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Components of LIBs institut fir Partieltechnik
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Components and function of Lithium-ion battery iF'ATa'
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Technology Trends

Diversification of cell chemistry and cell design
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Battery as a key technology for electromobility 'PAT

EV fleet in Germany (as of July 01)

....................................................................................................................... 1.170.632 Seven to ten million
electric vehicles are to
......................................................................................................................... .. be registered in
Germany by 2030,
................................................................... according to the target
set by the German
........................................................ government.”
Quelle:
........................................................ . " https://www.bundesregierung.de/br
eg-de/themen/klimaschutz/verkehr-
1672896
53.861
4541 7114 12156 18.948 25502 34.022
2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023
(Stand:
1. Juli)
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Demand on raw materials for electric vehicles Institut fir Partikeltechnik

Metric tons x 103

8,000

5
7000 Mangan

" Lithium = Sharp increase in material

6,000

5,000 I Cobalt demand for cell production

4,000 Nickel = CO,-impact of materials has to
be minimized

400 l " Graphite
2,000 l urmini = Social aspects of raw materials
=1 . Aluminium have to be taken into account
ppy———y ] 1 c
" Cupper

2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030

Source: Electric Vehicle Outlook 2018, Bloomberg New Energy Finance. Note: Copper includes copper current collectors and pack wiring.
Aluminium includes aluminium current collectors, cell and pack materials and aluminium in cathode active materials.
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Sustainability and circular economy
Comparison of greenhouse gas potentials Cradle-to-Gate CO,-eq Emissions
Electric drive Combustion drive

= Materials are
responsible for
around 80 % of the

Cell production
Increased 20% average CO2
significance Material emissions of an EV
of (Cathode) battery,
production Mategigg/(rest) S = with 10 % scrap,
: share of cell
<:::> production rises to
28 % 2]
NMC LFP ICEV ICEV
Diesel  Gas Efficient use of materials and energy
m Production m Use m End of Life 1] crucial in production
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[1] Basierend auf Daten von Ciez R E, Whitacre J F (2019) Examining different (2022). LCA of the Battery Cell Production: Using a Modular Material and Energy

recycling processes for lithium-ion batteries. Nature Sustainability. 2(2):148-156. Flow Model to Assess Product and Process Innovations. Energy Technology.
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Importance of Battery Recycling _ L
Number of End-of-Life Battery Systems and components IF'AT

Stee| Electronics
Plastics 5.7% 2.7%

350k
Quantity of EoL Battery Systems in Europe 3.8%
Aluminium
18,0%

Realistic Scenario Volatile
300k Components
8.3%
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Measures to reach a sustainable battery cell sttt for Partikeltechnik

Sustainable, energy efficient raw
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Circular Economy Initiative Germany izacatech

Circular Economy

Initiative
. . DEUTSCHE AKADEMIE DER
Central recommendations for action s Deutschland
— —_— —
RaW 1 H . - - - -
material Refinement Production of Cell Module and  Application Collection/ Recycling /| Disposal
extraction active production system Return recovery
mate”als and prOdUC“OH Resource-Efficient P e
precursors Drting Elecric Mooty
N Y T | with the Circular Economy P
> I_ _I 1_ J I_ _I Repa"‘%M$WM”“”
Other recover _ _ retrofit
chains ’ Recycling Recycling [ =\
[ Recycling
(Second Life)
Recycling

https://staticl.squarespace.com/static/5b52037e4611a0606973bc79/t/61c1e85
6a32b9841b83e0034/1640097893046/TB_Gesamtbericht+EN_DOI.pdf
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Circular Economy Initiative Deutschland (Ed.): Resource-Efficient Battery Life Cycles — =
Driving Electric Mobility with the Circular Economy, *Kwade, A. & Hageliken, C. et. al.,
acatech/SYSTEMIQ, Munich/London 2020. DOI: https://doi.org/10.48669/ceid_2021-2


https://www.circular-economy-initiative.de/

Recycling — Circular battery economy concepts 'F'ATx
RecyCIIng Rates IInstitutfurPartikeltechnik

-

Circular Economy

Initiative 'EU battery regulation (since 17.8.23)

Deutschland

Recommended Recovery rates’
31.12.25/ 31.12.30/

2025 - binding | 2930 - o be 31.12.27 31.12.31
aspired to™™"

Total battery™ 60 % 70 % 65 % 70%
Lithium 50 % 85 % 50 % 80 %
Cobalt 85 % 90 % 90 % 95 %
Nickel 85 % 90 % 90 % 95 %
Copper 85 % 90 % 90 % 95 %

Steel 90 % 95 % - -
Aluminum (without Al foil) | 90 % 95 % - -

Regulation (EU) 2023/1542 of the European Parliament and of the Council of 12 July 2023

concerning batteries and waste batteries, amending Directive 2008/98/EC and Regulation (EU) www.circular-economy-initiative.de
1Ly

. 2019/1020 and repealing Directive 2006/66/EC (Text with EEA relevance)
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Recycling Technologies
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>

vat i S prosessing | Pyiometallurgy | Hydrometallurgy
Deactivation Drying/Pyrolysis Processing

I

» Full discharge and = Thermal treatment = Deassembling Smelting of Chemical Processes
short circuit = Deactivation and = Crushing / Milling = Battery Moduls = Leaching
- TrTat_ment Insalt  treatment of black . cjassifying = Electrode Scraps = Extraction
solution mass v : . . T
C eering of . I I (sllew_r;_g, air ) = Active Material = Cristallisation
= Freezing o = Removal or at least  classification Powder . L
electrolyte disintegration of - Sorting " Precipitation
electrolyte, binder - ~ Regaining of > Regaining of
’ (e.g. magnetic Co. Ni. Cu N
and polymers separation) » D Metals Co, Ni, Li

from separated
powders or slag
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ecycling Technologies |F'AT$

Future closed material cylces sttt for Partikeltechnik
Use phase
| . EoL-Battery |
" Eieknoy, eiosode ] (RRMECHARICE ‘*k
1 y 1 .
i foils, housing parts, —— proc_:eslsmg
I separator i et
SmmmmmmmmmSmmmmmmmmmeoes ' dismantling
. Blackmass |}
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1 Transition salts
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Mechanical Recycling iPATa.'
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Discharge Disassembly Crushing Drying Mixing

Periphery
LithORec Il
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A. Kwade, J. Diekmann: Recycling of Lithium-lon Batteries — The Lithorec Way. Springer, 2018


https://www.erneuerbar-mobil.de/sites/default/files/2017-01/Abschlussbericht_LithoRec_II_20170116.pdf

Mechanical Recycling . L
LithoRec : FAI'M

Zig-Zag-Classifier

Discharge Disassembly Crushing Drying Mixing  1st Classification

Cumulated materials distribution of a crushed and dried battery module |_
Battery Type: EV
Battery cells: 6 PHEV1, LiNiCoMnO,/ Graphite
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—

—a— Black mass
—e— Separator

—x*— Plastic foil
—<«— Al foil
—ao— Cu foil

cumulated distribution Q (xVp)

= R R
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separating parameter x\p [mm V(g cm?)]
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Mechanical Recycling . L
LithoRec : FAI'M

Zig-Zag-Classifier

Discharge Disassembly Crushing Drying Mixing  1st Classification
Cumulated materials distribution of a crushed and dried battery module |__
Battery Type: EV
Battery cells: 6 PHEV1, LiNiCoMnO,/ Graphite o
2 1.0 -l ®x * — <40V °
z 1 l/// 4’7/ |
o / Z S
2 038 J '/{//, s— Black mass
2 / 7/ —e— Separator
R // / 7 —— Plastic foil
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S J —+— Cu foil
o . //- / v —=— Plastics (hard)
o Al housing
2 0.2 J —aA— Al module o= " deg
3 L/ Z —e— Steel e/ g N
0.0 = —¢ —v— Cu housing | Shredded
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0O 5 10 15 20 25 30 35 40 45 50 55 60 65 70 (h matfe”atl_ )
ea raction
separating parameter xVp [mm V(g cm®)] vy
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Mechanical Recycling . L
LithoRec : FAI'M

Discharge Disassembly Crushing Drying Mixing  1st Classification 2" Crushing Sieving 2" Classification
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Recycling Technologies . L ™y

Ecobalance LithoRec-Process (Oko-Institut e.V.) 'F’e‘:rklhk

2000
= 1481 :
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Mechanical Recycling 'F'ATa'
PIIOt Plant PrOCGSS Chaln IInstitutﬁjrPartikeltechnik

End of Life Mixing Density Size Second Size Density
Shredding Drying Separation Separation Comminution Separation Separation

= --‘-,-_l
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r 3
W e 2

Electrolyte Casing Black Mass Black Mass Cu-, Al-Foil Separator

Magnetic and Eddy
Current Separator
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CirularLab (2023)
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Mechanical Recycling
Shredder-Dryer-Combination

| 2

= W |

Crushing

Mixing
Drying
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Density Size Second Size Density
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Circular battery cell production i 5
ircu y producti IF'ATL

Future closed material cylces sttt for Partikeltechnik
Use phase | | Batery s
T — I
i___Eol-Battery | : i
1 i Resynthesized CAM |
v aoorods ] RS ‘*k f
{ foils, housing parts, f—{  PrOTESSHS Resygi‘es's of
I separator i _ 'nCI'_ -
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Recycling Technologies .PA_I_a.'
Reconditioning of graphite oL -

= Large-scale recycling processes use graphite as a reducing agent in the thermal recycling of transition metals

= So far no industrially established processes for reconditioning graphite known

Step 4:
_ Surface
\?\;zghizr;g Step 3 modifcation
Step L. drying m,iIIing Thermal P> Regraphitisation at * _
Chemical ’ treatment at 2600-3000 °C |"> ‘
Treatment 500 -1500 °C

=

i
L

b o - ———————— - e o o o
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« Lithium metal oxides with morphology of layered oxide
« LiCoO,
* LINMO, (N, M = Ni, Co, Mn in different amounts N + M = 1)
- e.g. LINiMnCoO, (NMC 111, NMC 622, NMC 811)
- e.g. LINICoAIO, (NCA)

« Lithium metal oxides with morphology of spinels

« Lithium metal phosphates
- LIMPO, (M = Fe, Co, Ni, Mn) e.g. LiFePO,

. o
9 P ™

https://www.sciencedirect.com/science/article/pii/S1369702114004118?via%3Dihub
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Synthesis of cathode active material iF'ATa
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Pyrolysis
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[1] K.K. Cheralathan et al. / Journal of Power Sources 195 (2010) 1486—-1494
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Optional milling of precursor iPAT
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Pyrolysis

Wet mllllng Calcmatlon
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Cathode material finishing _ S
Application of classifier mills IPAT

Institut fur Partikeltechnik
= Gentle grinding — just de-aggregation,
without particle damage

= Steep particle size distribution

=  Avoidance of metal contamination with
ceramic execution

» Prevention of moisture absorption in the
process with closed loop system

= Applicable products (Xxs, around 10 pm):
Lithium Cobalt Oxide (LCO) Classifier mill
Lithium NiCoAl Oxide (NCA)
Lithium NiCoMn Oxide (NCM)
Lithium Manganese Oxide (LMO)

Source: gy HOSOKAWA ALPINE
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Typical anode materials

Synth e_tl C + o + + +
graphite
Natu r_al + @) + + ++
graphite
Amorphous carbon / o -
Hard Carbon
LT
1O == ++ ++ ++
Li,Ti;O,,
Si S + -
Li-metal ++ - = -
c"“’i""&
,e”.}i s+ Technische
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Processing and spherodization of natural graphite IPAT
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Raw maierla‘h

\d_hs &

Comminution

Spheroidization
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Al o7 | ( -;

mag O det SEM Mode HFW

38
curr WD
» 10.00 kV 0.10 nA 4.0 mm 5 000 x ETD Field-Free 82.9 ym
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c D
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mag = det SEM Mode HFW

%, HV curr WD
» 10.00 kV 0.10 nA 4.0 mm 5 000 x TLD Field-Free 82.9 ym

mag O det SEM Mode HFW

v, HV ] curr WD
2 10.00 kV 0.10 nA 4.1 mm 5 000 x ETD Field-Free 82.9 ym

e

% HV curr wD
° 10.00 kV 0.10 nA 3.9 mm 5 000 x ETD Field-Free 82.9 um
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Fischer, S.; Doose, S.; Mller, J.; Hofels, C.; Kwade, A. Impact of Spheroidization of Natural Graphite

on Fast-Charging Capability of Anodes for LIB. Batteries 2023, 9, 305.
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Cycling tests of spheroidized graphite anodes 'PAT

Charain 0.20 Internal resistance at 1C, SoC 50 %

160 | . 0.1C NS [ ] Charging
— 140 - 771 Decharging
|
o) _ |
£ 120 S oasd[ 1]

- ' 4
=100 - 5
> O
S g0 2
(M) 7 -
o  |—=— Gr_flake B 010 - — = — 7
Q o @ v [T x I
8 601+ Gr15 2 =215 'm'In In
& ,]——Gr20 ©
o 404 =
n |——Gr25 g 0.05 -1 u H | H " q

20+4—+— Gr30 =

" 1—<— Gr_pancake 1

20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 0.00
Cycle [_] Gr_flake | Gr15 | Gr20 | Gr25 | Gr30 [Gr_pancake]

- Improved electrochemical performance of spheroidized graphite pouch cells

Technische
: Universitét — —) BATTERY
# Braunschweig Fischer, S.; Doose, S.; Mller, J.; Hofels, C.; Kwade, A. Impact of Spheroidization of Natural Graphite 3 EanUFP%_EITE_RI_‘f

on Fast-Charging Capability of Anodes for LIB. Batteries 2023, 9, 305.
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Preparation of SI@Gr/C composites 'PAT
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Preparation of SI@Gr/C composites
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Electrochemical performance i L
Influcence of pitch coating (Gr vs. SI@Gr vs. SI@GI/C) 'PAT
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Solid electrolytes for solid state batteries IPAT

Institut fir Partikeltechnik

= Within lithium ion solid state batteries

—
= the graphite or graphite/Si anode is replaced ' < @ @
by a lithium foil or other lithium structure Load / charge ‘

» the polymer separator is replaced by a very
dense layer of solid particles

» the liquid electrolyte is replaced by a solid
particulate electrolyte

» Three different solid electrolytes and
combinations of them are investigated

= Oxides (e.g. LATP, LLZO)

» Sulfides (e.g. Thiophospates) Anode Separator Cathode
= Polymers (e.g. PEO)
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® Reagents
= Stoichiometrical formulation of reagents __

= Sulfides: e.g. xLi,S + xP,S¢ =2 LI,P,S,

= Oxides: e.g. LLZO, activation by ball milling
+ calcination

= Chemical reactions are inititated by kinetic
energy of media-particle collision events

= Synthesis can be performed under dry or wet
conditions
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Development of a Scalable Synthesis Route

for Sulfide SE

Mechanochemical synthesis in high-
energy ball mills

= Characterization of synthesis progress
by Raman spectroscopy

* Process parameters (rotational speed,
grinding media size) strongly influence
process yield and product structure

» Reduction of process time from > 75 h
to < 5 h by process cooling and
parameter optimization

» Transfer of process to scalable and
continuous ball mill
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(%, Relative phase content [P54]3'}
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Process Chain Battery Cell Manufacturing sttt fr Partikeltechni

Pretreatment Coating and .
> and Mixing >> Drying >> Calendering >

Electrode-
production
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Process chain of electrode production iF!AT"'

Institute for Particle Technology
Particle sizes
Electr. resistance
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coating and

dispersing drying

Electrical resistance
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Particle size | |Pore network structure |[S8 > 5 =
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Process chain of electrode production iF!ATa'

Institute for Particle Technology
Particle sizes
Electr. resistance

INSTTUT TUr Fartikeltechnik

> di >> coating and >> calendering >> Pouch cells >
|spersmg drylng

Particle size Pore ngtwork gtructure Vi Capacity
Viscosity Electrical resistance C-rate capability
Adhesion force
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Dry mixing in electrode production IPAT

Institut fur Partikeltechnik

Raw materials:

= Active material

= Conductivity additive
» (binder)

Product:
Dry powder mixture

Target:

= Homogenization and structuring of active
material and conductive carbon black as well
as the carbon black-binder matrix (composite
formation).

= Adjustment of the agglomerate size of
conductive carbon black

» Influencing the pore structure
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Dry Mixing Process ) x
CB Agglomerate Size, Structure and Distribution IPAT

Institut fur Partikeltechnik

Raw materials Particulate composite products
Active Material Conductive Carbon it diat (
(NCA) @ @ + Black(CB) oo nsh: intermediate
. ... C ;:" h H EN ﬁ
® .‘ O forms

Rotary Drum Mixer Eirich Intensive Mixer /
Planetray Mixer

big CB agglomerates small CB agglomerates CB attached to AM surfaces
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Process chain of electrode production iF!ATa'
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Process chain of electrode production iF!AT"'
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Powder mixing iF'ATa'

Institut fur Partikeltechnik

» |dentifying and producing proper
powder structures:

» Homogeneity
> Binder fibrillation/

Mixing & dispersing

Binder dispersing
oa“’;‘;g L . » Carbon Black structuring
clive
* @2 materia » Agglomerate size
&
l 1 = Crucial effect on dry coating

N (powder application & film formation)
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Continuous film forming, densification and lamination

material mixing

powder feeding
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film forming
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Two-roll calender

After pre-metered
(sieve, chute, needle
roller) application or
electrostatic
application

Multi-roll calender

Direct calendering
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Conclusions _ L
Future of milling and classification processes for energy storage materials 1IPAT

Institut fur Partikeltechnik

Battery
system

= Sustainable processes are very important in minerals processing to
fulfill environmental goals of car manufacturer (e.g. CO, footprint)

* Inthe future recycling of production scrap and spent batteries is very
Important to secure material delivery and close material cylce

= Milling processes are very important for cathode and anode material
production, especially also regarding later electrochemical performance

= Mechanchemical synthesis has high potential in production of future
energy storage materials like solid electrolytes and

= Dispersing of conductivity additives is very decisive for later battery
performance - semi-continuous and continuous processes are the future

= Mixing und dispersing are crucial for dry electrode processing
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