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ñBatteries: indispensable but perfectible 

allies of tomorrowôs worldò
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Greatest breakthrough 
in the field of electrochemistry 

during  the last century
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100$ / kWh

100$ / kWh

Anotherkey playerin Li-ion development
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(5 billion of cellsper year) 

100$ / kWh
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At the 
celllevel

At the 
pack level

Announcement by E. Muskin April 2015
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September22nd

2020

Tsunami in the world of battery manufacturers and users



NISSAN "Leaf"

RENAULT «Fluence"

GM  «Volt"
TOYOTA "Prius"

BOLLORE "Bluecar"

TESLA  « Model3"

PEUGEOT "iOn" MERCEDES "B250e"

More than450 
modelsexist

150 millions en 2040
ǒEV sales

Spectacular expansion of annual battery production? 

BOOM of the electric vehicle(EV) 

The world of batteryhas becomea dynamicenvironment

Gigafactories grow like wildfire

2020

450 GWh

2025

1500 GWh

2030

3000 GWh

ACC

Verkor

Europe hopes for 19% of battery production by 2029 compared to 1% today. 

In France: 6 Gigafactories
- ACC(TOTALEnergies,Stellantis,)
- Verkor(Renault);
- BlueSolutions
- ENVISIONAESC(Chine-Japon-US),
- Prologium(Taïwan),
- TIAMAT(Stellantis)

Just like over 96% of the materials 
used in Li-ion batteries

98% of assemblymachines
are imported

+



Batteries: a world of constant scientific emulation driven by business 

Li-ion: sustained performance improvements

How to keep this momentum ?  

An appealing growing market 

The lithium-ion battery market will grow from å+1 200 GWh in
 2023 to å4 200 GWh in 2030
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Materials

Interfaces Devices

Organic/polymerchemistry Solid state chemistry

Surfaces science

Chimie du solide

Solid state chemistryOrganic-polymerchemistry

Surface engineering

O2

O2
- O2

-

O2

O2O2

O2

O2

O2

Electrochemistry InsitucharacterizationElectrochemistry Insitucharaterisation

The need to pursue a multidisciplinary scientific approach 

But what more is needed? 
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Better
battery

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

No synergy, no innovation, no real batteries 

SYNERGY

Te
ch

nological knowledgeSc
ien

tific knowledge

Why? How?

The power  
of prediction

The power to turn 
theory into reality
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Durabilityand reliabilityof batteries ? 

Eco-compatibility of batteries ?

Green recycle logo Royalty Free Vector Image - VectorStock

Autonomy and battery charging ?  
Borne de recharge pour véhicules électriques, à Rovaltain

Abundance of materialsð recycling ?

- Science and innovation involvedtowardsbetterbatteries -

Outline 
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CoO6

LiO6

Improvementsvia chemicalsubstitutions:

Li[Co]O2

[150 mAh/g]

Replace 
partially
Co by 

Mn et Ni

Li[NiMnCo]O2

[180 mAh/g]

NMCphases

2D structure

(150 mAh/g)

Ç LiCoO2 (1991)

Cations

Anions

Layered oxides and their evolution through the years

Ni-rich layered oxides are the most widely used cahode materials today

TodayEVs
"811"Cobalt mining: An ethicalissue

Cations 

Improvementsvia chemicalsubstitutions:

Li[Co]O2

[150 mAh/g]

Replace 
partially
Co by 

Mn et Ni

Li[NiMnCo]O2

[180 mAh/g]

NMCphases

ÇÇ  Layered oxides (2008)

Replacement of Co 
by Ni and  Mn

(180 mAh/g)

Improvementsvia chemicalsubstitutions:

Li[Co]O2

[150 mAh/g]

Replace 
partially
Co by 

Mn et Ni

Li[NiMnCo]O2

[180 mAh/g]

NMCphases

Improvementsvia chemicalsubstitutions:

Li[Co]O2

[150 mAh/g]

Replace 
partially
Co by 

Mn et Ni

Li[NiMnCo]O2

[180 mAh/g]

NMCphases



NATURE MATERIALS, 2013, 12, 827-835                   .       NATURE MATERIALS| VOL 14 | FEBRUARY 2015, SCIENCE, 2015, 305 (6267)

Cationic redox: the only  belief since 1991 

Ç
Since2013, not anylonger true: anionicredox

e-      

Li

M

O

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

The anionicredox (O2)
n- paradigmin layeredoxides

+ 50% 

ClassicalNMCs
(cationic)

Li-richlayeredoxides
(cationic+ anionic) 

(NMC) 

(NCA) 

e-

e-

A numberof technologicalhurdlesstillhave to beovercomeé

Designingmodel materials for betterunderstanding

500 
Wh kgï1

1000
Wh kgï1



Balancing cationic and anionic redox contribution:
further exploring the  composition space 

LiCoO2

LiMnO2 LiNiO2

ά[ƛ-rich Ni-ǊƛŎƘέ

Li1.2Ni0.13Co0.13Mn0.4O2

Li1.2Co0.4Mn0.4O2

Li1.2Ni0.2Mn0.6O2

NMC111

Li2MnO3 Li2TiO3, Li3NbO4, Li4MoO5é
Can be 
replaced by

Li1+yNi(3-5y)/3Mo2y/3O2

Proof of concept
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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 ) 
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Increasingenergydensity: recentadvances

CarbonelectrodesloadedwithSi 

Natural graphite
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Li-ion technology: Whatcanweexpect?  

How to reach
800 Wh/l 

and go beyond? 

Solid State
batteries

Alliages LixM

J.R Dahn et al. Industrial Chemistry Library Vol. 5 (ed. Pistoia, G.) (1994).
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Cyclagemédiocre
(expansion de volume + SEI)

R. Huggins (20 years)

3650mAh/g

Alloys
LixM

Lithiation

Si Li15Si4

ȹV ~ 300%

4Li+ par Si 

Composites

C + 10%Si et 
Beaucoup dôautres and manyothers

370 mAh/g



Li-ion liquid batteries                                           Li-metal solid state batteries 

All-solid state batteries: the biggest excitement 
of today in the field 
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Liquid Solid

Solid electrolyte
Ratherthanliquid

Enhancedsecurity

Energy density gains (Wh/kg) or (Wh/l)  only if the Li interface is mastered ..

Wvol. = + 70% 

WGrav. = + 40% 

ReplacingCarbon
by Li metal
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Significantprogressin inorganiccompounds withhigh 
ionicconductivity

Carbon

Interfaces

Dendrite 
de Li

Fracture

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

IonicconductivitysRTcomparable
to thoseof liquidélectrolytes

(10-2 S.cm-1) 

Li10GeP2S12 Japanese
group 
(2011)



Addition of Li3PO4 interface

Innovations: surface chemistry and solid electrolytes

T. Koç et al. ACS Energy letters, 7 (2022).+ Patent filed WO-8316-02à227  B. Hennequart et et al. Patent filed 03756- 002023-86e

Quite spectacular results, but the transformation at industrial level has not yet been achieved, 
because of remaining chemical and engineering issues 
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Manufacturers position themselves through partnerships, hoping to 
capitalize on the right start-up

Yale développement 2021 ïaccordingto compagnies announcements

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



Maturation time uncertain, despite worldwide enthusiasm, consortia formation, colossal 

investments and constant announcements that remain vague

The all-solid battery: between idealism and pragmatism

2010         2015         2020           2025          2030         2035   

Hypephase Maturatingphase

Discoveryof 
Li10GeP2S12

Toyotaôs 
announcement

Inflatedexpectations 
(energydensity, power) ,  

National 
fundings

Back to 
fundamentals

Production

of ASSBôs

basedon 

inorganic

compounds 



Minimizechargingtime

Anotherchallenge: Fastcharging? 

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

ĄWHY ? 

E
Li4Ti5O12

La voiture électrique moins chère que celle à essence après 2024

https://www.contrepoints.org/2020/08/14/378037-batteries-a-charge-rapide-les-limites-de-la-physique

E Li

E redox

0

NMC

Graphite

Slow charge

Fastcharge

(large polarization) 

https://www.la-croix.com/Economie/La-voiture-electrique-moins-chere-celle-essence-apres-2024-2016-11-28-1200806389


A few approachesto enhancepower performances 

Acting at the celllevel

Réduire la distance 

P/E
Reduce 
Distance

to be covered 
by Li+ ions 
by reducing
 thickness of 
the electrodes

ƷIncreasepower at the 
expenseof autonomy
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2.4 V
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Temps de charge en minutes

Performances uponcharging

Battery Size will influence charging speeds due to the amount of energy generated... 



State of the art in EV recharging to date

Charging tests for the Zoé ZE50
52 kWh  batteryat 400V 

(Autonomyin normal use 350 kms )

Renault Zoé R135 ZE50 : la Peugeot e-208 en ligne de mire (présentation vidéo)

Charge 15 -> 80% takesnearly45-50 min
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Etat de charge de la batterie % 

Charge 15 -> 80% takesnearly25 min

74 kWhbatteryat 400V 
Chargingtest for a Tesla model V3

(Autonomyin use 490 kms) 

è Full recharge
       in 5 minutes 
: 

" colossal amounts of 
energy to be transferred " ñPhysics says NO " 

1500 A at  400V

Supraconductorwires(-195ÁC)  

Fastchargingin lessthan10 minutes isa false dream

https://images.caradisiac.com/images/6/9/5/8/176958/S0-presentation-video-renault-zoe-ze50-suffisant-pour-riposter-a-la-peugeot-e-208-594192.jpg


Durabilityand reliabilityof batteries ? 

Eco-compatibility of batteries ?

Green recycle logo Royalty Free Vector Image - VectorStock

Autonomy and battery recharge?  
Borne de recharge pour véhicules électriques, à Rovaltain

Abundance of materialsð recycling ?

Science and innovation involvedtowardsbetterbatteries é
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Li/air batteries

Redox flow batteriesMultivalent cation (Mg2+, 
Ca2+) batteries

Li-ion batteries

All solid-state 
batteries

Li/S batteries
(Li/Na)Na-ion batteries

Li/air batteries

Redox flow batteriesMultivalent cation (Mg2+, 
Ca2+) batteries

Li-ion batteries

All solid-state 
batteries

Li/S batteries

Redox flow batteries

é 

None of them has reached a sufficient state of maturation...

Towards greener and more eco-friendly batteries ....
Green recycle logo Royalty Free Vector Image - VectorStockGreen recycle logo Royalty Free Vector Image - VectorStock
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Sodium layeredoxide/ 
prussianwhite- Hard 

carbon

Na3V2(PO4)2F3 (NVPF) -
Hard carbon

RS2E- France

HiNa, China

Faradion, UK

CATL, China

Natron, US

Altris, Sweden

NIBs

Backto2012: Decision to move into NIB development, but with what chemistry? 

3

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

Na3V2(PO4)2F3 (NVPF) | Hard carbon

Structural and air-moisture  stability

High Na+ diffusion

Na-ion a battery alternative driven by sustainability 

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

25% of Na losses   
during the first cycle

SEI

B. Zhang et al. Nature communications (2016)

The Na3V2(PO4)2F3/C system:  from sodium half-cellsto full Na-ioncells
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G. Yun, S. Mariyappan, R. David and J.M. Tarascon, WO2019207043A1

Na3V2(PO4)2F3 / 1M NaPF6 in EC-DMC/C 
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The Na3V2(PO4)2F3/C technology : the first 18650 prototype
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Back to fundamentals to better understand the electrolyte and discover that DMC was the disruptive element. 
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ELECTROLYTE: 1M NaPF6 in EC/DMC=1/1

Electrolyte:  1 M NaPF6 in EC-DMC(1-1)

Cell on restat 100% SOC: Hugeself-discharge

1M NaPF6 in EC-DMC
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Searchingfor the causes of self-discharge

Searchingfor EC-DMC LiPF6 electroytestability

4 electrodes
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Wealsoneedto go back to a surveyof variouselectrolytesand additives 

Linearcarbonates are 
problematicsfor the Na-iontechnology

G. Yan et al, ECS, 165 (7) A1222 (2018)P. Desai et al. Energy Storage Materials 57, 102ï117 (202) . 
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Key stepsin the developmentof electrolytefor the NVPF/C technology
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New electrolyte formulation
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55°C cycling& self dischargeof NVPF/C cells
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55°C cycling& self dischargeof NVPF/C cells

Sodium difluoro(oxalato)borate
NaODFB

F F

O O

OO

B -

N a +

SuccinonitrileSN

N
N

1,3-Propanesulfone PS

S

OO

O

Vinylenecarbonate
VC

OO

O

0.5 % by weight

1%

3%

3%

Sodium

Difluoro(oxalo)borate

(NaODFB) 

0.5%

1%

"MagicCoktailB " 

EC-DMC(1M NaPF6) 

+

1NaPF6
EC-DMC 

1NaPF6
EC-PC-DMC 

Vinylene

carbonate

(VC)

Sodium 

oxalatodifluoroborate

(NaODFB)

Tris(trimethylsilyl)phosphite 

(TMSPi)

Succinonitrile

(SN)

1M NaPF6
EC- PC- DMC

Long time because the choice of additive remains overly an empirical research

H. Hijazi, S. Mariyappan and J.-M. Tarascon (Patent WO2022200343A1) G Yan, J-M. Tarascon,  (PatentWO2019072986A1)

(New researchtoolssuchas ML or AI  have not yetaddedvalue) 
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Na-ion: 10  years of research to master its chemistry

100 Wh/kg

> 5kW/kg en charge 

üA French start-up: TIAMAT (2018)

Power performances 

Régime de C

2300 cycles 2C/5C 

@ 55ÁC
20% de chute en capacité

5000 cycles 2C/5C @ 25ÁC

100% DOD
Still cycling after 8000 cyclesé

Cycling performances



Na-ion: a quick recap
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Maturity

"ThehugeknowledgegainedfromtheLiBsmadetheroadfor
theNiBscommercialisationshorter"

"Fasterdeveloppmentacceleratedby thelaunchingof a new
batterydiagnosticareadealingwithopticalsensing"

üFasterdevelopment

Power tools application

Product: 1Ah single-cell to 

5Ah multi-cell battery pack

On sale
Commercialisation Installation of a  5 GWh

Gigafactory
Creationof TIAMAT

2018 2023 20252012

Concept
+ development 

üUne start-up française: TIAMAT (2018)

Patent W3016-GPS2017

https://www.rolandberger.com/en/Insights/Publications/Battery

ü Batterymarketand projections
for Na-ionin GWhfor 2030

EES  
(Electrochemical Stationary Storage

1/3 of the market))

290 GWh

78 GWh

26 GWh

BEV 
Battery Electrical vehicles,

2.5%  of the market)

2&3 Wheelers
(30 % of market)

Total: 394 GWh (8% of market)



Durabilityand reliabilityof batteries ? 

Eco-compatibility of batteries ?

Green recycle logo Royalty Free Vector Image - VectorStock

Autonomy and battery recharge?  
Borne de recharge pour véhicules électriques, à Rovaltain

Abundance of materialsð recycling ?

Science and innovation involvedtowardsbetterbatteries é

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


The Li-ion technology: A briefstatusin termsof durability

September2019

J. Dahn

3 yearsof extensive 
tests at 55°C on 

(NMC(532)/Carbon)  
pouchcells

é 

Advancesin the chemistryof thesesystemshave improved
theirlifespan, but whatare the remainingchallenges ? 
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HOW TO MAKE BATTERIES MORE DURABLE WHILE IMPROVING THEIR 
PERFORMANCE? 

How to  increasethe lifetimeof batteries
whileimprovingtheirperformances ?

SEI

Parasitic chemical reactions 

üLab scale

Monitoring under real conditions of use?

How to detect and anticipate cell failures in integrated systems?

üSystemsLevel of complexity

Circuit Digest

Module



Optical 
fibers

Injecting smartness into batteries to increase their durability 

ü Bragg grating sensor (FBG) 

Wavenumber 

Bragg grating

Incident spectrum

Reflected spectra 

Transmitted spectra 

Wavenumber  

Wavenumber 
Period 

4ȟ0ȟʀ
Total  light reflection

(n1core > n2 cladding)
Silica glass cladding

Doped silica core 
ü Light transport 

Inspiration from medecine

ü Bio-medical ü Battery health status 

Electronic 
health 

passeport 

C. Grey and J.M. Tarascon, Nature materials 2017



Monitoring the intimate life of batteries using optical sensors 

JiaquiangHuan et al. Nature Energy (2020) 

1
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Use of Bragg sensors (FBGs) 

D°0.05ÁC

D °0.01MPa

D °0.05ÁC

ü Cell temperatureimaging ü Optical calorimetry
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