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Batteries within the context of the energy transition to lower CO, footprint
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Electrochemical storage
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Rechargeable Li-ion batteries: Schematics and principles
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Another key player In Li-ion development

> Announcement by E. Musk in April 2015
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Tsunami in the world of battery manufacturers and users




The world of battery has become a dynamic environment

> BOOM of the electric vehicle (EV)

GM « Volt"
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| More than 450
models exist

e EV sales
150 millions en 2040

Spectacular expansion of annual battery production?

In France: 6 Gigafactories

> Gigafactories grow like wildfire
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Europe hopes for 19% of battery production by 2029 compared to 1% today.




Batteries: a world of constant scientific emulation driven by business

> Li-ion: sustained performance improvements > An appealing growing market

’ [ The lithium-ion battery market will grow from =+1 200 GWh in]
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How to keep this momentum ?
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The need to pursue a multidisciplinary scientific approach

Materials

Organic-polymer chemistry Solid state chemistry

Better
battery
chemistries

Aoay |

Insitu charaterisation

+ + + + + + + + +

But what more is needed?




No synergy, no innovation, no real batteries

SYNERGY

/

The power to turn

1he power theory into reality

of prediction

Importance of a constant ping-pong game between fundamental and technical knowledge




- Science and innovation involved towards better batteries -

[) Autonomy and battery charging ?

4
[) Eco-compatibility of batteries ? \i} }

[) Durability and reliability of batteries ? @ ) 7

[) Abundance of materials- recycling ?



https://www.google.fr/imgres?imgurl=https%3A%2F%2Fcdn3.vectorstock.com%2Fi%2F1000x1000%2F16%2F47%2Fgreen-recycle-logo-vector-1261647.jpg&imgrefurl=https%3A%2F%2Fwww.vectorstock.com%2Froyalty-free-vector%2Fgreen-recycle-logo-vector-1261647&tbnid=31akODK0Mgx61M&vet=12ahUKEwjg7pW4nvDtAhVFrhoKHXkZDKYQMygfegUIARD8AQ..i&docid=LBIwyito7hLYoM&w=1000&h=1031&q=logo%20recycling&ved=2ahUKEwjg7pW4nvDtAhVFrhoKHXkZDKYQMygfegUIARD8AQ
https://www.google.fr/url?sa=i&url=https%3A%2F%2Frovaltain.fr%2Ffr%2Faccompagnement-aux-entreprises%2Frecherche-de-locauxterrains%2Fservice%2Fborne-de-recharge-pour-vehicules-electriques-202%2F&psig=AOvVaw1T0D-TBvDQ8_YdshvX4P4T&ust=1600429109070000&source=images&cd=vfe&ved=0CAIQjRxqFwoTCLCD5ZON8OsCFQAAAAAdAAAAABAE

Layered oxides and their evolution through the years

2 LiCo0,(1991) - 2 Layered oxides (2008)
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Ni-rich layered oxides are the most widely used cahode materials today
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Classical NMCs =» Li-rich layered oxides

(cationic) (cationic + anionic )
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&P" A number of technological hurdles still have to be overcome...

Designing model materials for better understanding

Sathiya et al , Nature Mater., 2013, Science 2015b + worldwide p



Balancing cationic and anionic redox contribution:

further exploring

: Can be
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Li-rich Ni-rich: a new playground for high capacity and highly stable electrodes

Li-Biao et Energy & Environnement Science In press (2023 )




Increasing energy density: recent advances

> Carbon electrodes loaded with Si
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» Li-ion technology: What can we expect ?

How to reach
800 Whl/|
and go beyond?

Solid State
batteries



All-solid state batteries: the biggest excitement

of today in the field
2> Li-ion liquid batteries P Li-metal solid state batteries
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Significant progress in inorganic compounds with high

lonic conductivity
7 sy )
i Lij5GeP;S+; Japanese @
lonic conductivity ogr comparable -@------d4 ; - group
to those of liquid électrolytes Long = s (2011)

Fracture

The Li electrode has not yet been mastered: we are now moving towards hybrid systems




Innovations: surface chemistry and solid electrolytes

_ Addition of Li3PO4 interface
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Quite spectacular results, but the transformation at industrial level has not yet been achieved,

because of remaining chemical and eng

T. Kog et al. ACS Energy letters, 7 (2022).+ Patent filed W0O-8316-02a227

INneering 1Issues

B. Hennequart et et al. Patent filed 03756- 002023-86e



Manufacturers position themselves through partnerships, hoping to
capitalize on the right start-up

WeLion New Energy This year is considered by Yole Développeme
Technology Co., LTD as very unlikely to reach by NIO.

2030+?

2030+2 J=ZLACUEL]

Not a university laboratory, not a battery manufacturer, and not a car
manufacturer in the world that does not work on the solid state...

ale développement 2021 — according to compagnies announcements



The all-solid battery: between idealism and pragmatism
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Maturation time uncertain, despite worldwide enthusiasm, consortia formation, colossal

Investments and constant announcements that remain vague



Another challenge: Fast charging ?

2 Minimize charging time

& Fast charging more difficult than fast discharging due
to Li deposition problems

> WHY ?

\ NMC

Slow charge
| 46 Wh/kg
Fast che.zrge. ' uer SCiB’
(large polarization) NMC / Li;TisOr2

Graphite
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A few approaches to enhance power performances

2 Acting at the cell level 2 Performances upon charging
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Battery Size will influence charging speeds due to the amount of energy generated...




Charging tests for the Zoe ZE50 Charging test for a Tesla model /3

52 kWh battery at 400V 74 kWhbattery at 400V
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‘Physics says NO "

Supraconductor wires (-195°C)

% Full recharge
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Fast charging in less than 10 minutes is a false dream
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Science and innovation involved towards better batteries ...

>

~4
> Eco-compatibility of batteries ? {

>
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Towards greener and more eco-friendly batteries ....

Composite Porous Electrode
Cathode (+ve)

! Li/air batteries
I = ‘:L:i‘ \
i i
| ‘
I ‘ wl I \
| Non-aqueous AW
| electrolyte

ARl NaNi, Mn,0, _ Disordered Carbon
\

(Graphite)

N

Ca-intercalation

Pump Po o Pump

Redox flow batteries Multivalent cation (Mg?",
| Ca?*) batteries

None of them has reached a sufficient state of maturation...
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» Back to 2012: Decision to move into NIB development, but with what chemistry?

! Na,V,(PO,),F; (NVPF) | Hard carbon

Charge

Na,V,(PO,),F; (NVPF) - Sodium layered oxide/
Hard carbon prussian white- Hard
‘ carbon

RS2E- France

HiNa, China
Faradion, UK

Altris, Sweden

@ Structural and air-moisture stability

CATL, China

Natron, US ‘ H|gh Na* diffusion

Development requires innovations in materials and electrolytes as well in mastering interfaces .

A. Ponrouch et al Energy Environ. Sci., 2013,6, 2361-2369



B-1 The Na,V,(PO,),F,/C system: from sodium half-cells to full Na-ion cells
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A. Ponrouch et al Energy Environ. Sci.. 2013.6. 2361-2369 B. Zhang et al. Nature communications (2016



The Na,V,(PO,),F4/C technology : the first 18650 prototype

Performances at 25°C Performances at 55°C
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Discharge rate (n C) Cell on rest at 100% SOC: Huge self-discharge

Back to fundamentals to better understand the electrolyte and discover that DMC was the disruptive element.

G. Yan et al. Journal of Electrochemical society 2018



Searching for the causes of self-discharge

) Searching for EC-DMC LiPF; electroyte stability
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We also need to go back to a survey of various electrolytes and additives

P. Desai et al. Energy Storage Materials 57, 102-117 (202) . G. Yan et al, ECS, 165 (7) A1222 (2018)



Key steps in the development of electrolyte for the NVPF/C technology

1NaPF,
EC-PC

Wettability
ISsues

\/

0
:05/0: 3%
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= / \
inylene 0.5%
Carbonate y
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Sodium N

» carbonate  Tris(trimethylsilyl)phosphite
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D|fluoro oxalo)borate <
0 0 Vinylene »
Sodium ;i 4 cHy (NaODFB)
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O
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/r:,)v = CH3 1% CH3 oxalatodifluoro borate
0

NaODFB
Tris(trimethylsilyl) phosphite (Na )

Succinonitrile (TMSPi)

Long time because the choice of additive remains overly an empirical research
(New research tools such as ML or Al have not yet added value)

G Yan, J-M. Tarascon, (Patent WO2019072986A1



Na-ion: 10 years of research to master its chemistry

> Cycling performances > Power performances
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» A French start-up: TIAMAT (2018)
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Na-ion: a quick recap
2012 2018 2023 2025

Concept Creation of TIAMAT Commercialisation Battery market and projections
+ development for Na-ion in GWh for 2030

26 GWh

e S—

- h & TIAMAT  TiAmaT
' » %sﬁi mmPor:a ells >°¢ P°""
TIAMAT >

BEV

Battery Electrical vehicles,
2.5% of the market)

EES

(Electrochemical Stationary Storage
1/3 of the market))

\\Total: 394 GWh (8% of market)/
1980 2010 2024

4 "The huge knowledge gained from the LiBs made the road for
the NiBs commercialisation shorter"

290 GWh

» Faster development

Performances
h

4 "Faster developpment accelerated by the launching of a new
battery diagnostic area dealing with optical sensing"




Science and innovation involved towards better batteries ...

[) Durability and reliability of batteries ? @ &

>
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A Wide Range of Testing Results on an Excellent Lithium-Ion Cell
Chemistry to be used as Benchmarks for New Battery Technologies
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Advances in the chemistry of these systems have improved

their lifespan, but what are the remaining challenges ?




How to increase the lifetime of batteries

while improving their performances ?
> Monitoring under real conditions of use?

> Lab scale evel of complexity > Systems
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dissolution
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Parasitic chemical reactions

How to detect and anticipate cell failures in integrated systems?




Injecting smartness into batteries to increase their durability

> Inspiration from medecine

> Bio-medical > Battery health status & =
\ 2 /\

Optical
fibers

: Electronic

l health
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C. Grey and J.M. Tarascon, Nature materials 2017
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e

FBGs as a way to identify proper electrolyte additives

_» Additives for Na-ion Na,V,(PO,),F,/Cells

Optimum electrolyte formulation

1M NaPF; in EC-DMC
+ additives
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FBGs enable to assess the heat associated to the formation of both SEI and CEI: What about the chemical species ?

P. Desai et al, AEM, 11 (36), 2021, 2101490.



4 How do you find out the nature of chemical species?

> Infrared spectroscopy help to identify electrolytes and interfaces...

Vibration du CO, ;

e oohe B4 > How to inject infrared light into batteries?
VO-H VC=0  vCO BEFORE - Silica fibers

Transparence: "
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> IR via optical fiber ? =
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C. Gervillie-Mouravieff et al. Nat. Energy 7, 1157-1169 (2022)




Characterization of commercial cells by evanescent-wave infrared spectroscopy

> How does it works? . 3 |
» Decomposition of additives » Solvatation
Solvent 1 Solvent 2 08, free
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\ » Redox processes in cathodes (LiFePO,)
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Patent: C. Gervillie-Mouravieff et al., n® EP4124849A1 (2023)

C. Gervillie-Mouravieff et al. Nat. Energy 7, 1157-1169 (2022)



Operando tracking of Li-driven reduction of VC in commercial Na-ion cells

FBG sensor )OL
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Reduction of VC at the carbon negative electrode at 3.15 V in Na-ion cell to form a long lasting stable SEI

C. Gervillie-Mouravieff et al. Nat. Energ



Optical sensing: from physical to chemical observables in Li(Na)-ion cells
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So how practical optical sensing is?




Technological demonstrator for industrial applications

» Real time temperature and strain monitoring with wireless data communlcatlon Na-ion NVPF/C
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Ongoing project involving a wide range of industrial sectors and international collaborations

J. Bonefacno et et al. umpublished re



Science and innovation involved towards better batteries ...
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The energy transition: abundance of materials and recycling?

Transport:: (Kg per vehicle)

approximately needs...
50 kg of , 8 kg of and 7 kg of
70 kg of
alone will need...
of battery grade materials 2030

by 2040

Crucial need to develop an efficient recycling sector ...




BATIERY Future scientific challenge: Simplifying recycling

> Recycling recycling processes

—2 MethodeS————
Pyrometallurgie Hydromeétallurgie

' {
{

Promote single step
» recycling processes :

Direct method
(Physical separation and reprocesing)

> Rethinking battery configuration

Liquid electrolyte
—

-« Cell can

/AT = separatcr Selective replacement of
carbon i Mn04 battery components

Separator




Battery Europe: the new legislative framework

/Health and lifespan

July 2025

Obligation to equip the
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General conclusions

The battery world is, and will continue to be, a dynamic environment

A O

In the field of chemistry In the industrial field In the field of sustainable
and engineering « Setting-up gigafactories development
* New chemistries (solid state, Na-ion...) =S * Battery diagnostic — Battery recycling

Al

g

~ science
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Are electric vehicles the best solution for a low CO2 footprint ?

> Importance of primary energy source
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» Life cycle analysis cost

Ishihara, K. et aliiﬂ‘é_(fyic_lé_ﬂnalyss -
Proc. 5™ Int. Conf EcoBaIance 293-294 (2009).

» Assembing of a battery of 1kWh

v’ Energy needed = 327 kWh
v' CO, rejected = 90 kg
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