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Upscaling solid-state batteries:
challenges and roadmaps from R&D to industrial production

Daniel Alves Dalla Corte
CTO and co-founder at Sphere Energy
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Leverage

Become the market leader through highly innovative 'p}dducts, based on the right battery technology.




Addressing the key challenges of the battery market

7

We accelerate the success of our clients and differentiate us through domain expertise & data.

W

Our Services

Data & Al Services

Technology Advisory

o

Cell testing

i
8

Test equipment
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Our clients

Cell
manufacturing

¢

Product Battery product
development OEMs

O]

\>

p—

Battery Data Management & Al Services ]

Innovation Scouting

LCA assessment - Organizational transformation '

Prototype testing

Performance Testing

Test equipment

Next generation battery materials Solid-state batteries

Cell benchmarking '




Introduction to Sphere-Energy
International team of battery and data experts.

Augsburg, DE

Par iS, FR Battery Technology Centre
Engineering Hub (5

Ziirich, CH

Consulting / Al Competence Centre
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Solid State Batteries... where do we start
Significant commitments and robust momentum within this market.

-~

1 bipolar, and invested in start-up SES.ai

Lead investor in start-up Solid Power.
According to recent results, the company
believe no SSB tech can yet match Li-ion.

-

General Motors

GM, is developing a portfolio of SSB
technologies, including in-house, geltype

Ford

aeunses QUaNtumScape '

Qs focus is on oxide-type solid electrolytes,
using a "Li-free” negative electrode, and
liquid catholyte. Both LFP and NMC.

2% Solid Power

SP develops sulfide-type solid electrolytes
with both Li and Si as neg. electrodes. Trials
on metal sulfides as pos. Electrodes.

SOLID-STATE BATTERIES

== OSES

The company if developing semi-solid,
solvent-in-salt (LiFSl-based) lithium-metal-
based battery cells. Several investors.

SES.ai ilika

——

Factorial

[
Factorial

Partnered with several OEMs.

24m 24m

Semi-solid ("clay”) technology. Licensee
Kyocera trialled in the Enerezza product line.
Other licensee inc. Freyr, VW, GPSC.

@@ lonic Materials

Polymer type electrolyte. Renault, Hyundai
as lead OEM investors. No major news or
developments since 2018.

e,

BASQU-VOLI  Basquevolt |

Polymer electrolyte/separator formed in
situ. CIC energiGUNE tech. (Prof. Armand,
polymer electrolyte pioneer, is an advisor).

& Renault

Invested in lonic Materials. Activity on SSB
has been mainly limited to EU R&D projects,
with relatively small committments.

Bolloré

Bolloré

An overview of selected companies actively developing the

technology

/ Sphere
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Oxide-based, thin film batteries for medical I
devices, still in qualification. Actively trying
to develop cells for EVs.

4 )“
S 2 | \ e STELUANTIS
Factorial's FEST® (Factorial electrolyte -
system technology) cells use a polymer
electrolyte and lithium metal anode.

Selling high-temperature, LFP, polymer-
based cells (MB eCitaro buses). Lower
temp, high energy cells under development.

llika AIRBUS

Airbus

Airbus explored several high-energy battery
techs, including Sion Power, OXIS Energy,
Amprius. Now working with Renault on SSB.

»  «ZZF® Samsung

>10y of R&D on sulfide electrolytes, the
company is a world-leader. Focus on "Li-
free” neg. electrodes. Researrch on sulfur.

-

{ in Factorial.

Stellantis

Key ACC JV partner, which is developing
sulfide and polymer type cells. Lead investor

) Volkswagen

Lead investor in QuantumScape and 24m
licensee. The latter not currently considered

for mass-market EVs.

BMW

Focus on sulfide-based in collaboration with
Solid Power. After failed A-sample delivery,
BMW is taking a more active rolein cell dev.

(1)  Mercedes-Benz

Investor in Factorial, and partnered with
ACC/SAFT/ProLogium. Long partnership
with Bolloré for its bus division.

Umicore | ®

TOYOTA

. @
umicore

SSB is at "New Business Incubator” stage in
Umicore. The company is developing e
tailored positive electrode materials.
. —

s Solvay

Lead investor in Solid Power, the company
is scaling up polymers and sulfide-based
electrolytes. Scaling up plant in La Rochelle.

Panasonic  whdemepynen  MAXEI

o2, === DFM-Ganfeng |

DFM is testing in pre-commercial car
prototypes  Ganfeng semisolid SSB
technology. Focus on Li neg. electrode *

i WelLion

Tech developed with NIO. Polymer-based,
hybrid semi-solid battery techs. solidifies in-
situ, similar to IMEC/Solithor

- —

ProLogium
-—

ProLogium
Oxide-based electrolyte, sillicon oxide neg.

electrode. Thin-film and bipolar tech. Trying
to scale-up "single cell” modules and packs.

Japanese Ecosystem

sonoa  @YAMAHA onpxsssw  TOPPAN  HORIBA Az

“TORAY’ W omivasan

miltn sonrse @eorivs O g @ o P ounen

JP has a well-developed, state-subsidisied ecosystem for joint industrial R&D
on SSB. It includes OEMs, cell/material suppliers, equipment manufacturing
companies. Toyota is leading in terms of patents (>1300), with an initial focus
on graphite|sulfide-based cells. Now in a JV with Panasonic. Nissan is
considering in-house manufacturing, possibly in collaboration with Envision
AESC. Honda is also developing a proprietary tech, and has invested in SES.ai

Refs:

Prologium
https://pubs.acs.org/doi/10.1021/acsami.1c07952
https://caneparesearch.org/research/



https://pubs.acs.org/doi/10.1021/acsami.1c07952

Solid State Batteries... where do we start
Significant commitments and robust momentum within this market.

General Motors

GM, is developing a portfolio of SSB
. technologies, including in-house, geltype

1 bipolar, and invested in start-up SES.ai
< Ford

Lead investor in start-up Solid Power.
According to recent results, the company
believe no SSB tech can yet match Li-ion.

QuantumScape
Test of new samples
Partner OEMs

amimsre QUantumScape

Qs focus is on oxide-type solid electrolytes,
using a "Li-free” negative electrode, and
liquid catholyte. Both LFP and NMC.

Solid Power -

A-samples to EV

Solid Power

SP develops sulfide-type solid electrolytes
ithboth Li and Si as neg. electrodes. Trials
on metal sulfides as pos. Electrodes.

Electrolyte prod. facilities

SOLID-STATE BATTERIES

An overview of selected companies actively developing the

technology

 Sphere
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== OSES

‘ The company if developing semi-solid,
solvent-in-salt (LiFSI-based) lithium-metal-
based battery cells. Several investors.

ilika llika

Oxide-based, thin film batteries for medical
devices, still in qualification. Actively trying
to develop cells for EVs.

SES.ai

[ .
Factorial FaCtorlaI » s =
STELUANTIS
Factorial's FEST® (Factorial electrolyte A v
system technology) cells use a polymer -~
electrolyte and lithium metal anode

Partnered with several OEMs. «

24m

Semi-solid ("clay”) technology. Licensee
Kyocera trialled in the Enerezza product line.
Other licensee inc. Freyr, VW, GPSC.

in Factorial.

®

for mass-market EVs.

lonic Materials 4

Polymer type electrolyte. Renault, Hyundai
as lead OEM investors. No major news or
developments since 2018.

BASQU Basquevolt a
Polymer electrolyte/separator formed in
situ. CIC energiGUNE tech. (Prof. Armand,

polymer electrolyte pioneer, is an advisor). with Bolloré for its bus division.

Blue Solutions .
<()> New 4th generation Umicore
DESCERNCAeREe Partner with Foxconn & BMW s at “New Business Incubator” stage in
has been mainly limitd bre. The company is developing

withrelatively small cd bd positive electrode materials

Solvay

Lead investor in Solid Power, the company
is scaling up polymers and sulfide-based
electrolytes. Scaling up plantin La Rochelle

Bolloré

Selling high-temperature, LFP, polymer-
based cells (MB eCitaro buses). Lower
temp, high energy cells under development.

Bolloré

AIRBUS

Airbus explored several high-energy battery
techs, including Sion Power, OXIS Energy,
Amprius. Now working with Renault on SSB.

Stellantis

Key ACC JV partner, which is developing
sulfide and polymer type cells. Lead investor

Volkswagen

Lead investor in QuantumScape and 24m
licensee. The latter not currently considered

v BMW

Focus on sulfide-based in collaboration with
Solid Power. After failed A-sample delivery,
BMW is taking a more active role in cell dev.

Mercedes-Benz

Investor in Factorial, and partnered with
ACC/SAFT/ProLogium. Long partnership

Airbus <« Samsung

>10y of R&D on sulfide electrolytes, the
company is a world-leader. Focus on "Li-
free” neg. electrodes. Researrch on sulfur.

2, == DFM-Ganfeng

DFM is testing in pre-commercial car
prototypes Ganfeng semisolid SSB
technology. Focus on Li neg. electrode

WelLion

Tech developed with NIO. Polymer-based,
hybrid semi-solid battery techs. solidifies in-
situ, similar to IMEC/Solithor

EBrotogum — ProLogium

Oxide-based electrolyte, sillicon oxide neg.
electrode. Thin-film and bipolar tech. Trying
to scale-up "single cell” modules and packs.

© Japanese Ecosystem
Tovora  NISSAN  mowoa  @YAMAHA onearsw  TOPPAN  HORIBA  Azwszan

GSYUASA  Panasonic  wndememysn  MAXEI “TORAY’ N uswrnsan

muRata poniasel & idemitsu (7 KAl @ eulisai D oznax

JP has a well-developed, state-subsidisied ecosystem for joint industrial R&D
on SSB. It includes OEMs, cell/material suppliers, equipment manufacturing
companies. Toyota is leading in terms of patents (>1300), with an initial focus
on graphite|sulfide-based cells. Now in a JV with Panasonic. Nissan is
considering in-house manufacturing, possibly in collaboration with Envision
AESC. Hondaiis also developing a proprietary tech, and has invested in SES.ai

AN

Prologium
Implantation in France
Partner with MAHLE

Toyota
SSB road map updated
Partner with Idemitsu

Refs:
Prologium

https://pubs.acs.org/doi/10.1021/acsami.1c07952

https://caneparesearch.org/research/



https://pubs.acs.org/doi/10.1021/acsami.1c07952

AN

Pushing the limits of energy storage
In a very competitive market

Batteries empowering innovation The real target is cost efficiency on pack level! m

Wh/kg
SSB
lllIIIII

ASSB technology can be a game changer for pack level cost - when produced at scale!

Progressive shift
towards full solid

_ _ _ @ — 1. Semi-solid
2. Almost-solid

3. All-solid

400

Different types of
electrolytes

Energy density Material saving

Pack more range Anode less

Safety
Simplified pack

Polymer - mature
Sulfide - semi-mature
Oxide - semi-mature

T performance

Simplified TMS
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Pick your tech!

Main players and their battery technology choice

New generation polymer

BluesSolutions
B Wide range of temperature

2023*

Li-metal / high conc. salt
Hybrid (composite coat)
107 Ah cells

2025 — 2026

®SES

|E| Li metal anode
Polymer electrolyte

Factorial

100 Ah cells
2026 — 2027

+

=  Manufacturability =  Operating temp
= Processablibilty =  Dendrite protection

Sulfide

= Solid Power

5 @

Different systems

Li/Si/Conv.
Electrolyte supplier

2025 — 2026

SAMSUNG

2026 — 2027

@

2025 — 2028

High conductivity High cost

Electrode compatibility

v

Sensitive production

N
QQt/umchpe

ProLng?um

®

=>  High voltage
=  Safety

Ceramic separator

Multilayer (24) cell

2025 — 2026

Oxides in flexible matrix

SiOx-Li metal
Wet film coating

2025 — 2026

-  Manufacturability
- Mechanical stability

AN

®
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But it takes time to create a new battery
Even based on classic Li-ion technology know-how

Laboratory
BTRL1 BTRL2 BTRL3
Concept Materials Performance

1-2years 2 - 5years

Industry

BTRL4 BTRL5-6

Upscaled
2-5years

Scale up to cell

10 | Sphere Energy | Webinar Nov. 2023
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But it takes time to create a new battery
Even based on classic Li-ion technology know-how

Laboratory Industry
BTRL1 BTRL2 BTRL3 BTRL4 BTRL5-6
Concept Materials Performance Upscaled Scale up to cell
1-2years 2 - 5years 2-5years
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But it takes time to create a new battery
Even based on classic Li-ion technology know-how

Laboratory
BTRL1 BTRL2 BTRL3
Concept Materials Performance

1-2years 2 - 5years

Li-ion Half.cel

Industry

BTRL4 BTRL5-6

2-5years

Upscaled Scale up to cell

1
1
1
1
1
1
:
1
Full cell Coat Calender Slit Separation Stack Weld Close Electrolyte Formation !
1
1
1
1
1
1
1

.. SSB

1
I
:
1
1 5-10years
1
1
1
1
1
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But it takes time to create a new battery

Processes of classic Li-ion technology production need to be adapted

Laboratory

BTRL1

Li-ion

SSB

BTRL2 BTRL3

Materials Performance

1-2years 2 - 5years

Industry

BTRL4

Upscaled
2-5years

Full cell

BTRL5-6

Scale up to cell

IIEHHHHEIHIIIII!HHHHHHHHHII|I|iHIHHHHiII

II%HHHIHHHHII

.. SSB

1
I
:
1
1 5-10years
1
1
1
1
1

IIHHHHHH%H%HHII'IIHHHHII'IIHH%%!IIIHHHIHHHHHIII

New for SSB
Mechanical pressure
required

13 | Sphere Energy | Webinar Nov. 2023

New for SSB
Mechanical pressure
required

New for SSB

Dry process favored

New for SSB

Mechanical pressure
required

New for SSB

Mechanical pressure
required

A\



But it takes time to create a new battery z
Need for reshaped electrochemical validation at different levels of the development process

Laboratory Industry
BTRL1 BTRL2 BTRL3 BTRL4 BTRL5-6
Concept Materials Performance Upscaled Scale up to cell .. SSB

1
I
:
1
1-2years 2 - 5years 2-5years : 5-10 years
1
1
1
1
1

1
1
1
1
1
1
:
1
Li-ion SNGESH Half-cell Full cell Coat Calender Slit Separation Stack Weld Close Electrolyte Formation !
1
1
1
1
1
:
SSB Synthesis Half-cell Full cell Extrusion Lamination Calender Separation Compression Weld Close Formation

E-Validation E-Validation  E-Validation E-Validation E-Validation E-Validation E-Validation E-Validation E-Validation

\ )
Y

Controlled experimental conditions including mechanical parameters (pressure / swelling)

14 | Sphere Energy | Webinar Nov. 2023
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The characterization challenge for SSBs
Why is it so hard to measure electrochemical performance - even on research level?

, .

Q2
¥ S
< >
¥ S)
ASSBs with Celltype 1 SIS 1 ASSBs with Cell type 1 [
thiophosphate Cell type 2 [IRI thiophosphate Cell type 2
electrolyte Whiteley et al. ™ 1 electrolyte Whiteley et al.’® [l
Zhang etal> [N Zhang etal® [H
Intercalation- 21 | Intercalation- Woo et al 2!
type CAM and WOP e a",g I 1 type CAM and Xi I‘zg ]:|
lithium metal Xie et al. lithium metal ie et al.
Ulissi et al.?® :l:l Ulissi et al.? ]
Choi etal.>* | Choi et al.?* [HIN
Nam et al.®, pouch [HI Nam et al.’®, pouch |
Nam etal.’s, peliet |RDIEN Nam et al.'s, pellet ]
Yamamoto et al.?® 1] Yamamoto et al.?®
Intercalation- Sakuda etal.'® [HIEN Intercalation- Sakuda etal.'® | EE
type CAM Kato et al.2, high power |[ERNI type CAM Kato et al.?, high power
and graphite | Kato et al.?®, high energy | and graphite | Kato et al.?, high energy |
Ito et al.?” | Ito et al.?’” [HI
Kim et a2 | NN Kim et al.?®
Kraft et a.2° [N Kraft et al.?°
Conversion- r T 1 Conversion- ]
type CAM and || type CAM and :’
lithium metal 1 lithium metal |
Yi ] AS : et N
oxide/pt )
Finsterbusct l el e rbusch et al ]
ASSBs with chenstal ASSBs with Chenetal
inorganic and Park et al.*® |EENITH inorganic and Park et al.* |
polymer Wakayama et al.>* [IRE00 polymer Wakayama et al.** |
electrolyte Ates etal® [N electrolyte Ates etal.® |
ASSBs with Hovington et al.” [l ASSBs with Hovington et al.”
polymer Porcarelli et al.®® ] polymer Porcarelli et al.®®
electrolyte Bouchet et al.*’ | | . . electrolyte Bouchet et al.*’ i ;
0 400 800 1,200 1,600 0 50 100 150 200 250 300

Thickness, //um Specific energy, E /Wh kg™

Fig. 2 | Relationship between layer thicknesses and specific energies of analysed ASSBs. a b, Representation of layer thicknesses of ASSBs (a) and the
corresponding cell-specific energies as histograms (b). Corresponding data are available in Supplementary Tables 2 and 4.

“This demonstrates that the differences in specific energy and specific power of the multitude of available SSBs”

Randau et al. Nature Energy volume 5, pages 259-270 (2020)
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https://www.nature.com/nenergy

AN

Every technology needs its own conditions - it's hard to compare!
Detailed reporting, especially of pressures is essential to draw conclusions.

Polymer-based Sulfide-based Oxide-based Pressure dependent test protocols

Sample preparation 400 MPa
100 MPa 0
20 MPa h
] . - Q Q
time >

Target
0.2 MPa

Sample testing Electrolyte Anode Test pressure

pressing pressing
20 MPa
5 MPa UL - - Cathode Full stack Cycling
- pressing pressing monitoring

From material processing, sample preparation, up to electrochemical tests - mechanical aspects are key for data reliability

16 | Sphere Energy | Webinar Nov. 2023



Mechanical aspects are getting even harder to manage with SSBs /é
Great effect of Li plating/stripping on breathing and swelling

Materials and reactions Tremendous Breathing for ASSB cells Even more severe Swelling
MPa

Vol. %
0.4
30
3C
—— AP
SSB g s
Anodeless . e 04cC 0.3
D
20 Lot 02¢C 04c | 1C N\/\ ----------------------
g
Lo Y AYA il
Si mix anode or
10 1 1 C | |
cles
Li-ion y oL
Classic
||
© Si Li Cycles

From material processing, sample preparation, up to electrochemical tests - mechanical aspects are key for data reliability
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New parameters are needed for performance
Precise control of energy dense systems

Renderings of the intended QuantumScape cell design in the discharged (lefi) and
charged (right) siates

L J \ )
Y Y
Classical parameters New parameters for ensuring performance
Classical approach New approach

High-energy density cells

Li-ion / Si content
SSB / Li metal or anode less

18 | Sphere Energy | Webinar Nov. 2023
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Sphere's approach for electrochemical characterization of SSBs systems
Tailored tests from laboratory measurements up to cell prototypes

Pouch prototypes

Powder testing Casted electrodes
Sphere = =
e 3wy AR
A;SC-A AéC-AD AS(;-Gas ASC-T ASC-A ASé-AD ASC-Gas

BTRL :' :
I I
High 1 [
| |
—_——— e ———— - 1 1
: : : Battery manufacturer :
! I I and OEMs i
I
——— e : Battery Material Supplier i : :
| [ | and Battery Maker | ] |
! Academic laboratories I | : : I
P I | I
Low : and research institutes | | i | |
A L 1 L ol

AN

_ Clients along the value chain of solid state battery research
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Direct connection between the innovation and features é
Developed hand-in-hand with R&D experts

Key added values for our clients:

':Q:‘ Reproducible & reliable Get deep knowledge
Multiple sample sizes User-friendly design Pressure monitoring Multiple sample sizes
High-range pressure Pressure monitoring Thickness monitoring Low-range pressure
Fixed distance or pressure modes Tools and accessories Temperature control
Airtight setups Programmable T control Reference-electrode
High-chemical stability and Resistance probe

multiple materials

Gas flow connection with other
characterization techniques ASC family

of setups

Key features for demanding market needs

20 | Sphere Energy | Webinar Nov. 2023



Flexible and compatible setups for interactive tests
One frame fits all solution - interconnectivity with different setups

Flexibility

Setups that can be
exchangeable

Common platform through
our mechanical press and
monitoring systems

Maximizing combination
of different features

Spheres combinatory product portfolio

ASC-P

Poch cells

Fixed distance 3
or pressure

ASC-G

High pressure in

fixed distance
Gas flow channels - .

CONTROL BOX
Pressure display
Temperature control
Data communication

ASC-AT+

Fixed distance/pressure
Heating system
Reference-electrode
Multiple sample sizes

ASC-A
High pressure in
fixed distance

ASC-C
. High pressure in
) ASC-AD ' fixed distance
Fixed pressure Coin cell size
ASC-AD+
Fixed distance/pressure
Pressure and thickness monitoring
Multiple sample sizes

21 | Sphere Energy | Webinar Nov. 2023

7

Compatibility

Setups are designed to
always fit into our pressure
monitoring platform

New setups can be seen
as payable upgrades improving
the capabilities available at the
user end



Z

‘ [ASC-T+] understanding the performance of SSBs when scaling up
Characterization of SSBs samples at wide range of BTRLs

Upscaling SSBs with multiple sample sizes Advanced testing parameters for SSBs

. Temperature control

12 14.5mm

. Upto 200°C

E (V)

~+- . Pressure monitoring

. Upto 400 MPa

. Reference electrode

90
70
50

P (MPa)

. Compact design

20 40 60 80 100 120

ASC-T+ setup Ti (h)
ime

Access over key characterization parameters while upscaling SSBs
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[ASC-AD+] precise thickness measurements even at OEM'’s target conditions //é
Fine-tuning performance at low-pressure levels

Upscaling with multiple sample sizes Advanced testing parameters SBBs

o Built-in pressure
monitoring

E (V)

. In-operando thickness
monitoring

« Multiple sample sizes

- ?g . Up to 100 MPa
. - . Fixed thickness or
E pressure
ASC-AD+ setup & 3 355
20 40 60 80 100 120 . Simple integration with
Time (h} cyclers

23 | Sphere Energy | Webinar Nov. 2023
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From laboratory scale to large-scale production
Key points to be addressed to unveil a faster upscaling process

Key takeaways

A\

4 N

iy

Commercializati
on is coming!

Great progress and
technologies coming to
the market soon

\_ /

24 | Sphere-Energy - LCBAT1 - Grenoble 2023

SSB
competitive at
pack level

Potential financial
benefits when
considering the pack

/

New mechanical
aspects to
consider

R&D and upscaling
now requires a new
testing approach

\_ /

New equipment
new design!

From equipment, to
processes, to
validation tests.
Everything will change!

\_ /




Sphere-Energy

www.sphere-energy.eu | info@sphere-energy.eu



http://www.sphere-energy.eu/
mailto:info@sphere-energy.eu?subject=Testing%20service

