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E}gﬂ FROM ATOMIC RESEARCH TO RENEWABLE ENERGY

Defence Nuclear Research & y
Security Energy Technology m
S:) 4 500 employees
Defence Nuclear Technological = 550 M€ annual budget
Applications Energy Research e
Division Division Division 6 500 patents / year
. _ : ) 50 start-ups
French strategic French energetic French_gconomm <
independance independance competitiveness
Fundamental Research O
Material Science Division / Life Science Division E
e i O
m

AN

16 000 employees 580 priority patents filed / yr.

10 Research centers 120 new high-tech companies
4B€ annual budget created since 1984
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A MULTIDISCIPLINARY APPROACH TO Ré&D:
LITEN, LETI & LIST — A VIRTUOUS CIRCLE

A
2005 - Grenoble / Chambéry ?@w INes

INSTITUT NATIONAL
DE L'ENERGIE SOLAIRE

Staff 1 400 - 170M€

new energy technologies
and nanomaterials

liten

Llust leti:
software-intensive V micro-nanotechnologies

systems and system integration
Staff 800 - 70 M€ Staff 1 800 - 240 M€
2003 - Paris Sud 1967 - Grenoble
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Il 2 Principal sites
(Grenoble, Chambeéry)

B 5 local sites(CEA-Tech,
Cadarache + Corse)

LITEN : KEY FIGURES

Hll 2 commercial offices
abroad (America, Japan)

O 1000 researchers

—  2/3 permanents
— Average age <40
— 28% female

Almost 1300 patents

— 230 generated in 2015 liten
ceatech
\‘0", > 350 industrial partners pmmmmmme- 1 ------ R \ -------- .
SOLAR AND Y ELECTRIC |
BUILDING TRANSPORT

1
1
1
1
1
1
1

@ 140 M€ budget

—_——— e ———
e ——————

>l

Bilateral research contracts . .

—  50% large companies ,____‘____ 4 RESEARCH ____!_-____\
—  50% SMEs | ___DIVISIONS (O
E \ S ' NANOMATERIALS AND |
! BIOMASS | LARGE SURFACE 1
N &HYDROGEN g _ELECTRONICS ___/
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VERTICAL INTEGRATION: THE VALUE CHAIN

FIRST INDUSTRIALIZATION

DEMONSTRATION

SYSTEM
INTEGRATION

— - =
.

Alsolen: 500 KW Fresnel
L—Concentrated Solar Power
“

Integration of CEA
COMPONENTS technologies

15 KWh Li Battery+ 25 kW
. , PEMFC
PEMFC system 0 - + 10,5 kg H2 ~350 kWh

PROCESSES

Batteries

. Solar cells cells
X rays
MATERIALS Nanotomography of : Solar charging station and
ceramic cells micro grid

Atomic scale modelling of
hybrides

Fuel cell Powder for
catalyst batteries
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LITEN RESEARCH PROGRAMMES

Electric
Transport

Materials & processes
Design, prototyping &
test of battery systems
Pack architecture
BMS

Lithium
batteries

Design, prototyping &
test of FC systems
Materials & processes
Components - stacks

Integration of
FC/batteries in
EV/hybrid vehicles
Monitoring

Vehicle
integration
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ELECTROCHEMICAL SYSTEMS AT LITEN

Electrochemical Systems

20 years experience on

batteries and fuel cells

Batteries
300 patents

(2/3 on Batteries)

250 people
(2/3 on Batteries)
Secondary Supported by (nano)

characterization facilities

Basmati Workshop | 23rd of November 2016 | Thomas Yohann | 8




NANOCHARACTERIZATION PLATFORM

40 equipments / 2500m~? of facilities / 3.5M€ of investments/year

: 8 Centers of Competences
a ?J,@ b i | - TEM/ SEM
s agnetic .

Resonance e NMR/ SQUID
« XPS
-+w ° Neutron diffraction
« Xray Synchrotron
) « Contact Angle

o Bearn / hiﬁ‘f:f.’:‘;p e » (Gas Permeation
gAnalysis » Profilometer / AFM

: « GC/MS
Optics \1 " . HPLC/SEC
« FTIR/UV

« X-Ray diffraction
« DSC/TGA-DTA

X-Ray

Analysis  specimen
Preparation

( HRSTEM

Holography

Tomography Electron

- Microscopy

Surface
Analysis

TOF-SIMS
SIMS
Atom probe

Nano-Auger PL, cathodo...
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OUR STRATEGY FOR MATERIALS

Laboratory scale (g)

Innovation - Patents
(synthesis-composition)
Caracterization

Pilot scale (kg)

Synthesis scale-up

¢ == Process optimization
= 4 S

== Reproducibility

Technology transfer

License agreement
Industrial development
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LI-ION PROTOTYPE CELLS

1 mAh to 40 Ah cells

| Various « fit & form »

" (Pr, Cy, soft packaging, hard
3.2V - 40 mAh 37V-50mAh-245g9 | Jg Ca.sing. )& Specifi(.:
-0.01% / cycle 10 years at 37°C W architectures and design
LiFePO,-B/Graphite 4000 cycles '&.ﬂ (bipolar cells, thin cells
Efficiency > 99% Layered oxide/Graphite SAFT chemistry ’

Safety tests performed successfully '_J.l
Strong weldings : - ‘
High tightness .. L -_:1
After nalil test Overcharged cell " '
. ﬂ @ few mAh to 800 mAh,
3.2V - 10 Ah :;"gh Power il ultra-thin packaging
. . ast charge (="
High cycle life (< 0.4 mm)
Operating un o 24V — 15Wh 2310 3.7 V; <1g to 45g
p 7oogC p Bipolar architecture => Towards fully printed Li Batteries
+

' i F
I 11*‘4[ .
3.7V - 350 mAh

Cell for extreme
conditions

3.2V-170mAh

Thin Cell for
Extreme conditions ©




LI-ION BATTERIES PILOT LINE

T g s SO o

Pilot Line with 1000m?
of dry room extension

* Line capability up to
500kWh/month

« 150-200kWh/month in
practice (~3000cells)

e 500 channels for formation

« 1000 channels for cycling
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2. DIGITAL PRINTED LI-ION BATTERIES
OVERVIEW
INTERDIGITATED DESIGN
INK-JET VS. AEROSOL JET




OPERATION OF LITHIUM SECONDARY BATTERIES

» Conversion of chemical energy into electrical energy

> Reversible insertion of lithium ions in the structure of the anode material and the
cathode (oxidation-reduction)

Porous Electrodes (compromise impregnation / electronic percolation threshold)
Electrolytic medium (electrical insulation and ionic conduction)

Current collectors (metals, polymers and ceramics drivers carbons)

Substrate (sealed packaging)

YV VY

Charge Décharge

e° e°
-— —
XS, LS,
<H> + Li* + e+ =) <HL{> <HL{> = <H>4 Li* ¢ e-
<MLi> = <M>4 Li+ + e- <M> # Li* + e- = <MLi>

The first system lithium ion by Sony in 1991: Graphite/LiCoO, (18650) — 3.6V
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PRINTED ORGANIC ELECTRONICS

PLED (Polymer Light-Emitting Diodes)
HMI, signage
Devices, systems
Single digit, matrix
Logos

Antennas

Sensors
capacitive
pressure sensitive

- No rechargeable digital printed
batteries !

- No fully integrated battery +
electronic
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DIGITAL PRINTED BATTERY

Current collectors

: . . : Electrod
Flexible and fully printed multi materials Eloctolyte

/

Non stacked configuration Non contact printing technique

simplification of interfaces

(more flexibility with reduced
Aerosol jet printing

mechanical constrains)

Interdigitated
design
\
/ \ - More flexibility
- Design

High resolution - Interfaces

; . - Versatility of shapes
Width of lines : 200um

Distance between lines : <100um (target 50um) - electrolyte compartment

~
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INTERDIGITATED DESIGN AND DIMENSIONS

To simplify or solve several technological barriers, another battery architecture is possible:
the interdigitated planar design

= The interdigitated concept reverses at 90 ° stacked = Dimensions:

architecture = Width of lines : 200pum
v Architectured current collectors on the same plane = Distance between lines : <100pm

v" Electrodes printed side by side on respective (target 50um) = electrolyte
collectors compartment

v' Separator printed between the electrodes printed - Solid electrolyte configuration
on the entire surface

v Electrolyte impregnation by the above *  No densification

=  Constraints of the concept:
v" High printing resolution( 10pum +/- 1um)

- Electrodes 10 to 200 pm
Space <50um

Cathode

Current collector

Current
collector

Anode

¥ Anode

Cathode —

Li* transport distance
(constant)

Patent BF3007206

—. Polymer substrate +
barrier layer
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COMPARISON INK-JET AND AEROSOL JET PRINTING

Inkjet Aerosol jet

nebulized paste stream
through the,inner nozzle

N

sheath gas stream —~
through the outter nozzle

Advantages of aerosol jet
printing:

» Less constrains on inks
(viscosity, surface
tension)

» Less constrains on
substrates (lower
spreading)

» Best resolution

focused jet stréa
with sheath gas

- low to medium visco
- thin electrode at high resolution

— low viscosity
— thin electrode at medium resolution

Disadvantages of aerosol

1 S{Y'ong:)ﬂ . t . t
Fixed (] im .
i Shanof ‘ Jet printing:
1mm
Broplet” il | > Labscale

3 =

Aerosol Jet

Ink Jet

- e @ e =

Clogging Nozzle

Low Density Inks

Single Large Drop (>200x volume Aerosol Jet)
Random Directionality

Viscosity Range =8 t0 12 ¢P

Clog Resistant Nozze

High Density Micro Droplets
Continuous Streom

Tightly Focused

Viscosity Ronge = 1 to 1,000 cP

—

Shin et al. Scientific Reports 5:16704 - November 2015. DOI: 10.1038/srep16704
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_ Inkjet basic Ink dispenser Aerosol jetting

Particle size
requested

Layer thickness
(Wm)

Definition (lines
spaces) (um)

Feature size (um)

Registration (um)

Patterning capacity

Patterning Design
Ink viscosity Pa.s

Throughput m?/s

< 100 nm

0.015-100

30-100

20-100
> 25

Required specific

frame
and hardware

2D
0.5-50
2-3

TECHNICAL SPECIFICATIONS

<50 nm

0.05-100

5

20-50
>5

Software
development

3D
0.001-0.1
0.01-0.5

Basmati Workshop | 23rd of November 2016 | Thomas Yohann | 19
e

<50 nm

50

10-500

100
> 20

Software
development

3D
0.02-1
0.01-0.5

<50 nm

0.05-100

2

5-20
>5

Software
development

3D
0.02-1
0.01-0.5



AEROSOL JET PRINTING

Pneumatic Atomization Printing Head

Condensed asrosol

N

gas B e haust '.' .“»
. nie ot tat®
large droplaté * e — BT AT,
._;
-
»
S ¢
I, | deposition I
head 3
condensed
aarasol Substrate

Experimental parameters (for pneumatic atomization):

Carrier gas flow

Exhaust flow

Sheath flow

Printing head temperature
Plate temperature

Ink temperature and stirring P
Nozzle size (100 to 300 um) PICTIC Platform

AN N NN
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3. RESULTS FROM BASMATI PROJECT
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RESULTS FROM BASMATI ‘Basmau

°* Current collectors = Cu /CNT /Ni / Gold
* Formulation / characterization
°* Printing
* Sintering
° Electrodes -2 LFP/NMC/LTO/graphene
* Material synthesis

* Formulation
* Testing in coin cell with jellified configuration
* Printing (LFP)

° Multi-material printing for complete prototype (to be done)
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liten RESULTS FROM BASMATI

i C t collect
L  CURRENT COLLECTORS Opper current cotiector

= Formulation of copper nanoparticles

v" Particle size distribution Compatible with
v Behavior at high shear rate aerosol jet printing
BaCul9 Flow curve (0,01-> 150 s-1)
T 1+ 0;2
‘g ! ‘. 's,l —&—BaCul9
0,001 0,1 10 1000
Shear rate (s-1)
BaCu1l9 Particule size distribution in formulation o
Y = i I ;3" Optical image of interdigitated pattern of copper
| 80 nanoparticles before sintering printed on PEEK.
é —Ipsd—l?g i 60
8 ; # R P = Successful printing with high resolution
' - 10 . .
. 0 = Same design was printed on PET

[
=
o

0,01 0,1 .
Particule diameter (um) = PET = fOI‘ testl ng
Distribution D10 D16 D50 D84 D90 Dmax 8 P E E K = for fl n al p rOd u Ct
Diameter (nm) 80 110 250 570 740 3800
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RESULTS FROM BASMATI
CURRENT COLLECTORS

Copper current collector sintering

= Xenon Flash sintering (20 ms - 500 to 2000 J)
= Compromise between electronic conductivity and substrate stability

Configuration Sinteron 2000

—m—PFN2
—i—PFN3
——PFN4

——Linéaire (PFN1)

2500

= No oxide remain

=  Cracked Copper layer
= Non conductive

=  Substrate deformation

)
8
S]

-
%
=}
S)

g
(=)

Energy (Joules)

Linéaire (PFN2)

——Biggaire (PFN3)

—— Linéair LA ‘ e
/ \ i o = No oxide remain

|~ = Continuous Copper layer
Tension (kV) » = 4 Q/cm
: = = No Substrate deformation

=  Oxide remain

= Continuous Copper layer
= 400 Q/cm

= No Substrate deformation

i 12016 Mg = 102.00K %, EHT = 10.0C Duir 20 Moy 2016
LTEN 1 pm v uTen 200 nm
GO o (M 0t 2] o

Copper particles after sintering (Xenon Flash sintering (20 ms/ 1400 J/ 3,6kV)
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liten RESULTS FROM BASMATI
- CURRENT COLLECTORS

= Current collectors — CNT
EG based ink (1 wt.%)

Dimensions

Line width 180
Space between lines 60

Resolution High

Satellites No

= Both current collector
could be printed with CNT

= Simplification of process

= Only one material for
current collectors

= Conductivity
measurements ongoing

5.00 mm/di
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RESULTS FROM BASMATI

ELECTRODES - POSITIVE LFP Belife

= Nano-ink compatible with numerial printing

= Good performances in terms of capacity
retention and cycling

SH

Ba-LFP09 aerosol ink - LFP Vs Li metal gelled plastic cristal electrolyte -
2L FP04-

4,5
MAG: 100.0kx HV: 10kV 'WD: 8.4mm

Membrane and jellified electrolyte

= = Alternative plastic crystal
1]
2 solvent (Patent 2015
>
160mAh/g @ C/20-D/20 —o—Cycle 2 (C/20-D/20) B F 1 55 7 89 6)
Ao lver 104 on Aluminu Ol 10(c/200/20 = Non toxic
0,200mAh/cm? —o—Cycle 20 (€/20-D/20) .
, Membrane 20um o~ Cycle 22 (€/10-D/10) = Non volatile
° * ° ®  capacity (mAnfg) o = All solid configuration
Ba-LFP09 = Jellified membrane (20pum)
LFP Belife 70 = Electrode loading: 0,2mAh/cmz
SP : > = Final version:
Gelled Matrix A/B 25(B) . :
EG/Water 88 = 70%: active material + conductors
Solid content (%) 12 = 30%: 15% polymer matrix + 15% electrolyte
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RESULTS FROM BASMATI

ELECTRODES - POSITIVE A

Electrodes printing

[SE]
Ba-LFP04-14 :
MAG: 100.0kx HV: 10kV WD: 8.4mm

1000.00 um/div

LFP-09

Solvent EG + H,0
Dry content (wt. %) 12
Active material (wt. %) 70
Electrolyte (wt. %) 25
Additives (wt. %) 5
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RESULTS FROM BASMATI
ELECTRODES - POSITIVE

Electrodes printing

Dimensions

Line width 116 £ 3
Line thickness 2,1+0,2
Space between lines 58 £ 2

100.00 um/div

LFP Belife

SH

Ba-LFP04-14
MAG: 100.0kx HV: 10kV 'WD: 8.4mm

LFP interdigitated profile sample

2,5
15
0,5

-0,31800 2300 2800 3300 3800
Position (um)

Thickness (um)

3D reconstructed optical image (not to scale)
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CONCLUSIONS ‘Basmatl

n by Scaling Up N and Inks for Printing

* Current collectors
* Copper = Printing + sintering OK
* CNT = Printing (no need of sintering) OK
* Conductivity measurements

° Positive electrode
* LFP - Formulation + electrochemistry + printing OK

°* Negative electrode

* Nano graphite not available (testing with graphene)

* Nano-LTO under study
* 50 mAh/g for uncoated material (jellified configuration)
* Theoretical capacity of LTO = 175 mAh/g

* Formulation / characterization
* Printing

Multi-material printing for complete prototype To be done
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Thank you for your attention

Basmati

Bringing Innovation by Scaling Up Nanomaterials and Inks for Printing

Commissariat a I'énergie atomique et aux énergies alternatives
17 rue des Martyrs | 38054 Grenoble Cedex
www-liten.cea.fr

Etablissement public & caractére industriel et commercial | RCS Paris B 775 685 019
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