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Department Electrical Energy Storage
Center for Electrical Energy Storage

Floor space: ~ 4,000 m?, Lab space: ~1,140 m?
R&D personnel: ~100+

R&D battery technologies:

Lithium-, Sodium-, Zinc-based Batteries
Transfer of basic research to industrial level

Motivation: R&D along the value chain
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Introduction of Sodium-lon Batteries & &
Dry Electrode Processing
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Introduction of Sodium-lon Batteries
Motivation

Supply vs. Demand of Lithium until 2040 in tons '

T T T T T T T T T T T T T
2016 2018 2020 2022 2024 2026 2028 2030 2032 2034 2036 2038 2040
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Advantages of Sodium-Based Batteries

Raw material availability
Cost: material & cell design level
Performance: low-temperature operation potential

Transfer of functioning principles and production

technology from Lithium-lon Battery (LIB) technology
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Introduction of Sodium-lon Batteries
Materials for Sodium-lon-Batteries

Charge Discharge ~Rocking-Chair” Principle
+ € m—l- Battery charger — O Cathode
T Prussian blue analoges (e.g. Na,Mn[Fe(CN)s])

Layered oxides (e.g. NaMO, with M=Mn/Fe/Ni/Cu/Co ...)

Polyanionic compounds (e.g. NasV,(PO,); — NASICON)
Anode

Hard Carbon from biological or synthetic (waste) materials

Current Collector - Aluminium for both electrodes

Electrolyte
established LIB electrolyte components (e.g. NaPF; in
EC:DMCQ)
Electrolyte - it : -
Positive electrode d Negative electrode high solubility of classical SEI species
Separators and cell casing — established LIB materials
5| IBPC Braunschweig 2025 | Dr.-Ing. Oliver Fitz | 06.11.2025 Yabuuchi et al. (2014). Chemical Reviews, 114(23), 11636-11682. % Fraunhofer
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Introduction of Sodium-lon Batteries
Challenges on the verge of market entry

Energy density 160 Wh/kg 190 Wh/kg 220 Wh/kg 250 Wh/kg 280 Wh/kg
SIB SIB 2™ ge % = A
LIB-LFP | LMFP % = A
LIB-NMC622 ' NMC811 Gy o
cell level

[1] A. Yao et al., nature energy, 2025. % Fraunhofer
[2] A. Rudola et al., J. Mater. Chem. A, 2021. ISE
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Introduction of Sodium-lon Batteries
Challenges on the verge of market entry

NMC811

Gon cuins

|

Energy density 160 Wh/kg 190 Wh/kg 220 Wh/kg 250 Wh/kg 280 Wh/kg
SIB SIB 2™ ge
LIB-LFP | LMFP
LIB-NMC622 '

cell level
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Cost
200 !
: LFP historical range
175 « _ i ‘wmmse Forecasted avg LFP price + 95% CI'
. : — == LFP minerals flcor
S 54 N i - === NIB minerals floor
£ \ | - wet coating benchmark
o1 75 -
= i
S 504 B — B |
VAN manufactunng technology ‘g
PR L R T\ A Sttt L S — ]
-— -~ | ~ _."'- __________
0 E : T T e === | —
[1 ] 2015 2020 2025 2030 2035 2040 2045 2050

[1] A. Yao et al.,

nature enerqgy, 2025.

[2] A. Rudola et al.,

J. Mater. Chem. A, 2021.
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Introduction of Sodium-lon Batteries
Challenges on the verge of market entry

Energy density 160 Wh/kg 190 Wh/kg 220 Wh/kg 250 Wh/kg 280 Wh/kg Cost
n 200 :
SIB SIB 2™ ge % G ﬁ : LFP historical range
LZH B i e Forecasted avg LFP price + 95% CI
= /\ — ! — == LFP minerals floor
LIB-LFP | LMFP % 5% ﬁ o 04\ e B ks o NiB Drice £S5 T
I S 54 N i ==+ NIB minerals floor
g d.‘ I : ;

LIE-NIVICo22 SMCelt e € ol NA et coating benchmark

cell level 38
S 75
8 s0-
Cell chemistry depends on factors such as ol
0 : :

v Costs v Power density Il 2015 2020 2025 2030 2035 2040 2045 2050

v" Availability of resources v' Safety

v Cycle life v Cell design ]

_ o Dry Electrode Processing

v" Energy density v" Intended application
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Dry Electrode Processing
High mass loading

|
Energy density Cost advantage
100 == Cost == Energy consumption
E/C ratio: 2.5 g Ah™
..... 3001 11,000
__________ 7]
8O e e Q
-
3 _ 1800 ¢
2 = s :
c 60 2 7 - 8
% N/P ratio: 1.1 74 us$136 - 600 g
> kwh™ 479 Gwh yr™ )
£ a0 = 1307 6% | \ Y-----------T== / g
@ 8 400 3
2 5 2
E 'lé 5'
115
20 S -200 &
; US$110 kwh™ =
0 100 LIBs, NMCB|11||grﬂph|tefS|| 0 f‘__:,

20 30 40 50 60 0 10 20 3'0 4'0 slo 60

Mass loading of active material, M, ., (mg cm?) Mass loading of active material, My oot (Mg cm™)

higher AM*-share - lower costs

Energy
density

improved active-to-passive-material ratio

= Fraunhofer
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PFAS-free & High-Mass Loading Dry Elect

@ISE
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PFAS-free & High-Mass Loading Dry Electrode
Process overview

—

Active ‘m

Materia Conductive
iiﬁfl«ddi‘ti\.’e

é

Current Slot-die Calendarin Coated
. collector coating 9 electrode
Slurry Mixing  Slurry
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PFAS-free & High-Mass Loading Dry Electrode
Process overview

—
Active ‘m
Materia

Conductive
Additive ‘ .
Current Slot-die Calendarin Coated
. collector coating 9 electrode
Slurry Mixing  Slurry

. . - . M
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Current . Coated
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PFAS-free & High-Mass Loading Dry Electrode
Process overview

—
Active ‘m
Materia

Conductive
Additive

é

Current Slot-die Calendarin Coated
. collector coating 9 electrode
Slurry Mixing  Slurry

. ”
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Active free Binder
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PFAS-free & High-Mass Loading Dry Electrode
Process overview

—
Active ‘m
Materia

um

Current Slot-die Calendarin Coated ~107
. collector coating 9 electrode
Slurry Mixing  Slurry

Active Conductive a*"l'e//
o Dro, aCh

i%’é‘.’::fé“’e - a’t dry coating

Material Additive

Current Coated ~102
‘:ntﬂé?m(:onductwe
Additive
L \ i

a SR
.... .... oS
e F'":'l?rgﬁik & Dosing Pressing Coated ~103

i collector powder Electrode electrode
(Semi) Pellets
Dry Mixing
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PFAS-free & High-Mass Loading Dry Electrode
Process overview
thickness

?

Active

Materia Conductive

Additive
4 - I 1 *

ol ¢ om
Current Slot-die - Coated ~101

Slurry Mixing  Slurry

Active Conductive Ma* We]/ R&D proj eCtS

Material Additive
I
' . - LAENDLE '

“4%W dry coating

Current . Coated ~102
ﬁcaté"é?iaczgdvcthfe
‘|..A itive l \
" i s

Qs VORAN 3

X Filling mask &

Y Y OAN Dosing Pressing Coated ~103
current d Electrod e

i llector powaer ectrode electrode
(Semi) Pellets €O

Dry Mixing

1 https://www.ise.fraunhofer.de/en/research-projects/laendle.html —
2 https://www.ise.fraunhofer.de/en/research-projects/pronto.html ~ Fraunhofer
3 https://www.ise.fraunhofer.de/en/research-projects/voran.html ISE
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PFAS-free & High-Mass Loading Dry Electrode
Electrode fabrication

v Tunable morphology & porosity (30...80 %)
» Tunable ion transport

v" Tunable thickness 400...2000+ uym

v PFAS-free binders - not limited to PVDF/PTFE

Supported by:

s E Federal Ministry
- H @ for Economic Affairs
T} and Energy
3R Baden-Wiirttemberg
WK  Ministerium fiir Wirtschaft,

on the basis of a decision SR Arbeit und Tourismus
by the German Bundestag
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PFAS-free & High-Mass Loading Dry Electrode
Electrochemical data

»
o

T T
1

w
[6)]
—

w
o
T

v" Tunable morphology & porosity (30...80 %)

n

[6;]
—
1

Discharge capacity / mAh.cm™
N
o

» Tunable ion transport
v Tunable thickness 400...2000+ um '
1.0 - 4

v PFAS-free binders - not limited to PVDF/PTFE os| . rvor]
v" High areal capacities >2...15 mAh/cm? I T
= low initial coulombic efficiency (iCE) > further development 112 .
105 -

- electrode-electrolyte interface N JsEEs seeg arat

o 95F = " eo o o]

.§ 90._ o ® ¢ 8 ]

£ el §

L sof -

E: 75 :-. ]

PRONTO VORAN st o :

L E Federal Ministry N = F-free| ]
" '._ H @l for Economic Affairs 60 I / e PVDF ]

and Energy
55+ m i
DR Enaden-wurttfem\?frg . NFMO-HC full cell 5o L35 om? | 065mAcm? | 13mAcm? | 325mAcm? | 0325mAcm? ]
DR inisterium fiir Wirtschaft, R
on the basis of a decision ‘% Arbeit und Tourismus 20_40\// 65 mgNFMO am 2 0 5 10 15 20 25
by the German Bundesiag 1M NaPFg in EC:DMC + 2% FEC Cycle number

Universitit Stuttgart ﬂ(IT H I U % Fra un h ofe r

ISE
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PFAS-free & High-Mass Loading Dry Electrode

: 80 . —.—
Electrochemical data T e mECOMG T FEe ] ]
— 0T | * 1MNaPFgin ECDMCPC +VC| 145

& 60 ‘ 1 : 1 140 &
< 50 i | 1% %
go0 *oee | o6 888 ]
v" Tunable morphology & porosity (30...80 %) B Peees | 120
Rl ool ? 1255
» Tunable ion transport 8 5l . lao §
v Tunable thickness 400...2000+ um EZO} | | :zg
v PFAS-free binders - not limited to PVDF/PTFE SO e omAg’ omagt somagt smagt 1%
ob v v s L
v High areal capacities >2...15 mAh/cm? oo 72
1M NaPF, in EC.DMC + FEC | |* -
2 low initial coulombic efficiency (iCE) = further development 2071« 1M NaPF,in ECDMCPC +VC| I

- electrode-electrolyte interface

2 Sodium plating > electrolyte additives £
L(I)J 90 .
80 a
Supported by: 70 .
Gy ] | Lt o ‘ ‘ ]
T}, . and Energy i | | 3
] 3% Baden-Wirttemberg NFMO-HC full Ce'! s5mAgTi10mAg! 20mAg! 50mAgT 5mAg
. - 3R Ministerium fiir Wirtschaft, 2.0-4.0V/ 65 MJyemo €M [0} A S [ SR S S I S B
e setgiein T Arbelt und Tourismus 1M NaPF, in EC:DMC + modifications ° o 18 20 2
Cycle
: N , _— AT HIU =
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PFAS-free & High-Mass Loading Dry Electrode
Electrode fabrication

Benchmark:
—-based graphite anode
v Tunable thickness 80...180 um

2 areal capacities © ongoing research

Z initial coulombic efficiency (iCE) = ongoing research

¢ 80-180 pm thickness

LAENDLE

5K Baden-Wiirttemberg
B5R Ministerium fiir Wirtschaft,
R Arbeit und Tourismus
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PFAS-free & High-Mass Loading Dry Electrode
Electrode fabrication

v" Tunable thickness 80...180 pm
2 areal capacities © ongoing research
Z initial coulombic efficiency (iCE) > ongoing research Carbon-Binder
2 PFAS-free binders = thermomechanical processing Matrix
—> preliminary results
LAENDLE Hard Carbon
2 Particle
5K Baden-Wiirttemberg
BR  Ministerium fiir Wirtschaft, ”
SR Arbeit und Tourismus SED 5.00kV WD 10.0mm €3x40.0k SFt;\/:F;-.CZ‘BSXBEI.QLE!;W\TD ” SED 3.00kV WD 10.0mm €x12.0k SFSQ?i;:?Sé%u;TD i Tf@l/}gg';5
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Overview, Summary & Outlook o
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Overview
Road to Dry-Coated, High-Mass Loading, PFAS-Free Battery Electrodes

— Mass loading: limitations in thickness

— Energy density: limits in active-to-passive-material ratio & porosity
— Cost: well-established process, but high CAPEX/OPEX

— Binder: limitations for PFAS-free binders for cathode

+ Continous: scalable, reproducible

+ Fast: high throughput

22| IBPC Braunschweig 2025 | Dr.-Ing. Oliver Fitz | 06.11.2025 =~ Fraunhofer
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Overview

Road to Dry-Coated, High-Mass Loading, PFAS-Free Battery Electrodes

— Mass loading: limitations in thickness

— Energy density: limits in active-to-passive-material ratio & porosity
— Cost: well-established process, but high CAPEX/OPEX

— Binder: limitations for PFAS-free binders for cathode

+ Continous: scalable, reproducible

+ Fast: high throughput

Mass loading: higher than 1, lower than 3
— Energy density: limits in active-to-passive-material ratio & porosity
+ Cost: less energy & footprint demands
Binder: PFAS-free binders to be examined
+ Continous: scalable, reproducible
+ Fast: transfer of well-established fabrication platforms

+ Mass loading: increased flexibility in material composition & thickness
+ Energy density: improved active-to-passive material ratio
+ Cost: low energy & footprint demand = low CAPEX/OPEX
+ Binder: PFAS-free validated
Batch: reproducibility on industrial scale to be examined
Fast: throughput to be examined

23| IBPC Braunschweig 2025 | Dr.-Ing. Oliver Fitz | 06.11.2025
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Summary & Outlook
Road to Dry-Coated, High-Mass Loading, PFAS-Free Battery Electrodes

elatlons
‘ary proge
batteryelec
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Summary & Outlook
Road to Dry-Coated, High-Mass Loading, PFAS-Free Battery Electrodes
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Dry Electrode Processing
High mass loading

Energy density Cost advantage
1007, _ ) ' Cost reduction potential of
i . E/C ratio: 2.5 g Ah Electrolyte [1]
% el - > 16-22% in direct labor!
. llectors | . .
2 AR el > 14-19% in equipment cost'
S
< 60
s N/P ratio: 11 » 13-17% plant area’
5 :
& 10 compared to wet processing for LIBs
73
2 20 Benefits of dry processed electrodes
: » Avoidance of NMP evaporation and recuperation
D ] . . . . .
5 20 0 20 H 60 » Reduced binder contents & improved distribution
Mass loading of active material, My, .,; (g cm™) » Reduced footprint of production plant
: . . . . Ener
improved active-to-passive-material ratio gy
density
27| IBPC Braunschweig 2025 | Dr.-Ing. Oliver Fitz | 06.11.2025 [1] Kim et al., nature energy, 2025.  * AM = active material % Fraunhofer
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https://www.nature.com/articles/s41560-025-01720-0
https://www.nature.com/articles/srep23150

— LIBS, My o1t 15-60 mg cm™

LIBs, cathode||graphite/Si
My cart <15-60 mg cm™
N/P ratio: 11

E/C ratio: 2.5 g Ah™

Dry Electrode Processing
Influence on cell design

I Increasing

MAMJ:M

15 mg cm™

Specific energy (Wh kg, ™)

Increasing Qo

Specific capacity, Quy,car (MAh gy )

Conventional cells * *High mass loading cells

10 mAh cm__,2

cell

10 mAh cm__,™2

cell

2

10 layers a 1 mAh cm 1 layers a 10 mAh cm

-2
electrode

electrode

10 separators a 12um 1 separator a 12um
10 cathode coatings a [©lt, um 1 cathode coatings a KLm
10 anode coatings a LLm 1 anode coatings a Km
10 current collectors 15 pm 1 current collectors 15 um

[1] Kim et al., nature energy, 2025.

28| IBPC Braunschweig 2025 | Dr.-Ing. Oliver Fitz [ 06.11.2025 *extrapolated from: Laufen et al.. Cell Press, 2024. 22 Fraunhofer
ISE



https://www.sciencedirect.com/science/article/pii/S2666386424001942
https://www.nature.com/articles/s41560-025-01720-0

Department Electrical Energy Storage
Center for Electrical Energy Storage

= Floor space: ~ 4,000 m?, Lab space: ~1,140 m?
= R&D personnel: ~100+

= R&D battery technologies:
Lithium-, Sodium-, Zinc-based Batteries

= Transfer of basic research to industrial level

Motivation: One-Stop-Shop

iTa Eﬂﬁ AR

Production and Optimization  pj|ot Li-ion Cell
of active materials

Module- and

Production System development

RN _Lesl.

A 1F

Battery (Abuse) Testing

5

Recycling Applied Testing
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Summary & Outlook
Road to Dry-Coated, High-Mass Loading, PFAS-Free Battery Electrodes
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