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Why such a regain interest in
solid state Li-based batteries ?

Toyota Announces g4-layer All-solid-state Battery

Nov 22, 2010 19:.06 l
Kouji Kariatsumari, Nikkei Electronics 2010

Toyota Motor Corp unveiled a prototype of its all-solid-state

battery Nov 15, 2010, in Japan. It is a laminated cell

measuring about 10 x 10cm.

Toyota’s new solid-state battery could make its way to

A R cars by 2020
Li-ion king Goodenough creates battery he says u”""’é”’ﬁ”” 2017

really is... good enough

Batt inventor John is back — and says his latest design charges
fast, holds more energy

WATCH THEIR
STORIES NOW >

MAKERS

AdChoices [

Crunchbase

Toyota Motor Corporation -

progress on a new kind of battery technology, which uses a solid Toyota is a company that is operating its business
ifthe conventional semi-liquid version used in today’s lithium-ion




All solid state Li-based batteries:
Toyota’s view of the future ?

m-lighly anticipated to\

High power-t . g
| . | | provide new opportunities

High capacity-type

e pievs | | for high energy density,
safer batteries in the

:

§

Power Density (W/L)
i

- near future
Lithium-air
2000 Y201 battery banewo
o FY2030 BUT
Hydnde battery
o e m ;0 w0 0 @ w0 W o 100 pose many challenges
Energy Density (Wh/L) K /

From MRS bulletin, Dec 2014:
Solid State Batteries enter EV fray

Toyota roadmap suggests all solid state batteries are an important step in
the evolution of batteries for electric vehicles , but are not the ultimate solution

Figure courtesy of H. Iba (Toyota Motors Corporation)



) Solid electrolytes

- Improve safety
= (Non-flammable solids)
Anode Cathode
: > | - Improve energy density
? m (higher voltage, compactness)
g
- Could be used with other
_ technologies (Li-air, Li-S, ..)

Lithium-ion battery

Electrolyte solution

Anode

All-solid-state

Cathode

Solid electrolyte

Toyotaglobal.com/innovation.environmental technology



Solid state electrolyte:
a nearly two centuries story

1834

‘[ formerly described a substance, sulfuret of silver,
whose conducting power was increased by heat; and I have
since then met with another as strongly affected in the same
way: this 1s fluoride of lead. When a piece of that substance,
which had been fused and cooled, was introduced into the
circuit of a voltaic battery, it stopped the current. Being
heated, it acquired conducting powers before it was visibly
red hot in daylight; and even sparks could be taken against it

»

E 1791-1867

whilst still solid’.
: : The Farad

1831-1834: He laid the foundation of [ trancition”
electrochemistry and of solid state ionics /3
/~> Demonstrate electrolysis: N\ gl;'l’.‘f- %
(ion, cation, anion, electrode, cathode, anode) *g’ -§
—> Discovered what is known as the faraday’s % ™o
first and second law T 1o -2
I cC
Am a Aq Am a AgM/z {0 2

\ F = (Ag/Am)(M/2) /




lonic conduction:
Observations/remarks

Distilled water + NaCl

+

copper electrodes

N\

copper electrodes

NaCl disolved
in water

o =10 Scm"

s -

lonic conduction is at the origin
of life processses

Extérieur de la cellule @

/ Chaines
) de carbohydrates @

of Protéines /
Double couche | ﬁ#&# AR T \ 7 ®\
ipidique | Ui "1 Q P \\\f* S
M e RS Reguler Péchange des
- T V) 'g‘.m‘,,,“ substances chimiques
4 TTTTRVIANS < * Sgamtve: T
Protéine’de .,h};;_‘&n-w-’i !
tra)nsport hMolﬁcluleg
Sélectivité spécifique pnospnolipides
pourceramsions " [ntérieur de la cellule @ eealgctlr%rlliteest
(Cycloplasme)



lonic conduction:
Difference between Liquid and Solid

D Solid NaCl

NaCl in aqueous medium

Blgquan;!es

+ s e e
copper electrodes ] L !
/\ L] 4,50E+04 --—! TI NaCI j»

Na'QI dISSOI\,ed 3‘505104 B
in water g
: ; o =102 Scm-*
“\er o =107 Scm- ]
distilled water so0Eas .f \/
+ NaCl OOOOOOOO DO’E&OA 2,00’E¢04 3.00;EA04 4.00‘E»04 5‘00'E404 6,00E+04 7,00E+04 8,00E

-

EENNDEiccSH)  Solid ionic conductors

— .

Solid-state applications: lonic conductions
at least in the order of = 10-* Scm! at room temperature

How to improve ionic conductivity in solids?




Solid electrolytes:
Numerous ions and numerous materials

i 3

—_

» Ag* based ionic conductors
— Agl & RbAg,l,

» Na*based ionic conductors
— Sodium -Alumina (i.e. NaAl;,0,,, Na,Al,O,:) — Cationic
— NASICON (Na,Zr,PSi,0,,)

» Li*based ionic conductors
— LiyGePS,, LizLa, s, [0, /5, TiO;, LigPS:X _




Some fundamentals remarks on
lonic conductivity

4 Charge in Coulombs )
Electrical _ Q/

conducltivity 0= IZ il [il-— concentration of defectslions, ...( per cm™)

(Scm-!) T

lonic conductors: ionic species are (H*, 1", Na* O, F)

Mobility cm?s-1V-1

\— _/

\\

Defects

<Doping/substitution
- Addition of cations/anions creates defects Zr,.,Ca, 0, O,

=Intrinsic disorder

—> Disorder created by phase transitions (/o Agl) or Na B-Alumina,
or by amorphisation (e.g, glasses)

<Space charges

- Modification of charges at the interfaces to balance opposite charge
\\ planes: formation of a depletion zone which improves conduction




Types of defects in
some inorganic systems

Some examples

Crystal Crystal Types of defects
structure Schottky
Alkali halices Rock salt Schottky e b (1886-1976)
(NaCL LIF, KC|) (NaC|) T | } lons with opposite charges leave the
|attice, so as to maintain electroneutrality
Alkaline Earth Oxides (Mg0) Rock salt Schottky ~
AgCl, AgBr Rock salt Frenkel (cation) ~ ~
BeO Wrtzite (Hexag) Schottky |
Alkaline earth fluorides CaF, Frenkel (anion) T
Ce0,, ThOg

One atom leaves the lattice,
thus creating a vacancy and
occupying an interstitial site




Some fundamentals remarks on
lonic conductivity

Charge in Coulombs )
Electrical _ Q/
conducltivity 0= IZ iuﬁ Concentration of defectsl/ions, ...( per cm™)
\ (Sem) Mobility cm?s-1V-1 )
' » Mobitity

< Nature/amplitude of the energy barrier to shift from one site
to the other

=> Structural: Geometry constraint to enter the site
—>Electrostatic: Interaction with neighbouring ions B
—>Free volume, ion size

—>Polarisability of the lattice, charge of the ion (Na*>Ca?*)

—>Advantage of less polarizing ions (Cu+, Ag+)

T kT

_ O-Cl AQC!H — /
Oion = _EXP(_ J Aact - Adefects creation T A migration //




iu 5, Fundamentals on ionic conduction in solids:

.1;;:!/ extrinsic defects

lonic conductors: Y+-doped ZrO,(Zr** > Y3*)
Y3+

u Zrt ‘
°: Vo
o " W

O vacancy

Oxygen
condxgtivity

O vacancy

Or; = 104 S/cm?




lonic conducting membranes:
A large scope of applications

Capacitors Batteries

Liquid electrolyte
—

Poudre de carbone
W Enduite sur feuille Al

= Cell can
y Q\\— Separator
Heat Carbon

-~ Li,, Mn,0,

e “ lonic Cond uctors Separator

Water desalination
(lonic membranes)
lonic detectors

Delta V
Smm———)

NN

0466 Na+t Cl-
0108 Mg+
0019 Ca++ $S04..
0010, K+

Dessalement de I'eau de mer a 35 gllitre




ased batte
nduction/tr




Lithium-ion batteries:
Importance of ion transport

Fro————m———mm - - —_—_———————

1/R.. o« A.exp(- Ea/RT)

ct

e S — —— —

d’activation

solvatés

#Y)
\ Optimized N\
A\ — X
N Limited ﬂ I
Electrode composite Séparateur >
Capacity

lonic conductivity lonic conductivity

at the membranes In the electrodes




HY Electrochemical devices :
= Choices for electrolytes

<
)Liquid Li-ion technology
()

Liquid electrolytes:
Transport of
solvated species

D QQO’DQ :




Inorganic electrolytes
¥

olid state batteries




All-solid-state batteries: a long sto[')y
that resurfaces???

Thin TOYOTA announced the
film solid-state batteries solid-state batteries
No 22, 2010 Kanno

Li/P,S-Li,S-Lil glass/TiS, + glass

Frotoective Coating

Nikkei Electronics  pature Materials

- %;;m * ‘ /(ol. 10 - (2011)
S b Liz,GeP,S,,
J-R-A‘“jge (1986) 2000 5010  1.2*102 Scm-t
1980 o \ Li,(NH,),! (2010)
Li,Tic0,, (2011)

>trong interest o hased electrolytes LISICON

for Li-based NASICON Li,,,,Zn, . .GeO, Thio-LISICON Li1.ZZ.r1_9Cao_1(PO4)3 (2011)
fluoride/sulfide glasses ~ NayZr,(XO,)s Li,GeS, L'z_ZnGegos (2011)
in France Search for ionic conductors LaLly gFe,,0,4(20M1)

(Bordeaux-Montpellier)

and worldwide _
essssssssssn  LOW interest me———————— Crazyness )



electro?“tctle layer

4 Composite
Cognr%o @{ ?' | ‘° eIeth)rode

Caron Active
material

High ionic conductivity ( at least 10-3S/cm a RT)

Negligible electronic conductivity to prevent short-circuits

Compatibility interfaces - electrodes (avoid delamination)

Chemical and electrochemical stability to avoid redox reactions

Mechanically stable, low dilatation with temperature
High defect concentration




Materials discovery: Solid state electrolytes

Solid Polymer
Electrolytes

iqui Gel Polymer
Electrolytes

Glass-
Crystalline ceramic

| Nitrides | Oxides

Li?LaaerO!'(J. Sakamoto et al., Solid
State lonics, 28-32, 206 (2012)

LIPON (N. Dudney et al., Solid State lonics, 53-56, 647 (1992)




lonic Conducting Ceramics Based on
Li* - perovskite Type

Perovskite (ABO,) materials: LLTO
Lizdagm Onm-2 107

- Liand La on A-sites; Ti on B-site
- Conductivity arises from high concentration of Li* mofion
A-site vacancies and Li+ motion via vacancy  Through bottleneck /" (&

> Perovskite phase stable from x = 0.04 to x = 0.16 ~ betweenAsites t.
T T T T 3 )
ool X5 0.12reaches ' e R
18T 103 S/lem at RT | 2.4x10°; - L
a ; _ R P /Q _ \\ .
1.0x10° L~ I 2 1.6x10°- o T

= / N ) 1 8 h A
= o] \ | 2 3.0x10°F +
5 8,0x10 / N S . :
@ / \ i 6.0x10°- \...
6.0x10°7F / 1 4.0x10°- ]
/ 0 | . / ]
2.0x10°- -
goxto'r 7 - ] : -
/ | o 04 0.08 0.10
% Oxin™ ! ; | n mber of vacancies
I I 1 1 L 1 L 1 - .
002 008 009 012 015 ® Lags6lip33+x[11xALO3

xin Lijla . TiO. Lags6.5x9t:Li033+x 1103 A Lage7.Liz 1103

! LﬂJ()G?leTll —xAle3 ® LaO‘67—xsrxLixTiO3
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lonic Conducting Ceramics Based on
Li* - Garnet Structure

Garnets: Li;La;M,0,, (M = Nb, Ta, Sb)

&7 p La and M in 8- and 6- fold coordinated sites
Y Ligo, Li in highly distorted octahedral sites: Li(l)O,
MO, octahedra surrounded by 6 Li and 2 Li vacancies

' uano, P> Substitute with alkaline earth:
Li;La; A M,O,, (A=Mg, Ca, Sr, Ba)

. Reaches conductivity of 4 x 10-° S/cm
*‘ P New composition: Li,La,Zr,0,, (LLZO)
R Ta, Al Ga Higher Li concentration, larger lattice constant (cubic)
N Reach conductivity of 3 x 10 S/cm
| eoxmE=one L‘*.l ¢ P>\/arious substitutions (Ta, Al, Ga) have enabled
"025Ts02M (20300 Vg Systems to reach 1 x 10 S/cm ..
] 40.25Ta+0.2 Ga (Ea =0.27 eV) . -
R SR \J Stable, safe and low cost ) \

1000T* /K



http://onlinelibrary.wiley.com/store/10.1002/anie.200701144/asset/image_m/mcontent.gif?v=1&s=f8b4d07861b22bc458e6146c2b9490b1b24612ab

Another family of ionic Conductors:
NASICON Structure

Na1+xzr2P3-XS|X012 (0 =X= 3) AM’(XO,); In this structure,
— 3 (Si,P) O, tetrahedra are

connected to 2 ZrO, octahedra in
a “lantern” group

<= Framework is able to accommodate many
) substitutions for A™, M"* or X""* sites

< Very good ionic conductor with little electronic
conduction because of delocalization;
octahedra are isolated by tetrahedra of XO,

 Na* occupy trigonal prismatic or X=2 9Na3Zr2PSi2012
octahedral sites, %4 of the Na* are empty E, =03eV
0=1.2x10%Scm?

Goodenough 1984



lonic Conducting Ceramics
based on Li*- NASICON Structure

Li* conductors derived from the NASICON structure: NaA,(PO,),

AO, octahedra and PO, tetrahedra form 3D interconnected channels
with two types of interstitial spaces for Li*

200°C 100°C  50°C 0°C

Starting with LiGe,(PO,),,
wp% substitute
trivalent (Al, Cr, Ga, ....)
\ and increase
\\\ HTlos21.5(P0d)s Li content.

s Li, 5Tiy 5Aly 5(PO,),
LiGe,(POy)3 (LATP) has ¢ = 3x10-° S/cm
(Ohara glass)

20 25 30 35 40
1000/T




based ionic conducting ceramics among sulfides

Thio-LISICONS \ / Argyrodite: LigPS:X \
Li,,Ge, PSS,

(X=Cl,Broul)

- Large domain of composition$ _ ) .
- Best conductivity for LigPSeBr: 0= 1x10* Sem®
Li; ,5G€; 5:P; 755, LigPSsCl: o= 3x10* Scm™?

\_ ©=5x103Sem? / \_ -/

Kanno, R. et al.; J. Electrochem. Soc. 2001, 148, A742 Kamaya, N.et al.; Nature Materials 2011, 10, 682



Li,,GeP,S,, - A higher conductivity

= than liquid systems
DThe structure Framework: (Ge, 5P, 5)S, tetrahedra and LiS; oct.
— share common edge and form 1-D chain along c-axis;

LiS,
1D chain

1-D chains connected through PS, tetrahedra

2 Conductivity

(Ge/P)S , IR

* 1-D lithium conduction
along c-axis

LiS,
* Li*in LiS, tetraedral sites give '

conduction;

e Site occupancy is 0.7 and 0.65

.+ Li,GeP,S;,: 1x1028S cm™ at room temp.

Kamaya, N.et al.; Nature Materials 2011, 10, 682



Many chemical substitutions on Li,,GeP,S,,

t(°C)
400 200 100 0 -50
T T T J !
¥ Ligc,Sh74P; 4451,7C15 5
oyl Li,o(Sig 5Geg 5IPS,;
M Li,,(Ge,Sng IP,S,,
M o Lizo(Sig sSng £)P5S:
— =] O 6 A DE D> Li,gGeP;S5,7003
T & #
g -2 F B i%‘
v < -
2 . g > ‘A =1 *
5,2 A LigeP35Sy; O A 35 ES
D Li,GeP,S,, o A TR
—a |l % L?m 3599135p1 65912 O A Y
O Liyg 355i 35P1 65512 % A
A Lig g15np 81P7195:; ﬁ
=IO 'I-i9.425iiozp2.-ls9 960204 : & |
1 2 3 4 =
1023 T (K™D

Ge by Si, Sn
SbyClorbyO

Organic
= clectrolytes:
o in the range of
10--10-2 cm-*
at RT

LGPS family of solid electrolytes have high ionic conductivity

comparable to traditional liquid organic electrolytes

Kanno et al., Nature Energy 1 (2016): 16030



Anomalous High lonic Conductivity

in nanoporous B-Li;PS,
A promising new d|rect|on Solution mediated synthesis '
Li,S + P,S; T L|3PS4 3THF

& ﬁ,/w;: ( AT==>  Nanoporous B-Li;PS,
Ball milling

Temperature / °C
400300 200 100 25 0 -20 2

)
TE 2 ot TTRT 7
n b e i S
w 3 Kﬁ ‘T. -1 @, | uuoh
~ , = EY ,
b A o 't j
m.4 \\‘\ Q-Zbo ., ..
Q \ |E3 \$\5’\S " @ikl °
>, -9 i |
:E cC - "4 E,=0436eV
;.3 6 @Bssxw? ]
S 7 &2 51x107 3.0 7§:‘1(10‘33k2") 3.3
v . I I .
S gl ° Bulk Li3PS4 e o= 1.2 10* S/em
0T 7 T T T 1 3Li,S + P,S, — 2Li,PS,-DME
O 15 20 25 30 35 40 12>+ 55 T !
1 -1 Li ]‘H -DME + LI L. I’H DME- LI L I"\. |
1000T /K 3 ' RT 3 l —DME 4

Z. Liu, J. Am. Chem. Soc. 2013 S. SedImaier, et al. Chem Mater (2017)



Others interesting phases among

cell parameters ° ¥ope
)
= &
o =12.4258(9) A ¥, - Y.

b= 6.0401{4} A
c=12.5150{9) A
a = 102.076(7)°
8 =113.242{4)°

Bragg positions

reliability factors

E y= 74.883(8)° nm=_4_53 5=1.09
E‘ W= 8245[1} ia an = 4,43
S
E
Crystal structure of superionic triclinic Li,;P,S,,, ol -
consisting of PS,> tetrahedra (blue) and P,S,% di- 10 20 30 a0 50 60 70 80

2¢

¢ =7x103S/cm; E, =300 meV, xtalite size 70 nm

tetrahedra (green) aligned along the b-axis.

ball mill Li,S

1 o Glass ceramic (Densified at 300°C)
hydraulic cylinder & P S 9 .m’ Glass ceramic (Densified at 280°C)
hot press o . .DEC= Gl
hardened steel frame i 3 p g EC:DEC=30:70 ass
Al heat si : : .
R 102 Glass ceramic (vol.%, 1M !7|PF6) ceramics

: (Cold pressed sample)

by a two

Al.O. galvanic

Electrical conductivity (S cm-

heatable die / E15 cell IS . decoupli i
10°} step process
splinter protection ) thermocouple F Glass G -
(cold press sample)
10°} . [1.7102S/cm

coaxial heating bt
coll ALO, galvanic sl EC:PC=30:70(vol.%,1M LiPF)

decoupling 10 . L . L s L . L . 1 .
Al heat sink 1.5 2.0 2.5 3.0 3.5 4.0 4.5

electronic 1000 T" (K'1)

pressure gauge

Tatsumisago et al. EES 2014 M. Busche, L.Nazar J. Janek et al. Chem. Mater. 2016



duction in sulfides:
sign principles

—> lonic diffusion relies in the migration of a cation between
stable sites through a higher energy environnment

B
—> Topology of these sites in good ionic conductors.



Design principles of sulfur-based solid
state electrolytes

[Topology\
anion B s — %2
\Sublattice,

Y. Wang , Nature materials 14 (2015)



Design principles of sulfur-based solid
state electrolytes: continuation

>Activation barrier for Li-ion migration versus lattice volume

.0:.0 ?;C((TT_SET) /bcc-like S anion\
. e frameworks are
OO hep (0-0) superior for Li-ion
diffusion with lower
activation barrier
than other close

packed frameworks.

_ J

Energy barrier (eV)

25 30 35 40 45 50 55 60 65 70
Volume per S (A3)



Design principles of sulfur-based solid

state electrolytes: continuation

Screening of structures containing Li and S to a bcc anionic framework

0
oS5 .
s Lo o (1892

— 5 | 10
© WS s
p= T e
o 10 W
© \L\P‘%Si S
> N N Y Yo"
] N A Wy
- 15 W3 ) ?b% N --65“5'1
. WORGZ o W e
r C‘D‘ ) _A, 663 L 1T 5-1
bo ) A ke T

a R L‘P \_\ 3 \
5 20k g L?n'm L‘H.S 1 Anys
- W I RP8 S
§S) ) ';\r\%{,r% v (/M’D
- Vg2 S%K.‘L
g 25 5 A0 EJ“ Sa
| WA \}ﬂap\%‘; .

30 + \j.::‘ y
1

32 34 36 38 40 42 44
Volume per S (A3)

Generalization

46

48

0

110

(o) UoljeInsp ajdue adnje]

/~ bec-like anion ™\

frameworks are
much less common
than hcp or fcc

¥

Limited amount

\ of candidates /

—> LiOCl and LiOBr have the anti-perovskite structure with bcc packed anions (E, = 0.17 eV)

—> Ag* and Cu* ionic conductors (a-Agl) have bcc anion sublattices

- Argyrodite-type Li,PS; or Na,PS, (c =1 mS cm) do not match bcc lattices
- Na+, Mg#, O




lectrochemical stability
towards LI

The interfaces




orication and performance of Solid state batteries

45;}_”’/1/“‘_> Charge
AA
40 2 AAAAAAAAAAAAA A‘AAA

AAA

: AAAAAAA‘
: B
g 35
: l
8 3.0
(o]
£
8 2.5 “Discharge

45

S noooood

: S 4.0EDDDDDDDDDDDD ‘
2 } oo
§ % 351 s,
g 2 30t LGerss,
4 . .
8 25 &—» X Ll9-54S|1-7’4P1.44511.?C|o,3

Consumed by
4.5 interfacial reaction

XA %R

*
g 40 [ K Kok X X KORK HKOROK KKK KA L5508
§ - e 35
2 Acetylene black Rk IRE e 3.0 35
< % s :‘ ’ }“;E

)5 [ Consumed by interfacial reaction
! | | | |

0.0 0.2 0.4 0.6 0.8
Capacity, C (mAh)

Lig 54514 74P+ 44544 7Cl, 5 1S the best ionic conductor but not stable to low potential

Kanno et al., Nature Energy 1 (2016): 16030



The interface problem with metallic lithium

Voltage (V) vs Li/Li"

©C =N W A O O

_______

LGPS
Li; sGeg ,5PS,
Thiophosphates =4 Li;PS,
Li.PS.Cl
Li,P,Sl

LiPON
Li;La;Zr,0,,

Li, sLa, TiO,
Phosphates Li(Al,Ti) PO,
Oxides Li(Al,Ge) PO,

»LISICON”

SN WAoo
Li Chemical potential 4  (eV)

—>Most solid electrolyte materials
are not thermodynamically
stable vs. LI

—> Their stability if any results
from sluggish kinetics of
decomposition reactions at
Interfaces

—> The passivation of the
interface is at the origin
of the electrolyte stability

LiCoO,/LiNbO,/Li,,GeP,S.,

Interface engineering is ESSENTIAL for enhancing electrolyte stability

Y. Zhu et al. ACS Appl. Mater. Interf (2015)



ighting the Li / solid state electrolyte interface

Si, Al ’ F. .
kata3zr2012 SSE
© 0 0O 0O OO OO O 0 0 0O 3000 —
9 e 0 0 ¢ 5 09 0 0 8
© 0O OO OO OO OO OO O (c)
© 0 0 00O 0O 0 0 0 Q ©
a & B O 2500
‘. [+} 3
cg »)
o 3 O [ ]
9 o &= 2000
:.- . Q
By &
S w8l G
O 1500
(S N
-2 =
i N 000
=~ ot ‘2 1 1 - 2 2
=5 A" Li/LLZ/Li
(". d_:-:-'\/
-~ e e 500 E -\;~;~_~t~
i NG
e ———
0 500 1000 1500 2000 2500 3000
72’/ Qcm?

Transition from Super-lithiophobicity to Super-lithiophilicity leads to
a much smaller interfacial resistance

F. Lauo, J. Am. Chem. Soc. 2016, 138, 12258-12262



-

g./ Poor Li wetting Good Li wetting

v
Li metal / Li metal
Garnet SSE Garnet SSE
Li-La, -:Cay 9:Zr 7eNby 204, (LLCZN) LizLa, 75Cag 25211 75Ny 25012 (LLCZN)

K-Fuetal. . Sci. Adv. 2017



ate batteries




Thin film and bulk all Solid State batteries:

"All-solid lstate batteries”

\
Micro-batteries Bulk-type batteries
Li/P,S;-Li,S-Lil glass/TiS, + glass

Protective Coating
7 | Ancde
e I
1
Cathode Current
Coleciar

High densification

(ceramics)
e Anode émum l
Colecior ’ ‘

0 Spark Plasma (Dgptc!lﬁf:n

) - mm ) " " y
¢ Sl Sintering (SPS) hot pressing)

Electrode Solid electrolyte

(LVP + LAGP + carbon) (LAGP)

Delaizir et al. Advanced Functionnal Materials, 22, 2012



Voltage, V (V)

State of the art All Solid State Batteries:

performances

High voltage type:

26 um GO

LiNbO, coated LiCoO,/
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State of the art All Solid State Batteries:
performances
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Encouraging results: Although technological issues still need to be addressed

ASBBs stand as promising candidates for energy storage devices




i % Effect of electrodes thicknesses in ASSBs:

,?_:!; More metrics

70027/3)% (2SN Licoo,(LGPS)C| 308 wm | (51/36/3)%

240um 240um
(60/40)% C(LPS (60/40)%
High active material content electrode Ultra-thick electrode
§2'5 20C 10C 0.25C 52'5 [ oc 150 0125C
"o 20 20 60 0 100 120 140 ' o 20 P 50 00 120 140

R 1
Capacity C/ mAh g Capacity C /mAh g

Specific energy: 45.6 Wh kg (cell based)  Specific energy: 133 Wh kg™ (cell based)

Importance of the thin film separator thickness in governing the specific energy

Kanno et al., Nature Energy 1 (2016): 16030



New approach for assembly
of all solid-state batteries
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Fabrication of an ASSB: From Li to Na
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. Lalére et al. J. Power sources, 247 (2014) 975- 980
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of Li-ionic conducting membranes as messenger
to fabricate aqueous rechargeable Zn-Cu battery
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Theoretically 68.3 Wh/kg could be expected: Practically 34 Wh/kg could be feasible

X. Dong, Scientific Reports DOI: 10.1038/srep06916



 of Li-ionic conducting membranes as messenger
to fabricate a queous rechargeable Zn-Cu battery
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The solid electrolytes for Li-ion:

Conclusions
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State of the art of « All Solid State Batteries »:

The Ragone plotl
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