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Next Lithium-lon Battery Generations — My Opinion 'PAT

Lithium-lon Solid State
Material, it
Electrode and
Lithium-lon Ce” design
::;?g;:;g::{gf,: b improvement

NCA vs. Graphite

= Diversification of cell technologies, sizes and designs
» Different generations of high performance batteries will coexist

= Lower cost battery cells with better ecological footprint but lower
performance will also be developed
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For EVs the environmental impacts shift to the production . =) A_r.'l-'
Importance to avoid problem shifting '

GWP (kg CO,) per km driven (normalized)  Cradle-to-gate CO, emissions of NMC batteries

Electric vehicle Conventional vehicle
9 Transportation
9 1%
0,
0,
_Increased Cell
importance manufacturing
of production 40%
for EV
60% of production-
NMC-Euro LFP-Euro ICEV Diesel ICEV - ieai
Gasoline related CO,-emissions
are embodied in the
m Production mUse wENd of Life materials of an average
EV battery
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Embodied Energy in the battery cell production

I Material processing energy demand
Machine energy consumption
I Technical building services energy demand

Cathode Anode Al Cu

Material Material Foil Foil Separator P°‘|‘°:h|f°" Elelctr:oliyte
239 3% 3% 4% o oo T 7
o B ® E' 1% 0% 0% Dry Room.
L
46% 48%* 9 ___48% E) 49 % 49 % 53% 61% n)
=S o LODE Sy
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1 % 12% 2% ! 0% 0% 0% 1% 0% 1% 0% i 2% 8% ’
Process ! = ‘ 39%
Energy . A 0
m)
TBS 39%
Energy
Ben ch batt
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Demand on raw materials . PAT.‘L'
for electric vehicles :
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Metric tons x 10° = Sharp increase in
8,000 . material demand for
angan .
7000 9 cell production
6,000 " Lithium
5,000 " Cobalt = CO,-impact of
4000 I s Nickel materials has to be
3,000 l I « Graphite minimized
2,000 . .. )
= i Aluminium o g6 cjal aspects of
1,000 — - . l = Cupber t . | h
pp——y T 1 1 = Cupp raw materials have
2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 tO be taken |nt0
account

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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Measures to reach a sustainable battery cell 'PAT

Sustainable, energy efficient raw
material processing % ,

Energy efficient
recycling processes

Sustainable active
and passive material
synthesis

Closed material

cycles Energy efficient and

robust electrode and
cell production
processes

Sustainable cell
design
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Potentials in active and passive material production

a)EISO | P ey " Active /inactive material synthesis offers
59 = | 03 potential to reduce the CO2 footprint
2140 - g & Cathode Material . . .
& a » Cathode material in particular shows
=120 - . ° 20,000 g =Wrought . : :
%loo § 2 Alminm high energy-saving potential
= © O Structural . . .
R N\ PPN mterals » Depending on the specific capacity of the
2 60 L 10,000 3 " tHeon active material, the energy consumption
% 40 £ OGrphite and CO2-footprint per kg of battery can
220 ik P be improved

components

-0 o ber battery » Synthesis and processing to battery
materials must be considered further
(e.g. cathode active materials for , LFP

A aqueous processing — LFP, coated
DOI: https://doi.org/10.1039/C4EE03029J NMC)
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Potentials of Sustainable Cell Design |F!!
_ Kathode _

e Technology

= \Water based binder, if possible
based on biopolymers

= (Cathode materials without or
minimum amount of cobalt and nickel

1 = Thick electrodes to reduce relative
< content of Aluminium and Cupper

= Change of cell chemistry, e.g.
towards Li-Sulfur or Sodium-lon-

E
= Battery

(73]
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Potentials of sustainable battery cell manufacturing . F’ AT iy
Process chain of lithium-ion battery cell manufacturing :
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e 8 e

g lmu

Electrode-
production

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

c 5
o
1 v
= 0
8 'g Cutting and Enclosure and
g- Drying Packaging Contacting Welding
+ -
S -
= 0
O =
© 2 Eillin Formation Electrochemical
8 g and Ageing Quality Control
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Established electrode production 'OW = A_I_Jn-
Different wet process routes Wy |

d2d=2a2
Y —
processing of N — L
electrode paste oy e o] ol it o) C»
Planetery doctor blade convective drying calendering
mixer coating
R B
—
processing of = — -
electrode paste \ 4000 C,
extrusion doctor blade convective drying calendering
coating
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Sustainable electrode production
Continuous extrusion

VS.

Processing time: > 2 h
Maximum solids content: 75 wt.-%
= Quality fluctuations

= Multiple machine units for quasi-
continuous needed

» High maintenance

1
Lk Il)y'_

paT™

Institute for Particle Technology

Continuous

IDe gassing

HEOE

Residence time: < 10 min

Maximum solids content: 90 wt.-% U

» Energy efficient due to short resicence time
Less investment costs

Continuous dispersing and coating

Higher solids contents possible

Water based processes are more feasible
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Sustainable electrode production
Direct tape extrusion and granule based coating
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Direct tape
extrusion (high

Y
viscous pastes) | l:@@}? I

J IR- drying zone U ﬁ

Coating Unit

Twin-Screw Extruder l \
e e

Single-Screw-
Extruder

releasefoil
unit

Wet granules 5 H’ = granulate
based coating ’—&ﬂﬁ m) dosage

methode ] )
5 o]

Twin screw extruder

IR- drying zone

% Tecnniscne
%E Universitit 26.08.2021 | Arno Kwade | Circular Battery Cell Production | Slide 16

BATTERY

L) ,fg .

gt Droumschwelg ! LABFACTORY
— E®) srRAUNSCHWEIG

calender =

1L,
o™\,

1%




Institute for Particle Technology

A
High viscous manufacturing of elektrodes

Potentials and novelty ﬁ H_E vaporization |

= Less investment and drying costs ~ diffusive vapour
. reduction movement
» |Less energy requirement and S : ‘ of dry film
* concentration gradient
better GWP F. 1 binder & conductive
» Time and location decoupling of i A N j capillary fluid
dispersion and coating possible - V- v sedimentation movement
substrate substrate

» |ncreased initial electrode density . o

= No migration of binder and
conductivity additives
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Process based on wet granules Ao = _I_:-
. | A
FI rSt teSt Ce” resu ItS @ Institute for Particle Technology
4o Standard process route:

—Mm04 » Pore systems are formed by the

N i

% 160 5 _'3’5 evaporation of the solvent

Z 1 T i i = —_— .
S 104§ : I B 30~ = Assumption: Inhomogeneous
E 1201 1o uiosis ¢ o 25 & compression of pore channels due to
— 1 : T — ] | © ;
% 100__ :Ieepcat:(:t)cl)tll:l_spe?;arioiﬁ ve E E - 1 1 | 20 -<ch> Calenderlng

Q  go | [clectrode density [glom] . ) - The diffusive resistance in certain areas

S 60| [pign viscous = 1.5 11111 19 2 of the electrode is increased

GE)? 40 c-rate % % R 1,0 E
e _ EEREEEEEE Granule based process route:

S -0,5

@ 20 : :
5 i i - = More homogenous pore and material

0 ; . . ; 1100 structure

cycle no. [-] » Higher initial capacity of high viscous
processed electrode
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Sustainable electrode production

S
Solvent-free dry coating as an alternative ) O 4

Cell production,
electrochemically analysis

Dry multistep mixing Fine dosing  Hot pressing treatment

. A
L Compaction N
R — Finished
]| electrode
I - *®
Clive materia W B
L\

= Reducing required heating energy up to 90 %
= Saving space due to shorter thermal sections, pointless waste gas treatment
= Reducing dwell time due to faster thermal process
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Potentials of sustainable battery cell manufacturing . F’ AT iy
Process chain of lithium-ion battery cell manufacturing :
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Electrode-
production

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

c 5
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1 v
= 0
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g- Drying Packaging Contacting Welding
+ -
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= 0
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8 g and Ageing Quality Control
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Investigation of different post-drying intensities 1IPAT
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Comparison of remaining water content in total cells

1600 . : :
Post-drying (PD) methods: ] Calculation :-a_ccordlng to_ mass ratio
T 1400 4 cathode : separator : anode
= Argon-PD: | = 48 : 11 : 41
3x vacuum + 3x Argon purging in lock of 1200 4 (average of 3 samples each)

glovebox (15min)

= Medium-vac.-PD:
120°C / 18 h in vacuum, followed by
manual purging (3 argon/vac. cycles)
= lLong-vac.-PD:
120°C / 96 h in vacuum, followed by
manual purging (3 argon/vac. cycles)

1000 4

Rising intensity

800

600

specific water content / ppm

N B

o o

o o
1 1

. 0 -
- Argon-PD already considerably reduces Non-PD  Argon-PD  Medium- Long-
the remaining water content of total cells vac-PD  vac-PD
post-drying procedure / - [1]
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Investigation of different post-drying intensities for LIBs iPAT"'

Institut fir Partikeltechnik

—— Argon-PD (326 ppm)

= Mild Argon-PD shows best cell = Medium-vac.-PD (225 ppm)

performance despite highest moisture : 180 1 Long-vac.-PD (136 ppm)
=
= Cell performance not only dependent 216014 & s 4 ¢ a
on residual moisture, but also g oyl | ]
significantly on post-drying intensity E> 120 4 Cycling Cycling Cycling
= 14 4 1 oy \
- Post-drying parameters must be g 100 ‘f‘ | 1 || INi
¥ing p tbe ety — ) I
chosen gentle enough to maintain o 8047 | . -w
g . o)) 1 | I
sensitive binder network of electrodes 5 604 | | |
: o
2 40
Z ] : | 1. C-rate : ‘2. C-rate ‘:3_ C-rate
= Argon-PD: 3x vacuum / Argon purging (15min) “5 20__ ‘H‘ st L‘:eSt IdteSt
» Medium-vac.-PD: electr.: 120°C / 18 h in vac., sep.: 60°C /4 h 8 0 ] . .“ . o . [1]
= Long-vac.-PD: electr.: 120°C /96 h in vac., sep.: 60°C /4 h @ 0 5'0 160 1éO 260

cycleno./- ——

26.08 20 ukhEro WWWegR dikégelanBaipay Setfttrasuciined stifRré?ent Post-Drying Procedures on Remaining Water
Content and Physical and Electrochemical Properties of Lithium-lon Batteries. Energy Technology (2019).
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Sustainable cell production and conditioning : F’ATL
Material and energy flows in cell manufacturing ' e P

________ ~ 35% to 55%

~ 45% t0 60%

~

-

Cu —current I
collector | P Electrolyte

Zellherstellung

Benchbatt

EFORDERT VOM

@ Bundesministerium
fiir Bildung
und Forschung

NMP (Solvent)  gEEIEeEtEEE

\

Mini-Environments instead of large dry rooms
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Sustainable cell production .'l-'
IPAT

Impact of accuracy in cell assembly

COSt aspeCtS Material costs )
749% Anode
. . Direct labour 14.3%
= Saving expensive 1 e carcce [
raw material z-::_; | Separstr
» More expensive ] Elcioie
equipment e | e
] 25% )

Cost allocation in lithium-ion battery production [6]

Performance aspects

Accuracy in

cell assembly S
» Inhomogeneous current g
density distribution s
» Unwanted and dangerous &
side reactions Dendrite growth[7] Inaccuracy

» Thermal runaway in deposition
Influence of incorrect electrode deposition

Technische
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Cost breakdown production and material costs = AT":
C//INMC 111, PHEVZ2, 36 Ah L ot

Material costs
74.9 % Anode
. 143 %
Direct labour
8.2 % Cathode m
> - 49.5 % >
3 I Depreciation
5 Separator
o | 85% Manufacturing P .
D : cost 17.5%
5]  Capital
S N 2.8 % Electrolyte
& 4.8 %
Energy
I 31 % Housing/parts
I 13.9%
Other
I 25%
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Cumulative cost over production steps = AT":
C//NMC, PHEV2, 36 Ah S

200 ~ mRest mEnergy mCapital ®Investment mPersonal mMaterial

e H HCoHol
160 5®+o+o+g+ii i | ' ' ! ! '

SRR N R N | |
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Requirements in process chain e

1IPAT
efficiency per process
step: 97 %

Institute for Particle Technology
+ -
1st process step

number of process I!I_l]

steps: 18 | efficiency of entire
(0,97)'®=0,578 | process chain: 57,8 % 18th
2 process step

Detailled knowledge to each process
step and to the interaction of the
process steps is required!

to secure fast ramp up of mass scale
cell productions with minimal rate of
production rejects
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Competence Cluster Recycling & Green Battery L 5

. . . . 1IPAT
Action — Recycling of electrode production rejects
Electrode comminution and Development of a new process that
subsequent classification can be integrated into electrode
(reference process) production
Here is
Improvement through adjustment of o&~_»Action’
» Process parameters
= Process control Comparison Black box | N
* Electrode pretreatment hat
> Cannot be integrated directly 1 : ! 2
into electrode production Electrode Black mass Current collector
\ (cathode & anode) }
N Process and product characterization

Bundesministerium
) fiir Bildung
und Farschung

-

g'reemBatth@) e.g. yield, energy consumption, impurities, particle size, morphology, R
Action viscosity, electrochemical performance :
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Reuse and recycling of production scrap : ol

1IPAT

ElectrOde scrap Institute for Particle Technology
. F n Coating, Drying &
Calendering
Pretreatment Coating and - Ramp'up
and Mixing Drying SRIBTEETE - Coating defects
—> Electrode scrap
- S ©  cun
- Projection

Electrode-
production

c
)
1 v
3 8
O7T Cutting and . . Enclosure and - Electrode scrap
g- Drying > Packaging >> Contacting >> Welding >
> + 13 ‘
= 5 @
- ./
L5 L Reuse
O = .
© 2 Eillin Formation Electrochemical P.rocessmg and
S g and Ageing Quality Control direct return of the

coating material
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Reuse and recycling of production scrap 1= ATL
ReCyCIing Of eIeCtrOde Scrap IInsmule for Particle Technology

Dry-mechanical

Fine De- Re- Re-

Screening Agglomeration Dispersing Coating

Cutting mill Cucl:’:)ear’:itnc;ollneacitgr:aalnd Sieve Coating material Current collector
TR .y ‘%@; A ’:-HW-‘ ey

|

|
[

Screening
Foil Fraction
/ Filtration

Deagglo- Re-
meration Coating

Solvation in
NMP at 90°C
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Reuse and recycling of production scrap 1= AT&
Ce” Scrap I Institute for Particle Technology
'\! ‘.) Dry cell assembling
@ U - Process failures

Material Coating and Calendering - In pr.oduction
Drying quality gates

Electrode-
production

c

5 I=( '
1 wd
% g Enclosure
© -§ CuItDtln?nand Packaging and

o ¥ing Welding

Reuse

> — Processing and
. S direct return of
S % - octoshomical the coating

e ormation ectrochemica .
g > Filling >> and Ageing >> Quality Control > material as for
© electrode scrap
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Reuse and recycling of production scrap - o

IPAT

Ce” Scrap Institute for Particle Technology

% m Electrochemical

U Quality Control

. - not functional
Coating and Calendering i
Do - inadequate

performance

Electrode-
production

; 2 =
o
1 )
% g Enclosure
O -§ CuItDtln?nand Packaging and Reuse
o ying Welding .
- Processmg to raw
> materials
- - alternative
o= applications, e.g.
o 'g Eillin Formation Electrochemical fr,z 9
] g and Ageing Quality Control stationary energy
e storage

26.08.2021 | Arno Kwade | Circular Battery Cell Production | Slide 33 B ATTERY
— (—
According to: Kwade, A. and Haselrieder, W. et al.: Current status and challenges for = LABFACTORY

automotive battery production technologies. Nature Energy, vol. 3, pages 290-300 (2018) BRAUNSCHWEIG




Circulating production scrap and EoL-Batteries ) L
Recycling Technologies IPAT

Institute for Particle Technology
Housing,

Tabs, etc. Heat Cu

1

Electrical Housing, Cu, Al  Co, Ni Li Co, Ni,
energy  Tabs, etc. Mn

<% I I
F lecnniscne
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Competence Cluster Recycling & Green Battery iF’AT"'

Institute for Particle Technology

Mission:

Designing an energy and material efficient battery life cycle
_ : e by closing material loops

Life Cycle Design & Engineering

& Cwsersoms
BatMix =

Development and application of innovative recycling and

5 PyroLith —— resynthesis processes
m - = Increasing the quality and availability of data for the

Prozesstechnik m Fe development of multidisciplinary life cycle models and

i
greengatth) *|%

7

&)

i g

NEY

| ool
: Recommendations for design for recycling and for end-of-
use

DemoSens
- Vi Funding:

DIGISORT
Digitalisierung apprOX. 30 ml||I0n €

g0

- s
" 3 ; &= GEFORDERT VOM
a 3
@
3 % 5 =3 ’ .
: = w Bundesministerium
Priifung & Demontage, Chemische Nachhaltige Rohstoff- %> | firBildung
Mechanische Aufbereitung Prozessierung gewinnung, Resynlhese und Forschung
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iF’ATL

Institute for Particle Technology

Battery Recycling and Circular Battery Production

Material Production, [ Cyc|e materials and keep
Circular Use of th . t | cO
Recycling & Recycled Raw Materials em !n COUI"\. ry._ €ss 29
Safety k negative social impact and

costs
Electrode

Manufacturing & . ]
cellassembly ™ Be competitive in battery cell

production by utilizing the
75% material cost portion

nowledge-driven

System Integration, attery Production

Use Phase &
Factory Design

Module & = Enable a sustainable future
Pack Development, mOblllty

Diagnosis, Metrology & Production

Simulation

Tecnniscne
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Battery LabFactory Braunschweig
Circular Battery Economy at BLB

Material Production,
Circular Use of

Recycling & Recycled Raw Materials

Safety
Electrode
Manufacturing &
Cell Assembly
_ Knowledge-driven
System Integration, Battery Production
Use Phase &
Factory Design
Module &
u Pack Development,
Diagnosis, Metrology & Production

Simulation

11,
e

iF’ATa'

Institute for Particle Technology

." T :_ ': Y
LABFACTORY
-M_} BRAUNSCHWEIG

Pilot scale circular battery
production facility

% Technische
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CEID Working Group Traction Batteries: Circular Eclggy
Focus AT

Institute for Particle Technology
— —#
1 ]
Raw material ] Pr_oductlon_of Cell Module and R Collection and Recovery/ .
. Refinement active materials . system Application . Disposal
extraction production . return Recycling
and precursors production il
v
ﬂ‘ A T |
— Repair/
Other value Refurbishment
chain Recycling Recycling  intensifying |
networks 4 use (i.e.
V2G, car- Re-use
sharing) (Second Life)
Recycling
Higher value
re-use in
other
applications
o Source: Circular Economy Initiative Deutschland; based on World Economic Forum 2019 www_circular-economy-initiative.de
or v 3 T lecnniscne
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Pilot Profile I: - Circular E‘NV
~,Knowledge of battery life* ’ JRAT

Institute for Particle Technology

Data platform o
P Institutional
supervisory
authority
OEM Data collection Recycler
and
aggregation
Data collection aA\nd aggregation‘during production during use
[ ) ] ! \
— I I I I I N I L | ——>
maTZIY;IaIs Refinin aZ’:i?l:urfig’::r:i:Ts Cell Mzd:It::\nd Putting into Use Collection and - Recycling/ Disposal
- 9 production ysten circulation return Recovery P
extraction and precursors production
Information flows to promote the recycling of lithium-ion batteries
o Source: Circular Economy Initiative Deutschland; based on World Economic Forum 2019 www_circular-economy-initiative.de
e 19 T lecnniscne
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Pilot Profile Ill:
,2Disassembly

Circular Ech
network* AT

Reconditioned
lithium-ion

Institute for Particle Technology
FAAY A %

Occupational safety Fire safety v Health and safety
v Batteries v Battery
End-of-Life modules to be

X

recycled

Test and

discharge Disassemble

oV, Source: Circular Economy Initiative Deutschland; based on World Economic Forum 2019

&
Second life Battery case, r_\@ e,
e,
cable, battery- %
management &

system, etc. for
recycling
www.circular-economy-initiative.de

.,3,(; ‘a% Tecnniscne
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L

Central recommendations for action IPAT

1. Provision of battery data over 2. Design for circularity

Institute for Particle Technology

3. Building physical infratructure 4. Strengthening trans-/

the entire life cycle of the battery including modularity, better ~ — network reverse logistics and interdisciplinary education,
("battery passport”) recyclability and reuse disassembly of batteries. training, and research for
Py I l Circular Economy
. Production of active Module and . |
Raw mat_erlal Refinement materials and Cell . system Application Collection and Recovcleryl Disposal
extraction production . return Recycling
precursors production iy . .
N N A 3 | ¥ 5. Setting ambitious,
—_— T_ J t J T_ J Repair/ binding recycling quotas
Refurbish t . g
 Other value Recyelin Recyoling  intensifying | e and further definitions and
9 Voo (g:} S standards in the context of
’ - e-use . .
sharing) (Second Life) transnational regulation
Recycling T f

8. Developing relevant metrics, 7. Developing effective
measurement methods and tools incentive systems to
for systemic evaluation of optimal ensure transformation

6. Development of digital tools

to support optimal end-of-life

battery applications (decision

support for second use). www.circular-economy-initiative.de
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Circular Ec
Recommendation of recovery rates ’ FB)M
lan

o

Institute for Particle Technology

Circular Economy

Initiative EU directive (proposal)

Deutschland

Material Recommended Recovery rates’
2025 - binding ig;i; i -

Total battery™ 60 % 70 % 65 % 70%
Lithium 50 % 85 % 35 % 70 %
Cobalt 85 % 90 % 90 % 95 %
Nickel 85 % 90 % 90 % 95 %
Copper 85 % 90 % 90 % 95 %
Steel 90 % 95 % . -

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

Source: Circular Economy Initiative Deutschland; based on World Economic Forum 2019 www.circular-economy-initiative.de
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1IPAT o

C 0 n te nt Institute for Particle Technology

() Motivation for Sustainable and Circular Battery Production

y4d Ways to reduce CO,-Impact in Production

¥ Closed-loop Circulation of Production Scrap & EolL Batteries

.9 Perspective Circular Production of Solid State Batteries

¥ Conclusion and Outlook

Tecnniscne
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Lithium-ion based all-solid-state-battery - basics

irge
—

Discharg
_

Li

Anode SE separator

1IPAT o

Institute for Particle Technology

» Liquid electrolyte and porous separator are
replaced by a solid electrolyte

= | i-metal or Li-free anode

» Main theoretical/potential advantages:
» Broader temperature window
» Higher energy density potential (Wh/L)

» Potential of higher ionic conductivity for
fast-charging capability
» Increased safety

[ ] solid electrolyte
Active material

* Conductive carbon

< Binder

@ Lithium ions
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. L
Performance potential of all solid state batteries IPAT

Institute for Particle Technology
- Ambient temperature 20 °C~30 °C = Liquid electrolyte and porous separator are
By cell mass {/ replaced by a solid electrolyte
M A o e e e e " Target region . .
e SR ke = Li-metal or Li-free anode
250Whkg = === - - - Of——f—'b?__a R —
- « TR = Main theoretical/potential advantages:
& E = X / .
g s = Broader temperature window
W o / A% . .
= AT -'\,«ﬂf af,’g« = Higher energy density (Wh/L)
o v Far TN 7 ~d. . . .. .
5 4TIV Sk 4, = Potential of higher ionic conductivity for
o 10 “A\ 4 \ . e
s - W ! fast-charging capability
- , / , Y v <4
& ftee X, 5 = Increased safety
, / /7 <?
; o o/ .
10 - L b‘ &
C i s sl saaual s sl i s sl L T
107" 10° 10' 10? 10° 10*
Specific power, P /W kg‘1
[1]
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. L
Challenges of high-energy ASSB |PAT
FEm

L Separator

= Electrochemically stable against
Li-metal

= High ionic conductivity

= Mechanically stable against Li-
dendrites

= Thin enough for high energy
density

Li-metal anode

*= Thin (10 ym)
for opt. energy
density

» High surface
area for good
discharge rate

= Compensation
for volume
expansion

= Prevention of

Bischarge
——

Cathode challenges:
Anode SE separator Cathode = \/olume expansion of active material

Li-dendrite [_] Solid electrolyte b Binder = Electrical and ionic percolation
formation O Active material @ Lithiumions = |nterface resistances (ionic and
* Conductive carbon electric phases)
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Production of solid state batteries |PAT

Challenges:

» |Individual processing routes required for different solid
electrolytes

» Polymers: mechanical and thermal degradation of polymers
limits processing windows for dispersion and extrusion

» Sulfides: processing sensitive to water/ various solvents

= Oxides: thermal processing window exceeds degradation
threshold of active materials, conductivity decreased with
decreasing sintering temperature

» Lithium-anode production is demanding and requires novel
processing techniques

i3l a% Technische
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Solvent free production chains of polymer based ) L
composite cathodes for solid state batteries IPAT

Institute for Particle Technology

1 Raw material lComposite cathode granule

Calendering

vvvvvvvvvv

Composite cathode

Extrusion

Aluminiumfoil

Cell assembly l

Granulation

Composite cathode

Direct calendering

Aluminiumfoil

% Tecnniscne




Electrochemical Performance

N
o
o

C/M10

RN

o))

o
I

RN
o
o

éé

| Directly calendered:
e gfgeee eoee Koo e *

o)
o

e SR S

o
!

1Extruded calendered:

spec. discharge capacity /mAh g\,

12345678 91011121314
Cycle number

1IPAT o

Institute for Particle Technology

Polymer electrolyte distribution
shows strong influence on ion.
conductivity

Input PEO mol. weight effects
viscosity during processing and
therefore the carbon black
distribution

_,3& = Technische - ; -
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LH1 x
Benchmarking the Perfomance 1IPAT

Institute for Particle Technology

Elevated temperature 50 °C - 100 °C

108 7 -
************************ 4o - Tergetiedion. - Reach Target region by:
:§1oz- » |ncrease area capacity and use multy-layer
¥ electrodes to reduce transport limitations
5 » Use hybrid electrolytes with low amount of
g K oxides or sulfides to lower operating
J temperature and transport limitations
o0 / , , , , = Enable the use of NCM as cathode active
107 10° 10" 10? 10° 10* 10° . |
Power density P,, /W ! mate ra
electrolyte cells:
—A—15mAh g’ Yu et al.
—— hg'1
ASSB with polymer electrolyte:
—<— Hovington et al. Kraft et al.

—»— Porcarelli et al.

—=— Bouchet et al.

ASSB with polymer ceramic electrolyte:

—=— Wakayama et al. Choi et al.
—4—Chenetal.
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Circular economy and recycling of solid state : L Yy
batteries IPAT

Institute for Particle Technology

() Recycling target:
e PODCLY = Economically and ecologically efficient recovery of
Discharge . .
— high quality products or precursors for battery
production
< o Challenges:
« o> » High number of materials used and lower
Li material value reduces ecological incentive
o > and increase the recycling effort
: » High safety requirements for the processes
due to reactivity of various components
(Lithium, sulfide based SE)
Anode SE separator
%Eif::::fﬂi 26.08.2021 | Arno Kwade | Circular Battery Cell Production | Slide 51 B ATTETRY
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Circular economy and recycling of solid state : L Yy
batteries IPAT

Institute for Particle Technology

() Anode:
e PODCLY = Recovery of lithium or lithium salts
Discharge
Challenges and opportunities:
— Reactivity of lithium with water and air
ey v Higher concentration of lithium in SSB
Li v Possible solution step to recover lithium salts
. v In aqueous systems, formation of LiOH with
release of H2
v’ lithum-free anodes lead to simplified recycling
> due to absence of metallic lithium
Anode SE separator Cathode
= l:lniversitﬁt 26.08.2021 | Arno Kwade | Circular Battery Cell Production | Slide 52
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Circular economy and recycling of solid state L

1IPAT

%5 Braunschweig

batte ries Institute for Particle Technology
() Solid Electrolyte (SE):
5 PUDUES ~ . —~ Direct Recovery of SE or Recovery of precursors
Discharge
Challenges and opportunities:
— Different cell chemistries require different
i recycling methods
Li patn. S — Reactivity of sulfide based solid electrolytes
i — Hybrid SSBs increase the recycling effort
v Direct Recycling methods due to the absence
e of chemical degradation for oxide based SE
2 v Solution Processes for sulfide and polymer
Anode SE separator based SE
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Circular economy and recycling of solid state L

1IPAT

batterles Institute for Particle Technology
O Composite cathode:
e T Recovery of active material and SE
Discharge
Challenges and opportunities:
— Selective Separation necessary
— Solid-solid structure makes separation into
Li Rt S pure fractions difficult
— Polymer SSB: low material values reduce
; ecological incentive
e v" Hydrometallurgical approaches to recover
% both, SE and active materials
Anode SE separator Cathode
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1IPAT

Institute for Particle Technology
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IPAT o

CO nCI USion Institute for Particle Technology

= Sustainable production processes and circluar battery production with
closed material cycles are very important for long term success of electro
mobility

= Environmental impact of battery systems (e.g. GWP in t CO,/kWh) must
be decreased to reduce distance before EV have a lower GWP than
conventional cars

» Internal recycling of production scrap is a very important measure to
improve CO2-footpring of cell production beside usage of energy efficient
processes and green energy

= Battery materials should be chosen not only regarding their performance,
but also regarding the environmental impact

= Solid state batteries have the potential to increase the cell performance
further, but will increase the effort for recycling of production scrap and
EoL batteries
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iF’ATa'

ACtiVities in Germany Institute for Particle Technology

= Development of new recycling and E ProZell greemB:batt R ‘ faﬁurnsimigistenum
prOdUCtion processes Kompetenzcluster Querschnittsinitiative 7 und Forschung

zur Batteriezellproduktion Batterielebenszyklus

i TR Circular Economy =
= Circular economy initiative Deutschland ’ Initiative f .acatech
D eu tSCh I an d TECHNIKWISSENSCHAFTEN

= International Battery Production Conference { r‘m ]' \ 2}

PRODUCTION CONFERENCE
1 to 3 November 2021

Wfs
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iF'ATa'

Institute for Particle Technology

% Bundesministerium $ Burdesministerium
k> | fiirBildung : . flir Wirtschaft
und Forschung und Energie

Thank you very much

.... for the support by
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