
Super-Growth

From Super Growth to DWNT forests, CNTFrom Super Growth to DWNT forests, CNT
solids, Flexible Transparent CNT filmssolids, Flexible Transparent CNT films
and Super-Capacitors and Much Moreand Super-Capacitors and Much More

Kenji Kenji HataHata

AIST: Research Center for AdvancedAIST: Research Center for Advanced

Carbon Materials JapanCarbon Materials Japan

NT06NT06

(2006.(2006.6.19 6.19 ))



Outline

-Making CNTs

-Characterization

-Application

-NEXT Seeds



 

Vertical Standing SWNTsVertical Standing SWNTs

2.5 mm

10 min.

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

 

5um

Vertical Aligned SWNT forestVertical Aligned SWNT forest

Height 2.5mm in 10 Height 2.5mm in 10 minsmins
GrowthGrowth
EfficiencyEfficiency

Carbon Source : CCarbon Source : C22HH44

Growth Temperature 750CGrowth Temperature 750C

Catalyst Fe 1nmCatalyst Fe 1nm
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TEM image of SWNT ForestTEM image of SWNT Forest

 

SWNT = 99.5%



Catalyst Activity

SWNT Density [tubes/area]Catalyst 

Activity Catalyst Density [catalyst/area]
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Density (catalyst/cm2)

84%

Catalyst Density = 6.1x1011 /cm2

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



No Catalysts ObservedNo Catalysts Observed

Extremely Pure SWNTsExtremely Pure SWNTs

TG AnalysisTG Analysis

hows High Purityhows High Purity
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s 
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Temperature

Previous CVD tubesPrevious CVD tubes

Catalyst impurities (blackCatalyst impurities (black

spots) everywherespots) everywhere

Purity 99.98%Purity 99.98%

2000 times than 2000 times than HiPCoHiPCo
Normal CVDNormal CVD

HiPCoHiPCo

17 %17 %

30 %30 %

ImpurityImpurityGrowthGrowth

Super GrowthSuper Growth 0.013%0.013%

(X-Ray Fluorescence)(X-Ray Fluorescence)ImpurityImpurity



Macroscopic Organized StructuresMacroscopic Organized Structures

Arrays of filmsArrays of films

Individual filmsIndividual films

High Degree of AlignmentHigh Degree of Alignment

Array of FilmsArray of Films

Vertical Vertical  Standing Standing

CNT - Flower CNT - Flower 

Cylindrical PillarsCylindrical Pillars

Macroscopic Organized SWNTMacroscopic Organized SWNT
StructuresStructures

Made for the First TimeMade for the First Time

Science, 306, 1362 (2004)Science, 306, 1362 (2004)
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Evolution Towards Super-GrowthEvolution Towards Super-Growth

1. Basic System1. Basic System 2. More advanced and stable2. More advanced and stable

3. Semi-automatic3. Semi-automatic

Improved reproducibilityImproved reproducibility

to nearly 100%!to nearly 100%!

       (after 1000 CVD growths       (after 1000 CVD growths)

Variations

bubblers

bubbler cooling

Teflon tubing

LN2 Moisture traps

Moister filters

Pressure sensors

Moisture monitors

Timing

Moisture dilution

etc.

Additions

Automated gas flow control

Safety interlocks

Automated shutdown

etc.
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 = Initial Growth Rate = Initial Growth Rate

To=Catalyst Life Time=Catalyst Life Time

Growth Process described byGrowth Process described by

two meaningful parameterstwo meaningful parameters
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Growth Dynamics DescribedGrowth Dynamics Described

Similar to Radio Active DecaySimilar to Radio Active Decay

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



2D Plot of (Water- Ethylene) Maximum Height 
Very Complicated
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Laser ablation

Large SWNTs

Negative:Negative:

More Metal LikeMore Metal Like

     Bad for Electro-Devices Bad for Electro-Devices

BandgapBandgap Small Small

Bad for Optical ResearchBad for Optical Research

Positive:Positive:

EncapsulationEncapsulation

  Larger moleculesLarger molecules

Magnetic SensitivityMagnetic Sensitivity

A new toy for ScientistsA new toy for Scientists

•Super Growth SWNTs are LARGE!
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Large Tubes Required for High Efficient GrowthLarge Tubes Required for High Efficient Growth

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

1nm1nm 2nm2nm 3nm3nmSizeSize

 

11 88 2727VolumeVolume

SurfaceSurface 11 44 99



Characterization of SWNT-Forests
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SWNT:      1.3 g/cm3

Graphite:   2.25

Diamond:  3.52

3.6%SWNT Coverage

196 nm2
Substrate Area

Containing One SWNT

5.08x1011

tubes/cm2

SWNT Number

Density

0.036 g/cm3SWNT Volume Density

14x14 nm area 

2.89 nm

Very Sparse Material

Density = 0.037 g/cm3



Catalyst DistributionCatalyst Distribution

Critical Factors for Highly Efficient Growth

SWNT Size
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Large Catalyst (2.8nm)   Long Life Time

Sparsely Distributed (15 nm)  To enable Carbon Diffusion

Densly Distributed To enable Vertical Standing

Height
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Have Something Different and Think Different

Surface

Size

Length

Aligned

Purity

Structure

Biology

Toxicity Energy &

Material Storage

Encapsulation

Magnetic

Optics

2000g/m2

1000g/m2

2-3nm

1-1.5nm

99.98%

4mm

10um

First

70%

Actuator

Capacitor

DDS

Infrared Optics
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Cell Engineering Department of AIST

Noritake Comp.

Energy Department of AIST

Energy Department of AIST

High Power
Polarizer

Li-ion Battery

Super Capacitor

Electronic Devices

Hydrogen
Storage

Strong Fibers

Transparent CNT Film

Actuators

Field Emission Displays

Material

Applications



Strong Fiber

SGCNT

Film

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

Binding with
Polymer

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

Polymer
MP/PC/PVDF-HFP

Mold
SGCNTElectrode

Thin Dry Film Actuator

SWNT  Fiber

YARNING

Actuator

Cell Engineering Department of AIST

Transparent CNT Film Super Capacitor

Field Emission DisplaysMaterial

Applications Electronic Devices



Super Capacitor is a 
Huge Condenser

10 100
1

Features of Capacitor
No Chemical Reaction

Physical 

   (Adsorption/Desorption)

Long Life Time

High Power/High Speed

But Low Energy Density  

Structure of Capacitor

Carbon Electrode

Charge

Discharge

Electrolyte Electrolyte

   EDLC   



Honda ultra-capacitor

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

(2) Delivers instantaneous high-output assist during startup and acceleration (discharge)

What is Super-Capacitor



Ragone Plot

Ni -MH
Ni - Cd

Pb-PbO2

Li ion
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Importance of Surface Area

E =      C V2

C =
d
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Electric Double-Layer Capacitor (EDLC)
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SWNT for NEXT generation Super Capacitor

uper-Growth SWNT would be an ideal 

Candidate for NEXT generation Super Capacitors Electrodes

Surface Area

SuperGrowth Activated Carbon

1500-2000 m2/g

Crystal

Conductivity

Super Capacitor

Capacity C

Voltage V

Resistance:R

As-Grown

 1300 m2/g

Why Super Growth Tubes for Capacitors ?



Super-Growth For Mass-ProductionSuper-Growth For Mass-Production

Height 500 TimesHeight 500 Times

Efficiency 3000 timesEfficiency 3000 times

Possibility of Mass Production Possibility of Mass Production 

Previous RecordPrevious Record

Height 6Height 6µµm m 

S. MaruyamaS. Maruyama
(2004CPL)(2004CPL)

Science, 306, 1362 (2004)Science, 306, 1362 (2004)

Hundreds Times betterHundreds Times better

Possibility of Cost Down in the FuturePossibility of Cost Down in the Future

Catalyst EfficiencyCatalyst Efficiency

 

Laser ablationLaser ablation             500 %            500 %

HiPCoHiPCo 300 %300 %

Alcohol CVDAlcohol CVD 800 %800 %

Floating CatalystFloating Catalyst 100 %100 %

SWNT/CatalystSWNT/Catalyst WeightWeight

Super GrowthSuper Growth 50000%50000%

 Best Growth Efficiency

 /per reaction volume / time

 Process – Economical Scalable

No use of Vacuum or Plasma
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For the Future of SWNTFor the Future of SWNT
National Project aimed at Mass Production of Cheap SWNTsNational Project aimed at Mass Production of Cheap SWNTs

Develop a New Production MethodDevelop a New Production Method

Based on Super GrowthBased on Super Growth

For Mass-Production at Low PriceFor Mass-Production at Low Price



Missing Link of SWNTsMissing Link of SWNTs

A Carbon Nanotube is wonderful!

But a Macroscopic Ensemble is NOT



carbon 
nanotubes

Forms of CNTForms of CNT

Pellets

Mats

Aligned
 MWNT 
sheets

foams

forests

Bundles Fibers/yarns

SWNTSWNT
SolidSolid

High Density

Aligned

 Retain the Intrinsic Properties of CNTs

Shape Engineerable
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Yarning SWNT into Fibers

3µm

Yarning SWNT Forests into Fibers

Baughman group, Science 306,1
358(2004)



SWNT Solid

 Futaba

Liquid Induced Collapse
Sparse Forest  ighly Dense Solid



A Long and Winding Road  to CNT
Industry

Ac
ad

em
y

Death Valley

Industry
1g 500$

Availability
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