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La presentation avait un creneau de 45 min, dans le cadre d’une ecole avec des etudiants these connaissant pas ou tres peu les batteries. Au ryhtme d’un cours, c’était trop long, on peut tenir une heure avec ce ppt


http://www.college-de-france.fr/default/EN/all/college/


Outline of the course 

Introduction to Li-ion batteries: fondamentals 

I. Trends in positive electrode materials for Li-ion 
a) Polyanionic compounds: classical redox 
b) Rocksalt-based derivatives: anionic redox 

II. Beyond Li-ion batteries 
a) Solid state batteries  
b) Na-ion batteries 
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Today’s energy overview 

(14 TW) (28 TW)
http://americanenergyindependence.com/energychallenge.aspx
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Renewable energies

Production, Transport, Conversion and Storage
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It is believed that the greatest challenge for the next century will be energy. The demand on energy is indeed believed to reach 28 tera watts bu 2030. Todays’ worldwide energy ressources now rely at more than 80% on fossil fues (coal, petroleum, gas) and nuclear, while onely 20% on renewable, among them      that need to be develop in future to limit CO2 emissions. But many of these renewable energies are intermittent in nature, and they need to be prodcuted, transported, and store




Electrochemical energy storage 

Lithium = highly reductive metal 
(-3.04 V vs SHE) + small weight 

Li-ion Batteries 
versatility  +  high energy density 

Batteries 
Chemical Electric 

Alessandro Volta 
(Cu/Zn) 
  

1801 
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Among the possoble energy storage systems, electrochemical enegry storage is very efficient. It allows de transform a chemical into an electric. Among all types of batteries, Li ions batteries show both the highst volumetric density and gravimetry density; and versatile since they have now conquered the market. 



Li-ion batteries:  
versatility and high energy density 

Storage 
Renewable energies 

Transport 
Electric Vehicles 

Portable electronics 
1990’s 

2019 
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If they are still too expensive for grid applications ; they are dominant Ev and portable elecrocnics




Research boosted by business 

Bright future of Li-ion batteries 

April 30th, 2015 

2025: 9% EV’s (Bloomberg) 100 $/kWh, 700 Wh/L, 350 Wh/kg 
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For the future 15 years, the EV’s developement is going to dramatically increase the deman on Li-ion batteries. Bla bla and target for 2025 in terms of performances




Li-ion battery: How does it work on charge ? 

e 

e 

e 

e 

electrolyte C graphite LiCoO2 

– + 

LiCoO2      Li1-xCoO2 + x Li++ x e– C6 + x Li+ + x e –        LixC6 
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Let’s recall how it works



– 

e 

e 

e 

e 

electrolyte 

+ 

Li-ion battery: How does it work on discharge ? 

C graphite LiCoO2 

LiCoO2      Li1-xCoO2 + x Li++ x e– C6 + x Li+ + x e –        LixC6 
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x Li+   in LiXCoO2   

Energy density 
(Wh.kg-1)  

Capacity (mAh.g-1) 

Co4+/Co3+ 

Energy density (Wh.kg-1)  = Voltage V (volts) x Capacity (Ah/kg) 

Ef MO* 

MO 
DOS 

Electronic 
structure 

Capacity (Ah/kg) = 26.8 x 𝑥𝑥
𝑀𝑀

  
Nb of e-/Li+ 

Li-ion battery: How does it work ? 

Li+ 

Crystallographic 
structure 

strategy 1:  
Polyanionic compounds 

strategy 2:  
Anionic redox 
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Outline of the course 

Introduction to Li-ion batteries: fondamentals 

I. Trends in positive electrode materials for Li-ion 
a) Polyanionic compounds: classical redox 
b) Rocksalt-based derivatives: anionic redox 

II. Beyond Li-ion batteries 
a) Solid state batteries  
b) Na-ion batteries 
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organic  
liquid 

electrolyte 

Li+ 

Li+ 

V 

e- + - 

positive 
electrode 

negative 
electrode 

4.0-4.4 V vs. Li+/Li0 

Lamellar oxides 
LiCoxM1-xO2

 

3.45 V vs. Li+/Li0 
Olivine LiFePO4  

4.2 V vs. Li+/Li0 
Spinel LiMn2O4  

0.2 V vs. Li+/Li0 
Graphite 

 Electrode materials for Li-ion batteries 

0.4 V vs. Li+/Li0 
Silicon 

1.5 V vs. Li+/Li0 
Li4Ti5O12 
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Li-ion batteries : strategy for new compounds  

Chemical  
Composition 

Functional  
Properties 

Improved performances  

New electrode materials 

Structural features  

+ 

H He 

Li Be B C N O F Ne 

Na Mg Al Si P S Cl Ar 

K Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr 

Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te I Xe 

Cs Ba La Hf Ta W Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn 
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Let’s have a closer look at a Li-ion battery. It’s a complew system with two elecrodes sandwitched between current collectors and separated by an electrolyte. The electrons and ions should transport across the composie electrode which is made of the…. . To summarise, battery perfomances depend on …… Let’s consider the elctrode. 



Ionic mobility depends on numerous factors. The most important is the activation barrier with the barrier high being dependant upon several factors
Strin energy for the ion to squeeze through the bottleneck
Polarizability of the lattice
Electrostatic interactions between the ions and the surrounding 
Highest free volume should show the highest mobility
Therefore there are numerous counter examples 
Smaller channels have higher mobility than larger channels due to polarization effects
It is advantageous for mobile ions to have large polarizability ie to be soft and deformable 




Single crystal:  
(hkl) reflections 
separated 
  
Easy structural 
determination 

Powder:  
(hkl) reflections  
overlap 
 
Difficult structural 
determination 

New compounds = new structures to determine 

Intensité 

Single crystals XRD:  
method of choice…. 

Powders are sometimes  
the only option 
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Si on envoie un faisceau de rayons X de longueur d’onde lambda sur un echantillon, on aura, outre le faisceau direct, apparition de faisceau de rayons X déviés d’un angle 2 theta: ce sont des faisceaux diffracrés et on peut les receuillir sur un ecran sensible aux rayons X. Les angles de diffraction 2theta sont liés à la structure via les distances interéticulaires dhkl, selon la fameuse loi de Bragg. Ces distances interreticulaires correspondent à les distances entre plans (hkl) adjacents, et sont caractéristiques du cristal. 
Au final, si l’echnatillon est un monocristal, la figure de diffraction sera consituée d’un ensemble de points intersection des faisceaux difrractés avec l’ecran; les positions des points definissent la maille tandis que les intensités sont liés à la nature des atomes et leur position ds la maille. Ce cas est ideal car toutes les taches de diffraction sont separées; c’est encore aujoud hui la methode de choix pour resoudre les structure. 

Si l’echnatillon est une poudre, alors on a superposition de toutes les raies de meme dhkl… et on observe alors des anneaux de diffraction sur l’ecran. Cette perte d’information rend la resolution de structure à partir de diffraction sur poudre plus difficile, mais pas impossible comme je vais en reparler plus tard. La diffraction sur poudre a connu un developpement certain du fait de sa facilité de mise en œuvre et de sa capacité à iodentifier tres rapidement les composés.  





Unknown structure Initial structural 
model 

Solving the 
structure  

Structural 
refinement  La jeune fille à la perle 

Vermeer/© Jaebum Joo 

Sometimes  
a difficult 

step  

Unit cell 
Space group 
Approached atomic positions 

Unit cell 
Space group 
Precise atomic positions 

Refined structure 

Rietveld 

New compounds = new structures to determine 
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Mais on peut aller bien au-delà que la simple et puissante identification de phases. 
Lorsque l’on mesure une poudre aux rayons X, dans la tres grande majorité des cas on a un modele de structural de depart c’est-à-dire une maille, un groupe d’epsace et des positions atomiques approchées. Ce modele peut venir d’une base de données ou d’un composé proche, ou encore d’une resolution depuis monocristal, et le jeu va consister à obtenir des potisions atomiques precises à partir de ce modele approché: c’est ce qu’on appelle l’affinement de structure, develpoppé par Rietveld.
Dans une petite minorité des cas, on n’a aucun modele structural de depart. C’est-à-dire qu’il n’existe pas de composé isotructural, et pas de monocristaux disponibles; il faut alors resoudre la structure, ie determiner un modele de depart qu’il faudra de toutes manieres affiner. Il est alors possible, si on a une poudre bien cristallisée et des données de diffraction de bonne qualité, de resoudre la structure; il y a plusieurs approches pour cela: des approches basées sur ce qui se fait avec les monocristaux, comme les methodes directes, cartes de patternson, fourier, des algorithmes de recuit simulé ou de charge flipping. 

Quoi qu’il en soit, l’affinement de structure par analyse Rietveld devra permettre de peaufine rle modele initial approximatif. 




X-Ray and neutron scattering techniques 

New compounds = new structures to determine 
Ab initio structural determination, simulated annealing, 
& direct methods, Fourier maps, charge flipping … 
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Let’s have a closer look at a Li-ion battery. It’s a complew system with two elecrodes sandwitched between current collectors and separated by an electrolyte. The electrons and ions should transport across the composie electrode which is made of the…. . To summarise, battery perfomances depend on …… Let’s consider the elctrode. 



Ionic mobility depends on numerous factors. The most important is the activation barrier with the barrier high being dependant upon several factors
Strin energy for the ion to squeeze through the bottleneck
Polarizability of the lattice
Electrostatic interactions between the ions and the surrounding 
Highest free volume should show the highest mobility
Therefore there are numerous counter examples 
Smaller channels have higher mobility than larger channels due to polarization effects
It is advantageous for mobile ions to have large polarizability ie to be soft and deformable 




« inductive effect »  
phosphates 

M 

PO4 

Ionicity ⇑ 
sulfates 

M 

SO4 

Fluorine 

χ 

LiFePO4 → LiFeSO4F 

tavorite triplite 

from LiFePO4 to the sulfate wealth 

3.9 V 
AFeSO4F  
A=Na, K 3.6 V 

Nature Materials 2010, 9, 68–74. 
Nature Materials 2011, 10, (10), 772-779. 

3.45 V 
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3.45 V vs. Li+/Li0 
Olivine LiFePO4  

Polyanionic based compounds 

Tavorite LiVPO4F, 
LiFeSO4F 

Triplite LiFeSO4F 

Moderate voltage & capacity  
Stable structural framework 

on cycling 

& Borates, 
Silicates… 

Masquelier,  Croguennec,  
Chemical Reviews 2013, 
113, 6552. 

NMC, LiCoxM1-xO2
 

Layered-type 
compounds 

Derivatives from the 
rocksalt structure 

Li-rich NMC, Li2MO3  
M=3d, 4d… metals 

 

Li3NbO4 

4.0-4.5 V vs. Li+/Li0 

Large capacity & high voltage 
but stability on cycling  
not yet fully mastered 

Yabuuchi, N. et al.  
PNAS 2015, 112 (25), 7650. 
and Chem of Mater 2016. 
 

Li4Mn2O5 
Freire, M.; … Pralong, V. A  
Nature Materials 2015, 15 (2), 173 

From polyanionic compounds  
to high energy density layered oxides 
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    LiCoO2 has been  the “stellar” material for numerous years 
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Capacité (mAh/g)

  

150 mAh/g

x in LixCoO2

Li0.5CoO2

Li+,  Li+  
Co+4O2 LiCo+3O2 

Redox process  solely involves cations 

Dahn et al. , Chemistry of materials  15, (2003),3214-3220 

From polyanionic compounds  
to high energy density layered oxides 
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The LixCoO2 electrode: evolution in the last 25 years 

Li[Co]O2 

150 mAh/g 

Replace  
partially  
Co by  

 
Mn and Ni 

Li[Ni1/3Mn1/3Co1/3]O2 

180 mAh/g 

NMC Li-rich NMC 

Replace  
3d-metals  
by Li in the 

 
3d-metal 

layer 

270 mAh/g 

Li excess 
Li[Li1/3(NiMnCo)2/3]O2  (Li2MO3) 

1991                                            2001-2008                         2006 ….      2019 

Origin of extra-capacity ? 
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Li[Li0.2Mn0.53Co0.14Ni0.13 ]O2 
[3 redox centers] 

Li2[Ru1-xSnx]O3 

[1 redox center] 

Li2IrO3 

H He 

Li Be B C N O F Ne 

Na Mg Al Si P S Cl Ar 

K Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr 

Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te I Xe 

Cs Ba La Hf Ta W Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn 

0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 
2.0 

2.5 

3.0 

3.5 

4.0 

4.5 

  

  

280           210          140            70               0 
Capacity in mA.h/g 
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ll 
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 (V
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Ru4+ 
Ru5+ 

2O2- (O2)n- 

Li2[Ru1-xSnx]O3 

Hard X-Ray Photoelectron Spectroscopy 
Electron Paramagnetic Resonance 

Sathiya, M. et al. Reversible anionic redox chemistry in high-capacity layered-oxide electrodes. Nature Materials 12, 827–835 (2013). 

Anionic redox : 2 O2- ↔ O2
2- + 2 e- 

Structural signature of oxygen redox?  

Origin of exacerbated capacity 
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Stacking change on charge 

B 

A 

C 

B 

A 

C 

B 

A 

Oxygen TM Lithium 

O3 

B 

A 

B 

A 

B 

A 

B 

A 

O1 

charge 

discharge 

Structural changes on cycling ?  
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(hkl) dependent profiles → stacking faults   

Superstructure peaks  

How to handle such patterns ?   
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No cell 
No space group 

Structural description 

Superposition of layers stacked with a certain probability 

layer1 

Stacking vector 1 

Stacking vector 2 

Probability α1 

Probability α2 

 Diffax → FAULTS, an accessible program 
for refining powder diffraction patterns 

of defective layered structures 

Montse Casas-Cabanas, Juan Rodríguez-Carvajal 

Courtesy Montse Casas Cabanas 23 
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L’utilisation du programme faults implique une description un peu particulière de la structure lamellaire, puisque l’on ne va plus la décrire à l’aide d’une maille cristallographique et d’un groupe d’espace
on va en fait la décrire comme un empilement de couche, relié à l’aide de vecteurs d’empilement qui apparaissent avec une certaine probabilité alpha. 

On va donc ainsi superposer les couches les unes sur les autres à l’aide de ces vecteurs d’empilement
On introduira des glissements de plan en définissant d’autres vecteurs d’empilement. 



Example 1: the layered compound Li2Fe0.5Sb0.5O3 

20 30 40 50 60 70
Scattering Angle (deg.)

In
te
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ity

20 30 40 50 60 70
Scattering Angle (deg.)

In
te

ns
ity   

In
te

ns
ity

Stacking Faults… 

Li/Fe 
statistical  
distribution 

Sb Sb 

  
In

te
ns

ity

20% stacking faults 

McCalla, Rousse.., Chemistry of Materials, 2015 

XRD 
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20 40 60 80 
2θ (deg.) 

20 40 60 80 
2θ (deg.) 

Is this model reflecting reality ??? 

Li/Fe 
statistical  
distribution 

Sb Sb 

Sb 

Fe Li 
Li, Fe and Sb all 

ordered 

neutrons 

McCalla, Rousse.., Chemistry of Materials, 2015 25 



Rp = 7.7% 

Pristine sample (O3)  

Charged sample (O1)  

Example 2: Li2IrO3: (O-O) dimers  
Use of the HRPT neutron diffractometer at PSI-SINQ 

(O-O) 
dimers

2.45 Å

E. McCalla, A. Abakumov, G. Rousse, M.L. Doublet and J.M. Tarascon , Science ; 2015 
First evidence for shorter O-O bonds in Li-rich layered oxides electrodes 

2.4( 
A° 

2.45 Å 

vs. 
2.84 Å 

  (O-O)   

Anionic redox activity 
2 O2- ↔ O2

2- + 2 e- 
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(f) Structure of the charged Li-Ir-O material  as obtained from neutron powder diffraction (fit shown in Fig. S5), shown overlaid on the pristine structure (fit in Fig. S9) shown in black, clearly showing the formation of O-O dimers. 



 Trends on electrode materials for Li-ion batteries 

Anionic oxygen redox in 2D and 
3D compounds 
 
NMC compounds ?  
Cobalt: costly and ethical issues: 
from NMC 333 to 622, 811… 
 

How to apply in Li-rich NMC that 
in addition suffer from cationic 
migrations, O2 release ?  

© Amnesty International and 
Afrewatch 
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Outline of the course 

Introduction to Li-ion batteries: fondamentals 

I. Trends in positive electrode materials for Li-ion 
a) Polyanionic compounds: classical redox 
b) Rocksalt-based derivatives: anionic redox 

II. Beyond Li-ion batteries 
a) Solid state batteries  
b) Na-ion batteries 
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a) All-solid-state batteries 
Recent revival : industrial rush announcements 

2017 
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Samsng 



Solid Electrolyte is SAFE!!! 
 

 

 eliminates thermal runaway. 

Pb
-A

ci
d 

1859 

N
i-C

d 

1909 

N
i-M

H
 

1975 
  L

i-i
on

 
1990 

Li-ion battery Era 

Osaka, 2006 Heathrow, 2013 Biarritz, 2016 Samsung, 2016 

current LIBs are not SAFE!!!! 

Emergence of all-solid-state batteries 
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Pb
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1975 
  L

i-i
on

 
1990 

Li-ion battery Era 

Emergence of all-solid-state batteries 

Solid Electrolyte is SAFE!!! 
 

 enables  
1) the use of Li at the anode 
⇒Voltage ↑ => energy density ↑ 
 
2) faster charging times 
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Chemistry 
Electro- 

chemistry 

Materials 

Engineering 
Interface  

etc. 

Engineering 

19
57

 

Li3N 
(~10-4) 

19
76

 

NaSI 
(~10-4) 

19
90

 

LATP 
(~10-4) 

19
81

 

LPS-gl. 
(~10-4) 

19
92

 

LiPON 
(~10-6) 

19
93

 

LLTO 
(~10-4) 

20
00

 

LG-PS 
(~10-3) 

20
07

 

Garnet 
LLZO 
(~10-3) 

20
11

 

«LGPS» 
(~10-2)* 

*σRT /S∙cm-1 

Challenges in all-solid-state batteries 

garnet (thio)LISICON perovskite NASICON argyrodite 

Solid electrolyte as conductive as liquid ionic conductors ? 
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Ionic conductors 

“ High conducting materials =  
high structural disorder ” What kind of disorder ? 

 

 HT phases (high symmetry, disordered) 
 Heterovalent substitution 

 

~10-7 S∙cm-1 

γ-Li3PS4 

β-Li3PS4 

Li10GeP2S12 

P5+ → Ge4+ + Li+ 

Nat. Mater. 2011, 10 (9), 682–686. 

σRT = 1.2x10-2 S∙cm-1 
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   Potentially cheaper  
    than Li chemistry 

Li
1s22s1

Lithium

6.9413

0.534
180.5
0.98Na

2s2 3s1

Sodium

22.94111

0.97
98
0.9

2p6
Li
1s22s1

Lithium

6.9413

0.534
180.5
0.98Na

2s2 3s1

Sodium

22.94111

0.97
98
0.9

2p6Li
1s22s1

Lithium

6.9413

0.534
180.5
0.98 Li

1s22s1

Lithium

6.9413

0.534
180.5
0.98 Li

1s22s1
Lithium

6.9413

0.534
180.5
0.98 Li

1s22s1

Lithium

6.9413

0.534
180.5
0.98

0.006%

2.6%

Lithium

Sodium

Earth abundanceName

b) The Na-ion technology: an alternative  
for cost and sustainability reasons.  

Develop 
Na-ion batteries 

T   
  

Challenge to find better electrode materials  

  

Size factor

Li+Li+ Na+Vs

Size factor

Li+Li+ Na+Vs

Size factor

Li+Li+ Na+Na+Vs

 

    Ionic diffusion:  
size vs. polarizability ?  Li+ Na+ 0.3 V penalty 

=> Grid applications 
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Blooming research on Na insertion  
electrodes over the last 5 years   

CV
V 

2018 
CV
V 

CV
V 

2012 1980 
30 years 6 years 

Na2Fe2(SO4)3  

Polyanionic  
compounds 

Layered  
compounds 

Carbons 

Na3V2(PO4)2F3/ NaPF6 / C  Na0.7Fe0.5Mn0.5O2 / NaPF6 / C  
  Polyanionic compounds   Layered  compounds 
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Demonstrated prototype :  
Polyanionic Na3V2(PO4)2F3 (NVPF) // 1M 1M NaPF6-PC // hard carbon 

specific energy > 370 Wh kg-1  

Na3V2(PO4)2F3 (V3+)  

Na1V2(PO4)2F3 (V4+) 

-2 Na+ 

Na0V2(PO4)2F3 

-1 Na+ 
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ENERGY DENSITY  (Wh/kg)                AUTONOMY      

The Ragone plot

Super-
Capacitors

Power  
performances > 

Li-ion  
 

Comparison with other technologies 
in terms of powder and energy density  

   How to fill the gap ? 

Factor 15 

600 kg                             (40 kg) 48 L 
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Solutions to be found via an european project that is 
under construction    http://battery2030.eu/ 

Coordinator:  
Kristina Edström,  
Uppsala University. 

THANK YOU 
FOR YOUR 
ATTENTION 

 Tackle Interface problems  
 

 Faster Discovery of new electrode materials with the help of articifial intelligence 
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