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Batteries today
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Batteries for tomorrow

l Use resources

Ensure long lifespan
€ i efficiently

LR supply chain, ensure

B Y ethical sourcing

without geographical
risks
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Make them ¢

energy dense
Some ways to

build better,
more sustainable
BATTERIES

Use low toxicity

Use clean energy materials

for manufacturing
and recharging

O Make them easy to
re-use and recycle

Enable excellent
roundup efficiency
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Battery’s origin and evolution

Field Artillery Battery Electrical battery

Electrochemical battery
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Battery diversity
Li-lon battery

Coin battery
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Zinc Carbon battery

Lead-acid battery
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Sealed lead-acid

Ni-MH battery

Zinc-Air battery

Alkaline Battery
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Batteries main components

Cylindrical Cell Prismatic Cell

) Case
Negative
clectrode
Separato
Positive
electrode

Button Cell

Positive
electrode
Negative
electrode

Pouch Cell

Anode cap _—

Separator :
Positive Negative
electrode electrode




Anode

~

* Carbon-based
materials (e.g.
graphite)

* Metals (e.g., lithium,
silicon)

* Metal oxides (e.g.
lithium titanium

K oxide) /

Batteries main components

Electrolyte

* Liquid organic
solvents with
dissolved salts (e.g.
LiPFg Li-ion batt.)

* Solid ceramics (e.g.
LLZO)

Polymers (e.g. PEO-

.K based) /

Separator

*  Microporous
polymers (e.g.
polyethylene,
polypropylene)

* Ceramic-coated
polymers

* Nonwoven fibers

~

/

Cathode

* Metal oxides (e.g.
lithium cobalt oxide,
nickel cobalt
manganese)

* Metal sulphides

* Polyanionic
compounds

\ /
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Inside the battery (electrochemical cell)

Discharge
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Inside the battery (electrochemical cell)
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Li-ion battery manufacturing

Material production,
conditioning

tahiumcar Cakalt sulghate Manganese Casbonsts

Electrode production '_- ﬁ % E : |m|®
Dry and wet  Web coating Drying Calendaring Slitting Final drying
mixing to width
Cut to single Packaging Contacting Housing, Electrolyte Final cell
electrodes terminals sealing filling/tempering  sealing

/
Cell conditioning 0 @

Initial quality = Formation Intermittent Aging Final quality Quality
control quality control control sorting

Assembly, Life Cycle

Module BMS integration Cooling Pack assembly Vehicle system 2ndyse,
assembly integration integration/1%t use recycling




All solid-state battery (ASSB) manufacturing

Next generation of energy storage: promising greater safety, energy density and performance

Coin cell
Cathode Electrolyte ———
slurry e s slurry Laemmmm———— L ammmm - N P —
Pouch cell

Lithium

-
q ’

Prismatic cell

Cathode Drying and Electrolyte Drying and Lithium anode Cutting and
casting calendaring casting calendaring incorparation assembly

Cylindrical cell

Images: modified after tan et al. 2020, Zeman et al. 2022 14



3D-Battery Manufacturing

Customized designs, improved performance, and streamlined manufacturing

Filament Fabrication and 3D printing

LiFePO, ,
Cutting
PLA . CNT . ‘ - i

Solvent casting
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3D printer
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Schematic: modified after www.unitalities-me.com and Seas.Harvard.edu, 15
Image: Kime et al. Nano Lett. 2015, 15, 8, 5168-5177



Visualization of battery materials

Battery Cell Battery Module Battery Pack

Foil pouch
Separator..
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Features of battery materials

Imaging Techniques

Visualization of battery materials

olid-electrolyte interphase (SEI)

Particles
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Modified after: Villarraga-Gomez et al. 2022.
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ECM: Equivalent Circuit Model
CDI : Coherent Diffraction Imaging (CDI)
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ion of battery materials

SEM observat

Operando

Analyzing reactions during active operation,
particularly the matched charge/discharge profiles
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SEM for analysis of primary battery materials

NMC (Nickel Manganese Cobalt Oxide) LCO (Lithium Cobalt Oxide)
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SEM for analysis of primary battery materials

Li;PO, used in synthesis of cathode or conductive thin-film electrolyte on battery materials




SEM for analysis of primary battery materials
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NaTi,(PO,); (NTP) and NTP+PVDF used as anode material in aqueous Na-ion batteries (ASIBs) considered as one
of the next-generation large-scale rechargeable batteries
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SEM for analysis of primary battery materials

Non-conductive samples

Low voltage, Low vacuum,
sputter coating, etc

Battery separator
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SEM observation of battery components

; _ Resin embedding of battery electrodes for polishing the cross section
Conductive resin
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Conductive resin

SEM observation of battery components

Resin embedded NMC electrode for cross section observation
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SEM observation of battery components

A Graphite/silicon anode cross section with a Cu current collector, prepared by ion milling

Sample preparation: Imene Esteve, impmc 25



SEM observation of 3D-printed battery components

Extruded filaments for 3D-printing

@ Polymer A
© Polymer B

Extruder

3D printer

3D-printed
battery

'PP/PBE 50/50 PP/PBE 75/25

Cylindrical filaments from the co-rotative twin-screw extruder
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SEM observation of 3D-printed battery components

Study of polymer blend for 3D-printing of batteries
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SEM observation of 3D-printed battery components

Study of polymer blend for 3D-printing of battery

Cryogenic fracturing using
liguid nitrogen

L o 2z S
Phase continuity: PP/PCL 70/30 v%
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in situ/Operando studies of battery materials

In situ analysis of lithium rechargeable battery
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in situ/Operando SEM for battery materials

= . .;..,}?{

Yuegang Zhang et al. Yuegang Zhang et al. Jianyu Huang et al.
Liquid cell SEM Liquid cell SEM Inorganic solid electrolyte
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Reiner Monig et al. Hong Li et al. Andrei Kolmakov et al, Karim Zaghib et al. Huigiao Li et al.
lonic liquid electrolyte Environmental SEM  lonic liquid electrolyte Solid polymer electrolyte Inorganic solid electrolyte

| SEM detectors

.

electrolyte
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in situ/operando SEM for battery materials

Necessity of sealed air-tight sample-transfer modules

Sample degradation upon exposure to air and humidity

Glovebox



in situ/Operando SEM for battery materials

Development of a sample-transfer device for air-/moisture-sensitive materials at LRCS/UPJV

1998: XL30-FEG ' ﬂaWE _
'("_.« - {

Collaboration with Philips (FEI) to design and fabricate a
sample-transfer system at LRCS/UPJV to observe air-
sensitive samples in the SEM

2008: Quanta 200 FEG ESEM
Use of sample transfer system and cycling battery under
different auxiliary gas

SEM imaging of the formation of copper
vanadate particles upon cycling

rod 2
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Sample transfer module for in situ/operando SEM

o
Glovebox

20 mm

Need for a New Version

Easy and efficient sample transfer

Fitting various battery
technologies, such as ASSB

EDX analysis during cycling and
use of micromanipulators

Higher electrochemical reliability

~ N
Modification of the SEM chamber

& electric connections

Materials and fabrication
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Design and development of the in situ/operando module

Carine Davoisne

Neelam Yadav Melissa Herrmann

PLA printed model

Carrent
collector

Insutating .
parts

-~
T

50 mm

-

In situ cell holkber

* + airtight transher
bk

Electriccables
passagEway
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Separator & RTIL

Si slurry layer

Cu current collector

Si slurry layer

Al cell current collector

Operando SEM

Testing lithium-ion batteries (half cell) with silicon/graphite
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Operando SEM

Testing lithium-ion batteries (half cell) with silicon/graphite

Difficulty in controlling experimental condition in SEM during cycling
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Operando SEM of All-Solid state batteries (ASSB)

Functionality test: Reliability and Consistency

Anode: Reference: pmma
Metallic Li »
..
&
45 v
Ci25 CI/50
4.0
s
T 35
€
8
S30
2.5 ¥ 1% cycle
| 2™ cycle
-3"cycle
201 ; ; ; : . :
0 20 40 60 80 100 120 140
Q-Qg (mAh/g)

Reference system

Potential (V)

1st-cycle_CI50|
2nd cyde

s 3rd cycle

40 60 80 100

Q-Q, (mAh/g)

Outside SEM

0 20

Potential (V)

N
(2

g
o

il
o

el
(=

Ci1s

15t cy cle []
= 2nd cycle
-3rd cycle
0 20 40 60 80 100 120 140
Q-Qg(mAh/g)

Inside SEM

37




Operando SEM of all-solid state batteries (ASSB)
Effect of Solid Electrolyte (SE) particle size

0.5-20 ym 50-150 um
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Commercial Solid electrolyte (SE):
LiPS.Cl (LPSCI)
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Anode:
Metallic
Li

Electrochemical behavior

Galvanostatic cycling
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Effect of solid electrolyte particle size
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Effect of solid electrolyte particle size: anodic interface evolution

0 min

©)]
Anode:
Metallic
Li

Contact loss during charge

Possible SE volume expansion/shrinkage

1t charge | : .. 15t discharge

~T7.76.1m

1** discharge



Effect of solid electrolyte particle size: anodic interface evolution

5 Discharge

~15.31 pm

D - { (

4 nodes

Dendrites grow from lithium toward SE

Different form of dendrite formation

Presence of decomposition products

Fiher—likg

10pum




Effect of solid electrolyte particle size: anodic interface evolution

50-150 pm

1™ cycle

4.92 tm

Sinuous vs Linear cracking
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Effect of solid electrolyte particle size: cathodic interface evolution

* 0,5-20pum: Pronounced SE degradation e 50-150um: Progressive cathode delamination from SE
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Effect of solid electrolyte particle size: conclusion

“Yes, size does matter!”

4 N\ 4 N\ 4
Linear cracks Dendrites Faster short circuit
g J g J N\
4 N\ G t d N\ 4
reater anode —
Small particles Faster SE degradation
P SE contact &
. / \ / .
4 D d . . N\
Sinuous cracks endrites propagation Better cyclability
L prevented )
4 N\
Cathode Progressive capacity loss
delamination L & pacity )
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Failure mode in sulfide-based all solid state batteries revealed by operando SEM

107 eycle 1% discharge

Mechanical
failure

Electro-chemical
failure




MERCI a VOUS!



