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All-Solid-State batteries (ASSB)
Principle, benefits and challenges
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| All-Solid-State batteries

Principle of a conventional lithium-ion battery
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6C+xLi"+xe < Li,C,
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| All-Solid-State batteries
]
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CAUTION!

'Hé

LITHIUM ION BATTERIES

DO NOT LOAD OR TRANSPORT
PACKAGE IF DAMAGED

For more information call + 44 (0) 1782 566622

Current manufactured batteries still face issues:
Flammable organic solvent

- Deformation and ignition due to overheating.

- Leakage of liquid electrolyte.
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Dell, Apple

batteries Sony
oct. 2006 USA, oct. 2013

TESLA Car:LFP/Graphite

Dreamliner Boeing 787
january 2013,
(Boston, Japon)
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| All-Solid-State batteries

positive electrode mater\ials

high-energy cathode material

55 LiCoPO, 48V vs.Li/Li*  ~801 Wh kg™
e N G0 Mn O 4 LiNigcMn, O, 4.7V s.LilLi* ~690Wh kg!
S 5 0.33 0.33 013352

4.5
g 4-0 L|0002 LiNiO.BCOO.15AI0.0502 1
us ofe .
= = Stability window Stability window
= . 05 LiFePO, Solid electrolyte? liquid electrolyte
° =
A— LiFeSO F

25—

0 50 100 150 200 250
Specific Capacity (mAh g”)

lithium (Li) metal

- low density (0.59 g cm™3)

- and the lowest negative electrochemical potential

—> ideal negative electrode for the high energy
density rechargeable batteries

October 7, 2021

negative electrode materials

- high theoretical specific capacity (3860 mAh g7!),
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| All-Solid-State batteries
I . T

Typical battery architectures for the conventional lithium-ion and all-solid-state batteries (ASSB)

Solid state battery Conventional Lithium ion all-solid-state
with a lithium-metal lithium-ion battery with a
anode batteries conventional anode

&
4"
4
W0 = +70% H‘ W, = +0%
Weray = +40% S 10%
Cu i Al
collector & | J collector
Thin separator
Qi ) = 96485x1 Porous anode Porous cathode
'meal)theo™ 3600 (6.94) Negative electrode Positive electrode
= 3862 mAh.g™! Graphite LiCoO,
372 mAh.g™! 135 mAh.g™!

J.Janek & W. G. Zeier, Nature Energy,Vol. | ,2016
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| All-Solid-State batteries
I . T

Interface
Interface with

positive active
materials

Interface with
Lithium metal

electric resistance between electrolytes and electrode materials is large because of the limited contact area
= solid composite electrodes ensuring sufficient electronic and ionic percolation have to be formed

J.Janek & W. G. Zeier, Nature Energy,Vol. | ,2016
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| All-Solid-State batteries

Ranking of properties of solid electrolytes (5 = best, | = worst).

Solid electrolyte

Low Ojeciron < 10712 S.cm”! Polymer electrolyte
. >104S.cm! Inorganic electrolyte
Hybride solid electrolyte

lonic conductivity

Cost _— ~~_Interfacial property

Mechanical property ( / )

_—
—
-~

-

Processability Electrochemical stability window

Thermal stablity

L. Han et al, Frontiers in energy research,Vol. 8, article 202, 2020
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Glasses and glass-ceramics for ASSB
Requirements and promising solid electrolytes
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2 Glasses and glass-ceramics for All-Solid-State Batteries (ASSB)
e

Which ionic conductors?

Li*

Na*

Ag" (not developed in this presention as less results)
Inorganic solids Organic Solid Polymers
(crystalline, glass or glass-ceramics ) Solid Polymer Electrolytes (SPE)

Gel Polymer Electrolytes (GPE)
80 °C to operate (BlueCar)

(not developed in this presention)
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2 Glasses and glass-ceramics for All-Solid-State Batteries (ASSB)

|
1,530 Publications (glass & glass-ceramic)

Total From 1900 to 2021 ? Solvent

¢ assisted
Classical melt quenching or twin-roller ‘ Ball-milling technique
Na,S-GeS,
Na,$-SiS,
Na Na,S-P,S. Na, ’S4-l\|la4SiS4
1970 1980 1990 2000 2010 2014 2020
I . . . . | . |
| LIPON* || 012
Ag | Ae-AgeO LAGP Liy sy sGe, 5(PO); | Argyrodite
LATP Li, 34l ;Ti, ,(PO.)5 LigPSsX J(X=Cl, Br, )
Anion doped Li,S-P,S;-SiS, l Glasg-ceramic
- Li,S-P,Sc-LiX (Br, C, | Li,P, sSb, S,07:0O
N Li,S-P,Ss L S.P.S. B s( ) Li,S-P,S 75-25 or 80-20 | H729°P0131075 025
Li H,O-Si0,-AlL0; Li,S-P,S-Lil Lsps — Glass ceramic Li,P,S,,  Antiperovskite
Li,S-B,S;-Lil LiiS- SZiSSZ Glass ceramic Li,PS,-Li,SiS, Li,CIO
LIZS-(Ge,SI)SZ-LII LiZS- SiSz— L|3PO4
D C Li,S-P,S; - Li,O
Li,S- SiS, — Li,SiO, Li,5- 5iS, - Li,SiO,

12
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2 Glasses and glass-ceramics for All-Solid-State Batteries (ASSB)

Glass formation 1997
1970 1980 1990 2000 2010 2020
Classical routes New synthetic routes
From the 1970s to 2000 Since the 2000s
Melting thermal-image furnace Ball-milling (BM)

+ quenching

and twin roller

!

"\_/l\J

Solvent assisted synthesis

Nature of the balls and jarrs
Speed
Duration of milling

October 7, 2021
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2 Glasses and glass-ceramics for All-Solid-State Batteries (ASSB)

Which ionic conductors?
Li*
Na*
Ag" (not developed as less results)
Inorganic solids

(crystalline, glass or glass-ceramics ) Chalcogenides
VIIA
Oxides and phosphates 2
He
WA IVA VA VIA VI | 4002 . .
- Handling under room atmosphere 5 - 10 - Sulfides are ductile
B Ne . easily form dense cathode and anode
% - e composites
13 19
& Al Ar
HB | 26982 3 948
0 | 3 T
— Zn | Ga Kr
- brittie 6539 | 69723 £330 ) o
and often experience mechanical failure el & ~ - But moisture sensitive:
» Cd| In Xe | partial hydrolysis &H,S toxic gas
through cracking 1241 | 11482 131.29 .
- Sintering at high temperature o N -3 formation
8 & g Hg Tl Rn| = Drop ionic conductivity
200.59 | 20433 (222)
12 —> Safety problems
o Uuﬂ [Uuq
October 7, 2021 Ecole thématique Verres & Diffusion L
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2 Glasses and glass-ceramics for All-Solid-State Batteries (ASSB)

interest of glasses compared to crystallized phases

Wide selection of composition
(100-x)Li,S-xP,S¢
Li,S-P,S.- Lil
Li,S-SiS,

* Non flammability

= Easy film formation

" |onic conductivity generally > lonic conductivity crystal
= Single cation conduction

Li* for Li conducting glasses
Na* for Na conducting glasses

October 7, 2021 Ecole thématique Verres & Diffusion

Heating

=)

Stable crystalline phase with lower Grain-

Boundary resistance
LATP
LAGP

Glass-ceramics
80-20 Li,S-P,S.
70-30 Li,S-P,S;
Li;P5S),
Argyrodite Li,PS;X (X = Cl, Br, I)

Superionic conductive crystal
LizP3S,
Na;PS,
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2 Glasses and glass-ceramics for All-Solid-State Batteries (ASSB)
______________________________________________§

Glass-ceramic formation The critical cooling rate is q.= (T —Ty) /6t
Schematic description of the conversion of a glass into a glass- with T, =‘I‘|qU|dus temperature,
ceramic. | and T = “nose t.emperat.ure |
A (=temperature at which the time 6t to achieve a crystal
N\ g, fraction of 107¢ is shortest).
T, Glass formation by melt-quenching for q 2 qc.
“Uncontrolled” spontaneous crystallization for q < qc.
T : : , :
c v' glass-ceramic A obtained during cooling,
3 v' glass-ceramics B and C converted by single and double-stage
qé heat-treatments, respectively.
()
Glass Matrix Nucleation Grain Growth Glass-Ceramics
” A
g .
P\
. 2 -

Y

time S.Liu et al, J. Mater. Chem. C, 2019, 7, 15118-15135

J. Deubener et dal., Journal of Non-Crystalline Solids Volume 501, 2018, Pages 3-10
Updated definition of glass-ceramics

October 7, 2021 Ecole thématique Verres & Diffusion 16



2 Glasses and glass-ceramics for All-Solid-State Batteries (ASSB)
______________________________________________§

Superionic conductive crystal

Volume changes from glass to crystal

with increasing temperature
A
>

Heating of a glass beyond the glass-transition temperature usually
results in crystallization with decreased conductivity.

However, if the corresponding crystal has a high-temperature
superionic phase, crystallization tends to lead to the formation of the
high-temperature superionic phase as a metastable phase.

Inclusion of high-temperature, superionic, crystalline phases, with
larger volumes and are metastable at room temperature (RT).

Volume

---
.

. crystallization

Tg Tm

Temperature

a-Agl (by suppression of the a => B transformation) in 82Agl -13.5Ag,0-4.5B,0,

T. Saito, J. Electrochem. Soc. 143 (1996) 687—-691
M. Tatsumisago, J. Phys. Chem. 98 (1994) 2005-2007

Li,P5S,, in 70Li,S-30P,S; glass
M. Tatsumisago, Solid State lonics. 225, (2012) 342—-345
Na;PS,
A. Hayashi, Nature Communications 3 (2012) Article number: 856, |-5.

M. Tatsumisago & A. Hayashi, Solid State lonics,Volume 225,4 October 2012, Pages 342-345
Superionic glasses and glass—ceramics in the Li,S—P,S; system for all-solid-state lithium secondary batteries

October 7, 2021 Ecole thématique Verres & Diffusion
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2 Glasses and glass-ceramics for All-Solid-State Batteries (ASSB)
|

Stable crystalline phase with lower Grain-Boundary resistance
I'iI.S’A‘|O.5TiI.S(PC)4)3 csglass-ceramic abOUt IX I 0-4 Scm-l > ] 6 X I 0-5 Scm-l > cyglass IO-IO - I 0-8 Scm-l

ceramic

(LATP)

GC-LATP: 95%
GC-LATBP: 89%
C-LATP: 100%
C-LATBP: 93%

T T T
60 80 100

—— G-LATP
= Li,O - 6.17 Al,O; - 37.04 GeO, - 37.04 P,O; glass (mol%)]
3 M Li; 3Alo B0, Ti, 7(PO,); (LATBP)
&
1350 °C ggg g :
2h T Li, 5Al,5Ti, ,(PO
800 °C . | | . . . 1.3%0.3 |.7( 4)3
775 oC 10 20 3;; 'degm:? 50 60
8h (a) (b)
500 °C —— C-LATBP R
2h 1 l Ll 1 = experimental
+ 2500 + fit line
380 °C C-LATP
I h + - A 1 u | T | _ 2000
Thermal F S 3
stress & & ("( ’ljl ‘li . > 1500
| 3 2
- release £ | # aro, ] GC-LATP £ 1000
: : IA u # L
Glass-ceramic o = 500-
- Glass (G) GC & 2 T@ ol
= I le s ¢ 0-
S. Duan, Journal of Power Sources,Volume 449, |5 February 2020, 227574 e 2-O| g 31-0 - 551 p —
20 (degree)
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2 Glasses and glass-ceramics for All-Solid-State Batteries (ASSB)

Stable crystalline phase with lower Grain-Boundary resistance

GC-LATP GC-LATBP

lassfied grain

Arrhenius plots of bulk conductivity

0.6+ @ GC-LATBP

05 @ GC-LATP Ea
.T = A. —

041 0.16 eV o exp kB- T

0.3 =

T Absolute temperature
k Boltzmann constant
A Pre-exponential factor

0.2

log,(o°T) (S K em™)

0.1

0.0 =

0.1 T T T T T
26 27 2.8 29 a0 31 3.2

1000/T (K™)

boundary
—_——— ‘
A o
*e  Belement ....r
® . ee
.. [ ] o @ o @ ® L]
Glassified GB '.
o) .
°
e
] *)
as0] @ cLate o GCAATP ° @ GC-LATBP °
o 2500 ° )
30004 ) "] -3004 Oo
el K 2000 > K
g 2000+ $ g 1500 g€ ~200 ’
N 6.83X10° S/cm N ¥
1500
1000 4
10004 -100+ b
soo 1.12X10* S/cm 2@ & 1.03X103 S/cm
oo .
00 5% 1000 1300 2000 2300 3000 3300 4000 9% 5% 100 A 20 2 200 % 100 200 300 400
z(@) 7@ 2@
S. Duan, Journal of Power Sources,Volume 449, |5 February 2020, 227574

inhomogeneous distribution of boron and glassified grain

boundaries
= reduces interfacial resistance at grain boundaries with

little effect on bulk resistance,
grain boundary resistance of ceramics, on the other hand, is

increased by boron

—> higher conductivity in glass-ceramics, while boron can relax
their grain boundaries even further.

b

October 7, 2021 Ecole thématique Verres & Diffusion




2 Glasses and glass-ceramics for All-Solid-State Batteries (ASSB)

From glass to glass-ceramic: 70Li,S-30P:S;

DTA curve for the 70Li,S -30P,S; (mol %)
mechanically milled sample.

Mechanical milling ———— T
Li,S+P,S, T
Q
Al,O; balls and pot | Tg
20 h at 370 rpm NJ
S A
S
— Te
L\i‘J

0 100 200 300 400 500 600
Temperature / °C

Temperature dependences of the conductivities
for xLi,S 100 — xP,S; mol % glass-ceramics with
several compositions (Tc <T < 260°C)

log (c/8S crn'1)

1.8 2 22242628 3 3234
1000K/T

* Glass transition Tg is observed at around 210°C
* Crystallization Tc is observed at 240°C,

F. Mizuno, Electrochemical and Solid-State Letters, 8 (1 1) A603-A606 (2005)
New Lithium-lon Conducting Crystal Obtained by
Crystallization of the Li,S—P,S; Glasses

October 7, 2021 Ecole thématique Verres & Diffusion

Li,P,S¢ crystal with x = 67 mol, 1076 S.cm™
Highest conductivities with x =70 and 80 :
glass-ceramic thio-LISICON Il or Ill analog,
1074 S ecm™.

20




2 Glasses and glass-ceramics for All-Solid-State Batteries (ASSB)
e

XRD patterns of the 70Li,S -30P,S; (mol %)
glass-ceramics obtained by heating the glasses

Glass-ceramic and superionic phase: Li,P;S,,

~rrrrrTrTrrr g r I T rrer [ rerrr
¥ - Li3 2Po 654 ®: LIPS (b)
* : Li,P,S,, w Solid-state
T Y Li.PS reaction
+ =130 Y4
o
>
= S
: S
3 =
D 8
=
l Z
)
0 100 200 300 400 500 600 = highly
Temperature / °C conductive
new
crystalline
glass phase
[ et —
adaadas s sl e sl asaadaa sl s aal

F. Mizuno, Electrochemical and Solid-State Letters, 8 (1 1) A603-A606 (2005) 10 15 20 25 30 35 40
New Lithium-lon Conducting Crystal Obtained by Crystallization of the Li,S—P,S; Glasses 20/ 0 (CU K(X)
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2 Glasses and glass-ceramics for All-Solid-State Batteries (ASSB)

Glass-ceramic and superionic phase: Li,P;S,,

70Li,S -30P,S; (mol%) glass

RT
100 L] | | L] | | L] | | L] | | L] | L] | L I(
e 107 °
= 360 °C ‘i
S 102 ®oe g 240 €
o 10_3 ..““.... ® . ¢ ®a
— 10 ®e ® o |
= ® o |
=2 10'F e °q
= ®e > glags
+ 10 ®
S s ® °,!
S 10 ® e )
| - 7 @ 550 C
S 10 ¢ e
; ®
10 Z Solid-state reactiﬂra
101.8 2 22 24 26 28 3 3.2 34
1000 T/ K

temperature dependence of conductivities
for the 70Li,S -30P,S; (mol%) glass and glass—ceramics

M. Tatsumisago, Journal of Asian Ceramic Societies | (2013) 17-25
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log (025 /S cm'1}

highly conductive new
crystalline phase

21
A :
5[® o= dexp(~15)
-6 F ®
T 38 k mol! © : o0 'S
O 140 E
18 kJ mol-! . 2
O 120 —
O . ©
L L

0 100 200 300 400 500 600
Heat treatment temperature /°C

BM glass GionT) = 54 x 10 S cm™
240 °C  glass-ceramic Gion®T) = 2-2 % 1073 S cm™!
360 °C  glass-ceramic Gion®r) =3-2 X 1073 S cm™!
550 °C  Thio LISICON + Li,P,S Gy = |1 x 1076'S cm”
Solid state : Li;PS, + Li,P,S, Gionrr) = 1072 S cm™!
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2 Glasses and glass-ceramics for All-Solid-State Batteries (ASSB)
|

Glass-ceramic and superionic phase: Li,P;S,,

Structural model of superionic Li,P;S,, crystal

* Triclinic cell (space group P—1)

* Both PS,* tetrahedral and P,S,* ditetrahedral ions are
contained in the structure and Li* ions are situated between
them.

* The crystal structure is completely different from other
superionic conducting crystals such as Li; ,:Ge;,sPy755,and
Li,,GeP,S,,, which are composed of only tetrahedral ions (PS,*
and GeS,*).

* Favorable Li* conduction path is presumably close to the Li—Li
chains.

Li—Li correlations (solid blue lines) within 4 °A

M. Tatsumisago, Journal of Asian Ceramic Societies | (2013) 17-25 synchrotron X-ray powder diffraction pattern.
October 7, 2021 Ecole thématique Verres & Diffusion 23



2 Glasses and glass-ceramics for All-Solid-State Batteries (ASSB)
e

Scalability of ball-milling process?

Compatibility with battery fabrication process?
Assembling by wet-slurry process

a v’ Active material v SEs
4 j SEs c 5 Binder
Slurrv coatin m N Binder \ Solvent
¥ g Electrode drying Calendering ; Conducting carbon
Solvent

=S

|\
W0y -

Slurry preparation Homogeneous

SE solution

)
— y ) —>
N
-

Large-format

Roll-to-roll fabrication ASLBs

Free- standmg
porous polymer sheet

SE-infiltrated thin SE layers

K. H. Park et al.,Adv. Energy Mater. 2018, 8, 1800035
H. Liu, Particuology 57 (2021) 5671 aric et al, Adv. Energy Tater
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2 Glasses and glass-ceramics for All-Solid-State Batteries (ASSB)

Solvent Assisted Synthesis of GC-Li,P;S,,

GEEERNy 7 Li,PS,ACN  Li,SPS, Li.,P;S,,
W L el LipSiP,S,=50:50 o =1mS/cm
Li,S:P,S,=70:30 clEsEp Li,PS,-ACN

" Li.S:P,S,=75:25

-
- ~
-

—)

ACN Heating

Evaporation >200°C .’

* Mixture of Li;PS, and 50:50 Li,S-P,S; powder obtained after drying ACN
* Formation of GC-Li,P,S, after heating
* Formation of GC-Li,PS,, requires T > 260 °C

Wang et al., Chem. Mater. 30 (3),990,2018

October 7, 2021 Ecole thématique Verres & Diffusion 25



2 Glasses and glass-ceramics for All-Solid-State Batteries (ASSB)

Intensity (a.u.)

Solvent Assisted Synthesis of GC-Li,P;S,,

x B-Li,PS, ¢Li,P,; S, *Unknown DP 260 °C

——DP 260 °C

0 ——DP 200 °C

PS,3 {

—DP 200 °C

Intensity / a.u.
Intensity / a.u.

A

PS,*
DP 260 °C
—P.5.7(C)
L_ P,S *(c)
T

500 400 300 200
10 20 30 40 50 60 70 80

20 (°, Cr Ka) \Wavenumber /Cm'1 Chemical Shlft (ppm)

b 140 120 100 80 60 40 20 O

* Below 260 °C, crystallization of 3-Li;PS,

* T >260 °C required for complete stoichiometric reaction and Li,PS,, formation

Wang et al., Chem. Mater. 30 (3), 990,2018

October 7, 2021 Ecole thématique Verres & Diffusion
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2 Glasses and glass-ceramics for All-Solid-State Batteries (ASSB)
e

Thermal stability of Li,P;S,,

)
!
100 1 \m: Argon atmosphere
95 1 : e
| .
90 - ] Thermally Stable unlike the Other LPS
|
X 1 o i
= 85 - ! Li-PS,, — Li,P,S, + Li,PS, + —S, (at 280 °C, inert atm.)*
> w High Thermal Stabi . 8
s Eve.n in Air Atmosphere\AIr atmosphere Li;PS, < %S + %Lizs + %LLLPZSG (by DFT)**
75 4 Unique |
70

0 100 200 300 400 500 600 700 800
Temperature (°C)

Hood et al., Solid State lon., 61,2016
*Busche et al.,, Chem, Mater,, 28 (17),6152,2016 27
*Chen et al., Phys. Chem. Chem. Phys., 17, 16494,2015
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2 Glasses and glass-ceramics for All-Solid-State Batteries (ASSB)

Electrochemical stability of Li,P;S,,

Cyclic voltammogram
Stainless steel- GC Li,P,S,,-Li metal

| | " | | " | | " ] - | | b | ]
working electrode: stainless steel

Li— Lit+e

T anodic current __solid electrolyte i

peak due to

lithium

dissolution

counter/reference electrode: Li metal |

Current / mA

cathodic current
peak due to
lithium deposition

Lit+e — Li

0 1 2 3 B 5
Voltage / V

Current (A)

0.08

=

—]

=
T

0.00 -

0.04F

Potentiostatic Cycling

Li-GC Li,P;S,,-Li symmetric cell

Galvanostatic Cycling
Li metal - GC Li,P,S,, - (S & C & GC Li,P,S,,)

1600
i ——Li;P, 48,05sM0, | @ LiyP;S0.85Mog g
—Li,P,S,, —; 1200 - @ Li;P3S,
| — — = - - - - [ -— ) -=
JOAOAAL E
>
o—
- pJ - - H A L= FJ aBales i
J L < 400
. — = bl — — _— - - - U
N 1 1 1 1 a 0 . + * * * *
0 20000 40000 60000 80000 100000 0 5 10 15 20 25 30
Time (s) Cycle number

* No large current peak except Li peaks over
the whole range from —0.1V to 5.0V.

= Wide electrochemical window of over 5V

— Good compatibility with lithium metal

M. Tatsumisago, Journal of Asian Ceramic Societies | (2013) 17-25
October 7, 2021 Ecole thématique Verres & Diffusion

Battery dies fast due to side
reactions

Decreasing current over time

* Increasing resistance

e Reaction at interfaces

=> Limited electrochemical stability

Seino et al., . Mater. Chem.A, 3,2756,2015 / Xu et al.,J. Mater. Chem.A, 5,2829,2017
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2 Glasses and glass-ceramics for All-Solid-State Batteries (ASSB)

Improvement of the stability of sulfide electrolytes

- substitution engineering of O to S
- replacement of P and S elements with congeners, such as more
polarizable Sb and more stable O (theory of hard and soft acid—base (HSAB))

Li5PS, LizP5S,,
Sn, Sb, Zn l lo Sb l lo
Ge-Liz 5P 55N0,54 LizP,95b0,1510.7500.25
B.H. Zhao,Adv. Mater. 2021, 33, 2006577 B.H. Zhao, ACS Appl. Mater. Interfaces 2021, |13, 34477—-34485
Goal

* To increase the air-stability
* To improve the Li metal compatibility

October 7, 2021 Ecole thématique Verres & Diffusion
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2 Glasses and glass-ceramics for All-Solid-State Batteries (ASSB)

Improvement of the stability of sulfide electrolytes Li-P.S,,
Sb O
- substitution engineering of O to S l l
- replacement of P and S elements with congeners, such as more .
polarizable Sb and more stable O (theory of hard and soft acid—base (HSAB)) I—|7P2.9Sb0. | S | 0.7500.25
a Y YLiPS, OLiPsS, 86
[ M 1 \Ii: L] b PS 3-/4215 4?8 T PS¢+
OL Or @S @0 OF TN Mt it S0 T TN
. :E- ! i I 1 X=0.04 E“ \/:’\w—
SRS i e v - N =
Heat : : '.ﬂe Battery = M i 1}—45 X=0.10 ’E w X=0.10
O . ! iy N -
o'c oA o oA S\
Li-P, ,Sb, ,S ;O 23 ol ™ e st s P A =.-.- \M
550 rpm 2 h  LiE2.95D0,1510,75 0,25 I T e
30 h 10 20 30 40 50 60 70 80 500 450 400 350 300
RT 26(°) Raman shift (cm)

* Pure Li,P;S; forx 2 0,10
* no diffraction peaks of Sb,O;
= Sb and O successfully incorporated

B.H. Zhao, ACS Appl. Mater. Interfaces 2021, |3, 34477—-34485
Congener Substitution Reinforced Li;P, ¢Sb ;S0 7505 Glass-Ceramic Electrolytes for All-Solid-State Lithium—Sulfur Batteries

October 7, 2021 Ecole thématique Verres & Diffusion 30



2 Glasses and glass-ceramics for All-Solid-State Batteries (ASSB)
e

Improvement of the stability of sulfide electrolytes

LizP3S),

Nyquist plots ' o N Sh o
SS/solid-state electrolyte/SS cells Arrhenius plots of ionic conductivity
-300
a v v ° b -3.5 .
@ o 40 Li;P; 95Dy 1510750025
o X=0 v
200} : i:ggg v -‘: . —é 43 I—|7P3—bexS|I—2.5xC)2.5x
) o X=010 v "o e < 5.0 (x =0,0.04,0.08,0.1,0.12,and 0.16)
= v X=0.12 ° "o . 2 55 s X=0
N v X=016 7 =7 & o X=0.04 a
-100 fy "g o = -6.0 = X=0.08 :
A I o X=0.10 .
Fy rg8 3 -6.5 v X=0.12 w _
N}' vy X=0.16 X conductivity | Ea (k] mol™)
o : . 70 e AR
0 100 2@ 200 300 24 26 Zifmm"r (31;:[-)1) 32 34 - v 303
e o1 from x=0 to x=0.1 then { * Smallest activation energy Ea 004  9.06 x 107 28.5
« ocion for 0=0.10 is 2.2 times of x = 0.10, while the pristine 0.08  1.04x 1073 28.4
higher than that of the pristine * Li;P3S), electrolyte presents 010 161 x 10-3 26.6
Li7P3S1 | the largest Ea value
0.12 .22 x 1073 28.1
B.H. Zhao, ACS Appl. Mater. Interfaces 2021, |3, 34477-34485
0.16 8.98 x 107* 29.3

October 7, 2021 Ecole thématique Verres & Diffusion
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2 Glasses and glass-ceramics for All-Solid-State Batteries (ASSB)

Improvement of the stability of sulfide electrolytes

0 LoanB0e9®

Quantity of H,S gas during air
exposure

X

X=0.04
X=0.08
X=0.10
X=0.12
X=0.16

o ® O 8 0O @

.ia"nﬂﬂ

lhﬁfnﬁp
£

=

o -
L]

0 1000

2000 3000

Time (s)

4000

amount of H,S gas generated
after 4000 s air exposure tests.

- 2.89

x=l

1.91

1.38
1.02

1.14

1.19

x=0.04 x=0.08 x=0.1 x=0.12 x=0.16
Solid-state electrolytes

LizP3S),

oo

Li;P; 5b0 1510.7500.25

I‘i7P3—bexS Il —2.5x02.5x
(x =0,0.04,0.08,0.1,0.12,and 0.16)

Water in humid air can hydrolyze sulfide electrolyte and produce harmful H,S, ultimately

decomposing the electrolyte and reducing ionic conductivity.

Amount of H,S gas generated is gradually increased during the exposure.
Pristine Li,P;S,, electrolyte shows the fastest growing speed among all of the samples.

B.H. Zhao, ACS Appl. Mater. Interfaces 2021, |3, 34477-34485
Congener Substitution Reinforced Li;P, ¢Sb ;S0 7505 Glass-Ceramic Electrolytes for All-Solid-State Lithium—Sulfur Batteries

October 7, 2021
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2 Glasses and glass-ceramics for All-Solid-State Batteries (ASSB)

Improvement of the stability of sulfide electrolytes
Cyclic voltammograms of Li/solid electrolyte/Stainless steel cell

small peak at 2.3V
(vs Li/Li*)
attributed to the
oxidative
decomposition of

LizP3S),

al

Current (
=

A

Li;P3S,,

 ——
A J
—

-
f LiT+e"—Li { mVsl

LizP3S),

—

1 0 1 2 3 4 )
Potential (V, vs. Li/Li%)

Sudden drop of the
voltage curve due
to short circuit
caused by the
formation of lithium
dendrites in the cell
with Li;P,S,,

B.H. Zhao, ACS App
October 7, 2021

0.06
0. I c:m_2 0.1lmA-em™
_ 003t NaaadaddAd)
-
Y
& 0.00
2
> 1
-0.03 - [1100Q4TTRYY
——Li7P; 9Sby 1519.7500.25
—Li7P3S||
-0.06 R
0 10 20 30 40 50 60
Time (h)

Li/solid electrolyte/Li cells

|. Mater. Interfaces 2021, 13, 34477—-34485

Ecole thématique Verres & Diffusion

b

Current (A)

lVoltage (V)

[}
&
=

-0.

Ll
=

I
[

b

o
=
7

S
e
S

g
=
7

3

2k

=
T

Lit+e —Li )
F f ] 1 mvs!

LiT PI.'}Shil.l Sl IIJSOII.Zﬁ

Li—Lit+e
-

LizP) 95b0,1S10.7500 25

0 1 2 3 4 5
Potential (V. vs. Li/Li%

15
0

0.2mA-cm™

0.2 mAcm™2

Li;P,.95bg.1S10750025
Li,P,S,,
300

600 900 1200 1500

No other redox peaks except for the

electrochemical deposition/dissolution of

lithium
— wide and stable electrochemical

window of Li;P, 4Sby S 6750025
up to 5.0V vs Li/Li+.

Steady stripping/plating behavior for
for 62 h and lower overpotential
(+0.023 and —0.022V),

= low interface resistance,

— Good chemical/electrochemical

stability of the Li;P, 4Sbg ;S0 7500.15

—> Suppression of lithium dendrites.

e
Li-In/solid electrolyte/Li-In cells
Galvanostatic charge/discharge curves of Li/solid electrolyte/Li cells

33



2 Glasses and glass-ceramics for All-Solid-State Batteries (ASSB)

Na ion conductors

* Na,PS, glass-ceramic higher conductivity than
sulphide glasses and a Na,;Zr,Si,PO,
NASICON crystal.

* B-alumina (consisting of B and B” phases) and
a NASICON-type crystal (Ceramatec) have a
higher conductivity of 1073 S cm™! at RT but
sintering at a high temperature of 1,800 °C
needed to reduce the grain-boundary
resistance for B-alumina.

* Conductivity of the Na;PS, glass-ceramic
electrolyte one order of magnitude lower
than that of sintered B-alumina and the
NASICON:-type crystal but good electrode—
electrolyte contact by simple cold pressing.

Conductivity (S cm™)

Conductivities of several Na* ion conductors

T(°C)
300 200 100 25
10° I I I |
NASICON-type crystal
(produced by Ceramatec)
1071 (sintered body)
*e
1072 ."0-.".
60Na,S-40(0.9GeS, 0‘. .,
0.1Ga,S,) ‘0' o
107 60Na,S- 4oees2
_ ~ 50N 3
107 Tetragonal Na,PS, \b\\c\ OSa:S o
10
‘\
.\

107° 50Na,S-50P,S, “s  NasZr,Si,PO,,

* (NASICON)

(sintered body)
10_7 A A A A l L A A A l A A A A l A L A A
1.5 2 2.5 3 S5

1,000 T-1 (K™

A. Hayashi, K. Noi, A. Sakuda, M. Tatsumisago, Nature Communications 3 (2012)

Article number: 856, |-5.

October 7, 2021 Ecole thématique Verres & Diffusion

Na;PS,
glass-ceramic
prepared at

270 °C (®)

Na,PS, glass
(©)
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2 Glasses and glass-ceramics for All-Solid-State Batteries (ASSB)
-

Na ion conductors Crystal structure of Na;PS, projected in the (010) plane

d 'Is_'l_x”'z'jo'aé";zo' SC Cubic Tetragonal
S | " High-temperature phase Low-temperature phase
Glass d ‘ | a) a b)
- T IR lq
(ba”- 1 : | c
milling) e ! : !
5 8 | )
. ““‘ o
Glass 3 I 9
. 8| "‘ , _ 8 . 0 100 200 300 400 500
Ceramic 215 i,U :38 1% Temperature (°C)
270°Cgll e A o
cubic c 5 Raman spectrum of the
*
= :§ «- 8 3 glass (Defective) Cubic structure Tetragonal structure
Glass | 2 2 obsn & owE S 143m PA2,c
Ceramic | w §& [:‘iga’gﬁigsﬁ =9 ] :
. __J: vl Ul Rl 5 S (8¢), Na (6b, 124), P (2a) S (8e), Na (44, 2a), P (2a)
420 C ..uluulnulnulnnlnnlnulnnlun~ E
tetragonal® 9. 25 8035, 40 45 50°56 160 - No occupancy of - minor rotation of the
e s I P T S DD S
.. 500 450 400 350 300 the|2d tetrah.ed.ra L
halo pattern in its X-ray e positions) = splitting of the Na positions
diffraction (XRD) pattern single band at 420 cm™! - PS” tetrahedra —> elongation of the c-lattice
— ortho-thiophosphate ion (PS,3") inabody parameter.
A. Hayashi, K. Noi, A. Sakuda, M. Tatsumisago; centered lattice.

Nature Communications 3 (2012) Article number: 856, |-5.
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2 Glasses and glass-ceramics for All-Solid-State Batteries (ASSB)
|

Cross-sectional SEM images

Na ion conductors
Impedance plots

4
a -840 Na;PS, glass-ceramic pellet
G|aSS & Glass p - .
[ Ceramic o {; Intimate contacts among
4| 270°C ] ~ ‘l particles achieved in the
£ ~2x10 G Na;PS, glass-ceramic pellet
E L]
N ' .
~1x10* [ : -
-.:.;}Ga Do{; E » uﬁ% I .‘ 4
Sp-alumina ..
SRS =
D & L -% L i {' . ((, » ¥ ,T
0 1x10*  2x10®  3x10° “ {‘f £% 3 : :
iy By _ Grain-boundaries
a8 ¥ : 3 among particles clearly

observed in the
B-alumina pellet

' (ahmd
== \vl llll!

Glass: semicircle and a spike in the low-frequency region

= typical ionic conductor.
—> total conductivity includes the bulk-grain and grain-boundary resistances

Glass-ceramic: resistance of the pellet decreases by a factor of 30 on

36

crystallization
A. Hayashi, Nature Communications 3 (2012) Article number: 856, |-5.
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Performances of ASSB
Li-ion, Li-Sulfur and Na-ion batteries

October 7, 2021 Ecole thématique Verres & Diffusion
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3 Performances of All-Solid-State Batteries (ASSB)

Challenges for the ASSB assembling

conductive additive
_solid electrolyte

active material

(composite)

solid electrolyte layer
(separator)
counter/reference

electrode layer
“ (Li or Li-metal alloy)

current collector
(stainless steel)

M. Tatsumisago, Journal of Asian Ceramic Societies | (2013) 17-25.

working electrode layer

Importance of:

Conductive additives

Active material

Binders

Formulation (ratios of # components)
Mixting method (hand grinding, turbula,..)

October 7, 2021

Ecole thématique Verres & Diffusion

Cathode composite

Solid electrolyte

Anode composite

SEM pictures

| LiCO electrolyte 80Li,S-20P,S;

different
conductive
additives:
acetylene bla VGCF
TiN
Ni

F. Mizuno, Journal of the Electrochemical Society 152(8) (2005) A1499
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3 Performances of All-Solid-State Batteries (ASSB)

Li ion batteries: large choice of active materials
Four categories on the basis of cell potential:

(D) lithium transition-metal oxides and phosphates
with a potential of 3.5-5V (@),
category including high-potential positive electrodes:

0
LiCo0 (I} Lithium transition-metal oxide and phosphate

) < LiNiy4Cop sAly 050,
NI,

—_— LiFePO,
= h L!COOz’ L'N'Oz’ L|N|0-8C.Zoo_|5AI0_0502, LiNig 33C00,33Mng 330,
= 3 Jo<uges, LiMn,O,, LiFePO, and LiCoPO,
o O-ﬁ—'ﬁfzﬂ!, ) Sulfur-based materials
=2
S OQ*T;S"”%”*""““ $-Cu (Il) sulfur-based materials with 2V (@),
% 2 OJ*H saﬂis, O‘E - O'k i p
- SC : : : :
% Q ’ (Ill) conversion-reaction materials with|-2V (@),
© ; Li,TigOy3 “FF':CE () Conversion-reaction materials
= V] Alloying reaction matenals . . . .
=t ) 3° - (IV) alloying reaction materials with below |V (®).
e LigySi % O =Lisis Black P
SnS-PSs ¢ o n g SNP -
0 1:":6) P — .E“Q.P'oi n:}. A P
0 500 1000 1500 2000
Capacity / mAh g

M. Tatsumisago, Journal of Asian Ceramic Societies | (2013) 17-25.
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3 Performances of All-Solid-State Batteries (ASSB)

Assembling processes

powder pressing process

e

H

Anode __|[|

Solid |
electrolyte

Cathode%

difficult to scale up
for practical applications

Some alternative fabrication
methods may be considered

pasting route analogous to that
used in solid oxide fuel cell
fabrication

Sprayer

Cathode

Solid electrolyte Anode

process might be costly.

Yong-Sheng Hu, Nature Energy,Vol. |,2016, article number: 16042

October 7, 2021

Ecole thématique Verres & Diffusion

Cathode composite

Solid electrolyte

Anode composite

Solution processed

Electrode slurry
Current collector (+)

/" I C:thode
7 _
/

Current collector ) S Electrolyte
Electrolyte slurry
SRR
== I .node
.
Cut and lamination E=E - - - - - — °
ﬁ Current collector (=)

Investigation of solvents of polymer binders



3 Performances of All-Solid-State Batteries (ASSB)

I T T
Charge—discharge curves at the 500t cycle of In/LiCoO:cells

with the 67Li.S-33PS.s(=80Li.S:20P-Ss) glass-ceramic

Of \@®
In LiCoO:
sk 1
= L
[ab] - -
7 °|
S
Z4ar Charge <
- _
O
3t . i
Dlsc:%
o | 1
b 1
64 uA cm? 500th
0 1 [l L 1 M 1 L 1 M [
0O 20 40 60 80 100

October 7, 2021

Capacity / mAh g

120

H

Anode —_| |

Solid |

electrolyte

Cathode%

Li-ion batteries

negative electrode
indium foil with a thickness of 0.1 mm
pressed under 2.5% 108 Pa on the pellet

80 mg glass-ceramics powder
acting as a solid electrolyte

20 mg composite cathode
LiCoO,, glass-ceramics and acetylene-
black with the weight ratio of 20:30:3.

—> obtained In/LiCoO, cells charged and discharged at room
temperature in an Ar atmosphere (glove-box).

* lrreversible capacity initially observed at the first few cycles,
* The all-solid-state cell maintains the reversible capacity of

about 100 mA.h g™/

Recent progress of glass and glass-ceramics as solid electrolytes for lithium secondary batteries.
Ecole thématique Verres & Diffusion T Minami et al., Solid State lonics 2006, 177,27 15-2720. 41




3 Performances of All-Solid-State Batteries (ASSB)

Charge—discharge curves at the 500t cycle of In/LiCoO:cells
with the 67Li.S-33PS.s(=80Li.S:20P-Ss) glass-ceramic

7,200 120
1 o
<150 005
3100 60 ¢
T 140 ©
6 b % oo G
} i O D 1 [ L | D
> 0 100 200 300 400 500
o I Cycle number 4
o> 5
IS |
©
Z 4 Charge -
E — )
S |
3T . )
. Discharge
o F -
1 = -
64 uA cm 500th
0 1 i 1 1 1 L 1 i 1 i 1

0 20 40 60 80 100
Capacity / mAh g™’

120

Li-ion batteries

Battery’s performance evaluated based on:

Retention of capacity over iterative cycling: Coulombic efficiency (CE)

= percent of specific discharge (A.h/kg or A.h/l) retained upon immediate
subsequent charging.

CE is always less than 100% for real SIBs

(Lifetime of a SIB often defined as the number of cycles until the cell only
demonstrates 80% of its initial capacity, so a cell which has a lifetime of
500 cycles must have a CE of at least 99.96% for each cycle)

Charge—discharge efficiency of 100% (no irreversible capacity)
for 500 cycles,

—> the cell works as a lithium secondary battery without the
decomposition of the glassy electrolyte.

Recent progress of glass and glass-ceramics as solid electrolytes for lithium secondary batteries.
October 7, 2021 Ecole thématique Verres & Diffusion T Minami et al., Solid State lonics 2006, 177,2715-2720. 42



3 Performances of All-Solid-State Batteries (ASSB)

Charge—discharge cycle performance
of the all-solid-state Li—In/Li Ti;O,, cell

| —
G000 0090000000000 00000000000000 100
L
‘TD')
£ S
S D
§ Li-In / Li,S-P,S; electrolyte / Li,Ti;O,, 40 %
50
100°C, 12.7 mA cm™ 20
0.2-1.8 V vs. Li-In

Li-ion batteries

Li,Ti:O,,

Commercialized negative electrode

Moderate potential of 1.55V (vs. Li*/Li) but “zero-strain”
material during charge—discharge processes

Composite working electrode

= Li,TisO,,, Li,S—P,S; glass—ceramic SE, and vapor grown
carbon fiber (VGCF) powders with a weight ratio of 38:58:4

Cycling at 100 -C!

U 2 1 2 L 2 1 2 L 2 1 2 L 2 0
0 100 200 300 400 500 600 700 .
Cycle number *

M. Tatsumisago, M. Nagao, A. Hayashi,
Journal of Asian Ceramic Societies | (2013) 17-25.

Discharge and charge capacity of about 140 mAhg™!
Capacity maintained for 700 cycles with no degradation
under a high current density of over 10 mA cm™.

—> all-solid-state batteries using glass—ceramic electrolytes
have a benefit of high temperature application.

October 7, 2021 Ecole thématique Verres & Diffusion
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3 Performances of All-Solid-State Batteries (ASSB)
I

Li-sulfur batteries

Initial discharge/charge cycles of Li—In/Li,P;S,,/S—C and

a 241 940.2 1408.1 ]
One discharge and charge voltage plateau, corresponding to
<20} the reversible electrochemical reaction of S/Li,S without
e polysulfide intermediates.
&0
S 16 o Discharge capacity with the Li,P;S,, of 957.5 mAh g,
- PRS- \while that of the one with the LisP, oSby S;0.7:00 s
1.2} electrolyte can reach 1309.7 mAh g~
o8 _ 95?.'5 Fmg'-:r _ —> improved low interface resistance and ionic conductivity.
0 400 800 1200 1600
Capacity (mAhg1)

B.H. Zhao,ACS Appl. Mater. Interfaces 2021, |13, 34477-34485
Congener Substitution Reinforced Li;P, 4Sby S5 750 25 Glass-Ceramic Electrolytes for All-Solid-State Lithium—Sulfur Batteries
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3 Performances of All-Solid-State Batteries (ASSB)
I

Li-sulfur batteries
Rate performance of ASSLSBs with Li,P;S,, and

Li;P, ¢Sbg ;S,0.750¢ 25 electrolytes

at 0.05C,0.1C,0.2C, 0.5C,and I C rates.
The rate at which SIB can deliver its energy often

~—~1600 reported in terms of ‘C-rate!
be 0.05C 05C
- [ =EER L 0C "Samm
« " EEE L 02c A c-rate of | C refers to the current density (mA/cm?)
E”““ i "mmm . delivered by the battery at which the cell would deliver
>, ' " 0sC its entire theoretical capacity in a time interval of | h.
-'|= adhdey Sanm ®ess
g vese
S 800t . y
L n : o . . . .
3 e cama * Capacities decrease with increasing C-rate but
o . when the rate is switched to 0.05C the
= 400 deegy .. . e
= ) S capacities could recover to initial values
— " discharge-Li; P, ,Sby ;8,750 5 d ibili
> K discharge-Li,P,S,, = good reversibility
E u [ 5 'l 2 1 L 1 . -.‘. . ? 2 [
0 3 10 15 20 25 30 e ASSLSBs with Li;P, ¢Sbg |S 0750, 55 €xhibit
Cycle number superior discharge capacities

B.H. Zhao,ACS Appl. Mater. Interfaces 2021, |3, 34477—-34485
Congener Substitution Reinforced Li;P, 4Sby S5 750 25 Glass-Ceramic Electrolytes for All-Solid-State Lithium—Sulfur Batteries

October 7, 2021 Ecole thématique Verres & Diffusion 45



3 Performances of All-Solid-State Batteries (ASSB)

[
Li-sulfur batteries

Cycling performance and Coulombic efficiency of ASSLSBs

C 2000 capacity and low initial Coulombic
i Ll ,00CO00COD0C00000000000000000000C0000000Cc000000000¢100 _ efﬁCiency
< 16000 < | = Unstable solid—solid interface
W NN NN NN NN EE I NN NN NN RN R NN NN e EE s “80 5 .

E ] »se=xai" 2 | between the cathode/anode and sulfide
= 1200 Li,P,,Sby 1510750025
z IS I = | electrolyte
.ﬁ. “eea, =
8 s00 L l..i.!il.lil........ -fE
! e Tttteeesecenil,LL, 1" E | After the activation process, the
= 1283511 ' = .
2 00 E battery can be charged/discharged
P i 1 {20 @ . i )
= 0.05C | ™ normally with high Coulombic

0 . . . , . . 0 efficiency.

0 10 20 30 40 50

Cycle number
* Fast capacity decline for Li,P;S,,
contrary to Li;P, 4SbyS,47500 25

B.H. Zhao,ACS Appl. Mater. Interfaces 2021, |3, 34477—-34485
Congener Substitution Reinforced Li;P, 4Sby S5 750 25 Glass-Ceramic Electrolytes for All-Solid-State Lithium—Sulfur Batteries
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3 Performances of All-Solid-State Batteries (ASSB)

Na batteries

The relationship between capacity and voltage for present
electrode materials in Na-ion batteries

Na3NiZr(PO4)3
o~NaFeO2

NaLi0.2Ni0.25Mn0.7502
Na3V2(P0O4)3
4 ‘ _* P2-Na2/3Ni1/3Mn2/302
© aniline-nitroaniline copolymer
=
+\
©
s
B
>
>
) P2-NaxCo02
o Na1-xNi0.5Mn0.502
3 NaTi2(PO4)3 FeS
O
1Kk { Na2Ti307 / SbiC Sb204

Na2C8H404 A Y
Carbon

matenals

0
0 100 200 300 400 500 600 700 800 1800 2000
Capacity (mAh/g)

Room-Temperature Stationary Sodium-lon Batteries for Large-Scale Electric Energy Storage

H. Pan, Energy Environ. Sci., 2013, 6,2338
October 7, 2021 Ecole thématique Verres & Diffusion



3 Performances of All-Solid-State Batteries (ASSB)

Na batteries

Charge-discharge profiles
Cathode composite at various current densities from 5 to 60 mA.g!
Chevrel phase Mo, Sg ~1.4V (vs Na/Na™)

Mo, Sg coated with

i . Bare Mo,S
coated with a thin layer of Na;PS, 678 57 NasPS,
+ Na;PS, glass-ceramic MoeSs b SE-coated MosSs
+ Acetylene black ,’
>1.6- —5mAg’ | 16 —5mAg’
= —10mAg' | Z j ——10mAg’
% ——15mAg’ ag” }&; ——15mAg’
= —amag' | = [ ——30mAg’
>1.2- — 60 "'lAg1 >1-2 / g GomAgJ
Acetylene Black
Na3PS4 Solid Electrolyte g—n—-n o —————— 1 S ——
SE-coated MosSs 0 20 40 60 80 100 120 0 20 40 60 80 100 120
Specific Capacity/ mAh g’ Specific Capacity/ mAh g

Na-Sn Alloy

. * Decrease of the capacities with increasing currents
’l:nosde c”omp05|te * The SE-coated Mo,S; electrode delivers higher capacities than the
a-n atloy bare Mo,S; electrode at the same currents.
Acetylene black
—> Enhanced rate performance of SE-coated Mo,Sq

Long Cycle Life All-Solid-State Sodium lon Battery 48

October7, 2021 Ecole thématique Verres & Diffusion .Yue, ACS Appl. Mater. Interfaces 2018, 10, 39645-39650



3 Performances of All-Solid-State Batteries (ASSB)

Na batteries

Cycling performances and Coulombic efficiencies of the Mo Sg and SE-coated Mo, S; cathodes
in ASIBs at 60 mA.g™! at 60 °C.

150

7 -~ 100
o -
=120 | "
‘é 60 mA g’ -80 2
> 90+ Charge Discharge : .g
"? B ‘—| - —O— SE-coated MoeSs |60 &
S —h— —/~— MoeSs | %
o \
g 9% 40 5
O U 2
= 9
-g 30 kon g
& voltage range of 0.9-1.9V. O

o ' L) > T S T v T 4 0

100 200 300 400 500

Cycle Number

* Limited potential (voltage range of 0.9—1.9V) but high cycling performance (500 cycles)
* Thin layer of Na;PS, coated on Mo,Sg = solution method to achieve an intimate contact
between Mo,Sg and the SE
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e

Glass and glass-ceramic solid electrolytes |. Glssceramics
80-20 Li,S-P,S;

New synthetic routes

i 70-30 Li,S-P,S
Since the 2000s Ball-milling Lips,
thermal-image furnace R Argyrodite
and twin roller -
- = Superionic conductive crystal
T LizPsS,
.. Na;PS,
Melting ‘ %.
+ quenching . = Stable crystalline phase with lower Grain-
’ Boundary resistance
F. LATP
N LAGP

= Air stability and Li metal compatibility in sulfide
based solid electrolytes
P substitution by Sn, Sb and Zn
S substitution by O

Solvent assisted synthesis
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Challenges for the ASSB assembling Assembling processes

powder pressing process
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MSE Supplies
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Sodium lon Battery
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Solid Electrolyte Materials

Ampcera™ solid state electrolyte materials are used in all-solid-state Lithium batteries and other advanced lithium
batteries. Compared to a liquid electrolytes, battery a solid electrolyte battery has the advantages of higher energy
density (~2X), better safety, and long term stability. Commonly studied solid electrolyte materials include sulfide
compounds (e.g. Argyrodite, LGPS, LPS, etc.), gamet structure oxides (e.g9. LLZO with various dopants), NASICON-
type phosphate glass ceramics (LAGP), oxynitrides (e.g. lithium phosphorus oxynitride or LIPCON), and polymers
(PEQ). The lithium ionic conductivity of the inorganic solid electrolyte materials ranges from 10 S/cm up to 102 Sicm
at room temperature. MSE Supplies also offers sodium beta alumina solid electrolyte powder.

Because of the high ionic conductivity and stable quality, Ampcera™ solid state electrolyte matenals have been used by
many well-known companies and research labs worldwide for the development and manufacturing of advanced lithium
batteries. Both standard and customized solid state electrolyte materials are offered to meet customer's specific
requirements for R&D and production. Products can be ordered as little as a few grams or as much as 100 kg with
consistent quality.

Order your solid state battery materials today or discuss with our materials scientists about your specific project needs.
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Developers of solid-state batteries

Solid-State Car Battery Market - Global Forecast to 2030

Market forecast to grow at a CAGR of 89.50%

(CAGR) compounded annual growth rate
661,724 Units

27,070 Units
2025 2030
T - RN, RESEARCH A0 MARKETS
https.//www.researchandmarkets.com/reports/5387745

THE WORLD'S LARGEST MARKET RESEARCH STORE
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Company Profiles Key Players

* Toyota Motor Corporation

* Solid Power

* Quantumscape
e Samsung Sdi

* LG Chem

* llika

* Brightvolt

* Panasonic

* Catl

* loniq Materials
* Northvolt

e Cymbet

A New Breed
of Battery

All-Solid-State Batteries by
Solid Power

Designec

lower co

https://solidpowerbattery.com/
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APPLICATION: MATERIALS FOR ENERGY
ELECTROLYTES FOR ALL-SOLID-STATE BATTERIES

VIRGINIEVIALLET

Anode-electrolyte Cathode-electrolyte
interface \ interface

Thanks for your attention

Metal Solid Inter-particle
anode electrolyte interface
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