NTO6 @ Nagano on June 19, 2006
CVD Growth Mechanism
of Single-Walled Carbon Nanotubes from Alcohol

Shigeo Maruyama, Yuhei Miyauchi, Yoichi Murakami,
Shohei Chiashi, Erik Einarsson
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Intensity (arb.units)

Alcohol CCVD on Catalysts Supported with Zeolite
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ACCVD Experimental Apparatus I
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ACCVD is Simple!!

High School Students Presented
at Fullerene-Nanotubes General Symposium @ Univ. of Tokyo, July 28, 2004
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. 09 s o7 Synthesis of Single-walled Carbon Nanotubes
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Large Scale ACCVD Production by Toray
High purity SWNTs from Ethanol on Zeolite

’/\.____ ~ ora ot # S050808-3
- 850_

. E800

£

: _ =
2750
K]
]
=700
2
c ’
2650 ’
Chirality

e 8 B

Purified 10 g sample 900 950 1000 1050 1100 1150 1200 1250 1300 1350 1400 _
Emission wavelength (nm) -k

Toray Industries, Inc. [R L #k= &%t ]
Chemicals Research Laboratories [{t X =T S A LIS
9-1, Oe-cho, Minato-ku, Nagoya 455-8502 JAPAN
URL:http://www.toray.co.jp

Contact: Yuji Ozeki (Senior Research Chemist)[E B8 ##54]
TEL +81 (52)-613-5276, FAX +81 (52)-613-5347

e-mail: yuji_ozeki@nts.toray.co.jp

2




Amplitude (a.u.)

: 980/ 1550 :
isolator coupler isolator
lens 70% [
collimator / collimator coupler N
- / 0: 30% L__li a —>
10um ® isolator ~ output
spot size SAINT sample
40 0
30 1 20 -
20 4 g 30 -
10 Ig a0
of Ay~~~ AN 50
-10 - . i i y 80 Resoluﬁon:l BW = a.2r:|m

Saturable Absorbers:
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Photoluminescence of SWNTs suspended in air
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Vertically Aligned SWNTs on Quartz Substrate
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Narrow Chirality Growth |
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Catalysts and Alcohol Catalytic CVD Method
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Molecular Dynamics Simulation for Mechanism

500 Carbon & Ni,yg: 2500K

Y. Shibuta & S. Maruyama, Chem. Phys. Lett. 382 (2003) 381.



ACCVD Directly on Flat Surfaces (Dip-Coat)

400 °C in Air, 5 min
10 min soak @
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CPL 382(2003)381.
A 4 1.5 nm Metal
Particles
[ ™ . e
L \ » . » .
\ » » s ® @
Mo/Co 0.01wt % (each) pY ¥ ¢
Ethanol Solution 2 a ~ o
(CH;COO),Mo 5Am
(CH,CO0),Co-4H,0 \ bundle.pv

Si or Quartz Substrate



TEM images of Co-Mo catalysts on SiO./Si after reduction
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M. Hu, Y. Murakami, M. Ogura, S. Maruyama, T. Okubo, J. Catalysis, 225 (2004) 230.



Combinatorial Method to Prepare Catalysts
NI Grows SWNTSs
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Combinatorial Method for (Co-Mo) Catalysts
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Combinatorial Method for (Co-Mo) Catalysts (2)
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Reduction temperature : 800°C
Reaction temperature : 800°C
Pressure of ethanol : 30Torr
Reaction time : 10min

H. Sugime, S. Noda, S. Maruyama, Y. Yamaguchi (2006).



Initial Reaction on Catalyst |
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Intensity (arbitrary)

FT-ICR Study of Initial Reaction
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FT-ICR Chemical reaction of cobalt clusters
(cation) with ethanol
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FT-ICR Study of Initial Reaction
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Single-Walled Carbon-13 Nanotubes (SW13CNTSs)

Electric furnace

Isotopically-

modified Quartz tube
ethanol

(carbon-13) Coupler

B —— )

Quartz test tube
Flow channel

Quartz boat Dispersed metal particles
embedded in Y-type zeolite

ACCVD technique optimized for the efficient production
of SWNTSs from very small amount of ethanol




Comparison of Raman Spectra
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Determination of Chirality

(6,5) SWNT with unique cap structure
satisfying Isolated Pentagon Rule (IPR)
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Chirality dependent quantum yield
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IPR (Isolated Pentagon Rule)-Satisfying Cap StructureI
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PL peaks other than Eii ~ Phonon Sideband
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PL peaks other than Eli

PL map of SWNTs (ACCVD SWNTSs) Schematic of PL peak positions in a PL map
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Vertically Aligned SWNTs and Growth Process
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In-situ Measurement of Film Thickness
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Absorbance

Catalyst-Consumption Growth Model l
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Additional Burning of SWNTs l
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Detachment of VA-SWNT films with hot water

Submerge

(a) As-grown on quartz

Distilled water
(heated)
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Y. Murakami and S. Maruyama, Chem. Phys. Lett. 422(2006) 575.



TEM Image from Top of Car

Erik Einarsson, Shigeo Maruyama



Laser ACCVD and in situ Raman Measurements
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Laser ACCVD and in situ Raman Measurements
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Catalytic CVD Synthesis of SWNTs from Fullerene I

3:“ 3 ia Dispersed metal particles Catalysts
.#t #* _(Fe/Co 2.5wt0/f)) embedded (CH,CO,),Fe
In Y-type zeolite (CH,CO,),Co-4H,0 etc.
Quartz tube  Fullerene Furnace B S t
upports
Co0 OF Cro Furnace A PP
Zeolite USY
HSZ-390HUA

Inorganic adhesive

Quartz plate

Thermocouple uartz wool
i Q Quartz test tube

Temperature up curve of TC

Temperature: Furnace B 825°C

Time: 10min

400 600

[s]

0 200



CCVD Generation of SWNTs from Fullerene
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Water Assisted Super-Growth

2.5 mm height Catalysts: Al203 (10 nm)/Fe(1 nm)

Buffer: Ar (99.9999%) or He (99.9999%)
with 40% H2 (99.99999%)

Water:175 ppm

Source: 100 sccm ethylene (99.999%)
CVD Temp.: 750°C x 10 min
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Super Growth by Kawarada Group |
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Saturable Absorbers:
Application to Mode-Locked Fiber Lasers
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Polarized Optical Absorption of VA-SWNTSs (2) I

Absorbance

Absorbance
=
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Energy (eV)
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Photoluminescence Spectroscopy of SWNTs
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