

ore and simply dump them into a hitgmperature furnace withoutgireatment. It can
even process with solid waste, ores and any other types of batteries simultaneously.
However, further process is required to refine valuable metals like colc&kl and copper
through leaching or solvent extraction methods. Lithiund aluminum recovery are
normally given up in the pyrometallurgical process due to the unfeasibility in economic
view. As the chemistry of cathode choices has been evadlemgrds low cobalt content,

the pyrometallurgical recycling process with high operaiost and high energy
consumption isunfavorableto be the primary LIB recycling technolody. Umicore
utilizes a uniquepyrometallurgical treatment followed by hydrometallurgical processes to
recycle lithiumion and NiMH batteries into three constituent parts: an alloy that contains
the valuable metals, a slag friact that can be later processed for use in constructiah, an

exhaust gases that are later treated with a unique gas cleaning ptoSasdarly, most
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other competitors uddB recycling to recover metals from the cell (especially cobalt and
nickel), which must often be removed from the waste stream to comply with local laws or
commercial standard operating proceddfe&igure7 below introduces the detail$ the
pyrometallurgical recycling process.

Post gas
treatment

EOL LIBs
— ¥ Smelter

Recovery for
Slag including Li, Al | cement use LiZCOE’t

Metal alloy

Co LiCoO2

—

Multi-step leaching/solvent Oxidation and
extraction process sintering

TT ]

Figure7. The flow chart of pyrometallurgical recycling procéssLIBs %,

1.3.2 Hydrometallurgical process

The hydrometallurgical process isnmechanicallyshred the LIBs fobwed by chemical
leaching process to dissolve timetal material. Thelbe line in the Figuré represents the
hydrometallurgical process which enables the ddsep of battery industry to reproduce

the cathode materials. It involves the use of aquesagents to leach the valuable metals
from electro@ materials. It has been proved by previous research that acids combined with
reducing agents can dissolve almost all transition metal oxides into solution. For strong
inorganic acids like HCI® 190 H,SQ, 19193 gnd HNQ 194 105 a high recovery rate can be
achieved by excessive acid use. Hydrogen perq¥id®;) was added to accelde the
leaching reaction with less acid utiliz&8 1°7. In addition, organic acids which are more
environmentally friendly have also been validated to be effective for leaching transition
metal materials under milckperiment condition$®®1°. Furthermore, the alkali leaching

has been studied recently 12 Ammonia based system can rforthe stable metal
ammonia complexes and fimtimo alkali such as sodium hydroxide can dissolve the

cathode current collector to extract the active matétial The metal ions could be
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separated by various precipitation and solvent extraction methods and recovered as salts
for battery rav material % Compared with the hydronetallurgical process,
hydrometallurgy should be more energy and cost saving meanwhile it delivers high metal
recovery efficency ¥ It has been commercialized by several companiesbéttery
recycling. Recupyl combines the mechanical pretreatment antiy@metallurgical
process for recycling LIB$!®. The EOL battées are shredded and crushed into fines
fraction followed by magnetic and density separation under inert gas atmosphere. Lithium
is remvered by adding N&Oz and HPQ; and the rest of materials are recovered using
hydrometallurgical methot’. Such a complexing proceduneseal some fatal issues of
hydrometallurgical process, the high liquid solid ratio would generate volumes of solvents
waste and additional cost is needed for neutralization.

Plastic
EOL LIBs Metal casing
Crushing & physical -
Discharging russ;r;)iratri)o:ﬂca Grinding Chemical leaching
NaOH l
Lithium
Na,CO, solution Cobalt & lithi
™ Filtration reactor |e Filtration reactor one .I um Element
solution precipitation
l Li2CO3 lCO(OH)Z l
LiCoO2 | Residue

Calcination

Figure8. The flow chart of hydrometallurgical recyma processor LIBs 8

1.3.3 Direct recycling process

Process overview

The conventional recycling processsuch as pyrometallurgy and hydrometallurgy are
becoming undesirable because of the low lithium recovery and high energyinput

Direct recycling processes have attracted more attention since they can restore the cathode
powder directly to yield battery grade materighe PVDF binde is currently widely used

in the LIB electrodes, NMP is heavily used to dissolve the binder and separate out the
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cathode material from the aluminum foil. Undoubtedly, it will exacerbate the
environmental and economic problems. Thus, novel methods aregamtuneed to

eliminate the depelence on this toxic solvent.

The EOL cathode or anode materials can be recovered, reconditioned and reused in the
supply chain for remanufacturing without additional processing is known as the direct
recycling 3. Theoretically, everything inside the LIBs can be recycled through direct
recycling process including the electrolyte, separator, aluminum and gr&fhithe main
defect or aging mechanism of the degraded cathode material is the loss of lithid# ions
123 The relithiation method is the key point in direct recycling procesedtwre the
electrochemical performanc®olid state sintering has begrpéed on EOLLCO andLFP

to regenerate the cathode materials with performaon®arableo pristine oned?+128,

This method treats the EQpowder material as if they were the precursor and calcined
with lithium source like LIOH. It is similar with the synthesis process in cathode powder
production and can comgiensively heal the materidllso ahydrothermal method has
been employed to regerate the spemtCO ?° It restore the spentcathode material
without lithium quantification processsinglCP. Beyond that, LCO haalso been tried to

use the aqueous pulsed discharge plasma method to regenerate LCO in the mild reaction
130 But the electrochemicagiroperty is not fully recovered as the first cycle discharge
capacity is less than 130Ah/g in C/5 rateElectrochemical relithiation has also been
employed to insertie lacking lithium ions into the vacancies in layered structure of EOL
cathode. Lithiunresource can be lithium metal, concentrated lithium solution and even
pristine cathode she&! 3! In addition, tle chemical lithiation using lithium iodidgil)
solution has been appliedit& P32 Hydrothermal method is also an effective way to direct
regeneratéiNi o sC.2Mno.30, (NCM523) 133 Recently, the ambidmpressure relithiation

via eutectic Liion moltensalt solution has been successfully executed on NCM523
material'®4. The green line in the Figuindicates the direct recycling, which owns the
least energyconsumptionor cost among three recycling technologies, is still under
development in the piledcale stagé® 13* 13¢ |ts advancements in high recovery rate of
critical materials|ow process consumption as well as rekable products drive the trend
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to take moreeffort on developing direct recycling of LIBs. Figugebelow shows the

generalprocessing flow chart of the battery direct recycling process.
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Figure9. The flow chart of the direct recycling process of L¥Bs

Table2: Comparison othe Hydro,Pyro and directecycling technologiesf LIBs &’.

Hydrometallurgical

Pyrometallrgical

Direct recycling

Temperature

Recovered
material

Feed
requirements

Comments

Low

LioCOzs, Metals

Sizereduction
required

The wastewater need:

to be treated

High

Ni, Co

None

Li, Al cannot be
recycled

Low

Cathode, anode
electrolyte

Single chemistry
required

Recoverdattery
grade material
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The recycling of anode graphite

Recycling thevaluablemetal materials from EOL LIBws beneficial inbotheconony and
environment perspectivélowever, thestudiesn anode recyclingpavenotdrawnenough
attenton for researchers and recycledsie to thenexpensive pricef the anode material

like graphie. Since the anode material only accounts for 11% to 20% of the battery cost,
recyclersmainly focus on recoverinthe cathode materials which accaiior nearly half

of the cost'!®. The market price of the graphite in theode is around $8/k&13/kg, and
recentlya graphite producer Pyrotdikas lowered the cost of thmttery grade synthetic
graphite as low as $5/k§’. Meanwhile, graphite has the abundant depasiteng the
world. The amounbdf mine production of the natural graphite was aroud@d000 tons

per yearover 20 countries around the wotf However, it is worth noting thatot all

kinds of graphite can baseal for LIB anode and only the large flake graphite gains
significant interest to be LIB anodetime market®. Graphite mines only can produce 90
98% purity flake graphité'he battery gradgraphite can be upgraded to 99.5% purity with
sphere Bape through the purification method® However, the methods involved tine
graphite purificatiorutilizing strong acids and high temperatures under inert atmospheric
conditionsare not in an environmentally acceptable manner. Thus, the purified graphite
prices also will vary depending on the flake size and pdtityWwith the rapid growing
demand oflake graphite of high punt used in EVsit is believed thatherecycling and
reusing the anode materiate indispensabld-urthermore, the anode material from the
spent battery contains 5% to 7% of lithium and the spent anode belongs to the hazardous

waste. Recycling the anodeaterialcan also provide a new source fithium recovery

The main valuable components of spanbdes are the graphite material #mellithium
residue. Theithiumresidue in an anode mostly remains in the graphite lattice voids and
SEI component in # form of LpO, Li2COs, CHsOLi, ROCQLi and LiF. Among these
materials, the CkDLi, ROCQGLi and LpO are water soluble, whereas the others are hard

to be dissolved in watét®. Based on this phenomenon, He et!4tysed the HCI to leach

the EOL anode material and achieved the 99.4 wtocieffty of anode recovery.
Similarly, Aravindan et al.}*® shredded the batty followed by magnetic separation,
sieving and the fine fraction in a mix of cathode and anode powders were leached out by

sulfuric acid using iron pellets catalyfor reaction acceleration. The recovered graphite
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material showed great electrochemicarfprmancefor both LIBs and capacitors. In
addition, Zhang et al}** combined the dismantling process with acid washing and the
scrapped anode material was shear emulsifiedb8CH+ H.O. sdution. The separated
powder went through the helatr e at ment i n ai r adrated @dphité 0 O
can deliver similar capacity to that of thenew graphite. A more economical and
environmentally friendly reclaim technique was proposed to mecklbnseparate the
spent graphite from Cu current collector and wash it using deionized foafse times.

The water treatment would generate hydrogen due to its reaction with residual lithium
which helps separate SEI from graphite and reopens the ¢doinki-ion transport'#.
Sabisch et all*¢ directly reused the prelithiated graphite fr&®L LIBs for new battery
anodesafter immersiorof the graphite irorganic solventsTheLIB cells producedvith
recovered anode matertais wayshowed equivalent cycling capacity and lower first cycle
capacity losso virgin graphite anodes.

Apart from directlyregeneratinghe EOL anode material from electrode and reusing it in
LIB, we can also produce altative valueadded products (e.g., graene) from the EOL
graphite anodeThe anode material was cut into small pieces followed by ultrasound
leaching, electrothermal drying to separate the graphite and copper foil. The graphene
oxide was synthesized thugh the improved Hummers method anddghephene oxide
dispersion solution was reduced to graphene using vitanfth Zhang et al.148

fabricated the graphene from the spent anode material using adichgpand shear

mixing processes. It iselieved thathe battery cycling would result in thegtice
expansiorandweaken the bonding between graphite layEne functional groups
containing oxygen mainpedethe aggregation of graphene layers, leadingigher

exfoliation efficiency of anoel graphite than that of pristine graphite.

The anode graphite from EQLBs has also been regenerated for other uses. Liang et al.,
149 proposed the new recycling concept for reusing it on sodium ion or potassium ion
batteries. Besides, the recovered graphite from spent LIBs was convertephitegra
oxide by modi f i eaddustd asadsarbert forthe mdthylene blue and
congo red dyes from waste wateéf: In addition, the anode graphite and separ@Br;
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PE) materials have been utilized for the synthesis of pokgraghite nanocomposite
thin films with improved tensile strength and otipéwysical propertie$.

1.4 Theprogressandchallenge®f LIB direct recycling

1.4.1 Theprogresof direct recycling process

Table 2compares these three different recycling technology routes. It can be concluded
thatthe process is evolvinigom pyrometallurgical process, hydrometallurgical process to
the direct recyclingHowever,there are more difficulties being conqueredrtake tle

direct recycling practicalThe LIB market in the past has the variety of sizes but most of
the cathode chemical is th€O, which is of high value. Meanwhile the volume of the
EOL batteries is not enough to support the recycling plant. The witbrghange in the
future. With the booming market of EVs, volumes of EV batteries manufactured from the
same model or from the same supply chain can greatly simplify the operations of recycling
processes. Those batteries own the same chemical compandritseefore, we danot

need to worry about the cross contamination from other batteries with different battery
material. Currently most of the cathode materials retired from EOL portable electronics are
LCO that is of high value. Nevertheless, there igemd hat nickel-rich cathode is
expandingly used in EV baties The ratio of Ni: Co : Mn will be 5:2:3, 6:2:2 or even
8:1:1 in the next 10 years and this measure can effectively reduce the cobalt content as well
as the cathode coS2. The lower value of cathode material would help reducertice of

LIBs, then further popularize the use of LIBs. Meanwhile it gives less incentive to recyclers
to deal with the EOL LIBs since recycling is motivated by the high value of waste.
Therefore, it is necessary to make the recycling technologies mmiergfindcheaper to

make up the profit margins. For the direct recycling process, there is no doubt that it would
be a promising method and deserves the further development.

In contrast withthe incumbent recycling technologies, thiirect recycling proess
maintans theoriginal structureand morphologyof battery components through physical
and chemical separations, which vyield resalablectrode materiato the battery
manufacturers without additional processitjy °3 We have compared the energy
consumption, yield value and unit cost of our direct recycling technology with incumbent
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pyrometallurgical and hydrometallurgical reapd technologies used by competitors. The
direct recycling of several typic&llB cathodematerials (FP, NCM111, NCAfor EVs

and LCO for consumer electronics) has the lowest energy consumption among the three
proposed recycling approaches based ortlifde analysis using th@omputatiorsoftware
GREET 2016 * The energy consumption of three different recycling method were
compared with the purchad energy which means the energy cost during the production
of virgin material. It can be seen from Figur@ that the purchased energy of LCO and
NCM is much highethan it of any recycling method$he energy consumption of the
direct is less than 10 NKjy cathode material while for hydrometallurgical or
pyrometallurgical processis at least 5 times higheCompared with other two methods,

the direct recycling hanuch lower energy consumption of unit active material processed.
Thatis because the press doesot decompose the material structure into element level
but directly reproduce the battery grade material. The deficiency of lithium can be
replenished andtber defects caused during battery cycling can be healed. It keeps the
original morpholog and crystal structures of the particle during the recycling process.
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Figurel0. The energy consumption comparison betwéwsmdo, pyro and direaecycling process
for LIBs ™%,

1.4.2 Thechallenge®f direct recycling proces

The spent batteries in pyrometallurgical recycling process are poured into the burning
tower without any pretreatment and the hydrometallurgical process reduces the sized of the
batteries bymechanicakhredding and crushin®8y contrast, the drect recycing requires

the elaborate pretreatment for the EOL batteries sincé tam only process one single

type ofcathode chemistrat a time'®®. In fact, the reality of the current battery market,
especially the EOL batteries, are in great amount and ads@ntieties. Even thieatteries

in the same chemistry component, the slight differences during the manufacturing still
exist. Thereforet is necessary to classify thatteryinto different typesccording to their
cathode chemistrigsefore the recyclig process One favorhle information is that most

of the batteries are clearly labelled and even have the unique QR°éotleis would

31



simplify the classification proces®specially whenmachine learning tecigues are
applied.After the classificaon, the single variety of the battery will be separated out and
the physical properties like particle size can be consistent and suitable for single use. For
exampl e, the small er particles nmddddo f or
electronicswith high rating requirements like unmanned drof¥sThe high degree of
consistency of material pperties for the inpudf recycling plant is the basis of product
quality. The more information we know for the product manufacturing, the more
convenient for recyclers pretreatment. Therefore, battery classification during the waste
collection becomes higyr important for diret recycling process. Meanwhile the
disassembly of spent LIBs is also a barrier since the-cargmmination between different
components would destroy the recycling product if the cathode and anode cannot be
effectively separated.

Researchers arexploring the solutions to overcome the barriddeally, the mass
produced commercial batteries are in standard configurations of packs and cells. This
feature would enable the design of recycling equipneent the standardization of
chemstry reduces rexl for sort and multiple processes. For classification process, the cell
labelling will simplify the recognizing procedure and improve sbetingaccuracy. The
novel method, Convolutional neural network (CNN), is a deep learning techhajuesats
produce promising results in solving image classification by automatically discovering
the representation needed for the task at HahdFor the battery disassembly and
separation process, the smart sensors can be employed to monitor plaeakegters for

the realtime data collection. The intelligent machine learning model will be trained to
analyze the redime data for making decisions to take measurement and mitigate the
defects. In summary, it is feasible to separate the materiabtroachanical qgtreatment

and diredly regenerate it ecfriendly and economichl. The utilization of machine
learningtechniquewwill defuse the obstacles and make it possible to realize the intelligent

manufacturing and recycling.
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1.5 Organization oftte Dissertation

This dissertatiordemonstratea green and sustainable system for LIBs where the batteries
aremanufactured, harvested and direct recycled to form actlogp. Asshown inFigure
6, the circular model of the manufacturing and recyclysjesn is desir

The introduction partprovides detailed review on the state of armdf the battery
manufacturing and recyclinghe challenges and potential improvements for supply chain
of LIB areanalyzedThree recyclingrocesses including pyrometaigy, hydrometallurgy
and the direct recycling process are detailed and analyzeuiparing with different
recycling methog the direct recycling process has obviadsantagen terms of the high
recovery efficiency and lownergy consumption.

The secondpart demonstrates cyberenabled and machine learning enhanced battery
disassembly systenit improvesthe safety and efficiency of EOL battery pretreatment,
which reduceshe difficulty of direct recycling proces3he compiter vision is used to
classify different types of batteries based on their unique characteristics. Combined with
the realtime temperature data captured from thermal camera, adde¢a prediction
model is built to predict the cutting temperature pattdihen a closéoop control
implemented to avoid the temperature spike by adjusting the cutting variables before the
predicted position. Furthermore, quality control is integrated with computer vision model
to detect and mitigate cutting defects.

To awid hazardous organic solvebeing used during electrode manufacturing and
recycling, thewaterbasedelectrodedemonstrate the comparablecycle life and rate
performanceo the ones fronthe conventionabrganicsolventbasedrocessing. The third
chaper alsointroduceghatthe utilization of water to dissolve the aquedbisiderenables

the separation of cathode material from the collect collector without organic sdlfaent.
nickel rich cathodecompounds including the carbon black atecessfully regnerated

from the spent eleaidesto delivera comparable electrochemical performance to the
pristine oneThe direct recycling process has the advancements to regenerate the cathode
material fromEOL LIBs and yield the battery grade material without deposing it into
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elements. In ddition, the systematic investigation on separating cathode powder from
aluminum current collector has been completed which can reach 98% of separation
efficiency. As for the impurity removal, trecid andammonia leaching miedd can help
eliminate the crescontaminateanetal impuritiesn the cathode powder.

When scaled up, theurth chapterintroduces that the degraded cathode material can be
directly regenerated by the optimized relithiation thermal synthesis (RTS) method to
deliver the homogeneous thade powder of high quality. The piletale test can
successfullyrecycle andesynthesizéhe LCO powder in large quantity. In summary, the
green and sustainable battery manufacturing systémilt and scaled up tthe pilot test

with recycled produatielivering good electrochemical property and cycling performance.
The integration of machine learnitgchnologiesnakesthe elaborate dismantling process
safer andnoreefficient.

My research work proposes the circular ecosysteniIBs and provides t primary
resultsfor thebattery production and the waste treatm&he competitive electrochemical
performance has been achieved in both manufactured and recycled cathode material. It
provides a potential path toward green and sustainable manufactéirld®s, which
enables lower battery cost and much less environmental impact.
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Chapter 2 - EOL battery disassemblyfor the direct
recycling

All these three recycling methods have their respective benefits and drawbacks.
comparison to the hydrometallurgical and pyrometallurgical recycling processes, the direct
recyclingis still under the development at the lpitot scale. The barriers oesearch
directions for the direct recycling of LIBs include ttlassificationaccording to different
chemistries and the efficient and safe preprocessing for battery disass&hibhe first

step ofthe directrecycling processs the discharge and disassemblyhe existing pre
processing uses mechanical processes like crushing and shredding to expose the high
valuable electrode material®r subsequent hydrometallurgical and pyrometallurgical
processe$?! 162 These processes have disadvantages such as the lack of lithium recovery,
high output of liquid hazardous waste fvet crushing, and high energy inpt#'%. Since

the output of direct recycling is the battery grade material, one of the challenges is to
precisely separate out the electrode material and purify the segregeterials
Tremendous amount of impurities like copper, aluminignintroduced into the EOL
cathode material in the conventional crushing method, which makes the downstream
recycling process much more difficult. Manual disassembly is not practical keettaus
workers would be exposed to toxic substances in the spent batteries and the risk of battery
explosion. Therefore, the automatic disassembly without human intervention is preferred
to take over the prprocessing of EOL battery. Recently, some re$easchave ttempted

to automate the disassembly of the EV battery system at module/pack level using robots
166,167 At individual pouctcell level, we have demonstrated the prototype machinery that
can dismantle the packaging of the mimic 2Ah LIB pouch cell and automatically sort

various cell component§®.

In order to further improve the precise disassembly, we plan to advance the demonstrated
disassembling platform ©GPSwhich integrates computing, communication and comndérol
achievecollaborative and redlme interaction through feedback loops of interaction
between computational processes and physical procé$ddachine learningbased data

driven approaches have demonstrated tremendous impact in a number of aspects involving
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image recognition and could potentially enhance the performance df CRRhe vision

based automatic disassembly system, components can be categorized into two types: main
components and fastenérd. Typical fasteners are screws, cables and-fitpwhich

need to be detected and removed to eliminate the constraints of the main components. Gil
et al'’?used regiorbased and edgdshsed template mateiy to detetthe screws on the

cover of the battery from toy. Then a robot with -@ayehand camera automatically
disassembled the cover of batteries. For the main components, vision detection was
performed using a modéksed approach to identify the gednoal shags. Jorgensen et

al. 1”® used the neural networks for shape recognition of televisions and BulkéY*
combined the contour, gray value, and knowleblgeed recognition to builthe vision
architecture which detected vehicle wheels and determined the exact position and pose of
their lolts. Different battery cells have unique characteristics in terms of the color,
geometry and size, which can be categorized using the machinendeéenhnology.
Furthermore, direct recycling requires destructive cutting to open the hermetic sealing of
the cell meanwhile keep the stacking/winding structure. This mechanical cutting would
inevitably generate heat which may cause the decompositioe elehtrolyte salt LiP§

as well as damage the active material in catdédé’® The machine learning approach

can predict and take measures to cdnthe temperature under certain threshold by
analyzing the historical data.

In this chapter we demonstrate a cybenabled and machine learning enhanced battery
disasembly system, in which the computer vision is used to classify different types of
batteres based on their unique characteristics. Combined with théimeatemperature

data captured from thermal camera, a dli2en prediction model is built to preditte
cutting temperature pattern. Then a clus®p control is implemented to avoid the
temperature spike by adjusting the cutting variables before the predicted position.
Furthermore, quality control is integrated with computer vision model to detect and

mitigate cutting defects.
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2.1 System architecture

The process flow chart of tHeattery disassembly system is described inufedl2 The

first step of the process is to classify the battery according to its brand and determine its

length in order to abose the appropriate machine settings for cutting. During the cutting

process, theris a safety concern when temperature spikes. For this reason, it is necessary

to monitor the temperature and prevent the spike from happening by adjusting the machine

setings. Finally, after the cutting finishes, we use computer vision to assess lie ajua

7

ops . Temperature (. .
Classification& - mon kI Prediction £l> Close loop ‘ Quality control
model control

size quantification thermal camera

the cut.

Cutting Workstation
Computer Vision ’ Computer Vision

Figurel2. The process flow chart for the cykmrabled and machine

Convolutional neural network (CNN) is a deep learning tepmithat has produced
promising results in solving image classition by automatically discovering the
representation needed for the task at &hdn this work, CNN image classification is
used for both battery type classification and cuttingliyuagontrol. For temperature

monitoring, our goal is to preditiie position of temperature spike and prevent it through

feedback mechanisms to the machine. The control rules are derived based on the Design

of Experiment results. For temperature spikedjgtéon, we are using Long shedrm
memory!”’, which is a deep learning framework well suited for making predictions based

on time series data.
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(d)
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Figurel13. (a) The cell cutting statioprototype equipped with thermal camera. (b) A cell phone
battery with hard aluminum case. (c) Téee view of the fastened pouch battery and blade. (d)
Thermal camera view of the cell and the cutting blade during the cuttiogys

The cutting stationsi built in the hood with ventilatiofFigure 13&) consisting of the step

motor to feed the batteries into the bandsaw and the thermal camera mounted on the side.
The spent phone batteffrigure 13) was shorted till the voltage is below 0.5V. The
shorting process can deactivate the batteries to release the residual energy for safe
disassemblyi-igure 13c illustrates tharthogonal cutting of the battery with the saw blade.

The thermal image of theutting process is shown in kige13d
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2.2 Vision-based btery classification

Imageclassification is one of the domains that deep learning performs substaveitdiy
compared to traditional methods. In this waHe CNN image recognition is applied in the
battery classification for the spent LIB recyclingppess In the real recycling process of
spent batteries, thapplication scenario is more complicated:Thie number of battery
types and sizes would be much more multitudinous. 2) The surface damage and
deformation of the spent batteries will increase dthifficulty of classification. 3As a
massive amount of the spent batteries needs to be treated, lggheements are put
forward for the speed and efficiency of classificatiGiNN is widely used in the image
recognition field due to its outstandintassification capability’. It hasa great advantage

in that both filters and classifiers for optimal feature extraction are automatically acquired
from training data. In contrast, tbetimal filters must be manually determined by intensive
experiments for conventional supervised leardiaged techniques such as support vector
machine (SVM) and muHiayer perceptron (MLP}’®. Therfore, the CNNmethodis
chosen for the battery classificatiowhile classifying four classes has lower data

requirements and complexity, it is safént to show how the full system works.

We aim to classify four common types of batteries Samsung (97*41mm), Samsung
(62*57mm), iPhone (94*38mm) and iPhone (105*49mm) by training a CNN classifier. A
CNN consists of series of convolution, activation, aodling feature extraction layers for
autamatically learning features followed by fully connected classification layers to classify
an input image into desired categories. We have resized the input images to 100*100 to
reduce the time of training. There a@ne hyperparameters in a CNN model aeieing

the network structure and settings including the learning rate, number of epochs, batch size,
depth of the network, etc. Hyperparameter tuning is the problem of finding the best set of
model parameters based the classification results of validat dataset before training
starts. We have used Bayesian hyperparameter tuning for this purpose.

The database included the 300 gray scale images from each of the battery types. The
batteries were fully shorted lmek the image collection. 150 images fritra database were
used for training, 100 images for validation to tune hyperparameters, and the remaining 50
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were used for testing. Based on the Bayesian hyperparameter tuning result, the
hyperparameters are setfallows: Filtersize 3, Initial learningate 0.0055, Momentum
0.85, Minibatch size 21, and L2 Regularization 2:0Te Figure 14a shows CNN

architecture adapted for battery type classification. Max stands for Max pooling and Avg
is the Average pooling lay.
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Figurel4. (a) CNN architecture for battery type classification and its confusion matrix (b)
Battery type classification confusion matrix (c) Some test images together with their predicted

classes and the probabilities of thasasses
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Based on the confusion matrshown in the Figure4b, the instant online battery type
classification has an accuracy of 99.5% on the test images, which is reliable when applied
to the real battery identification process. As you can see, tegifedation only confuses

small and largéPhones. Such errors can be eliminated given having fixed point of view.
Some of the test results are listed in Figute. 1

After the classification, we can label each image based on its brand and size, whieh can b
used to derive the actual size of thettéries. The width of the batteriessneeded for
normalizing the position data used in spike temperature prediction. All we need to do is to
measure the battery size only once per category (only four times).&rte automatically
measure the size dfie¢ object is through computer vision by calibration using a reference
object!® The reference object should be of the known dimension and should be easily
detected. An object that meets these two criteria is a coin plaeekinewn place in the
image. As we knovexactly the shape, size and placement of the (c@n the location of

the pixels that represents the coin), we can use it to find the pixels per metric of the image
which is the ratio of the object width in theage to its actual width. We will firstetect

all the objects in the image using canny corner detection. Afterward, knowing the
placement of the reference object (the coin), we can infer the size of all other detected
objects using the found pixel per metesult. It is important to note thihiis method works

under the assumption that we have a peféategreeview. Figure 5 shows the result of

this approach applied on the battery images.
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Figurel5. Measuring the size of thmattery by computer vision based on shendardeference
object

2.3 The temperature spike control

2.3.1Investigation of &ctors that influence the processing temperature

The maximum spike temperature is considered as aoriar parameter to be maooried
during the disassembly process. The electrolyte salt sLiRfeomposes near 70°C
according to the EquatioB.1 and generate toxic products such as HF angd 86me

electrolyte solvents have the even lower flash point (Table 3).
0 Om©° 00 00 0 Q6O ¢P

Therefore, the temperature during the disassembly process needs to be strictly monitored
and controlled. Usig the Desigrof-Experiment method, the impact of different
parameters on the maximm cutting temperature was investigated. The Samsung batteries
with hard aluminum shells were fixed on the step motor by a clamp. The location of cutting
was the front edgef the cell that carries the electrode tabs to keep the internal electrode
separatocompound (ESC) structure intact. Factors that affect the maximum cutting
temperaturarecutting speedA), feed ratgB) and tooth density of the bla@d€). Each
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factoraffecting cutting temperature is considered at low and high levels and showiein Tab
4.

Table3. The key temperature pointstbk electrolyte components

Electrolyte component Flash point Boil point
Ethylene CarbonatC) 150°C 243°C
Diethyl CarbonatéDEC) 33°C 126°C
Dimethyl Carbonat¢DMC) 17°C 90°C
Ethyl Methyl Carbonat¢EMC) 26.7°C 104°C

Table4. The factors fothe cutting temperature

Factor Name Units Low level(-) High level (+)
A Cutting speed ft/min 536 820
B Feed rate mm/min 60 120
C Tooth density tooth per inci{TPI) 14 24

The results of the experiments were listed in Tablariluding the effect of the factors

and their interactions. It can be observed that the cutting speed, feed rate, as well as the
tooth density have significant positive effects on the cutimgperature. The analysis of
variance (ANOVA) in Table 6 indicas that the actual F of 17.06 is bracketed by the
critical value for 0.1% and 1% risk. We can say that we are more than 99% confident that
the maximum spike temperature is significantly atddy factor A, B and C. Among all

the three factors, the tootlensity and the cutting speed can be reduced to the minimum
within the scope of conditions to lower the processing temperature. The confliction lies on
that lowering the feed rate could dease the cutting temperature but it also loses efficiency
(i.e., umber of batteries treated per minute). Therefore, the feed rate needs to be controlled
in an optimized strategy to realize the balance between efficiency and safety.
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Table5. The Design of Experimenbmplete matrixinteractionsandeffects calculated

Standard Main effect Interaction effect response
A B C AB AC BC ABC Y (max T)
1 - - - * * * - 39.2
2 + - - - - * * 43.8
3 - + - - ¥ - ¥ 41.1
4 + + - * - | - 57.5
5 . . + + - - + 40
6 + - + - + - - 57
! - + + - - * - 60.2
8 + + + + + + + 66
Effect 11.075 11575 1052t 0.225 0.325 1.675 5.075
Table6. The analysis of varianddANOVA) for maximum temperature
Source Sum of Squares Df Mean Square F value Prob>F
(SS) (MS)
Model 734.82 244.94 17.06 <0.01
A 245.31 24531 17.08 <0.01
B 267.96 267.96 18.66 <0.01
C 221.55 221.55 15.43 <0.05
Residual 57.43 14.358
Cor Total 798.52 114.074
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2.3.2 Prediction of émperature ske position

Temperature spike is @rimary safety concern during the battery cutting. Based on the
temperature evolution data collected by thermal cameras, this temperature spike often
happens near the end of cutting. Figueshows some examples of themperature
evolution patterns during the cutting process. Our goal is to predict the location of this
spike in order to implement preventative measures by adjusting the parameters of the
machine through a closed loop controbtgyn. Long short term memolLSTM) is a

widely used time series prediction method introduced to solve the vanishing/exploding
gradient problem of recurrent neural networks (RNMsg)nd is capable of learning long

term degndencies. LSTM replaces| éhe hidden units in RNN with LSTM cell and
introduces a new element called cell state, which is a vector that goes through the LSTM
cells at each of the next time steps to be modified. The LSTM unit hasibméchanisms
(gaes) deciding how much ofétpast cell state to throw away (forget gate), how to update
the old cell state using new inputs (input gate), and how to filter the final cell state to present
as the output (output gate). Figuréalshows the structure of LST&&Il and its internal
diagam.
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Figurel6. Examples of the temperature patterns during the cutting process
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Figurel7. (a) The block diagram of LSTM cell. (b) LSTM model structure for temperature spike

position prediction
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Table7 Average Prediction Error

Mean Square Error 7.40
Mean Absolute Error 1.62
Bias -0.69

In order touseLSTM for temperature spike prediction, we first need to find the fitting data
format and model structure. The data consists of temperature and its corresponding position
(since the battery moves at constant feed rate, the position is in proportitndine

series) as well as the machine settings for the cut. The first step was to convert the list of
numbers in time series into the appropriate format for supervised learning, which is a list
of inputs and their corresponding outputs. Since the terypespikes often happen at the

end of the signal, we divide the whole cutting process into ten sections and developed the
model to predict the temperature at the last 10% of the data series using the first 10% and
find the position for the spike based this prediction. This way we gave the machine and

the control system plenty of time to adjust the parameters when it gets to the range of the
spike position. We used a sliding window of 10 time steps to crop out both temperature
and position time series dasgyned to it a corresponding time point at the last 10% of the
series. Therefore, the time series input has the shape of (10,2). In addition to the
temperature time series data, we are feeding the machine settings consisting of speed and
feed rate astherinputs to the model. FigureZth shows the structure used for temperature
spike position prediction. After searching the hyperparameter space, we configured the
LSTM to have 30 neurons, batch size of 2 and epoch of @@ averaged prediction error

over dl the data using different indexes is reported in Table
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Figurel8. (a). The comparison of LSTM prediction results with experiment reJiiesred line
indicates the predicted results while the green line shows tlegieent data(b). The comparisc
of the spike temperature with and without closesploontrol

Figure Ba shows the model prediction results on the last 10% of the cutting duration. The
LSTM prediction model was integrated into the disassembly system to analyze the real
time temperatureata and the control system accurately decreased the feed rate based on
the prediction results, e.g. the predicted position where the temperature 3yikes.
predicted maximum temperature is lower than the experiment data, but the precise position
of the emperature spike is more important since it determines when the measiolde
taken.Figure Bb compares the temperature evolution patterns during the battery cutting
process with and without the integrated closed loop control. It cabservedhat he
maximum spiking temperature significantly reduced at the end ofutieg when the
closed loop control is employed. The cutting speed, tooth density and feed rates without
and with control are 536ft/min, 14 TPI, 60mm/min and 10mm/respectively.

2.3.3 Closed loop control system

Figure Ba describes the structure oktlklosed loop control system. The step motor is
connected to the board (SparkFun Stepoko), which is able to connect the computer to
accept stepper motor commands. The-tiea¢ temperture evolution data during cutting
process with respect to the batteogition are recorded by thermal cameras (Migpsilon
TIM300) and analyzed by the deep learning prediction model. We usehanse Matlab

code to transfer data to the predictive mloahd implement the control command to the
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hardware. It bridges the rdetime interaction between computational processes and
physical processes. When the battery position approaches the predicted position, the motor
speed would be instantaneously deceda® effectively eliminate the temperature spike.

The model predictiveontrol feedback system is shown in the Figudie. Compared with

other control methods, the model predictive control can achieve the behavior prediction
ahead of time and overcomeethesponse delay to control the machine parameters
precisely®2 It also balances the cutting time and process temperature to maximize the
efficiency while ensure thsafety.

2.4 Vision based quality control of tiing crosssection

In this section, we attempt to detect defective cuts using convolutional neural network. The
two classes of cuts are clean cut and defective cut. The database includes around 1100 RGB
images with resolution of 640*480 from each labehad to gray scalena resized to the
resolution of 150*200. 900 images from the database were used for training model, 100
images for validation to tune hyperparameters and the rest were used for testing. Based on
the Bayesian hyperparameter tuning ressihe best foundyperparameters for classifying
quality of the cuts are: Filtersize 6, Initial learning rate 0.0051, Momentum 0.81, Minibatch
size 22, and L2 Regularization 1.01e07. Fig2@e shows CNN architecture adapted for
battery type classificain. Based on the cbrsion matrix shown in the Figurgob, the

clean or defective cut classification had the accuracy of 90.5%. Some tests of the

recognition results are listed in the Figafe.
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25 Conclusion

This work has demonstrated a cylesmabled and machine learning enhanced battery
disassembly system. The spent LIBs went through the classification and size measurement
by trained computer vision model. The selected battery pouch cells withaheninum

shell were used as test articles to demonstrate the effectiveness of the CPS system.
Combined with the redlme temperature data captured from thermal camera, -aldaés
prediction model was built to predict the location of the temperapike. Then bsed on

DOE results, the feed rate was precisely controlled to slow down before reaching the
predicted position to avoid the temperature spike. Furthermore, quality control is integrated
with computer vision model to detect and mitigate thigiroy defect.The CPS paradigm
established for disassembling process can be used to improve the safety and quality control
of other unit operations in the battery recycling process.
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Chapter 3 - Green manufacturing and direct
recycling of LIBs

In this chaptey we report a green manufacturing process for LIB production and recycling
where NMP was replaced by water in electrode fabrication and black mass (mixture of
carbon black and active material) was separated from the current collectocareted

by dissolving the watesoluble binder in water. The active material was separated from
carbon black and relithiated to generate battery grade material. This process enables
numerous advantages and benefits in both economy and environment: 1)LIBwer
manufacturing cost by eliminating NMP enabling ~2% cost reduction in the battery pack
and $36 million savings in capital investment from removing the entire emission control
and solvent recovery systefi 2) recovering black mass without usiagy organic
solvents and direct recycling of the active material compound, which reduces the recycling
cost and environmental impact while generating aldged compounds compared to
elements. In comparison, organic binder was burned out in pyromeiediuecycling and
active material was separated from carbon black using NMP in hydrometallurgical
recycling®® 3) reducing life cycl&€O; equivalents emission for a 10 kWh battery by 1000

kg 8. Excellent electrochemical performance was achieved from the -based
processed elémdes used in this work and comparable performance wamebtfrom the
recycled materials. This methodology provides a green, sustainable process for LIB

manufacturing and recycling if some underlying challenges can be resolved.

3.1 Waterbased electraglmanufacturing and direct recycling
process

Switching fromNMP-based to watelbased processing in fabricating composite cathodes
185187 has attracted great interest in the last decade. Although there are still challenges in
realizing watetbased processing for NCM catles i.e. Acorrosion from high pH of the
aqueous slurry® and poor mechanical integrity in thick cathdd® great progress has
been demonstrated, e.g. excellent cycle 1#e'°® When successful, the wadeased

processing can significantly facilitate binder removal and recovery of black mass in the
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recycling process. In direct recycling, the binder remopsedcess is particularly
challenging. For conventional EOL LIBs wiBVDF binder, toxic solvents such as NMP

and dimethylformamide (DMF) are needed taligsolve the binder and extract the active
cathode materials in the black mags Using water for the binder removal process will

not only minimize the negative environmental impact caused by organic spleahalso
significantly reduce the cost for the binder removat aperation. Meanwhile using water
instead of an organic solvent eliminates the solvent regeneration and reuse unit operation
that further simplifies the overall process.

3.1.1 Waterbased electrode manufacturing

Pouch cells (~1.6 Ah) were assembledWNCM523 and graphite electrodes fabricated
from NMP and watebased processing, respectively. The NptBcessed electrodes were
used as a baseline to validate the performance of the-laged processed ones and were
not used for recycling. The electediabrication and calendering processes followed the
standard procedures reported in our previous WBrk®3 Aluminum foil was treated by
corona plasma at 4.4 J/éno enhance slurry wetting on the current eclibr substrat&®*,

Table 8 lists the detailed electrode information. The electrode balaegatiye/positive

ratio) ratio wasaroundl.2. The electrolyte was 1.2 MRks in ethylene carbonate/diethyl
carbonate (EC/DEC in 3/7 wt), Celgard 2325 was used as the sepanatthe electrolyte
amount was 1.2 times the total pore volume of electrodes and separator. Electrochemical
cycling took place between 2.5 V and 4.2Réuch cells went through 4 formation cycles

at C/20 (1C=1.6 A) charging and discharging rates foltblxerate capability or cycle life
testing, respectively. For rate capability testing, the pouch cells were charged at C/5 until
4.2 V followed by constanioltage charge until the current dropped to C/20. Discharge
rates ranged from C/10 to 2C. Cycle tiésting was evaluated at 0.2@C2C, 0.33G0.33C,

and 1C/2C, respectivelyMost of the cycle life testing was performed at®5 but some
cycles occured at 30°C due to a change in temperature setting in the environmental
chamber, which is specified the experimental resulffwo sets of cells were tested. One
went through rate performance test followed by cycle life test aRCCMThe other went
through cycle life test at 0.2@.2C or 0.33CG0.33C. The pouch cells had at least 20%
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capacity fade. fie NCM523 cells with watetbased processed electrodes aged for months
at room temperature before being recycled (referred as EOL).

Table8. The NCM dectrodes informatiomith different solvent processing and composifion

Electrode Solvent Electrode Composition Porosity Loading
NCM523 NMC532/Denka CB/5130 PVDF in o 12.5

NMP NMP 90/5/5 wt% 371% mg/cn?
NCM523 Water NMC532/Denka CB/CMC/PVDF 36% 12.5

Water Latex in 90/5/1/4 wt% ®  mglen?
A12/C65 CB/9300 PVDF in 92/2/6 6.5

A12-NMP NMP Wi% 33% mglcn?
Al2-Water  Water A12/C65 CB/CMCI/SBR in 92/2/2/4 34% 6.5

wt% mg/cnt

3.1.2 Degradation analysis of the LIB cathode material

From the literature, the mechanisms of the electrode degradation include the formation of
the films on the surfac of electrode,blocking of poresfor the Li-ion diffusion,
disintegrations, ocracks in the electrode coatifity!%’. Cathode material degrades due to
the Li-ion loss,transition metal dissolutiorparticle cra&s, surface reconstruction layer,
and decomposition of electrolyt@®?%. To investigatethe main factor that causes the
cathode material degradation, thedls with pristine NCM as cathode and graphite as anode
are cycledat-10 °C, 25 °C and 50 °C. Thmin cells are firstly cycled at 25 °C for three
cycles with the current rate of C/5 (128 mAh) and thewrycled at 0.667C followed by
hybrid pulse power characteristic (HPPC) lodpigiure 21 (a) shows the dyty data at
different temperature conditionks.can be observed that the higher discharge capacity is
obtained in the 50C cyclingthan cells at 25 °C and0 °Cat the beginningNegligible
capacity decay is found for the 26 cycling over 400 cycleshile the cycling at10 °C
degrades quickly at the first 20 cyclése cell impedancat threedifferent temperature

is measured at around 3.8V froRPPCsequences. As shown in thgdre 21 (b) the
impedance of cells at three different temperaturesampared. The impedance gradually
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increases for the cells cycling under 30 While the cell impedance is relatively nsor
stable at 25C. The impedance of cell at0 °C is extremely high and the cell capacity
degrades quicklylt is believed that cyahg at elevated temperature (higher than Gp °
aggravates side reactions between the electrolyte and cathode, leadireyed_sion loss

195 While cycling at the low temperature, tthegradation of the graphite anode and the Li
ion loss triggered by irreversiblighium metal plating on anodes jointly cause the capacity

decay?®*.
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Figure21 (a) The cycling data of the discharge capacity for cells at different temperatures. (b) The

impedance measured at 3.8V for cells cycled at different temperatures. (c) The voltage profile of
the elithiation process for the EOL NCM electrode at C/10 rate

The cycled coin cell is dismantled to obtain the EOL cathode disc. After DMC wash to
remove the residual electrolyte, the EOL cathode disc is used for another coin cell with
lithium metal as the ae.Thehalf-cell is discharged to ratercalate the Lions into the
layered structure of EOL NCM electrode. The voltage profile of the relithiation process is
illustrated in the Figure 21 (cjhe coin cells are assembled with relithiated NCM electrode
EOL NCM electrode and the pristine NCM electrode as thieatke respectively while the
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graphite is served as the anode. The electrochemical cycling data@twath & current

of 0.667Cis shown in the Figure 21 (d)hedirectrelithiation process cagreatly improve
the reversible capacity of the EOL NCM electe. It proves that the capacity loss is
primarily caused by the tion loss.Meanwhile, the capacity loss of the EOL NCM cannot
be fully restored to deliver the same irreversible capacity dsasie electroderlhis result
gives indication to the dirececycling processro fully regenerate the cathode structure
as well as the capacitihe heat treatment is required in the direct recycling process.

Anode and separator Aluminum sheet
Disch
EOL pouch cell Ischarge EOL Cathode | Waterwash EOL cathode |[Carbon black

Disassembly | electrode sheet | centrifuge separation | yowder material

)
e

Commercial Battery Recycled Heat treatment|  Relithiation
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.Customer
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Figure22. The praess flow chart of thdirect recycling process for thveaterbased cathode

electrode

3.1.3 The direct recycling of watdrased electrode

Figure 22 shows the schematic flow chart of the closed loop recycling process where the
EOL cells were discharged 5V at C/5 before being recycled. The pouch cells were

first discharged to 2 V and then fully shorted below 0.5 V for safe disassembly. After
deactivation, the cathode sheets were separated from the other cell components and
thoroughly rinsed in dimethytarbonate (DMC) to remove the electrolyte. Since water
soluble binders were used in the electrodes, the cathode sheets were then sonicated in DI
water for 25 minutes in the electrode/@ ratio of 3g/50ml. After the sonication, the EOL
cathode material veawashed off from the aluminum current collector angbended in

water. The aqueous suspension composed of EOL cathode material and a small amount of
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carbon additives was then centrifuged to separate the cathode materials out. The extracted
EOL cathode miarial was dried and its Li/transition metal (Li/TM) i@tvas quantified

by Inductively Coupled Plasma Mass Spectrometry {MZ, Thermo Electron >Series).

The EOL cathode materialasmixed with LIOH-HO using the agate mortar and pestle.

For the amounof LiOH powder added, a mixture with a Li/TM ratio of0% was added

for the stoichiometry of final product. The mixtures were pressed into pellets and sintered
at 700 for 6 h under air at a ramping rate of@min in a muffle furnace.

The annealed pellets were ground and mixed with other components in NMP to prepare a
cathode slurry (80 wt% active material/10 wt% TIMCAL carbon/10 wt% PVDF (MTI
corporation). The hoogeneous slurry was coated onto an aluminum foil and dried at 100

°C ovenight in a vacuum oven. Half coin cells were assembled in an -hitgahglove

box with a lithium metal chip as the counter electrode, 1M lithium hexafluorophosphate

(LiPFe) in a mixure of EC and dimethyl carbonate (DMC) with 3:7 volume ratio as the
eledrolyte, and Celgard 2325 as the separator. Electrochemical tests were performed on

LAND battery tester using CR2032 coin cells. The crystal structure of the materials was
investigaed by Xr ay Di ffraction ( XRD) using a PANal )
diffractometer equipped with Gkisr adi ati on and X' Cel erator det
of the samples was examined by Environmental Scanning Electron Microscopy (SEM, FEI

Quanta 600 EG).

3.2 Experiment esultsof the watetbased electrode and the
recycledmaterial

3.2.1 Electrochemical performance of pristine materials

Rate capability and cycle life was compared between NMP/PVDF baseline cells and cells
with waterprocessed electrodgdlCM523 cathodes and graphite anodes) with three
replicates for both tés. As shown in Figur@3a and23b, the NMPR and watetprocessed
electrodes exhibited excellent reproducibility and rate performance. When normalized to
the capacity at C/20, the rgierformance was identical up to 1C. When further increasing
discharge rate, the watbased processed eteodes showed slightly lower performance
and higher cell to cell variation. A similar phenomenon has been observed with NCM811,

61



and it was attributetb a difference in binder coverage rather than structural changes to the
active materiaf®2 The cycle lig testing shown in Figurg3c was started at 2% in an
environmental chamber where the temperature wised to 30°C later to meet testing
requirements for other projects, but the capacity was normalized to the initial value at the
same rate. The NMPRetts were cycled at 0.2€@.2C at 25°C before the temperature was
increased to 30C at the 53 cycle, which resulted in a 4% increase in capacity. The
waterprocessed electrodes were cycled at 0.3B83C to reach 1000 cycles in a shorter
time, and iis seen in Figur3c that their capacity initially faded at a higher rate. However,
the fade rate subsegntly decreased after 50 cycles, and the capacity retention was the
same for both sets of cells at the 88§cle. Considering the watéased cellsvere cycled

at higher rates, their cycling performance can be considered superior to thé&ddkiP
cells. It was found that the watdrased cells retained 80% capacity after 864 cycles.

Cycle life at higher charge/discharge rates was also performed, wad found that the
waterbased cells degraded quickly initially and slowed down afterwards, as wassthe ¢

for the lower cycling rates. The capacity retention was same for both sets of cells after 600
cycles before the temperature was increased fC360r the watetbased cells. Based on

the trend of the capacity retention curves up to the point of theetature change, the

waterbased cells were on track to have better capacity retention through 1000 cycles.
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Figure 23. Eledrochemical performance comparison(a) Rate capability of the baseline
NMP/PVDF cells; (b) rate capability of the cells with wapeocessed electrodes; and (c)
comparison of cycle life between NMP/PVDF baseline cells and cells with-pateess®.

The chemical compositions of tpestine and EOL NCM523 are listed and compared with
the target values in Talb®e The Ni fraction was normalized to 0.5 and other elements were
scaled by the same factor. The experimental values of the pristine NCIg&&&iavell

with the target valuesyhich validate the effectiveness of IGFS. The EOL NCM shows

a ratio of Li to transition metal of 0.687, which was attributed to the capacity fade. In
addition, the significant loss in Li content in the EOL sample indgasignificant
degradation to thBICM cathode.
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Table9. The ICRMS results for the pristine and EOL NCM523

Li Ni Co Mn Li/Transition
Sample Metal
name Actual Target Actual Target Actual Target Actual Target Actual Target

Pristne  0.99 1.000 0.500 0500 0.204 0.200 0.297 0.30 0.991 1.00

NCM 0
EOL 0.684 - 0.500 0.500 0.196 0.200 0.299 0.30 0.687
NCM 0

3.2.2 Structure of NCM523

Figure24 shows the XRD patterns for the pristine NCM523, th&llisCan.2Mno.30, EOL
LIBs,andrecg | ed NMC523. Al | ma t e-NaFeQ (fpacevgraue | nd e X ¢
R om) with no observed impurity peaks. Compared to the pristine material, the merging of
the (108) and (110) peaks in the EOILNibsCao.2Mnoz02 pattern indicated a lithium
deficieng and the degradation of the layered structure of the EOL battery catfbdés

(1049 peak shifted to a lowengle after cycling correspondingén increase in thelattice
parameter due to electrostatic repulsion between the oxygen layers in the Li deficient state
204 The XRD pattern of the recycled NCM523 matchhdt tof the pristine sample,
indicatingfull restoration of the crystal structure. Its XRD pattern shows a higtesrsity

ratio loodl104 than that of the EOL as well as the pristine material, indicating less Li/Ni
cation mixing in the recycled materialwhich is of great advantage to
intercdation/deintercalation dfi-ionsand its good electrochemical properti&s
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Figure24. Comparison of XRD patterns for pristine NCM523Nip sC 2Mno 30, in EOL
pouch cells, and recycled NCM523.

65



Figure25. SEM images of (&) pristine NCM523 powder(c, d) EOL NCM523 powder after DI
water washin@nd(e, f) recycled NCM523 powder

3.2.3 Morphology of NCM523

The SEMimages in Figure2show the evolution of the cathode materizdfore and after
recycling. Figure 3c and &d show the EOL cathode materials washed from the current
collector, and the observed agglomeration is possibly due to some binder residuals. The
recycled materials in Figure52 and 5f show weltdistributed andenlarged particles in
contrast to the EOL powder. Compared to the pristine powder shown in the Fgared2

25b, the EOL and recycled powders had more small particles, which could be tihge to

66



fracture of secondary particles during calendering andngy€1°. This change will likely
lower the tap density of powder and affect thality and performance of the recycled
powder. More optimization on thannealing process is required to better reconstruct
particle morphology.

3.2.4 Electrochemical behavior

The electrochemical performance of the recycled NCM523 cattentieles was evaluated

in the voltage range of 24.2 V at 0.2C as shown in Figuré.For direct comparison, a
baseline electrode was coated with pristine NCM523 and identical formu(sifitia) and
coating process. The recycled NCM523 showed stableingychnd comparable
electrochemical performance with that of the pristine one, althdagthargedischarge
curve indicates higher hysteresis with slightly lower capacity. The irreversible capacity
loss is mainly caused by kinetic inhibition except théiahicapacity los€%’. Therefore,
detailed structural characterizatiand recycling process optimization are needed to further
improve the electrochemical fiermance of the recycled NCM523, but these promising
preliminary results demonstrate the feasibility of the direct recycling of the NCM cathode
materials. Since the Mich NCM cathodes are less stable in water thami€oonespne

of thestrategesto optimize the aqueous recycling process is to use high salt concentration

aqueous solutionsr other solventluring the washing proce&¥: 2%
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Figure26. Cycling performance of (a) ldbmmercial LiNbsCo 2Mng 30, coin cell and (b)
Li/recycled LiNiosCo.2Mng 30, coin cell at C/5. The voltage profiles of first two cycles. (c)
Li‘commercial LiNbsCa.2Mno 302 coin cell and (d) Li/recycled LiNsCa 2Mno30- coin cell at
C/5.

3.3 Methad optimization

The experimental results indicate that it is feasible to develop the direct recycling process
for waterbased cathode materials although the electrochepecirmance can be further
improved From the literature, the immersion of NCM523teral in waterfor aqueous
processing would cause the surface degrad&fi®nThe surface lattice structures of
NCM523 would suffer from an irr@rsible transfomation from the pristine rhombohedral
phase to the mixture of spinel and rock salt phases. The formation of rock salt phase, which

is ionically insulating, may results in sluggish kinetics and deteriorates the capacity
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retention?!%. In addition, the water processing or immersion would result in the formation
of lithium-based compounds like LIOH and.CiO; over the particle surfacé? The
surface compoundsvould impede the Lion de/intercalation and datorate the
electrochemical performanda addition,the alkaline pH of the aqueous sluogused by

the surface compounds megsult incorrasion of the aluminum collector during coating
of the electrodé®.

The aqueous processing of the electrode washing process in the direct recycling requires
the soaking, sonication, centrifuge or filtering separation and drying. To maximumly
prevent the mateal degradation or the formation of the lithium gooonds over the
particle surfacethe process has been optimized by reducing the materials exposure to
water.The methods improved byintegrating therganic solvent washingrocesdetween

the centrifige separation and tlirying step Ethanol or alcoHois employed due to its
solubility in water and high volatility. After ethanol wash for several times, the material
slurry was nearly dehydratemhd theheating processs conducted under the vacuum
atmasphere to avoid the further degradatimnthe moistire The electrochemical results
show an improved capacity as well as first cycle irreversibility, whicheiger than
commercial ones. Figure2ompares thesicycle voltage profile of the recycled W23

with the commercial material. The irreversilpacityof the recycled NCM523 material

is reduced and the hysteresispmlarizationis evenlower than commercial powder. In
addition, the recycled NCM523 with improved washing process shows highlergcyc
stability than thewater washed materialhis result indicates the direct recycling of nickel

rich cathode material using water can deliver the regenerated material with competitive
performance in contrast to the commercial material.
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Figure27. The electrochemical result ifcycled NCM523 with improve washing process

There are two methodiberatingthe electrode powder materials from the current collector.
The electrode particle can be separated out througheh@ahdecomposition process to
burn off the binder. Alterriavely, solvent washing assisted with sonication can be used to
dissolve the binder and liberate the electrode partitegivestigate their influence on the
surface evolution of NCM523 cathodeveder, materials retrieved by both methods were
characteried.Figure B and Figure Qillustratethe Scanning Electron Microscop8EM)

and Energydispersive Xray spectroscopyEDS) results of the EOL cathode powder
obtainedfrom 400 degree C heatirand water washing procesgspectively.lt can be
observed thathe EOL cathode powder from water washing process has less carbon
material than it from 400 °C heatimghile both samples show similar particle morphology
Since the water washing procegish centrifuge separation can partly separate the carbon
black fom cathode materials.
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Figure28. (a), (b) and (c) SEM images of the EOL NCM523 powder after@Qeating in air
for 1 hour. (dEDS mapping of element distribution.
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Figure29. (a), (b) and (c) SENMnages of the EOL NCM523 powder after water&ethanol wash
and vacuum dry. (d) EDS mapping of element distribution

To resynthesize the stoichiometdathode material, themount oflithium addition is an
important factorfor the sintering proces§ he conplicity lies on the facthatlithium is
added based on ICP data to quantify the Li/Transition Metal ratio anlithiuen will
evaporate during the lorigne sintering process. TableO Ishows the variation of
Li/Transition Metal ratio with the increasidighium addition For 850 degree C sintering

for 12 hours, the Li/Transition Metal ratio is approaching 1.0 wighirtbreasing of lithium
excess from 0% to 10%. The Li/Transition Metal ratio of 1.0 means a stoichiometric

resynthesizing andl would be thandex to represent thexpected element composition
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Table10. ICP-MS data for differensintering parameteiithium excess)

Sample Li/Transition Ni Co Mn
Metal ratio

MTI NCM523 powder 1.0 5 1.99 2.85

850C 12h sintered NCM528ith 0.913 5 2.10 2.86
0% Li excess

850C 12h sintered NCM523 with 0.930 5 2.15 2.85
2% Li excess

850C 12hsintered NCM523 with 0.952 5 2.09 2.91
5% Li excess

850C 12h sintered NCM523 with 0.995 5 2.03 2.96

10% Li excess
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Figure30. The ThermalGravimetridnalysis of the agueous EOL NCM523 through 400C
heating and water wash under oxygen or nitrogen atmosphere.

Figure 30 indicates the ThermaBravimetric Analysis of the aqueous EOL NCM523

through 400°C heating and water wlasinder oxygen or nitrogen atnpbeere. It can be
concluded that the thermal stabildfy NCM523in nitrogen should be worse thémat of
in oxygen atmosphere. It may be caused by the fact that oXsggeenvironment provides

kinetics for oxygen release form the oxygen notoichiomety material. The oxygen
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deficiency is responsible for the instability during heating process and generating oxygen
and resulting in the weight loss. The future work requires the comprehensive
characterizations on those samphaterials includingk-ray phobelectron spectroscopy
(XPS), Transmission electron microscopy (TEBH)dRaman spectroscopy investigate

the surface evolution and the influence of different processes.

In conclusion, the direct recycling procdes the waterbased cathode material Hasen
improved using the optimized method. The ethanol washing process redpsethe
exposureof NCM523 powdeto the wateand enhances the electrochemical performance.
Two methods liberating the electrode powder materiedm the current collector are
considered. Powder sample from these two methods show similar morphology in SEM
images.The oxygerree environment during the heating process triggers the oxygen
releaseand leads to the weight loss.

3.4 Preliminarystudyof the anode graphite recycling

In the direct recycling process, the anode graphite needs to be separated from cathode
material. Graphite in anode will be the byproduct when the cathode metal oxidairsed

in the direct recycling procesBasedon theliterature review, the preliminary experiment
isconductedo synthesiz@alue added produgraphene. The spent battésyully shorted

the anode electrodeseseparatedndrinsed inDMC to remove the remaining electrolyte.
Graphite powdelis obtainal from copper substrate bgonicatingin deionized water
followed by centrifuge. As shown in the Figu8g, the graphite powder from EOL LIBs

keepthe original morphology.
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Figure31 SEM images of the anode material powder fspantLIBs.

Foll owi ng t he 2H thegmehite ogide (GO) ihsgnthesized fribraspent
graphite(SG) . The NaNQ, KMnO4 andConcentrated k5Q; are usedd oxidize theSG.
Additional water and0% HO- areaddedto obtain the GO powdefhe GO powders
then reduced tthe reduced graphite oxigeGO) using Vitamin C as thesducing agent.
After washing seval times the rGOcan be extractethrough centfuge and vacuum
drying. Figure32 shows keyexperimenstes of the oxidation and reduction reactions.

Figure32. (a) The solution turned brown after the oxidatwacess. (b) The solvent turned black
during the reduction prose
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Figure33. The XRD pattern of the spent graph(i®), graphite oxid¢GO) and the reduced
graphene oxidé¢GO)

The characterizatiors carried out for thesG, GO and therGO. According to the XRD
pattern in the Figure3 the unchanged diffraction peaks of graphite after battery cycling
means theSG keepsthe originalcrystal structure. The peaks of the GO and r&©®©
consistent with the literature result4’. These resultprove that the graphenés
successfully synthesize&urthermore, to prove the single or few layer structure of the
synthesizedyraphene, the Transmission Electron MicroscdfeM) is conducted for the
rGO sampleAs shown inheFigure34, the TEM images represent that &0 sample is
typically in the structure of thin laydt.can be observed thabme of the shégare folded
togethemwnhile some wrinkles exist in the sampkerom the preliminary experiment results,
syntheging the graphene using the spgraphite anodés a feasible route to cgcle and

reuse the graphite material.
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35 Conclusions

A green manufacturing and direct recycling pro@ssproposed where the organic NMP
solventis replaced by water during etemde fabrication and recovery of black mass during
battery recycling. lis demonstrated that the wapgpcessed electrodes elsthicomparable
electrochemical performance to the ones from NddBed processing. The cathode powder

is successfully recoveredrom the spent electrodes, relithiated and restored to
stoichiometry, delivering comparable capacity to the pristine materiale\tlere are still

many challenges remained to be resolved, this process provides a potential path toward
green and sustainbmanufacturing oLIBs, which enables lower battery cost and much
less environmental impact.

Figure34. The TEM images of the synthesized graphene ma(eG&)).
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Chapter 4 - Scaling up the direct recycling of
cathodematerial

In thischapter ascalabladirect recycling approach relithiatidhermal synthesis (RTS) is
developed which is simple and ndastructive to generate the highapacity cathode
materials with great cycling performance. LIOH®His served as théhium replenisher

and react with lithium deficient LCoO; in the high temperature to generate the cathode
material with desired stoichiometry. In contrast with thgCl0s, the LiOH is dissolvable

in water. Hence, the €00, powder mixing with LiOH soltion can achieve the more
homogeneous particles witvell distributedLiOH. In addition, the melting point of LiOH

is around 450°C, which is close to the decomposition temperature of the PVDF#inder
The liquated LiOH could further spread over the partitdete up thecathode particles.

The HFformed during théneat treatmenivould be captured with LiOHbefore itreacts

with the suface of thecathodeparticles In addition, to optimize the condith for the
sintering process, the lab scale experiments are explored to validate the temperature and
lithium addition issue. Then the pilot test is executed to scale up the approach. Some
improvement measures like the air flowing to the furnace, thestsyo powder mixing
process are also adopted to form the uniform powder material with high crystallinity and
correct stoichiometry. The properties of tiestored_.CO arecharacterized. It giws that

the LCO recycled from spent LIBs has ttemparablepropeties with the commercial

LCO. This method successfully realizes the direct regeneratib@0fin Kg-level and

plays a guiding role for theass productioof direct recycling inndustry.

4.1 Lab scale experiment of LiCaedirect recycling

4.1.1 Battery deactivation and separation

The spent batteries from drones were colleatgdihe modules were manually dismantled
into pouch cells. A novel shorting method was used to fully releasesttial energy of

the cell* The discharge platform was made by mixing the graphite flakes with oil in
proper ratio. Dpping the cell leads into tlewnductive slurry, for only 6 hours, the cell can
be fully shorted from 3.7V to 0.5V. Compared with the brine shortieghod this non
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volatile graphite slurry can achieve fast shorting, reuse, avoiding the leads corrasion an
cell leakage. Furthermore, the anode graphite material from Effgmtcan be directly
reutilized to build up the shorting platform whisha potentiarouteto realize the anode
recycling.

The separatetlCO cathode sheet@re washedassistedvith soncating in the NMP. The
LCO active material and conductive carbon blale separated from the aluminum
substrates andCO powder in the obtained suspension would mitatte to the bottom of
the tank as theCO powder hagour times more density than NMPumping out the upper
NMP liquid and drying the bottom precipitation, the EOLQ6O, powder can be
collected. Thermogravimetric analysis was tried to quantify thguiities like polymer
binder and carbon in the powder material.

4.1.2 The mechanicaepaation of cathode powder from aluminum
substrate

To investigate the optimized parameters to efficiently separate the cathode powder from
the aluminum substrat@, sysematic studyis conducted to wash off the cathode using
mechanical method. Thariablespeed mixer with the PTFBIenders usedo agitate the
aluminum sheets without striking them like the stir bar is doiing idea with thestirring

is to create a downward flow pattern that then mixes the aluminum shieetsxperiment
device isdepictedn the Figure 8.
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Figure35. (@) The EOL cathode sheafterbeing shredded into 1cm square flaké$.The
variable speed mixer to separate the cathode powder from aluminum sheet using NMP solvent.

To begin with, the cathode Kasare uniformly mixed and sampled for the benchmark
group. This group of flakes weigh and the coating material was manually wiped off,
leaving the clean aluminum substrate for mass measurementna$eratio of the latter
one over the former part witdl be the ideal ratio of the 100% separation efficiency. Based
on this data, the ratio obtained from the following experiments can be comytretfor
evaluation.The weight of the cathode coating accounts for 87.4% of the total electrode
sheet.

Sevenl parametersre tested including the liquid/solid ratio, size of the flakes, solvent
temperature, stirring speed and time duration,Téte.leaker used for container is a typical
cylindershaped which is suitable to scale up. Tallledmparsthe washag efficiency of
different height of the blenderhe experimentsre conducted with the constant stirring
speed1000rpm) same time duratioflO0 minuteskt 35 °C. The electrode flakes are cut
into 1*1 cnft.
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Table11. The cathodp@owder separation efficiency comparison for different height of stirrer

The height of Mass before Mass aftesstirring Theseparation
stirrer (cm) stirring (m2/mg) and drying(mz/mg) efficiency

(m-mz2)/m;*0.874

2.5 896 473 54%

2 930 280 80%

15 915 165 94%

1 966 190 91%

0.5 940 231 86%

Theoreticalseparation 100%

It can be observed that the washing separation processséaeléghest efficiency when

the height of the blendes at the 1.5cm above the bottom of the beaker. Meanwhile it
provides the integrated aluminum sheets without being damaged or ciBk=sides, the

size of the sheet has also beewvestigated based on the previous optimized condition.
Table P lists the experiment results for the separation performance of different size of
sheé. The experiments are conductetth the constant stirring speed0d0rpm), same
time duration (30 minu) at 5 °C. The electrode flakes are cut into 1*1%m

Tablel2 The cathode powder separation efficiency comparison fardift size of the cathode

sheets

Size of sheet Mass before  Mass after stirring Theseparation

stirring and drying(mz/mg) efficiency
(m1/mg) (Ma-m2)/m*0.874
0.5*0.5cm 975 189 92%
1*1cm 982 140 98%
2*2cm 1743 289 95%
Theoretical 1202 151 100%

separation
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From the results listed above, we can conclude that the 1*1cm flakes had Sephestion
performanceMeanwhile, the stirring speed studied ranging from 800 to 1500rpm. To
shorten the time consumption, it only took 10 minutes for each batobth&l parameters
are kept unchanged. Tabl@ lists the experiment results of the seation performance
under different stirring speedhe experiments are conductetth the constant stirring
speed (1000rpm), same time duration (10 minutes) at roometature(around 15 °C)
The electrode flakes are cut into 1*1%m

Tablel13. The cathode powder separation efficiency comparison for different stirring speed

Stirring speed Mass before Mass after stirring and Theseparation
(rpm) stirring (m/mg) drying (mz/mg) efficiency

(m1-m2)/m*0.874
800 1036 694 38%
1000 892 447 57%
1200 1047 489 61%
1400 1080 631 47%
1500 1055 674 41%
Theoreticalseparation 100%

From the experiment results, it can be concluded that the separatiomyzarée would
reach the maximum point when the stirring spisest around 1200rpm. The reassthat

the lower speed could not generate enough vimpactto peel off the powder matial
from aluminum sheet while the cathode flakes would collide the iiawe of the beaker

to become curled if the stirring speisdtoo high. Therefore, the medium speed at around
1200rpm would be the best parameter. Furthermore, the stirring timBodusa also
investigatedo explore the plateau where the efficiency md change with the increasing

of time. Table 2 below list the experiment results of the separation performance for
different stirring time durationThe experiments are conducteih the constant stirring
speed (1000rpmat 35 °C. The electrode flakesre cut into 1*1 crh
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Table14. The cathode powder separation efficiency comparison for different stirring time

duration
Stirring time Mass before Mass after stirring Theseparation
(minutes) stirring (m/mg)  and drying(mz/mg) efficiency
(m1-mz2)/m;*0.874
10 947 241 85.3%
15 892 176 91.8%
20 874 160 93.7%
30 939 148 96.5%
40 962 145 97.1%
50 943 142 97.1%
Theoreticalseparation 100%

Based on the experiment results above, it can be observed that the separation eficiency
approaching the stable plateaben the time duration was above 30 minutes. It means that
the time duration would only influence the results in the first half hdbe washing
efficiency may reach its limitation if other conditions stayed unchargedbelievedthat

the higher temperaturis conductive to dissolve the binder and wash off the powder
material. For security, the temperatusestrictly controlled tdoe under50 °Csince the

flash point of NMP is not too higtaround 90 °C¥*. To avoid the evaporatiasf the NMP
solvent during the heating, the aluminum ¢sipnade to cover the beaker and the whole

device should be conducted in the ventilated hood.
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Figure36. The cathode electrode flakes after NMP washing under different conditions. Th
separation efficiency increases from the left to right.

In summary, the optimized condition for the cathode powder sepavatidd be the 1.5cm
height of theblender, 1200rpm and 3@inute stirring under elevated temperature. The

efficiency can be as high as 98% which means nearly all the powder material can be

collected while the aluminum sheet is clean to use. This systemagatigation provides
a simple ad effective method to separate out the cathode powder from the aluminum sheet.

The design of the apparatus demonstrates a model which can be scaled up for industrial

use of the battery direct recycling. For the aluminuraess after washing, Figures 3
denonstrates their shape asarfacemorphology for different experiment conditions. The

effective separation leads to the sliver surface of withtadk powder attached.

4.1.3 The novelrelithiation thermal synthesgroces

The proper amount of LIOH-#D isdissolved in the water to form the concentrated LiOH
solution and spent cathode material powideadded into agate mortar for fully blending.
More ethanolis employed to adjust the thickness of the slufgsisted by stirring and
heating, the liquid ey@orates while theLCO powderis uniformly covered with LiOH film.
Then the relithiatedlCO is pressed into pellets followed by sintering process at different
temperatures for 12 hours with a ramping rate°@f &irt. Figure37 illustratesthe whole

proces of direct regeneration of cathode material by RTS method.
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Figure37. Process flow chart for the clek®op recycling process by RTS method

4.1.4 Materialcharacterization and ethod analysis

The morphology of the CO powderis observed by using an SHMEI Quanta 600

FEG). By Xray Powder Diffraction method, the powder crystal structure was examined
empl oying Cu, Ka radiati on. Tdidentifeet iyme nt
Handled Xray Fluorescence Analyser (HITACHI-Met8000). The composins of Li

and Co was quantified by using Inductively Coupled Plastaas SpectriCP-MS,

Thermo Electron XSeries). To evaluate the electrochemical performance, the
regenerateddCO and commercial LCO powdaremixed with Timical carbon in 5 wt%
PVDF/NMP solution attheactive material of 80 wt%. The wethixed slurryis casted on
aluminum foils using doctor blade followed by drying at oven for overnight. The
electrode discare cut in diameter of 0.5 inch with the mass density of around 10r%g cm
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The wel prepared cathode material sesas the cathode to assemble the 2682 coin

cells with thdithium metal foil as the anode, 1M LikBalt dissolved in the electrolyte of
diethyl carbonate and ethylene carbonate (DEC:EC = 1:1wt). The Celgard membasane w
used for the separator. The coin callsmade under argon filled glovebox and cycling
tested using LAND tester. Two voltage rangestested: 34.2V and 24.45V. The cells
gothrough the formation process under current rate of C/5 for two cyetiken 1C

rate test for the rest

4.2 Optimization of the direct recycling process for scaling up

4.2.1 Mechanism of Relithiation Thermal Synthesis of the LCO

The mechanism of the capacity decay.G/graphite cell system is mainly caused by the
lossof acive lithium inventory and the lithium plating on the surface of electrode during
the cycling life 216 Meanwhile the power fade happens to the {uiglver battery
accompanied with the impedance ris@r the rdlithiation and sintering process, it is
speculated that the following reactions would o€€uf'8

0Q D P W0MQO0O— 0 ©0"Q6 ¢ —0O0 )
DQDH © —0O0E0 WO M ¢ —0 18
T0 €0 PO QOO ©p@® QO & @OL %)

Where x(0.5<x1) is the mole number of Li in the cathodex@QoC, starts to release
oxygen at 220°C and forms &, which later reacts with LiOH to foriaCO again. The
RTS process can replenish thieonsloss to reach the stoichiometric ratio of material and
eliminate the structure defects.
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4.2.2 Factors on Relithiation Thermal Synthesis of the Li€oO

Lithium addition factor.

In order taoinvestigate the ipact of the amount of lithium excess addition on the properties
of recycled cathode material, three groups of the pelletife@ after relithiation are
sintered under 900°C for 12 hours in the air. (Li/Co ratios were of 0% excess P&£O, 2
excess LCO and 5%xcess, abbreviated as 0%E LCO, 2%E LCO and 5%E LCO
respectively) Excessive lithiuns added to investigate and make up the lithium loss due to
evaporation during the high temperature sintering process. After regeneration, the Li/Co
ratios were 0.986, 007 and 1.021 for each group respectively, which incseask the
increasing initial lithium addition and the 2%E LCO has the Li/Co ratio closing to the
stoichiometry.

The electrochemicand cycling testesultsfor LCO regenerated i different lithium
additionare presented in the FiguB8. The initial discharge capacities foid3V under
C/5 rate for 0%E LCO, 2%E LCO and 5%E L@@ 152.7, 148.0 and 142.9 mAh/g, while
it for commercial sigmd.CO was 145.5mAh/g. For-8.45V cyclng, the first cycle
discharge capacity under C/5 rate for 0%E LCO, 2%E LCO and 5%E LCO were 190.8,
190.6 and 185.4mAh/g, while it for commercial sight@2O is 186.1mAh/g. For the 1C
ratecycling performance, the 2%E LCO perf@ithe best stability in-3.2V andit can
realizethe 80% capacity retention after 230 cycleproves the better rate performarute
the regenerated LCO than it of the commercial Quenbining with other characterization
results,the detailed results for samples regenerated fréfereint experimentonditions
are analyzed.
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Figure38. The charge/discharge voltage profiles of sintered recycled cathode materials with 0%,
2% and 5% Li excess and-psrchased LCO from Sigma at C/5 rate cycling betweeB-{a2V

and (b) 34.45V.The cycling performance of sintered recycled cathoderrakevith 0%, 2%

and 5% Li excess and-gsirchased LCO from Sigma at 1C rate between-@&R¥ and (d) 3

4.45V.

Temperature factor

For the optimized sintering temperature to resynthesizeGla the pelletized_CO after
re-lithiation (2%E LCO) were sintered at 750°C, 850°C and 900°C for 12 hours in air
(abbreviated as 750C LCO, 850C LCO and 900C LCO) with other condition unchanged.
The resultshowthat the Li/Co ratios of 750C LCO, 850C LCO arip@ LCO are 1.019,

1.012 and 1.007. The Li/Co in the final sintered products decreases with the increasing
sintering temperature, indicating that more lithium or lithicompounds are evapdea

at highersinteringtemperature?!®. The electrochemical performance for sarspigth
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different conditions of sintering temperatuie compared in the Figurd9. The initial
discharge capacities under C/5 rate for 750C LCO, 850C LCO and 900C LCO were 149.8,
145.6 and 146.1 mAh/g for-&2V, while it for commercial sigmhCO is 145.5mAh/g.

For 34.45V gscling, the first discharge capacity under C/5 rate for 750C L8BOC LCO

and 900C LCGQare 185.3, 185.7 and 190.6mAh/g, while it for commercial si(y@8 is
186.1mAh/g.The 1C cycling data showed that 850C_LCO bettler cyclingoerformance
betweer3-4.45V.
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Figure39. The charge/discharge vae profiles of sintered recycled cathode materials with
750C, 850C and 900C sintering andpaschased LCO from Sigma at C/5 rate cycling between
(a) 34.2V and (b) 24.45V. The cydhg performance of sintered recycled cathoudserials with
750C, 850C ad 900C sintering and gqmirchased LCO from Sigma at 1C rate between-&R¥
and (d) 34.45V.
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4.2.3 Product characterization for lab scale

The regenerated material from all theups of sampkeare characterized. Table 12 lists
the Li/Co elementalratio based on the IGRIS element quantification testhe lattice
parameters of recyclddCO from different experimental conditioase also includedrhe
XRD pattern in Figure40 indicates that the kCoO; powder still maintains a crystal
structure althougtts peaks are not as sharp as regenerated material. All the samples could
be i ndex-eNdFe® (@pade lgreup: @mn) with no observed impurity peaks. The
003 peak shifts to tHewer angle after cycling, corresponding to an increase iolttéce
parameter due to electrostatic repulsion between the oxygen layerg dioagiions in the
lithium deficiency state??®. The 003 peak shifts back toward higher angider
regeneration, with decreased lattecandc, which means the tighter packing of atoms and
the recovery of the pristine crystal structure.

The scan electron microscopy imagefsthe recycledLCO particle morphology are
displayed in Figurd1l. It can beobservedhat the morphology of theCO powderskeeps

in consistent with samples regenerated under different conditions, except for the one with
excessive 5% Li additiofFigure 4ld). It proves that too much lithium may cause the
particle agglomeratim. TheFigure 41e, f andc demonstrate that increasing thietering
temperature in air results in an expected increase of shrinkage, decrease of porosity and
specific surface area, which is consistent with the liter&trén addition, there are some

small particleqresidual LyO) attached to the surface of the EOCO, but these small
particles decrease graduallyeafsintering. As the calcination temperature rises to 850°C,

there small particles disappear completely.

The electrochemical performance of the regenerat€® samples under different

conditions are also comparéeigure 38 and Figure39). It shows thathe LCO sintered

with 2% excess Li performed the best stability in 1C cycling among all the tested cells.

The first discharge capacity is higher than commeidD in both 34.2V or 34.45V

voltage range. It is worth noting that the sintelk€D with 5% lithium excess shows the
inferior cycling performance in both dischse
because too much excessive lithium may cause the agglomeration in part of the particles,

which deteriorates the electrochemical performaibe. rggenerated_CO sintered with
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0% excess Li still shows slight lithium deficiency from ICP result. The lithium deficient
particle may have intercalation reaction when the counter electrode supplies &nough
ions.The performance would be worse if it is i tall cell. Hence, the improved capacity
and cycling stabilityn the half cellare not convincing.

For the temperature factor, the 850°C sintdr€® shows the best cycling stability in 3
4.45V under 1C rate. This result also corresponds to the literfttl CO synthesis that
calcination at high temperature >800°C is required to produce High Tempdr@ire
which possesses alternating planes of*@md Li" cations in the hexagonal ABCABC
oxygen packing, providing superior electrochemical propertietBia ?2%, Also in another
literature, 850°C calcination for more than 12ifewould be the optimal parameters which
can regenerate LCO material since it supplies the optimized diffusion proparsy
conclusion also proves the famty of our work. The enlarged XRD pattefffigure40(c))
indicates the 850 E_LCO owns the shagt peak with narrowest full width at half
maximum(FWHM), which is also described in the literature that the decreases of FWHM

reflect the increased crystaliy °2.

Lithium deficient LkCoO, also accompangawith phase transitions during @ing. For 3
4.2V cycling, layered.CO transforms to cubic spinel LiGOs when x varies between 0.5
and 1.0. The spinel GO4 is also formed besides Lig0s when the x is lower than 0.5.
The deterioration of high polarization that would result in the agpkaaling is associated
with the phase transition to form the ldirions conductivity of the spinel LiGC®4 and
Cos04 phaseg??. Furthermore, the slight dissolution of cobalt happens when o0

is charged beyond 4.2V5. Li/Li*. As a result, the rigorous845V cycling can reflect
more characteristics of the material thad.3V cycling.Nearly all the regenerated CO
material exhibis the better cycling stability than the commerd¢i@O. That ' s because
smaller paticle siz of distribution makefor a betterate performanceé?®. Our recycling
approach well maintains the originabrphologyof the cathode material after regeneration
and the particle size ranges less than 10um while it of commercial powdef$s (i
(Figure4l).
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Figure40. The XRD patterns of EOL cathode material, commercial LCO froorm&@nahe
recycled LCO (a) with different Li addition and sintering temperaturéseitab scale, (band(c)
the enlarged view of Fige(a) for lab scale experiment. (d) The 0% excess Li additiaared
LCO in pilot experiment batch, (end(f) the enlarged view of Figre (c).
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Figure4l The SEM images of (a) EOL electrode materials and sintered recycled cathode
materials with (b) 900C 0% Li excess sintered, (c) 900C 2% Li excess sintered, (d) 900C 5% Li
excess sintered, )(@50C 2% Li excess sintered, (f) 850C 2% Li excess sintet€d &nd (g)
Commercial sigma LCO

4.2.4 Liquid leachng for impurity removal

Water or acid leaching

The water or acideachingafter sintering procedsas been investigated to explore the
methodeliminating the residual lithiumit would be useful when the lithium addition is
superfluous. Theoretically, the extra lithium would remain on the surface of the recycled
cathode powder as the lithium saltzCOs is partially solublein water and the wéaacid

can easily clear up the excessive lithium. Therefore, | tried to waslCevith water or

acetic acid and tested the electrochemical performance of processed material. The cathode
material is identifiecas LkCoO, (LCO) by ICRMS where the Li/Coatio is around 0.93.

In order to investigate the impact of the water/acid washing on the final recycled products,
the EOL cathode material iGoQG, is first mixed with LiOH using water and ethanol with

the mole atios of LIOH/LkCoO, to be 13%. Then the paer mixture is sintered at 850

°C for 12 hours in aifabbreviated as 13% LCO). Then the powdevashed by water and

5 vol% acetic acid respectively. The ICP results show that the Li/Co ratithe @B%

LCO, water washed 13% LCO and acid washed 13% b&01.066, 1.022 and 0.9lhis

result indicates that the acid leaching makes for eliminating the residual lithium salt. To
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resynthesize the LCO of stoichiometry, the experiments need to be improved by ogtimizin
the concentration of the acid and the Idfsolid ratio during the leaching process.
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Figure42. The XRD patterns of EOL cathode materials, sintered recycled cathode materials with
13% Li addition, water/acid washed 13datered LCO and agurchased LCO from Sigma.
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Figure 43. The charge/discharge voltage profiles of sintered recycled cathode materials with 13%
Li addition, water/acid washed 13% sintered LCO anpluashased LCO from Sigma @t5 rate
cycling between (a)-3.2V and (b) 24.45V. Thecycling performance of siared recycled

cathode materials with 13% Li addition, water/acid washed 13% sintered LCO-pncthased

LCO from Sigma at 1C rate between (e4.2V and (d) 24.45V.

From the electrochemical data and 1C rate cycling resnltSigure 4, the recycling
material after washing process, either by water or acid, would have the better cycling
stability than powder without washing, even better than commercial Gogthining with

ICP and XRD results, the washing process did help ingptioe properties of material. But

it does no fully replenish the defects as the performance was not perfect enboigh.
optimize the recycling procesthe systematic research is reqdirto dig into parameters
including the sintering temperature, tirdaration, water or acid washing procedure, acid
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concentration and excessive amount of lithium, ktis known thatthe synthesis of the
cathode material of lithium metal oxide includée tsintering process to synthesize the
lithium salt with metal oxideNormally the excess lithium will be added to ensure all the
lithium vacancies can be filled in and compensate the evaporation loss during high
temperature sintering. For the lithium ranmed in the particles, engineers may wash the
synthesized powders withater toremovethe extra lithium and adjust the pH followed by
the second calcination process to finalize the prodimtcomprehensively restore and
regenerate the cathode materiakthe direct recycling proceswater or acid wash is a
feasible measerto exclude the impurities and improve the quality of material. Except for
the acid wash, the alkali leaching is also useful to remove the impurities in battery
recycling. For examplehe strong alkali like sodium hydroxide can dissolve and leach out
theimpurity aluminum from cathode materigfé: 22°

Ammonia leaching

One of the barriers of the direct recycling process is the cross contamination between the
cathode and anode material®. regenerate the cathode metal oxitte contamination of
copper from the anode substrate would detetieoitze properties as well as performance.
Currently, the recycling dfIB employs the mechanical dismantling tools for crushing the
cells and reducing their siZé%22°, The debris of current collector may mingléth the
cathode materials and an effective method is needpdrity the metal debrisAmmonia

is an effectivesolvent which can capture the copper to clean up the impufitigd The

eqguations bel explainthe mechanisrmof ammonia leachingf copper
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The experimentareconducted using @t% ammonia solution to leach the cathode powder
recovered from spent batterfhe EOL LCO powder wasiechanicaly cut followed by
separation procesfne batch of the powdé¢sample 7went through the NMP wash to
obtain the LCO powder while the second basdmple 16) was from the previous batch
but a thour 500°C heating process in air was addddhe powder before and after
ammonia leachingre analyzed by-ray fluorescent (XRF) analyzeéo quantify the
impurity content.

Table15. The element content for the LCO powder before and after ammonia leathing

Ti mTemper Aifrl cCo wt Al(wt Cu wt comment
Powder | eatcar 81.9 3.99 13. 2

1 30 mi RT NO 88.2 2.64 8.63 5 o
. powder
2 60 mi RT NO 89.9 2.72 6.84 fromNMP
wash
360 min RT YES 90.7 2.66 6.23 500°C
heatingin
4 90min RT NO 92.6 1.96 5. 13 arandball
milling of
590 mi 60C NO 91.9 2.05 5,16 eclectode
flakes
g 60 mi RT NO 91.1 1.84 6.65
wash

Powder befor 94.1 1.14 3.14 EOLLCO
powder

from NMP

7 60 mi RT N O 98. 0 0.92 0.17
wash

The experiment data was summarized in Table 15. It can be concluded thémited
amount of copper impurity in cathode metal oxide material can be leached out using
ammonia leaching. For example, the sanTpléth around 3 wt%®f copper impurities can

be completely removed. Comparing sampheith the sample 3it can be obsengethat

the air flow does not greatly influence the leaching efficiency although the mechanism

equations indicate the oxygen is involved in the reactionaddition, by comparing
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between the sample 1 and 4, it can be concludeditraasing the time dutian from 30
minutes to 90 minutes can further reduce the copper content. These results prove the
feasibility of the method to remove the copper impunit LCO cathode. Howevenne

thing needs to be notdidiat the leaching magseeffect when the EOL ¢hode flakes have
already gone through the high temperatueat treatmentAlthough the heating process
would help separate the cathode powder masefrain the aluminum substraté,may

also cause the phase transition of the cobalt which leads tolihk dissolving during the
ammonia leaching proce$s.

4.3 Pilot scale experiments and assessment

4.3.1 Product cheacterization for pilot scale

The XRD pattern in Figurél demonstrates that the better crystallization has been formed
after regeneration with-&ep mixing. The decreasa@ndc as well as the FWHM signify

the tighter packing of atoms compared withB@L cathode material, which confirms the
increased crysthhity. The SEM images clearly display the morphology and particle sizes

of the sintered samplé-igure 44). The rough surface with some groups of particle
aggregation was shown in the Figut¢ (b). Thatis caused by the inhomogeneity of
sintering condition as the bottom part of the 500g powder bears higher pressure than the
upper part. Higher pressure between powders would reduce the particle spacing and then
improve thelLi-ionsdiffusion but alsaesultsin the excessive growth of the particle in the
bottom of the crucible. When the material is sintered twice with double mixing, the better
morphology and electrochemical performance are exhibited that the particle size in the
Figure44 (c) is relatvely smdler than Figured4 (b) meanwhile the particle shows clean

and smooth surface. The ICP data also proves the advancement of the method. The Li/Co
ratio for the ongime sintering sample is 1.012 while it of the twice mixing sintering is
1.005, whit is nealy in stoichiometricTherefore, théwice mixing strategy does improve

the quality of theLCO while it also provides the constructive thought to increase the

uniformity of the lithium diffusion by using stirring apparatus or the rotating furnace.
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Figure44. The SEM images i) EOL cathode materials, (b) 5009 large batch sintered LCO
under 850C with 0% of excessive lithium, (¢) 5009 large batch, 500°C heated&mixed and 850°C
sintered LCO with 0% Li excess. (d) commeraigma LCO.
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Table16. The element ratio and lattice parameters of the regenerated sample under different

conditions.
Batch Sample Li/Co ratio a ¢
EOL LixCoO 0.89 2.7845 14.0650
Commercial LiCoQ 1.0 2.8398 14.0305
750°C 2%lithium excess 1.016 2.7874 14.0164
Lab scale 850°C 2%lithium excess 1.012 2.7932 13.9572
900°C 2%lithium excess 1.007 2.7939 13.9498
900°C 0%lithium excess 0.986 2.7863 14.0179
900°C 5%lithium excess 1.021 2.7849 14.0157
EOL LixCoQ, 0.93 2.8147 13.9846
Pilot scale 0% lithium excess, double mix 1.005 2.8173 13.9574
0% lithium excess 1.012 2.8352 13.9569

4.3.2 The improved relithiatiomhermal synthesis process of the LCO in
pilot scale

When directly scaled up to the pilot scakg (evel per batch), the 850°C pellet sintering
with 2% of excessive Li couldot produce thé.CO powder as good quality as 10g batch.
As shown in thé&igure 4%, the first discharge capacity ford32V cyclingis only 90 mAh/g
whichis much lower than thedreal capacity of thé.CO (140mAh/g). Meanwhile the-3
4.45V discharge capacitis still low either. The sintering condition desiderates the

improvemats to satisfy the largscale sintering needs.
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Figure45. The charge/dischargmltage profiles of the 850°C 2%ithium excess sintered
recycled cathode materials in small bafislack line) and pilot large batdhed line) sitering and
aspurchased LCO from Sigma at C/5 rate cycling between-4a2\3 and (b)3-4.45V.

Compared wh lab scale sintering, the large peiemuch thickeand it would impede the

air from penetrating into the material. Then the anaerobic condgiformed which may
cause the redox reaction between graphite and LCO under high tempé&Yatlihat is

why the sintered pellet was too tough taak. Hence, the large batch sintering requires
the lose powder format with abundant passway for air diffusion rather than compact
pressed pellet. The powder in the crucilslescratched into small grids which can create
enough space for air permeation.addition, the compressed &raerated into the mudf
furnace to supply sufficient air atmosphere for crystallization reaction. Furtherthere,
evaporation loss cdoe ignored in the scalgp calcination. Hence, no excessive lithiisn

added in the laye batch powder sintering process with air flowing.

In the Figure 8, it can be observed that th& dycle discharge capacity of the regenerated
cathode materiak 149.7 and 186 mAh/tpr 3-4.2V and 34.45V respectively. However,
further improved is ragired since the capacity retention is below 80% affecy&les in

1C rate. Another issue for the scalgul sintering process, is the powder homogeneity in
terms of the Li/Co ratio and the particle size distribution. As the particle spacing in the
powder tering is larger than it in pellet, lithium diffusi@nd distribution should be less
sufficient than lab scale pellet sintering. For a more even produdtQ®eafter mixing
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with LiOH is firstly calcinated at 500C for 3 hours, then the powdes taken out and
mixed again with blender. The wetlixed powetr is sintered at 850°C for 12 hours with

the air blowing in. The improved strategy did work. Fet.3V cycling under 1C rate, it
could maintain the capacity retention of 80% after 160 cycles, whitteitwice of it for

the sample without double mixinghe 34.45V cycling, in which the original discharge
capacity under C/5 rate is 187.6mAh/g, while the commercial LCO is 182.2mAh/g. For the
1C rate performance, the capacity retention drops to 8@ 30tcycles, which is around
30% higher than commertiaCO.
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Figure46. The charge/discharge voltage profiles of sintered recycled cathode materials with 0%
Li excess addition, 0% Li excess with double mixing anguashased CO from Sigma at C/5

rate cycling between (&4.2V and (b) 34.45V. The cycling performance sintered recycled
cathode materials above at 1C rate between-{c28 and (d) 34.45V.
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4 .4 Conclusion

In summary, an effective direct recycling procedureeigenerate the EOL {CoO; by

RTS process habeen developed. Above all, this approach could fully recover the
electrochemical properties of the material and the cycling stability is even better than
commercialLCO powder. When scaled up for the pilotttesur approach is further
improved to synthése the comparable powder materials. The powder sintering method
with air flowing and double mixing is conductive to the homogeneous lithium content and
particle size distributions in the final product. Thatfidischarge capacity of the recycled
materialis 143 and 186.7mAh/g, for-8.2V, 34.45V respectively. It also shows great
cycling stability as the regenerate@0O maintains the 80% capacity retention for 1C rate
cycling after 160 and 90 cycles, fodd3V and 34.45Vrespectively. Our strategy exhibits
the simply, nordestructive and eefsiendly technology route to recycle the sp&aO
cathode in industrisgcale and deliver the products in high electrochemical performance.
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Chapter 5- Summay and Perspective

In this work, the green and sustainablB manufacturing and recycling system has been
built, which provides the primary results toward future battery industry infrastructure
design. The significance lies on the fact that there is xic snlvent leing used during
manufacturing as well as recycling processes and the competitive electrochemical
performance has been achieved in both manufactured and recycled material. To prove the
feasibility that this system can be applied into real stigh) the whée process has been
scaled up to pilot test. With optimized procedures, the pilot test can deliver the repaired
cathode powder material of high quality in large amount. The battery in EV is expected to
replace the internal combustion engine feducing te dependence on crude oil. Our
research is dedicateddwercominghe challenges and promote the course of development.
Recycling will be the downstream industry of battery manufacturing to mitigate the
environment issue and protect the valeaesourcedf the close loop industry chain can

be formed, especially with the direct recycling technology, the battery material will be
reproduced to supply the manufacturing with minimum cost but high recovery or utilization
rate. Then the recycling also the pstream industry of the battery manufacturing. In a
word, recycling plays a significant role to expedite the circular industry as well as

economy.

The future life will be full of opportunities. Battery recycling will play an even more
significantrole in the future as more and more lerange EVs are put in market. Recycling
cannot just start from the EOL of battery but the design of the battery before manufacturing.
It isimportantto considetheEOL of battery when the product is at tinede development.
Standardizing battery chemistrias well as the sizes makes for the deconstruction of the
outer layers of battery when it is to be recycled. Then obtaitieg/aluable materials
insidewould become easiefhe standardization of batterygkamakes for routinizing the
recycling process and reducing the cost.

The current design dfIB is the result of years of constant optimization. The special
structure conduces to the maximum of energy density as well as power density. But the
inner materilican be explored and replaced. Like the binder, the low cdstisableput
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we also expect to be easier to be reclaimed. Ideally, we can find the novel binder with
special deliquescent substance that can easily decompose the adhesion effect and quickly
get the high value material. Theolid-state battery is under investment to be
commercialized in the future. It is necessary to take the recycling factor into consideration
when the next generation of battery is designed. In this way the recycling pro¢éss
conducted much easier.

To build a better circular economy system, the cost or energy consumption or the GHG
emission needs to be further reduced. As we know that cell manufacturing is the key
contributor accounting for 45% of the GHG emission. t&gt production line and
recycling plant still owns room to be further squeezed with the improvement of technology.
More effective sensors can be employed to monitor the steps and calculate the preferred
parameters to improve the efficiency. Meanwhile ltig data system will share all the
battery information including the fault diagnosis to explore the better flow path of
manufacturing as well as recycling by cloud computing. With these promising

technologies, th€PScan be built to realize the most eféiot circular chain.

Furthermore, the recycling industry still needs the support and incentive from the
government to issue related policies. Only in this way people can roll up their sleeves
unscrupulously to the recycling research and explore ntie¢hod to overcome the
difficulties. A closedloop batteryecosystenmakes for building the circular economy
which canbenefitthe batterymanufacturers, consumeais well agecyclers. Meanwhile

the it isenvironmendlly friendly. With the increasing ofniventol of EVs, batteries are
going to enter their EOL to be recyclém now on. Comparing various recycling
processes to different chemistrieasd designs should be carried out even as the eventual
design and material composition of those batterieaieomkown. Based on our analysis,

this green manufacturing and direct recycling system is promising although the further
improvement is needed. The challenges we meet@arplexrather than the question in
specific field. Therefore, the crodssciplines corpaation is desired. Especially the
intelligent method like image recognition and prediction tools. Meanwhile, the automation
equipment also needs to be designed for replacing the worker to deal with the toxic

chemicals and eliminate the threats fanfan. h addition the material science experts
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need to fully restore the material with great energy density and power density. Even for
some new inventions that can replace the LIBs for energy storage, recycling will be the
everlasting topic when the proct isbeing used.

At last, the future life in high electrification and intelligence for human beings can be
expected soon. A green and sustainable manufacturing system for battery enables the eco
friendly cities to be powered by renewable energy andrtbegg $orage infrastructure can

be manufactured, reused and recycled without secondary pollution. Such an efficient and
green energy supply can provide security and-Qiggity services for people's urban life.

The direct recycling method can resynthedize naterial with comparable performance

to pristine one and achieve the circular economy to provide opportunities for all the people,
with access to basic services, energy, housing, transportation and more. The carbon
emission can be heavily reduced aibgh tke improved technologies. With a good
ecological environment, people can live in harmony with the nature. All these efforts on
recycling process will help sustainably tackle urgent resource needs and enhance strategic

security on a global scale.
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