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Why Solid State?

e Liquid electrolytes, such
as those currently used
in electric vehicles,
have safety concerns
due to their high risk of
overheating and
flammable liquid
electrolyte

® Besides improved
safety, solid-state
batteries (SSBs) can
offer higher energy
density and improved
stability across a wide
temperature range
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The Manufacturing Challenge

Materials

SSB processing challenge and opportunity
- Processing is a bottleneck
- Completely different than existing LiB fabs

Viable
technology

Approach
Couple materials and structural optimization to

constraints of low-cost, scalable techniques

Low Cost

Scalable
Processing
Sustainability imposes additional constraints
- Recyclability
- Carbon footprint
- Second life

- Elements used .
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Processing is Critical

Polymers (PEO)
Oxides (LLZO)

Phosphates (LATP)

Sulfides (LGPS)

Halides (Li;MX,)
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$1,000

$100

$10

Ceramic
filter

Li-ion
battery

Window
glass

Value Dictates Acceptable Cost

PV SOFC Ceramic Si wafer Processor
body chip
armor

Many manufacturing processes
are simply too expensive for batteries

Aggressively focus on low-cost processing
(in parallel with next-gen materials/structure development)
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Ceramics Processing Costs

Thermal Barrier Coating

Disposable Filter SOFC | R

$$ $$$

Processes SDci;ece:ai)rin'c Tapecast Colloidal spray | | Thern_wal.spray (S:\p/lIJ)’c’tZTBg
Slurry templating Slot Die Sintering 3D printing Plasma spray
Throughput Fast/Continuous Batch Slow/Single Item
Atmosphere Air Dry Room Glove Box Vacuum Chamber
Solvents Water Benign Solvents Toxic/Hazardous Solvents
Temperature <200°C <900°C <1150°C <1400°C <1600°C
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Gen 1 - Thin free-standing LLZO sheet

T
........

e

Thin LLZO <100um

Thick composite cathode

CAM

Carbon + Catholyte
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Scalable Processing for Thin Ceramic Sheets: Tape Casting

Powders

Poreformer

O

LLZO

A

Particle size
Particle shape
Poreformer size
Poreformer shape

Solvent content
Dispersants
Additives
Milling energy

Tape casting Sintering

Thickness Temperature
Drying speed Atmosphere
Post-lamination Time

Casting speed
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Tape Casting LLZO

(2020-061)

Optimization of agueous and solvent-based tape slurries
- Wetting agent

- Dispersant

- Binder

- Plasticizer

Preventing Dewetting of Aqueous Slurries

Optimizing Solvent-Based Formulations
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0.00

Dispex/Dynol 604

Rob Jonson, M.C. Tucker, et al, Energy and Fuels 35 (2021) 8982-8990

0.04

=

Binder Health/ Carrier [Mechanical| Oxide-Only
System Safety | Usable | Foaming Release | Properties |Density (%)
PVA Agueous
Pll WB4101|Agueous - - - -
Methyl- Yes Controllable
Cellulose |Aqueous| Yes |Controllable| De-wetting Good 40.2
Ethanol/
Acetone/
PVB Phthalate| Yes No Poor Brittle 443
Ethyl- Toluene/
cellulose | Ethanol Yes Minor Good Brittle 43.9
Toluene/
Pll MSB1-13] Xylene Yes No Good Very Good 417
Strong, flexible tapes
Solvent-based slurry Water-based slurry
-
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Texturing to Increase Electrode/Electrolyte Interfacial Area

(2024-063)

0.10
Slurry mixing Tape casting Lamination 0.08 300 uA/em - Increases CCD
0081 19 50 100 200 Short . . .
g o < - Reduces interfacial resistance
Mi, o 7 | ||
'Croz",:em E’ 0.00 UL | ” 100
' LLZO . green 0 -0.02
Binder tapes // Z 0] Textured LLZO
Dispersant. ~0.06 ; 80 axcture .
(Area: 113.7 %)
—=0.08 4
—0.10 Fllat ; i ; , . . .g, fine-Textured LLZO
10 20 30 40 50 70 80 90 T 00 (Smaller scale texture) .
Time [Hours] E ] (Area: 110.6 %)
A
Textured LLZO Textured LLZO raw sheet 0101 T cm 2 Planar LLZO .
Q 40 (Area: 100 %) A
0.08 7 sgg 600 o .
0.06 g [ ]
S 4 ; 0.04 204 . A
Debinding & Sintering %: 0021 Short o . N
g 0.00 : ™
S 0021 r 0-+2 ; : ; : ;
-0.04 0 100 200 300 400 500 600
-0.06 - 2
-] Jextured ‘ Current [pA/cm?]
s 10 20 30 40 50 70 80 90

Time [Hours]

T:xtre(?l LVLZO l i (f)

W. Go, M.C. Tucker, et al. ACS Energy Letters (2024) DOI: 10.1021/acsenergylett.4c00800

Pressing substrate twice
rotatmg 90°

Carbon paper substrate
Py
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Fine-Tuning Li Content

(2020-061)
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Rob Jonson, M.C. Tucker, et al, Energy and Fuels 35 (2021) 8982-8990
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Li content

Too much Li
Tetragonal

Low conductivity |

Too little Li
i LayZr,0;
i Low conductivity

Sintering Time

Li content must be managed carefully
- powder composition

- Li additives

- Sintering protocol (time, temp, flow)

- Kiln furniture
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Tape Sintering Optimization (2020-061)

Thin layers of LLZO are more challenging than pellets

Sintering at 1115°C

03 - - Li loss
92 . - Abnormal grain growth
o) I - Densification
g 89+ 2.5 5
g :j " ;E’ Optimization of processing and additives
2 g1 g - Sintering time, temperature
S g5 15 2 - Sintering atmosphere
o . Conde“V“!f | 1 ) - Kiln furniture materials

Abnormal grain growth with ' Siterng Time (Hours) - Li,CO; and MgO content
5% Li,CO5; no MgO

5
= 94 b .. . .
‘ %, g, . ® Optimization has achieved
§ Sgo M T . @ Conductivity >2x10% S/cm
3. = o3 h ] | ] .
z =8 T s Density >90%
o 21 — 86 . .
é Z2..] a2n Fine-grained structure
=] | = [ ]
g1 3
st 804+
40123456 7 8 410123465678
MgO Content (% wt.) MgO Content (% wt.)
Optimized Li,CO;, temperature, and time for Li content
4% Li,CO5; 4% MgO MgO nanopowder inhibits abnormal grain growth T s s et T e
Uniform Grains WD 20.Om 14213139
Rob Jonson, M.C. Tucker, et al, Energy and Fuels 35 (2021) 8982-8990 BERKELEY LAB
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Mechanical Properties - MgO
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Thin LLZO
electrolyte

- Test based on ASTM C1161-18
- Fracture strength, Young’'s modulus

MgO addition

- Prevents abnormal grain growth
- Narrows grain size distribution

- Improves strength ~70%

- Maintains conductivity
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Mechanical Properties - Scale Up of Thin LLZO Sheets

1.2 cm Diameter
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0.00
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206.2 MPa
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Thickness [um]

Similar mechanical properties for large and small sheets, but:
Large sheets are mechanically too weak to handle

Difficult to scale up to large area

Difficult to reduce thickness lower than 80 um
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Gen 2 - Thin, Dense LLZO Supported on Porous LLZO Scaffold

Thin LLZO <100um ‘ W Thick, porous LLZO
p@ec.

Thin LLZO <40pum

Rl BERKELEY LAB

Bri

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn



Thin Electrolyte Supported on a Scaffold

500 Wh/kg requires thick cathode, high loading of active material, thin electrolyte
These requirements are in conflict with mechanical requirements
Challenging to achieve with scalable processing

® O LLZO Scaffold porosity and thickness
. . \LLZO 20um electrolyte, 74% NMC-26% SSE-C, C, binder
a b 500
High energy Tradeoff Strong \U LELLe 90%
~ | 3450_ 90%
;;1600— 80% % 400, e
e ] o 80%
Targets a § 45,
. 21400 7
5-20 um thick electrolyte 51 0% 2 0
] 2 porosity 2 70%
150-300 um thick cathode w & 300 4 porosity
70-90 % Scaffold porosity 12001
70-90% active material in pores I ————— I
100 150 200 250 300 100 150 200 250 300
Cathode thickness (um) Cathode thickness (um)

NMC cathode (180 mAh/g, 3.8V), filling fraction 74% of porous LLZO layer. Al and Cu current collectors
included, secondary soft solid phase included, 20% excess Li, 20 um thick LLZO dense layer.
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Porous/Dense Bi-layer Tape Casting

Slurry for dense . ) N
Raw fil Stack & Lamination
LLZO layer Tape casting aw film
> o
LLZO g
Binder <
Dispersant »
Slurry for porous &
LLZO layer Debinding
Hot-press & Sintering
. LLZO
¥ Bi'nder
. PUMA 1 Bi-layered LLZO
PMMA 0.8
Thin & Dense 0.7
P 29001 fo oy 0_6-
orous 047N
Z 0.5
E 0.4 n})
0.3 +
0.2 0.13N
0.1
Pores filled
with Cathode Cathode 0.0 _
Freestanding LLZO  Bi-layered LLZO
40 um Dense: 40 pm
Porous LLZO Porous: 123 ym

Thin & Dense LLZO

Thin electrolyte for low impedance

Li metal anode Pores filled
with Li metal

Porous support for mechanical strength
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High Shear Compaction (Ragan Technologies) (2020-117)

LLZO slurry
Dried Pore
powder former Feeder
\/ @ Calendaring # &
Q — (©,
Spray dry V-blender mix High shear compact Cut

= 800 3 Tapes with high quality and excellent dimensional tolerance
. 0]
4017 ,% 1600 & : :
S /\/\ ~ ® Uniform porosity
z 400 &
W | 1] .
: o Thick electrode scaffold - 150 pm to 2mm
o B
oo, g E '
ey Agueous processing

Z {um)

F. Shen, M.C. Tucker, et al., J. Amer. Ceram Soc. 105 (2022) 90-98
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High Shear Compaction (2020-117)

40 vol% poreformer 60 vol% 80 vol% 100 — . .
’ 75 / i
| /ﬁ 1

O 1 . L . 1
40 60 80

PMMA concentration (%)

Porosity (%)

Cross section Top view Bottom view

Easy bilayer processing

Tunable pore size and porosity
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Infiltration of Cathode into Porous LLZO

Jut s, un,

#85 Carbon + Catholyte

--------
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Organic Cathodes for Solution Processing

(2022-130)

o Self-Discharge Cyclin
Liquid Cell SSB 30 ycling
s o SR e 0.24C , 0.30C ,0.36C ,048C | 0.12C
e S 28- LLZO// LITFSI:PYR13 FSI 1:9 Mole S 3504 ot
o BREAITRIBINIEDS, ; E 3.2 - 1.8 V
0
Celgard LLZO S L6l < 300-
2.4 . . . . . . . S Tttt
0 16 24 32 40 48 56 64 72 g 200 "N
0 0 OLi Time (h) s 4 T /
OH oLi oLi O 1504 0 e, . /
~2.8V ~2.35,2.0V <) 1 —
+ Litfer +2 Litfe N % 100 +
Irreversible Reversible g % 1
Lawso O 307 mAh/g oL 8 @ 207 = Celgard/Liquid EC:DMC:DEC 1M LiPF,
awsone S Discharge 1 (@) 0 T A
2 0 10 20 30 40 50 60
NMP MEK Acetonitrile 0 100 90 40 59020 1O 300
e ——— Capacity (mAN/g) Cycle Number

Lawsone dissolves in solvents (including liquid electrolyte)

Solid LLZO separator blocks crossover, enabling retention of capacity

— S0 |VENt EVAPOration rate =———————-

G—— | 3\SONE particle size

lonic/electronic access to bulk =——

R.A. Jonson, V.S. Battaglia, M.C. Tucker, ACS Appl. Energy Mater. 2023, 6, 745-752
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Melt-Processable Catholyte

Succinonitrile (SN) + Li salts as SSE

H
CN
H////I,
:ll/”/H

Succinonitrile + Li salts

5% LITFSI

5% LISCN

3:2 mol% LiTFSI-LiBOB

LiTESI LiTFSI+LiBOB+SN

_ , LiBF, melts
e " T [
T e Li(CF,CO,)
----------------- — e LIN(CN),
_ C2H4(CN)2 106 L 5% LiCF,S0,

- Waxy colorless solid at room temperature

- Melting point: 57 °C (134.6 °F)

- Boiling point: 266 °C (510.8 °F)

- Li salts can be dissolved to have Li-ion conductivity

5% LI(CF4C0,)

5% LIN(CN),

108 T T T T T T T T T T
-10 0 10 20 30 40 50 60
Temperature (°C)

Nature Materials 3, 476-481 (2004)

2.0
Oxidative stability (vs. Li/Li*) >4.7V >5.5V S50V ;g'”"

- CondUCtiVity [S/cm] e >58x10" H87x107 g :: 5 mol% LiTFSI+SN =]

Electronic Conductivity [S/cm] 1.53x10®  3.79x10? 9.75 x 109 3 mol% LiBOB+SN :mz:; t:ggs;:SIN

3.0 3:3 3j6 3j9 4j2 4j5 4.8 5I.1 5.4
Voltage [V vs. Li/Li*]

W. Go, M.C. Tucker, M. Doeff, J. Electrochem. Soc. 171 (2024) 20524

LIBOB-limited solubility
LiTFSI - lower oxidation potential

Mix - improved properties

~
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Cell Performance - SN-LITFSI-LIBOB Catholyte

% CAM Catholyte CM
Thin free-standing LLZO ~80um Ratio
H — w544 39.0 6.6

4.6 —. 250 250 : : — : 250 —,
= Return to = =
£ K i =
Ezuu- D..‘I-C:,. 0.1 ézuo -200%

— g "rEes o = -M ;
o 5 150 2150 4150 G
- © ‘0 ©
— 25 [« N © Q.
—30 S 100 - = 2 1004 1100 O
o 0.5 © o
2 .. 2 2
8 s0- " & 501 25°C, 0.1 C-rate 150 &
2.8 Q = Q
,s | INO pressure 2 o no pressure 2
b B 8 W 2 STE i 6 8 012 14 16 1 2 i 20 w0 4 s s 70 80
Capacity [mAh/g] Cycle number Cycle number
. Functional solid cathode/catholyte
Composite cathode / y
- Mixture of active material, solid catholyte, and conducting material _ _ _
- LiNbO, coated NMC 811 Deposited as melt (no solvent, high loading)
- LiITFSI+LiBOB+Succinonitrile mixture ratio 3:2:95 [mol%], solid @ R.T.
- Carbon black No stack pressure
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Cathode Slurry Infiltration is Challenging

Cathode

* Cathode infiltration
- Cathode active materials are not easily
infiltrated into the porous support

Bilayer LLZO &£

s
-
A
2%

HV HFW mag + WD det x:-7.3407 mm — 100 pm ————
10.00 kV 340 438 x 9.1 mm ETD y: 126661 mm LBNL

1000
| ]
800
(]
E L ]
2
£ 600+ .
6 .
= 400 u
o .
£ a
0- " 200 'y
Cathode 1 253c,01c J_J
. No pressure
Slurry , . fow 2.6 T T T T T T T T 0 T T T T
/ S Sie | WS 0 30 60 90 120 150 180 210 240 0 200 400 600 800 1000
Aedpores | AT A p £ Capacity [mAh/g] Re(Z)/Ohm*cm?

Minimum pore size for NMC cathode infiltration 50-120 um

Pores must be well-connected
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Gen 3 - Porous LLZO Support with Low-Tortuosity Pores

DQQOQ =)

Cathode infiltration enabled by:
- Open faces
- Line-of-sight pores
- Large pore diameter
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Freeze Tape Casting (2019-177)

S. Deville, Adv. Eng. Mater., 2008

ceramic
growlr:gsltaa rlr;ellar slurry Ligdip ceramic slurry
TP P +  Solvent type
Q 20 Bl o0
3 iy TN 2 . .
: L e "%,f:& . Solid loading
s\ S . - -
2 Kt e o T e ot S Freezing temp. / cooling rate
g S : . .
2 = eeang *  Additive type / concentration
< i . . 17.5% LLZO
I S +  Particle properties ’
| . .
o Ha sublimation (size, morphology, zeta-potential)
SOLID
Temperature
Freezing bed, <0°C

Bilayers and Trilayers with porous LLZO made by FTC
Dense LLZO made by tapecasting

E. Yi, M.Doeff, et al., ACS Appl. Energy Mater. 2020, 3, 1, 170-175 Shen et al., ACS Appl. Mater. & Interfaces, DOI: 10.1021/acsami.9b11780 (2019). BERKELEY LAB
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Phase Inversion Tape Casting (2020-117)

H,0 Cross Section
LLZO slurry . e
Li" sat Sol nge
Substrate
Dry and

Tape cast Immerse peel off
c?; Water saturated
:>.' , with Li salt
% ‘ I o | | Cubic LLZO Li-saturated water prevents leaching of Li from LLZO
+— . . . i | [ I B Y
= l Pores do not penetrate bottom of tape

—— A J | | DIl water
. | N B ,ILazzlrzov - automatically forms electrolyte/electrode bi-layer
20 30 40 50 60 70 )
. Tunable with temperature and solvent system
2Theta (°)

Vertical straight pores
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Phase Inversion Structure (2020-117)

1800 »
. L 3
29 s [
R i ®
> - 400 S
2 20. ! 3 >
o / \\ 1200 3
o Y O
oL—— 1o §
0 40 80 120 :
Z (um)
40 ——
=
30t 1 Larger pore size at lower water temperature
9 * Water bath temperature: 0 °C
> 20t 1
8 . :
g 1 Higher bath temperature increases the
_ solvent exchange kinetics and limits the
ol growth of pores

0 10 20 30 40 50
Temperature (°C)
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Summary

] Iy

2] E‘zou-'..____-.

o] 2 1s0] T B

: : §1OUA

28 30 60 90 120 150 180 210 240 s 5 10 15 20 LLZO roceSS|n : it .

e Cycto mmber p g Cathode deposition:
“Solid State Batteries Using Architecturally Controlled Rigid and Soft e Tape castin ° i i i
Solid Electrolytes” Eongyu Yi, Marca M. Doeff, Guoying Chen, Stephen Sofie, P 8 Solution casting organic CAM
US 12,009,475 . T . :
exturing * Slurry casting polymer catholyte

“Binder systems and methods for tape casting lithium garnet electrolytes” Robert ) )
Jonson, Michael Tucker, US 11,929,459 * High Shear Compaction Slurry casting OIPC catholyte

“Methods of fabricating porous ceramic electrodes for solid state battery :
applications” Michael Tucker, Fengyu Shen, US 11,942,622 * Phase Inversion
“Battery with an Organic Cathode and a Solid Electrolyte” Robert Jonson, Michael * Freeze Tape Casting
Tucker, US20240162441A1

BERKELEY LAB

..... and more on the way sl )
Bringing Science Solutions to the World



Funding and Acknowledgements

= U.S. DEPARTMENT OF

BERKELEY LAB Energy Efficiency &
& Berkeley National Laboranor Renewable Energy

VTO
Simon Thompson

93 BATTERY =2/
vg)

My
A
Freeeee ﬂ

CONSORTIUM wu

v

ADVANCED LIGHT SOURCE

m ROLL = ROLL

CONSORTIUM

MOLECULAR ‘I‘ U.S. DEPARTMENT OF ENERGY
Fo U N D RY Hydrogen and Fuel Cell Technologies Office

RESEARCH MADE POSSIBLE BY MOLECULAR FOUNDRY
foundry.lbl.gov

20| BERKELEY LAB

Bringing Science Solutions to the World




