From Super Growth to DWNT forests, CNT

solids, Flexible Transparent CNT films
and Super-Capacitors and Much More
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Vertical Aligned SWNT forest
Efficiency Height 2.5mm in 10 mins

Growth

Carbon Source : C,H,
Growth Temperature 750C
Catalyst Fe 1Inm

2.5 mm
10 min.

K. Hata, et.al., Science 306, 1241(2004)
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Gatalyst Activity

Catalyst SWNT Density [tubes/area]
Activity
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vity of 100% Now Close

D.N. Futaba, J. Phys. Chem. B(2006)




AT &x 2 AT

=10 nm,C,.D =5 nm

Previous CVD tubes
= AR KRR s e i) Catalyst impurities (black

TG Analysis
—Shows High Purity 3 SpOtS) evel’yWhere

200

: Illl‘ity -Ray Fluoresen) sy : :
Growth Impurity - 0
Normal CVD 17 % Purlty 99-98 /0
HiPCo 30 %

2000 times than HIPCo

Super Growth 0.013%



\ Macroscopic Orqanlzed Structures

" dividual films Science, 306, 1362 (2004)
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Growth Dynamics
—Time Evolution Analysis
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Growth Dynamics Described
Similar to Radio Active Decay

[3 = Initial Growth Rate
T _=Catalyst Life Time

o

o

20 30 40 50 60
Growth Time (min)

Growth Process described by
two meaningful parameters

Maximum Height
B T,

D.N. Futaba et al., Phys. Rev. Lett.(2005)



‘ Effect of Water enectoremyiene : iat Fixen warers
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| Water/Ethylene Scaling Relation
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D.N. Futaba et al., Phys. Rev. Lett.(2005)
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Large SWNT

Negative:
Large SWNTs More Metal Like
— Bad for Electro-Devices

Laser ablation

Bandgap Small
— Bad for Optical Research

Positive:
Encapsulation
— Larger molecules

Size [nm] Magnetic Sensitivity
— A new toy for Scientists

*Super Growth SWNTs are LARGE!




Large Tubes Required for High Efficient Growth

(Efficiency)= (Catalyst Activity)x(Catalyst Lifetime)

Size 1nm

Volume 1

Surface 1




Characterization of SWNT-Forests

SWNT Volume Density | 0.036 g/cm3
Uniform Vertical Density SWNT Number 5.08x10!!

1 Density tubes/cm?

Substrate Area
Containing One SWNT

SWNT Coverage
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Density =0.037g9/cm3

SWNT: 1.3 g/em?
Graphite: 2.25
Diamond: 3.52

Very Sparse Material




Critical Factors for Highly Efficient Growth

Large Catalyst (2.8nm) — Long Life Time
Sparsely Distributed (15 nm)— To enable Carbon Diffusion
Densly Distributed—To enable Vertical Standing

it Height

High

SWNT Density

!
I
|
|

Low

Small Large
SWNT Size




Have Something Different and Think Different

Actuator
Capacitor

Biology -
Toxicity Length Rgerey &

'~ Material Storage
4mm

Purity N Suriace

99.98% , > ' 2000g/m?

1000g/m?

1-1.5mi

2-3nm : Encapsulation

Magneti
structure -t

First Optics |

DDS
Infrared Optics
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Applications of Super Growth

Super Capacitor

Energy Department of AIST

Transparent CNT Film

Applications

Strong Fibers

Electronic Devices

Actuators

Cell Engineering Department of AIST

Li-ion BM Field Emission Displays

Energy Department of AIST

2
Stdrage Pofariz

Noritake Comp.

r




|  Applications of Super Growth

SGCNT :
MP/PC/PVDF-HFP/EMI(BF4)/SGC

ikl
i =

Binding with
Polymer

B

Polymer :

MP/PC/PVDE-HFP/EMI(BF4) MP/PC/PVDE-

Thin Dry Film Actuator

Actuator

Cell Engineering Department of AIST

SWNT Fiber ﬂ

Strong Fiber Applications Electronic Devices

@ Field Emission Displays
TransparentCNTFilm  Super Capacitor

YARNING



Super Capacitor(EDLC)

@

Charge
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Discharge

Carbon Electrode
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Electrolyte
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*No Chemical Reaction
*Physical
(Adsorption/Desorption)

-Long Life Time
-High Power/High Speed)

(But Low Energy Density)

Structure of Capacitor
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What is Super-Capacitor

,
s —
- !

Powertrain layout
x~| y Air pump

PCU {Power Control Unit) . a Fuel cell system box

ra el Fuel cell st
Fuallce!lsvstem LR \ . Ultra-capacitor
radiator (large) \ TRy R High-presshg ‘
e . _ Mg s S . hydrogen tan
Drive train

radiator (small) x2

Compact, lighrweight OC
brushlass motor and transmission

Fuel cell cooling pump

Humidifier unit

Hoda
(1) Stores Energy Generated during braking. (charge)

(2) Delivers instantaneous high-output assist during startup and acceleration (discharge)
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Energy Density (Wh/kg)

Ragone Plot of Batteries

10

Ragone Plot
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—Need to Improve the Energy Density
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SWNT for NEXT generation Super Capacitor

I Why Super Growth Tubes for Capacitors ?

SuperGrowth

Activated Carbon

Super Capacitor

As-Grown
Surface Area 1300 m?/g

Crystal ©

Conductivity ©

1500-2000 m?/g

Capacity:C
Voltage:V

Resistance:R




_\ Super-Growth For Mass-Production

Previous Record

- Best Growth Efficiency S

S Maruyama _

- /per reaction volume / time

* Process — Economical Scalable

*No use of Vacuum or Plasma

- . . _ { o oty N
%of Mass Production

CatalySt Effic1ency SWNT/Catalyst (Weight%)
Laser ablation 500 %
HiPCo 300 % I
HipCo 00 v Hundreds Times better
Floating Catalyst 100 %

Possibility of Cost Down in the Future

0
Super Growth 50000% Science, 306, 1362 (2004)
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Missing Link of SWNTs

A Carbon Nanotube is wonderful!

But a Macroscopic Ensemble is NOT




Forms of CNT

Aligned
MWNT

. High Density
. Rligned
- Retain the Intrinsic Properties of CNTs




800x 12.5,

210x 47.6

JIO\ LUVUT)




SWNT Solid

Liguid Induced Collapse
sparse Forest —Highly Dense Solid




A Long and Winding Road to CNT
Indugtry

ath Valley
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