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

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

INDUSTRIAL JOINT LABS
Those common labs have common personnel, common
equipment and shared research agenda
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The Nobel Prize in Physics
2010

BA ,C C= 5C) -
B + 9D2 %@ E
H 4 @ % :4F@ 45 G

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”
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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”.
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Figure 1 Mother of all graphitic forms. Graphene is a 2D building material for carbon materals of all other dimensionalities. It can be wrapped up into 0D buckyballs

"4 into 1D nanotubes or stacked imto 3D graphite.
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Saito Law :
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Sumio lijima

Sernat Research Fetaw, NEC Corparmtion
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What's a supercapacitor?

Supercapacitor is the name done by NEC in 1971
Technically is defined Electrical Double Layer Capa citor (EDLC)

N
C=(/)A o
E: 1 /2 CV2 Collector Eloctrodes Collector
P=V2/(4R)

separator

Helmotz's model

I
-+ | Layers | _
O

Two electrodes THALES




Pseudocapacitors

Charge storage:
Electrochemically (Faradaically)

Battery-like devices
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Advantages
Very high rates of charge and discharge
Higher life cycle (>500000, rechargeable batteries  can attain 10000)

Good reversibility
Low toxicity of material used
High cycle efficiency |

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

1R1T27

Drawbacks
=2 Low amount of energy stored (3-5 Wh/Kg vs 30-40 Wh/  Kgfig

—2 |t requires sophisticated control and switching equ ipme
(from Dbatteries 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)

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 . CONDUCTOR B

—— CONDUCTOR

POROUS GRAPHITE
POROUS GRAPHITE |- = ELECTRODE

ELECTRODE — |
| —1— SAT. Al2(504)3 SOLUTION

__— |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)
THALES
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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.)

}{ :ﬁ?__::‘?[

Bottom case

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)
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Some visible supercap applications
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Fig. 1. (a) Schematic of an activated carbon-based EDLC. (b) Representation of pare in carbon electrode active layer.
tc) Electron of carbon .
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I What are carbon nanotubes and why carbon nanotubes for Supercaps?

G R e S iR S A

GRAPHENE NANOTUBE

% &'() &*+) &.,0-&.0

I & (& (0112& 2 00

034 0345 $ 6

 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)

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

107
Capacitors
106
= 105
=
'g 104
£ 108 - “Traditional”
.-_%— 100 |— Electrochemica,
Capacitors
10 —
1 || ||
0.01 0.05 01 05 1 5 10 50 100 500 1,000
Specifi Energy (Whikg)
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 -
‘K K @ e

2.5x104

2.0x1 04— ]
1.5x1 04— =
1.0x104—

75% the conductivity is optimized
5.0x10°] ™ -

Conductivity, ¢(S/m)

Spaetgmita

0.0 T T T T T T T T I v 1
0] 20 40 60 80 100
Graphene/graphite content (wt %)

3

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

L('l:@ ; , w K-?




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®

... B 6 Pristine
e - graphene/graphite

Graphene/graphite/CNTs
mixing

T St

Electrons

» CNTs prevent restacking (higher surface, higher ene  rgy stored)
» CNTs/graphite/graphene improve conduction (higher po wer delivered)
* CNTs prevent the disintegration of the composite
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Our Approach
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OUR APPROACH
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Dynamic spray-gun deposition method

Process patented

THALES



>

. . . 1
1| Electrode design and cell fabrication .
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Panasonic
$ Graphite bucky paper
Flexible electrodes Electrode design Supercapacitor Cell
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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

e

oy X JM,ﬂ- Excellent mtercalatlon of graphlte/graphene Iayers
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IResuIts . Energy and Power as a function of the concentration

%);

)

Specific power (kW/kg

Sample characteristics :

* weight = 1.8mg

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

& @FCPA/=KH 9 1/:Q'
@FCP/H=KH 9 //Q , @ 9 /-

" 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

75%

T r T ' T " T K T
(o} 25 50 75 100

Graphene/Graphite wt% T H A L E 5



Last measurements : new option for green suspension s using GO

Mixing of Graphene Oxyde and Oxydised Carbon Nanotu  bes in water

Advantages

e Aqueous based supensions

* Very stable suspensions

 Low temperature process (120 C)

o Graphenea

_ Graphene Oxide

PR W COOH COOn OH water dispersion

250 mL

P
v

I
COWH O H
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Oxidised CNTs can be put into water based suspensio  ns very easily

Non-oxidised CNTs Oxidised CNTs
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Cap

Wave Spring

Stainless steel plate

carbon nanomaterial sprayed
on conductive support

Seal O-ring

Separator and electrolvte

Can
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C=120F/g

_ — spray 60/40 GO/CNTox
fC =88 E/ g — spray 70/30 GO/CNTox

- — spray 80/20 GO/CNTox
f — spray 90/10 GO/CNTox
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Very good stability (same capacitance that using GO)

05
0,4
0,3
0,2

Pt

0,1
—0,2
-0,3
-0,4]
-0,5]

initial
1000 cycles
2000 cycles
3000 cycles
4000 cycles

06

0,2

0.6
E (V)

0,8

1

EV)

1,2
1,2 —-

1,0 4

two-electrodes configuration

complete system

m = 1,15 mg (x2)

5000 cycles

= 10mA

initial

after 1000 cycles
after 2000 cycles
after 3000 cycles
after 4000 cycles
after 5000 cycles
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Specific Power (Wkg)

Capacitors

“Traditional

Electrochemical
Capacitors

Batteries

Fuel
Cells

0.5 1 5 10
Specific Energy (Wh'kaq)

50 100

500 1,000
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Capacitance Eawes
Compaosite (E/e) density
B (kW/kg)

Graphite/CNT 25 16

Graphene/CNT 120 82

GOJCNT,, 120 25

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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. Conclusions and perspectives @

Date /Référence

I_I_I
6raphene Oxide based electrodes

Advantages

 Water based suspensions

 Low cost material

* Very stable suspensions (months, years?)

« Capacitance of 120F/g, Power density of 30kW/Kg
Drawbacks
\ Power lower than for Graphene (factor three)

SN

Graphene based electrodes

Advantages

« Same capacitance that GO but Larger power density demon
Drawbacks

 NMP based suspensions (toxic and higher boiling tempera
K Stability of the suspensions (weeks?)

J

qu'il contient sont la propriété de THALES. Ils ne peu

strated (~100kW/Kg)

ture than water)

utilisés

vent étre reproduits, communiqués ou

éalable.
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Disclosed to Thales for Graphene Flagship M-Solv Limited — 2" December 2016
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WO0/2016/124756 (Al) - Method of depositing oxidized carbon-based microparticles and nanoparticles, Pognon Grégory
[fr]; Bondavalli Paolo [fr]; Galindo Christophe [fr]

WO0/2014/166952 (Al) - Electrode-gel electrolyte assembly comprising a porous ¢ arbon material and obtained by radical
polymerisation, Le Barny, Pierre; (FR). Divay, Laurent; (FR).Galindo, Christophe; (FR)

FR2988900 (Al) - Electrode pour supercondensateur , Christophe Galindo, Laurent Divay, Le Barny Pierre

FR2989215 (Al) - Electrode hybride pour supercondensateur ,, Le Barny Pierre , Laurent Divay, Christophe Galindo

FR2989821 (Al) - Electrode hybride nanotubes de carbone-carbonne mesoporeux pour supercondensateur, Le Barny Pierre |,
Laurent Divay, Christophe Galindo

FR3011671 (Al) - Collecteur de courant pour supercapacite , Bondavalli Paolo [fr]; Legagneux Pierre [fr]; Galindo Christophe

W02012049428 (A2) - Method for depositing nanoparticles on a surface and corres ponding nanoparticle depositing
appliance , Bondavalli Paolo [fr]; Gorintin Louis [fr]; Legagneux Pierre [fr]; Ponard Pascal [fr]

FR2976118 (A1) - Method for manufacturing collector-electrode assembly th at is utilized in supercapacitor, involves
forming collector and electrode by spraying suspension com prising nano/microparticles suspended in liquid in
substrate, Bondavalli Paolo [fr]; Schnell Jean Philippe [fr]; Legagneux Pierre [fr]; Gorintin Louis [fr]

EP2769395 (Al) - Collector-electrode assembly which can be integrated into an electrical energy storage device,
Legagneux Pierre [fr]; Bergonzo Philippe [fr]; Bondavalli Paolo [fr]; Mazellier Jean-Paul [fr]; Scorsone Emmanuel [fr]






