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Three Working groups

4= Leading questions Working groups
4= How do you compare the SIMBA materials and cell development with the current SoA for
stationary storage batteries?
4= What steps are still needed to make SIMBA Na-ion technology even more promising?

4= What does the end user, policymaker requests from Na-ion technology batteries for
stationary storage applications? (Pathways to Impact)

SIMBA material SIMBA cell development SIMBA safety, standards and
development recycling steps

SoA stationary storage
batterles

Challenges Na technology
Future pathways - Impact
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SIMBA project: Concept

Main goal
Development of a highly cost-effective, safe, all-solid-state battery with sodium as a mobile ionic charge carrier for
stationary storage applications

Option 1 Option 1
Hard carbon (TRL5) | grrrm— Iron-based Prussian White (TRL5)

* Sustainable sources N .. ,. *  Ultra low-cost (< 4 € kg?)
* High capacity (280 mAh g1) l ‘ . l * Good capacity (165 mAh g)
Option 2 : *  Acceptable working voltage (3 V)

Porous ceramic structure Solid state electrolyte (SSE) (TRL3-5) 1 *  Scalable
«  Support for Na plating Na+| Single-ion conductive polymers Na+ + Option 2
*  High specific capacity -l Optimized safe Na-ion transport - CATHODE | | 2nd Gen: layered oxide (TRL5)
(> 500 mAh g?) * Stability window up to 4.4V *  High energy material
* lonic conductivities of 103 S cm™ at RT (>200 mAh gtand >3 V)
e ey
I A ,
New modelling and characterization tools Two sustainable electrode production processes

* Deep understanding of interface kinetics and degradation *  Water-based binder o

mechanism @i ?IE *  Extrusion solvent free '-.‘
e Design optimal chemical interface .
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Scenario of Lithium-ion batteries

Global supply and demand of Lithium-ion batteries today and in the future

2018 2028 2040
ELECTRIC 50.200 “pmgg[g _
VEHICLES >4 o rrillion High Demand for
ON THE ROAD b‘ O O Lithium-lon Batteries
(®) (o) (@) (@) Cumulative lithium-ion battery demand for electric
vehicle/energy storage applications (in GW hours)
LITHIUM-1ON >7 600 e
BATTERY GWh to §60
CELL SALES 4000
GWh 6,000
‘ 4,000
EUROPEAN SHARE
OF GLOBAL CELL & 1 can we'p 2,000
MANUFACTURING q” do betters ;
0000000 2010 2020 2030
Source: Bioomberg
...but Lithium-ion batteries show environmental and societal challenges @ @& statista ¥a

associated with their mass production
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Why sodium technology?

Identification of critical materials for the EU

LIBs: dependency on critical materials

, L Geopolitical supply risks . 60 MATERIALS
Cobalt O Substitutability supply restrictions
Nickel O Environmental implications ; /

Alternative low-
cost, sustainable

Lithium X
Dy, Li, graphite, Te, Nd,

Pr, In, Pt, Tb, Sn, Eu, Ga,

Graphite

and more Co, Ni, Ge, ¥, Mo, Ag, L2,
Copper environmentally Sm, Cu, Hf, Ce, Au, Re, Ta,
i friendly EES Based on Cr, V, Nb, Se, Pb, Cd, Gl

Sodium-ion batteries supply-to-demand ﬁ(_;[UTE’S

Manganese

Materials in blue are included
in the 2014 EU CRM list

Iron

Hard Carbon

Sodium ‘ A

Aluminum

Based on
market & geopolitical factors




+SIVIB A-

SODIUM-ION AND SODIUM METAL BATTERIES

Sodium-prototypes

Sharp Laboratories of America, Inc. Faradion Ltd. RS2E/Tiamat ( RSE
Anode: hard carbon Anode: hard carbon Anode: hard carbon e/ Rl
Cathode: Prussian White Cathode: 03-Na,Ni_,_,,Mn,Mg,Ti,0, Cathode:V-phosphate =
SHARP s 2015 Y faradion :: ;_ 5 5 "-|F' tlamat
E S HiNa Battery technology Co. : 2023

LSy 2017 2018 2019  Anode: soft| cATL
Cathode: O3 Na-ion/Li-ion one pack
Anode: hard carbon

2013
Sharp Laboratories of Europe, Inc.

Sumitomo Chemical Co. Ltd. Anode: hard carbon

Anode: hard carbon
. 2. : Cathode: PW

Cathode: 03- Mn/Fe/Ni layered oxide Cathode: O3-NaNi, sFe, gMny/3Mgy/1550:1,0, oo

SHARP ;l
Materials for SIBs: PRERSES HiNa Battery technology Co.
Anode: hard carbon Novasis Energies Inc. 30 kW/100 kWh large-scale EES
Cathode: PW or layered oxides Anode: hard carbon L f
Electrolyte: carbonate-based Cathode: PBA



https://news.cnrs.fr/articles/a-battery-revolution-in-motion%20/
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SODIUM-ION AND SODIUM METAL BATTERIES

SiCN

Hard carbon
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Highly porous ceramic materials 1-
4= As Na plating matrix
4= Sodium-metal batteries

Highly porous ceramic materials 4= Biowaste derived hard carbon
4= As Na plating matrix

4= Lignin-based precursors
4= Sodium-metal batteries 4= Sodium-ion batteries
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4= SOA:
1= LIBs: 1000 - heat-treated SiCN
4= Precursor: polysilyethylendiamine at 1000-1300 °C ;
+ R ibl ifi itv of 560 mAh g —a— discharge 40mA g
eversi 0e specific capacity o mAh g - 800- A _A—charge  40MA g
4~ ICE: 60.4% % —e—discharge 80mA g’
E —O— charge 80mA g’
E‘ 600 - —w— discharge 160mA g™
S BAAL —y—charge  160mA g’
- A- DA
5 40 G3OCTE884088888880panny
VNNV VvV V-0
200 -
0 T T T T T T T T ¥ T g I
0 5 10 16 20 25 30

Cycle number
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1= SoA:
1= LIBs:
4= Precursor: silicone oil in H,/Ar flow at 900 °C
4- Reversible specific capacity of 550 mAh g
4= ICE: 67%
4= CE: = 100% up to 60 cycles

1
o
o

70

1

Coulombic efficiency (%)

Specific capacity (mAh @)

20 30 40 50 60
Cycle
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4= SoA:
4+ NIBs 500 110
4= Precursor: silicone oil in H,/Ar flow at 900 —~ 450 (b) Na'ien "~ 1
°C < ' Y 3 . 100
2 400 ’ 1 3
1- Reversible specific capacity of 160 = 190 c:ﬁ
mAh g over 200 cycles ‘é 35°j ) g
4= ICE: 43% > 300 180 o
4= CE: fluctuating S 250+ - %
Q 4
8 200 1 )
0 150 | IR mmm—| 0 O
= 1 ' ko)
i 100 A 4150 S
4 2 (o]
0 50 140 &)
0+ - T v - . . v
0 50 100 150 200
Cvcle
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Hard carbon: SoA SMITOMO

CHEMICAL
1= SoA: Electrolyte: 1M NaPF4in PC
4= Sumitomo Chemicals Co. Ltd.
4= Calixarenes derived hard carbon 20 -
4= Reversible specific capacity of 320 mAh g = 0.05C(Icycle)
LT — 0.05C (1eycle)
4= Excellent cycling | . Y
Lo — 0.05C 2cycl
4= ICE: 91% 1.4 F ’ ( CYC E)
= — 0.05C (2cycle)
: 1.2 }
%ﬂ 1.0
Hard carbon E 0.8
03- Mn/Fe/Ni layered oxide 06 T
0.4 t
0.2 r

0.0
0 100 200 300 400

Capacity (mAh/g)
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Hard carbon: SoOA SHARP

OF EUROPE

1= SoA: e —— 1st Cycle |
4= Sharp Laboratories of Europe ﬂy@
4= Commercial hard carbon s "
4= Current collector: C-Cu or C-Al g N
1~ Electrode formulation: ¢
90:3.5:1.5:5 £ .
(AM:CB:MWCNT:PVdF) g
4= (Ellc.ei:;crolyte: 1M NaPF4in EC:DEC 0 .

Specific Capacity {[mAh/g)

.

4- Reversible specific capacity of

300 mAh g 0!

4= Excellent cycling §2°°* H~=3
4= ICE: 82% S 1%
‘G100 4

Hard carbon

L=
-
-

-4
-

o
3
8
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4= SoA:
4= HiNa Battery Technology Co. Soft carbon
4= Anthracite pyrolyzed soft carbon 03 Nag oCug 5,Feq 30MnNg 450,
4= Reversible specific capacity of 222 mAh g!
4= Excellent cycling (89% over 600 cycles at 0.2C)
4= Electrolyte: 0.8M NaPF,in EC:DMC (1:1vol%)
4= ICE: 81%
c 500 120
a e - - I —_
= = PA1000 | peeece————————— ]} S
2 201 — PA1200 2™ -
S —— PA1400 E % S §
z. 1.5+ o s L g
3 101 = 200 e npst——ge] 2
g ¢ {-—— " B
S o0s- = 4004 z
m p U
%0 T T v T o 0 v T ” T v T b T y T y 0
0 100 200 300 0 100 200 300 400 500 600

Specific capacity (mAh g™) Cycle number
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PBA - Prussian White

Prismatic
site

Octahedral
site

4= Low-cost synthesis process 4= Usually higher specific capacity
4= Good capacity and acceptable average voltage
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1= SoA:
4= Sharp Laboratories of America Inc.
1= Electrode formulation: 86:7:7 (PW:KB:PTFE)
1= Electrolyte: 1M NaPF.in EC:DEC (1:1vol%)
4- 1st charge capacity of 160 mAh g1 (10 mA g?)
4= Cycling stability of 80% after 750 cycles

4'5 S DR SN EERGEE SRR ARCR L 180 T T T T T T T T T 110
4.0 - 160 I —*—:—4100
35 4 140 I 1%
i — 1 . i i 180 &
530 ] o T 0 g
$ 25} i g 100 | o F 160 é
4 ) = 4 4 8 :
2 20f d > 80 2 % 9
g 3 R § 60 log "40 “5
S 15}¢ . g : {30 -§
3 b R 8 40,. § y o)
> 10k 5 | |—=— Charge 120 @ {120 O
| | 20l | = Discharge @ b 1
DB L ibantrdiad i i s (a) J | | —=— Coulombic efficienc ( ) 10
H d carbon . ; 20 22 24 20 Jv.ox(vl:’;:] 16 38 40 42 | o lllllllllllll o 0
ar P PRI e s M B SRl TRl I 0 100 200 300 400 500 600 700 800 900 1000
Prussian White 0 20 40 €0 % 100 120 140 160 180 Cycle number
Capacity (mAh g )
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Prussian White: SoOA

4= SoA:
4= Novasis Energies Inc.

4= Specific discharge capacity from 160 to 132 mAh g
(from 0.1 to 10C)
4= Stable cycling performance at 1C over 700 cycles

b) 4.0
b -
38 y _ ] R
BOR ik e e e e et 4 g 100 | ‘ 170 g
. : 460 .
34 E s L 1® &
s 32 0.1c L 450
o a0k S i g 60 |- 4 40
gz.e ' 40 430
26} i - 20
24 or {10
22' K 00 ' 1(;0 } 20? ;3(‘)0 ' 460 ‘ SOLO ' 660 ’ 70(()J
Hard carbon " . o g g oo INRRLME e —
0 80 80 100 120 140 160 180
PBA ,
Capacity (mAhg )
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P2/03 layered oxides: SOA

1= SoA:
4= Sumitomo Chemicals Co. Ltd.
4- 03-NaFe,Mn,,,,,0, (x=0.2, 0.33 and 0.4)
4= Electrolyte: 1M NaPF.in PC
4= 1%t discharge capacity of 135-140 mAh g

~
theoretical  1st charge 1st discharge -
! : . )
capacity capacity capacity Ep
[mAh/g] [mAh/g] [mAh/g] ﬁ;
Nao7MnOz 182.09 67.0 1673 =
NaFeO2 241.82 103.6 60.8
Na0.6CoO2 153.55 84.6 63.1
NaFe0.2Mno.4Nio.402 240.13 151.4 134.8 2.0 ' ' ' ' ' ' ' '
. 0 20 40 60 80 100 120 140 160
NaFe0.33Mno.23Nio3302 240.54 153.1 126.6
NaFe0.4Mno3Nio302 240.55 157.4 132.5 Capacity (mAh/g)

Hard carbon
03- Mn/Fe/Ni layered oxide
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P2/03 layered oxides: SoA SHARP

OF EUROPE

4= SoA:
4= Sharp Laboratories of Europe 40
4~ Electrode formulation: 89:5:6 (AM:CB:PVdF)
4~ Electrolyte: 1M NaPFin EC:DEC (1:1) % 3.5 1 1st cycle
4- Reversible capacities of 147 mAh g! L 2nd cycle
4= 15t |oss capacity of 6% § 30 4
%)
>
% 25
°
>
2.0 -
Hard carbon bt 77T T T T T
. 0 20 40 60 80 100 120 140 160 180

Specific Capacity [mAh/g]
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P2/03 layered oxides: SOA

4- SoA: .
4= HiNa Battery Technology Co.
1= 03-Nag oCug 5,Feq 30Mng 450,
4= Electrolyte: 0.8M NaPF,in EC:DMC (1:1vol%)
4= Reversible capacities of 222 mAh g at 0.1C

1= Good stability: 90% after 200 cycles \ 1st ||| 5t
2nd

Q.

Voltage (V)

" 50 100 150 200 250 300
Specific capacity (mAh g

500 120

=

- 80

(@ HREn

HiNa BATTERY

Specific capacity (mAh g™)
g
" 2 p. L "
o
Coulombic efficiency (%)

Soft carbon 0 —
0 50 100 150 200
03 Nag oCug 55Feq 30MnNg 450, Cycle number
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Na prototype: Sharp Laboratories of America Inc.

4= Anode: commercial Hard carbon (Kureha)

1= ICE 86% g :;‘; = \Firstclmrge=153.2mAhg"
4= Electrode formulation: 95:5 (AM:CMC) 3%‘“ ) m.L._
4= Cathode: rhombohedral Na, ,,Fe,(CN), (R-FEHCF) Prussian White  § % o |
4= Initial delivered a capacity: 160 mA h g1 gl
4= Average operating voltage: V % " ff Nl
4= Electrode formulation: 86:7:7 (AM:KB:PTFE) § : 20_ ®)
4- Na-prOtOtype detailS: 1o 20 alo 6‘0 w u‘\o 120 'io 180 180 o0 ’ 110 A 2‘0 3‘0 ’ 4.0 50
4= Cathode/Anode ratio: 5% excess of anode i Capacly (W ) - K AN
4= Electrolyte: 1M NaPF; in EC:DEC + 5wt% FEC - 40 Charged at 10mA g’
— 35
4= Average full cell voltage: 3V ~ 10 —F sil —
o=y " - ——10mAg’
4= Initial charge capacity: 153.1 mAh g1 % T~ %25 —zsgmgj
= 60 1 & 20 :1 ]
4= ICE: 78% g I - = kg
3 ——200mA g
1= Capacity retention: 94% after 50 cycles ° N e —zsomAgj;
os} d) 300 mAg"
(C) ( ~—— 500 mA g
010 100 ’ 1000 0'oo 20 4‘0 6.() a'o 1601 150 140 160 180
SHARP  pessnaes Current (mA g") ety g
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Na prototype: Faradion Ltd. o

4= Anode: commercial Hard carbon 5
4= Average particle size (d50) : 9 um
4= SSA:2m2g?! S
4- Delivered capacity: 250 - 300 mA h g at low rate, in half-cell g’
4~ Electrode formulation: 88:3:9 (AM:CB:binder) §
4+ Cathode: 03-Na,Ni,_,_, ,Mn,Mg,Ti,O,
4- Delivers a capacity: 157 mA h g |
4= Average operating voltage: 3.2V 0 40 80 120 160
4= Electrode formulation: 89:5:6 (AM:CB:Binder) Cathode specific capacity (mAh g™')
4= Na-prototype details: 160 160
4= Cathode/Anode ratio: 1.5-1.0 g 140 * : g 140 :
= Electrolyte: 5m NaPF, in EC:DEC:DMC:PC S B (3054 R
4= Cell energy density: 120 W h kg-1 or 230 W h L-1 § 80 | --------- § 80
+ Development of NIBs pack for e-bike 400 Wh S A N T IO B
é i B e
S’ 0 1(;)0 2(;0 g 0 1(;0 2(;0 300
Cycle number Cycle number
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Material cost analysis: Na- vs Li-based

1= Co-free materials lower cost 4= Na cathode cost per kW h! higher tan Li HlU

4= Li-based materials cost increased 143% 1= Still optimize the performance of NIBs ﬂ(IT

4= Na-based materials cost increases 14-16% 1= Li cost increases = NIBs will be cheaper Faieriat bt
» Pack cos, Jan. 2020 100

~159%

B Pack Apr. 2022 Pack cost, Jan. 2020
SRRl 1 BB Pack cost, Apr. 2022

60
] Cost increase (Jan. 2020, Apr. 2022) 80 - Cost comparison (NAFMO, Apr. 2022)
50 -
w ] 4
40“ 60" T - 1 R4~
143% 1
30 139 e
1,34~ 36
40 -
20 e~ ] e
] 295 «~J7%
10- : I I I 20
0 I I 0
NMC532 NCA LFP LMO NAFMO NZNMO NLNMO NCFMO NFNMO

i 2 3 NMC 532 NCA LFP LMO NAFMO NZNMO NLNMO NCFMO NFNMO
Lithium-ion cathodes Sodium-ion cathodes Lithium-ion cathodes Sodium-ion cathodes

kg™)

Cathode cost (

1

Cathode cost ($ kWh)

More stable cost for Na-based NIBs still should be optimized

materials Cost of Li-based materials increase = NIBs low-cost EES

Na,TMO, cathodes cost advantage over Li-based
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Pack compoments cost: LFP- vs NZNMO-based

HIU

n Separ ators - Battery management system Karisruher Institut fiir Technclogie
Positive active materi Negative active Elect Carbont+Binder P.&Am
C D materials oe " son purchased items tixvy

Domestic  41.4% 8.5% 7% 25% 21.9% .l_ LFP
T T tos TN - D

1.0%

. Cell purchased items a Positive current collector Negative current collector

Cost advantage

pHEV 43.8% 8.9% 7.6% 27% 15.1% 1 LFP on positive
37.2% 1.3% 12.7% 43% 135% III l NZNMO active

1.6%
28% .
EV 553% 1.2% 9.5% s | esx HIERIN - materlal-s and
46.8% 14.3% 16.1% ss%» [eex I | . NZNMO negative
12% 24% current
1.1%
Grid 55.6% 1.2% 9.5% 3.4% 2 IEEN - collector
storage
46.8% 14.2% 16.1% 55% 12.0% Ill Il NZNMO
12% 0.8%

LFP: LiFePO4 / graphite
NZNM: Na0.67Zn0.06Ni0.26Mn0.6702 / hard caron
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Summary

Optimized SIMBA materials (three anodes: SiCN, SiOC and Hard carbon; and PW cathode) overcome
several electrochemical properties the materials used for Na prototypes

Lower cost of Na-based materials (the cost differences with respect to Li-ones is increasing every
year)

The electrochemical performance of Na-based materials still should be improved to reduce the NIBs
cost, in terms of S/kW h

SIMBA is focused on 2"d generation on NIBs, using aqueous processing binder (easier to recycle) and
novel and safe solid-state electrolyte
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Thank you!

TECHNISCHE
~5//=\ UNIVERSITAT ' Johnson Matthey
o7 Inspiring science, enhancing life

HIU
DARMSTADT ﬂ(IT

Karisruker Institut fiir Technclogic
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1S




