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Mission

» THALES Research & Technologies is a portal for emerging technologies into
THALES Group

» Open organisation, co-located close to or within some of the best research
campus in our fields, according to the Group worldwide map of locations

France (Palaiseau) : 350 p + 70 PhD + 80 CNRS-Universities

— Ecole Polytechnique - Plateau de Saclay
UK (Reading): 130 p
— University of Surrey

Netherlands (Delft) : 15 p

— Technological University of Delft - University of Twente
Singapore : 15 p

— Nanyang Technical University
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. The actors of research

THE JOINT LABS

INNOVATION PLATFORMS
Work on concrete cases of technology implementation in the
products of the group.

ACADEMICS JOINT LABS
Those common labs have common personnel, common
equipment and shared research agenda

- ©Thales 2015 All rights reserved.

INDUSTRIAL JOINT LABS
Those common labs have common personnel, common
equipment and shared research agenda
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What's graphene?
What are carbon nanotubes?
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Allotropic forms of Carbon (until 80s)

These different ways of rearrange themselves, change the properties of the final
“macromaterials”. For example graphite is black and quite soft, inversely diamond is
transparent and one of the hardest materials discovered up to now.

© Thales 2015 All rights reserved.
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3 Bondings

Graphite
Ee————un

Diamond
4 Bondings

Template : 87204467-DOC-GRP-EN-002

March 2015

[eo}
‘POAISSaI SIYBU IV §10Z SOIPYL® - SSIOYL JO fUSSUOD UM Joud 8y} Jnoypm Apnd paiyi o o} pasojosip 1o {od |_
I Ul 10 9joym Ul ‘ADM AUD Ul ‘pajpisupi} ‘paysiiand ‘pajdppp ‘palipow ‘paonpoidal g jou ADW JUsWND0P SiyL



After 80s....
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What's graphene ?
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The Nobel Prize in Physics
2010

1946 Theoretical Prediction (P. R. Wallace, Un. Ontario)

F

Munich)

5

Photo: U. Montan Photo: U Montan
Andre Geim Konstantin Novoselov
Prize share; 1/2 Prize share: 1/2

The Nabel Prize in Physics 2010 was awarded jointly to Andre Geim
and Konstantin Novaselov "for groundbreaking experiments
regarding the two-dimensional material graphene”

March 2015
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1961First observation of “2D Graphite Lamellae”
(Hanns-Peter Boehm, Ludwig-Maximilians-Universitat in
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- Buckminsterfullerene Cé0,
- where 60 is the number of
carbon atoms, is the most
known form of the fullerene

= family.
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Richard Buckminster Fuller

Fullerene : beautiful...but no real application...

It was first generated in 1985 by Harold Kroto,
James R. Heath, Sean O'Brien, Robert Curl,
and Richard Smalley at Rice University

1996 Nobel Prize in Chemistry

THALES GROUP INTERNAL



- ©Thales 2015 All rights reserved.

This document may not be reproduced, modified, adapted, published, translated, in any way, in whole orin
part or disclosed to a third party without the prior written consent of Thales

w

March 2015
Template : 87204467-DOC-GRP-EN-002

The Nobel Prize in
Chemistry 1996

Robert F. Curl Jr. Sir Harold W. Kroto Richard E. Smalley

Prize share: 1/3 Prize share: 1/3 Prize share: 1/3

The Naobel Prize in Chemistry 1996 was awarded jointly to Robert F.

Curl Jr., Sir Harold W. Kroto and Richard E. Smalley “for their
discovery of fullerenes”.

THALES



ALES

Graphite

P | j |
L

‘L:__'.'

L

A ek SR S
£ LAk S TR
T B S
I;H_f—crl:
_-1--__4—

B 6 .

o
VR e e T
!:'_E{:;
0 s e
1
.

=
s s
; ';(:,Cl:{
VR G s S
T i T

Nanotubes
de carbone

i

="
I 2T
goed
o

Fullerene/Buckyballs

March  Figuare 1 Mother of all graphitic forms. Graphene is a 20 building material for carbon materials of all other dimensionalities. It can be wrapped up into 00 buckyballs, ralled

Templ¢ jpto 1D nanotubes or stacked into 30 graphite.
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1991 Carbon Nanotubes Discovery

Sumio lijima
Kk fotv
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® Carbon nanotubes properties : how to roll up graphene?
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Rolling up Graphene to Obtain Carbon Nanotubes
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I Carbon nanotubes properties : how to roll up graphene?
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U MultiWalled Carbon Nanotubes, SingleWalled Carbon Nanotubes

SWCNT

(#t.01) fauteuil

C.=n.a,+m.a
MWCNT ~=h =1 =2

Saito Law :

n-m # 3p (p entier)
THALES GROUP INTERNAL T H A L E 5
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What'’s a supercapacitor?

Supercapacitor is the name done by NEC in 1971

ed.

Technically is defined Electrical Double Layer Capa __ citor (EDLC)
”;tg Charger

- C=(€/lo)A Pv

;7 E=(1/2)CV?2 el Eoanzing Collector

| PEVEER) ——

separator

- Helmotz’s model

“* Only non faradic reactions
o1 Two electrodes THALES
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Battery-like devices

o=
0 et
£ o8

o 0
3 88
Q o~
_— W 02>
O o8
0§t
T co
s 9%
o o
0 =
o ¢

N

N
‘PaAIssal siYBU ||V G10Z SIPYL @ - SS|PYL O ussuoD usium Joud ay} jnoyim Aupd pliyl b of pasojosip Jo Jpd
Ul 10 8|0ym Ul ‘Abm AUD Ul ‘pajpisuply ‘paysiignd ‘paidppp ‘paljipow ‘padnpoidal 89 jou ADW jusuwnd0op SIy|



: Advantages
— Very high rates of charge and discharge
-% Higher life cycle (>500000, rechargeable batteries  can attain 10000)

—» Good reversibility
-a Low toxicity of material used
—» High cycle efficiency i

Low internal resistance (Higher output power)
—» Extremely low heating levels

~ Drawbacks
—> Low amount of energy stored (3-5 Wh/Kg vs 30-40 Wh/  Kgffp 18s)
—> |t requires sophisticated control and switching equ ipme

(from batteries to supercaps)
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A short history

1957 : the first patent on EDLC (Electrical Doucle L  ayer Capacitance)
General Electric : Electrolytic capacitor with porous ¢ arbon electrodes

2,800,616
LOW VOLTAGE ELECTROLYTIC CAPACITOR

Howard I. Becker, Vischers Ferry, . ¥., assignor to Gen-
eral Electric Company, a2 corporation of New Yeork

Application April 14, 1954, Serial Fo. 423,042
4 Claims. (CIL. 317—239)

© Thales 2015 All rights reserved.

Two porous graphite electrodes
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1966 : SOHIO (Standard Oil company, OHIlo)

At this time SOHIO acknowledged that “the double-layer at the
interface behaves like a capacitor of relatively high specific
capacity”. - 1t

CONDUCTOR | — CONDUCTOR

'}

POROUS GRAPHITE

POROUS GRAPHITE = = T ELECTRODE

ELECTRORDE — |

HNANEIL
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__— |ION PERMEABLE
= MEMBRANE

1971 : NEC : first commercial device called « superca __pacitor »
based on technology suggested by SOHIO: Memory backup
applications (low voltage, high internal resistance)
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1978 : Panasonic_: «_gold capacitor » . back-up energy source for
microprocessors and solar batteries (power failures include video recorders,
DVD players, fax machines, telephones, digital still cameras, mobile phones,
audio stereo systems, etc.)

(Fig.2)

1982 : Pinnacle Research Institute . « PRI ultracapacitor _ » (first time that
the term « ultracapacitor » is used) incorporated metal-oxide electrodes

Applications : laser weaponery and missile guidance (military applications)

THALES
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Some visible supercap applications
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Emergency issues

Wind Turbine pitch
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Activated carbon: parameters

_ H Non-faradic carbon nanotfubes based supercapacitors : state of the
gg Mqln pqrqmeters art, P.Bondavalli, et al., Eur. Phys. J. Appl. Phys. 60,10401, 2012
- e Surface (energy)

[®)

e High breakdown voltage (energy)

- ¢ Pore size (to exploit surface

=

completely and to promote easy ion
- diffusion)

_ Activated Carbon

e Large surfaces (3000m?/g)
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at . 1. (a} Schematic of an activated carbon-based EDLC. (b) Representation of pare in carbon electrode active layer.
SR c) Electron of carbon 3
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8

f

- The main issue :
. * Very bad mesoporous distribution!!!
- 2/3 of the pore size are smaller than 2 nm and so are unpercolated)

28 THALES
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2/3 of the surface is not exploited

a°
- o

PORE SIZE IS NOT OPTIMIZED AND
SURFACE IS NOT ADEQUATELY EXPLOITED

eUCAT
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I What are carbon nanotubes and why carbon nanotubes for Supercaps?

G R e S iR S A

GRAPHENE

Niu, C;; Sichel, E.K.; Hoch, R.; Moy, D.;
Tennent, H., Appl. Phys. Lett. 1997, 70(11)
1480-1482 Hyperonc Inc.

* Randomly entangled nanotubes for electrodes can be fabrica ted easily
» Highly surface specific surface area (300m2/Kg)

» High mesoporous distribution (2-5nm) and so electrolyte ac cessibility

» Low resistivity (they can be used as electrode and collector )

* We can fabricate electrodes without binder (higher breakdo wn voltage)
« Total weigth is very low (enhancement energy and power densi ty)

|32 High stability (long life-time) THALES
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CNTs (and Graphene related materials) based Supercapac itors

107
Capacitors
106
= 10°
=
'g 104
£ 108 - “Traditional”
.-_%— 100 |— Electrochemica,
Capacitors Batteries Fuel
10 = Cells
1 [ L1 L |l |l
0.01 0.05 01 05 1 S 10 50 100 500 1,000
Specifit Energy (Wh'kg)

Considering that supercapacitors bridge the gap of capacit ors and batteries
performances we have to attain performances in this zone
THALES



i Why to use Graphene related materials and CNTs mixings?

A) 0% Graphite -

Graphene/graphite content (wt %)
U. Khan, J. N. Coleman et al Carbon (2010)

Resistance is reduced by a factor of 4 compared to
bare CNTs layers

CNT/graphene/graphite composite

Eé 2.5x104

£] 4

g% E 2.0x10 =

CZ) n

z © 1.5x10 - -

& 1

: £ 1.0x10%-

UQ -§ 75% the conductivity is optimized

8 S 5.0x10°7 - 2. =) =

' s egRhile
3 0.0 T : I 1 I ' I r I T ' 3 g
s 0 20 40 60 80 100 p—

part or disclosed to a third party without the prior written consent of Thales - «
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=

_LSLE Can we improve the Power output (P 1/R)?
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I Why to use Graphene related materials and CNTs mixings?

Citethis: Phys. Chemn. Chenfl Phys., 2011, Y3, 17615-17624
WWW.rsC.org/pecp PAPER

Graphene and carhow composite electrodes for supercapacitors
with ultra-high energy ty

Qian Cheng.”” Jie Tang.**” Jun Ma.” Han Zhang.” Norio Shinya® and
Lu-Chang Qin®

P e

. Q —*———reduced charge diffusion Pristine
=N graphene/graphite

and surface

Graphene/graphite/CNTs
mixing

=
» CNTs prevent restacking (higher surface, higher ene  rgy stored)
» CNTs/graphite/graphene improve conduction (higher po wer delivered)

This document may not be reproduced, modified, adapted, published, translated, in any way, in whole orin
part or disclosed to a third party without the prior written consent of Thales - © Thales 2015 All rights reserved

* CNTs prevent the disintegration of the composite
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Our Approach
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( Initial sonication
-CNT : 10" high power
- Graphite : 18h low power
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OUR APPROACH

Final sonication of the mixture :
18h low power
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Deposition method

o Excellent reproducibility
o Versatile, easily scalable for large-area applications
o Extremely uniform deposition with no “coffee-ring” effect

Dynamic spray-gun deposition method

Micro-droplets Spray-gun

~

Substrate

Heater

Process patented

THALES



4 . . . Supercapacitor electrode based on mixtures of graphite and carbon
. Electrode deS|gn and cell fabrication nanotubes deposited using a new dynamic air-brush deposition technique,
P Bondavalli, JECS 160 (4) A1-Aé, 2013

whole orin
hts resened.

© Gun spraying

5‘% Masking Panasonic

© Several samples fabricated at the same time Graphite bucky paper

' Flexible electrodes Electrode design Supercapacitor Cell

s_

6
o<
25
£a
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Supercapacitor electrode based on mixtures of graphite and carbon

i Sample MOI’phOlogy (CI’OSS SeCtiOn) nanotubes deposited using a new dynamic air-brush deposition technique,
P Bondavalli, JECS 160 (4) A1-Aé,2013

- ©Thales 2015 All rights reserved.

s e W

‘ ’--..f Excellent mtercalatlon of graphlte/graphene Iayers
R R - ‘L-n %" . .

‘_'*u
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iResuIts . Energy and Power as a function of the concentration

Sample characteristics :

» weight = 1.8mg

* surface = 2cm? (circular design)
* thickness ~ 20um

Energy max. ~4,5Wh/kg for 75wit7%CNT

Power max. ~15 kW/kg for 25wit%CNT (enhancement of 2,5)
,_Cell properties

Supercapacitor electrode based on mixtures of graphite and carbon
® nanotubes deposited using a new dynamic air-brush deposition technique,
P Bondavalli, JECS 160 (4) AT-Aé,2013

Specific power (k\W/kg)

75%

This document may not be reproduced, modified, adapted, published, translated, in any way, in whole orin

part or disclosed to a third party without the prior written consent of Thales - © Thales 2015 All rights reserved.
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Last measurements : new option for green suspension s using GO

Mixing of Graphene Oxyde and Oxydised Carbon Nanotu

Advantages

e Aqueous based supensions

* Very stable suspensions

« Low temperature process (120 °C)

HIOCR COOH COOH OH i

I
COWH O H

bes in water

o Graphenea

Graphene Oxide
water dispersion

250 mL

P
v

THALES
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Oxidised CNTs can be put into water based suspensio  ns very easily

Non-oxidised CNTs Oxidised CNTs

THALES
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I New packaged prototypes
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Performances for different GO concenirations

3 3 N C — 120 F/g
£
cER o
22
i -0
52 . spray 60/40 GO/CNTox
= 2 ’C =38 ':/O — spray 70/30 GO/CNTox
85 3 - — spray 80/20 GO/CNTox
o3 f — spray 90/10 GO/CNTox
i 05 0 05
§ E vs Ag/AgC (V)
2 The SUffCIC.e G"OWS |'O kn.OW Graphene based electrodes for high performances
- the capacity of the materials supercapacitors, P.Bondavalii, G.Pognon, Procedding of
gé IEEE NANO 2015, 17-20 July, Rome
- to store energy
48 THALES



15

THALES

450

50 -
0

o O O O O O O
o NN O 1 o un o
< MO M NN A
wyo/(z)wi- <
Jod pliyy o 0} pasolosip 1o ppd

1dal 8 JOU ADW JUSWNDOP SIYL

" Power density



IGraphene from IIT : Galvanostatic charge/discharge experiment

d, in any way, in whole orin
2015 All rights reserved.
[ecNeoNeNe

PR whrwy

H{(Ag)

Very good stability (same capacitance that using GO)

1
0,2
03
04
05
06 | |

0 0,2 0,4 0,6
E (V)

This document may not be reproduced, modified, adapted, published, fr
part or disclosed to a third party without the prior written consent of Thcle

g

0,8

EV)

1,2
1,2 —-

1,0 4
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2 Results published in « 2D Materials » and presented at IEEE NANO 2015
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Figure 1 1. (a) Dynamic spray-gun deposition set-upused for the deposition of mixtures of nanomaterial graphite callectors; (b)
flexible electrode deposited on agraphite collector; (¢ ) SEM crosssection of agraphite collector covered with a mixture of sprayed

graphene/ praphite { 506%: ) /CNTs (50%); (d) typical electrode performance versus composite material,
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e Last developments on nanostructuration
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Deelopments using different solvents
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Deelopments using differetoets
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Developments using different sIvens
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Developments using different solvents

Mag= 6170KX EHT = 500k Signal A = SE2

Mag= 386 X EHT = 500KV Signal A = SE2
WD = 53mm Width = 296.1 um 6 Feb 2017

2um Mag= 254KX EHT= 500KV Signal A= SE2
WD=53mm Width = 4509 um BFeb 2017




Developments using different solvents

75/25 Cyclohexanone (GO/CNFs ox) (alternative spraying of GO and CNFox)

The intercalation seems very good. The only issue is about the graphene layer. It is
seems to be too continous and to not allow the charges to move easily. We have to
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I Li-Si batteries using spary-gun deposition in collaboration with IIT
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