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Carbon Nanomaterials

sp? = graphite sp3 = diamond

2D: graphene

0D: fullerene 1D: carbon nanotube (CNT)

"

Dangling-bond less, 2D graphene sheet
realizes stable 0~2D nanomaterials
having both features of
inorganic (strong, stable & conductive)
& organic (soft & light) materials.

http://theor.jinr.ru/disorder/nano.html " ’ I
SWCNTs: single-walled CNTs
FWCNTs: few-wall CNTs
MWCNTs: multi-wall CNTs
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Rich Opportunities and Challenges with CNTs

body materials (Fe, Al)

battery/
capacitor

electrodes

.

NE -
_anasonic
( o]

RER (TIT_TIT_TT] 7/ | iu-}\'"""""’
K ’ﬁ electron emitters (Mo) n\w
<] transistors (Si)

wirings (Cu)

transparent electrodes (InSnOx)

Various functions can be realized
by changing not the chemical elements
but the structures of carbon.
— Attractive & Important for Sustainable Society

Scientists/physicists showed their rich opportunities for innovative applications.
Challenges still remain in their practical production.
(high quality SWCNTs ~10%-® USD/kg vs MWCNTs ~1x10% USD/kg)
- Mission for chemical engineers.

Various Carbon Nanotubes & Nanofibers

OCSiAl
TUBALL

http://ocsial.com/
single-wall
d=1.5nm
/>5um
C>85wt®
CNT > 75 wt%
9 USD/g

(100 g)

O

MEIJO NanoCarbon CNano Showa Denko
MEIO eDIPS FloTube 9000 VGCF-H
http://meijo-nano.com/ http://www.marubeni-sys.com/cnt/cnano/ http://www.sdk.co.jp/prod
single-wall multi-wall (10-20) vapor groy
d=1,1.5,2nm d=10-15 nm =_ds

C>50, 90, 99 wt%

1600-150 USD/g
(1g)
(@] O O

/=10 um
C=95-97.5 wt%

0.1USD/g ?
(>kg)

A kind of “inorganic polymer made of only carbon”




Production Methods of CNTs i

Physical Vapor Deposition Chemical Vapor Deposition
Carbon vapor is formed by heating Carbon-containing gas molecules
solid carbon source by arc/laser. are decomposed through
Solid carbon including tubes chemical reactions, yielding
is formed during cooling. solid carbon including tubes.
Clg) —%
)—
plasma/laser l aC j— C,H,,, etc.
CNT
C(s) — graphite

Metal nanoparticles
as template & catalyst

High temperature (& solid C-source) Low temperature & gas C-source
< High crystallinity <& Large production scale

How to realize small catalyst particles (Fe, Co, Ni, etc.)
at high reaction temperatures
is an important key to establish production of thin CNTs.
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In Situ Observation of CNT Growth from a Catalyst

Atomic-Scale In-situ Observation of by environmental TEM, e-TEM
| Carbon Nanotube Growth from Solid
e State [ron Carbide Nanoparticles

2082-2086

LETTERS

Hideto Yoshida,!$ Seiji Takeda,"1$ Tetsuya Uchiyama,’$ Hideo Kohno,!$
and Yoshikazu Hommat$

Figure 1. Nucleation and growth process of a SWNT from a NPC
on a substrate. (a) Structural fluctuation of both carbon caps and a
NPC is observed. The recording time is shown in images. (b) A
snapshot of a NPC with a carbon dome. The NPC exhibits the lattice
image and the corresponding extra diffraction in the Fourier
transform. The NPC can be identified as Fe-carbide (cementite,
FesC) viewed along the [012] direction,
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Various CVD Processes

(a) Floating Catalysts (b) Powder Catalysts (c) Supported Catalysts
SW: Rice (HiPco), Aalto, AIST (e-DIPS), etc. SW: Oklahoma (CoMoCAT), Tsinghua, etc., SW: UT (ACCVD), AIST (SuperGrowth), etc.
MW: Showa-Denko (VGCF), Nikkiso (DIPS), etc. ~ MW: NANOCYL, Bayer, Alchema, CNano MW: Tsinghua (Super Aligned Tubes), etc.

2 )
I |
k
(4
43*; ERTTLTTTTTTiL:
/5 —f) 4 =
Catalysts floating in gas Catalysts on powders Catalysts on substrates
OcContinuous feeding, * Continuous feeding possible, = Continuous feeding possible,
in situ formation ex situ formation ex situ/ in situ formation
A Catalysts at low density OcCatalysts at high density OcCatalysts at high density
A Catalyst contamination A Catalyst contamination OEasy separation
Reaction in 3D-space Reaction in 3D-space Reaction in 2D-space
- Middle productivity -> High productivity —> Small productivity
Products as aerosol Products as aggregates Products on substrates
OReady for dispersion * How to post-treat? OpDirect implementation

SHETOER & SHEHEE © SHGRAR
BUDHAELE, RLUOE, ThULIZRILOR

Vertically-Aligned Forests: MWCNTs = SWCNTs

Pioneering Work on MWCNTs Alcohol CVD of VA-SWCNTs
Large-Scale Synthesis of Aligned Growth of vertically aligned single-walled carbon nanotube films
Carbon Nanotubes on quartz substrates and their optical anisotropy

314 Chemical Physics Letters 385 (2004) 298303 5
Yoichi Murakam |, anofer nmsm , 1unen sy . namghui Hu ",

W. Z. Li, S. S. Xie,” L. X. Qian, B. H. Chang, B. S. Zou,
Zho

A. Zhao, G. Wana
'4 * 6 DECEMBER 1996

MWCNT, ¢~ 30 nm, 50 um/ 2 h (Fe/porous SiO,, C,H,@700 °C)

Very long carbon  W-Pan.s.s. Xie', B. 5. Chang, SuperGrowth of VA-SWCNTs
nanryotubg&g C X Wang L L Wi Lin Several years> Water-Assisted Highly Efficient
NATURE |VOL 394 |13 AUGUST 1998 Self-Oriented Regular Arrays of Synthesis of Impurity-Free

Carbon Nanotubes and Their Single-Walled Carbon Nanotubes

Fleld EmISSlon Propertles Kenji Hata,"t Don N. Futaba,® Kohei Mizuno, Tatsunori Namai,

Shoushan Fan, Michael G. Chipline Nathan R. Franklin, Motoo Yumura, Sumio lijima
Thamas W. Tombler A
22 JANUARY 15

MWCNT ¢~30 nm,2 mm/48 h MWCNT <|>~ 16 nm, 30 240 um/ 5— 60 min
(Fe/porous-SiO,, C,H,@600 °C) (Fe/porous-SiO,, C,H,@700 °C)

19 NOVEMBER 2004 VOL 306 SCIENCE
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SN, et

Controlled thickness gradient by sputter-deposition through a mask
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CNTs grow quickly. Extensive trial-error & activity/lifetime in one experiment.




J2 It A8 N - AR A5 FE 4R B

SN, et al., JJAP 46, L399 (2007). K. Hasegawa, et al., JNN 8, 6123 (2008).

Even w/o H O addltlon SWCNTs grow tall BUT under a limited window. _‘_-1
Water-assist is effective as reported by Hata, et al. in Science 306, 1362 (2004).

XA

a)Fe
( c)m SIOz

on Alzox e Yoo

on A|203

Al,O, underlayer is essential to grow m|II|meter taII SWCNTs )

RERF vs RIS ETER{A

R. Ito, et al., MRS Spring Meeting (2008). H. Sugime & SN, Carbon 50, 2953 (2012).
Hot-Wall Cold-Wall "Cold-Gas"
—— — [l

gas :
= e
——]

= —
"Cold-Gas sas CVD'IS & B Sl I b EARER R G DIRIT /I !

C,H, AIZ(.)3..20 nm
C,H, |::> sl S %Stl y ;:g:fng |::> Exhaust

Gas Heating Cooling Down Catalyst-Heating
Tpas@ R.T~ 950 °C T... = 650~850 °C
=TT,

|-I|bl-. | -'

C,H, WOC,HOHM B EA D FE TH LT SHC,H, A RITER{K!
CH,ZEEMRIAT L. HRDMEBIETTE




S U TIVERL : CH,/Ar .

K. Hasegawa & SN,
ACS Nano 5, 975 (2011).

CNTs
~ substrate

I_nte.ns_itv .

100 200 3001200 1400 1600
Raman shift / cm™

SWCNTs actually grow tall rapidly without additives.

What Is Occurring in the Reactor? N

Series of Processes in Serial

(1) (2) (3) (4) (5) (6)
C,H, = C,H, (flow) = C,H, (film) = C,H, (cat) = C (cat, in) = C(cat, out) = CNT

Reactor CNT films catalyst

[——————— | 2

o

CH, heating CH, rélffus?n .%
: & reactlorlm_w" L, ¢ zjiffusion
——— Ly

Rate Determining Steps
Serial: Slowest one governs the whole. Parallel: Fastest one governs the whole.

(1) Gas-Phase (2) Gas-Phase (3) Diffusion in (4) Surface Reaction (5) Diffusion in/
Reaction Diffusion/ CNT Films cf. Slower reaction (6) Precipitation from
Feedstock Supply of C,H, than C,H, Catalyst
%
Catalyst

' Deactivation
"""""""" Juumuu“mmm """""""" ! by Carbonization
& _Rapid & Thick, i, —

Identify the rate determining step = Efficiently control & newly design CVD
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Why CNTs Grow? = How to Grow CNTs? (Previous)

~

[ Rapid Growth of VA-CNTs Y ( Continuous Production of Long CNTs

at a high cost (~ 800 I, 2D substrates) by Effectively Utilizing the Steady Growth Stage.
2D - 3D, Batch = Continuous

b Fe 0.5 nm
— - 1

| = * Fe1.0nm | ? S' | a.';. L

g LALLLEEALLS - :—%‘-0 "} ; é‘:a;’:‘ > —? ) .g |""|.
e | i q( g

ED 5 % FeO 4 nm (—5' "E
|| lll( unml | | ¥ '
-, : T 200_300 400 500 600
Time /s ) \_

o
" Low T Growth of 1 g/cm3 Dense 3 ([ 1s-Growth of CNT Patterned Arrays )
CNT Arrays on TiN at 400 °C for LSIs on Glass for Flat-Panel Displays

Catalyst: Co/TiN
Gas C,H,/Ar

Pre: e: 10 Torl
Growth time: 10 min

Simple & Easy:
Glass with u-electrodes in a tube.
No furnaces or vacuum pumps.

Y

20 40 80 Peypp [ImTorr] ) \_

Customize CVD process to each application target.
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Long CNTs from On-Substrate to Fluidized-Bed

from Semiconductor Process to Chemical Process
VA-CNTs on 2D substrates VA-CNTs on beads stuck in 3D
R e LS
~1,000x (3‘—-? §

a few mg/cm?
PLAEIREARIMNY ED e
4

_ _ . S
= 24 v
Reducing catalystsj| [ [*. %—ff Separating CNTs __
& growmg CNTs, , €. by gas flow, [_ &7
o ®
L o o ¥
sing suﬁ.rcrent tim ':_,,} quickly ¥ 8
= % "
b Vs o e ®
| | mEEREEER Ll llflllll S THTTTT

) \ ~ Removing carbons & (re-)depositing catalysts, quickly } )
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Small Reactor & Big Container i

D.. Kim, et al., Carbon 49, 1972 (2011)

1 L-CNTs
20 cycles ?

Diameter: 6~10 Am
Length™ 0.4 mm ’
Purity™~ 99 wt%

# of walls™~ 3
SSA™ 400 m?/g

"‘Hulnuﬁuﬁunnnmn.x ‘

Reforming of Csz To CNTs + H,!
SIEMRTOEREMEN > REFR > TO AR (KERDEE) > [FRIFXHEHEYIC




How to Grow CNTs on Display Glass? i

(a) Low temperature growth
Glass-tolerable temperature Elw
Impractical process time

(b) High temperature growth
Growth rate > um/s
Glass-tolerable process time

"Hot & instant" is another answer!

Arrhenius' Law

h

Sample preparation

glass /—» metal cathod}/
" / Fe
' AlOs,
g —

Real Speed

gas

No Vacuum Pump, No Heater! Instant & Easy!

K. Sekiguchi, et al., Carbon 50, 2110 (2012).
Combinatorial Emitter Fabrication & Evaluation

Raman

SEM

CL & J-E curve

Fe thickness
N 2.8nm _

' 0.7 nm

\
- \
——— \
—®&-—-1. 0.4 nm
S \

0.2 nm

| | |
500 1000 1500
Raman shift [cm™]

— 0 2000

top

cross sectional

\
\

y [A/em?]

~~. Current densit

0 0.5 1 1.5 2 2.5
Applied Field [V/um]

CNT growth is the easiest among various processes for emitter fabrication.
Easy implementation = Easy use for various purposes




Why CNTs Grow? - How to Grow CNTs?

4 . 4 . .
Rapid Growth of VA-CNTs ) CNT Fin Arrays on Al Foils )
at a high cost (~ 800 <C, 2D substrates) for Heat Exchangers
15 Fe 0.5 nm .
. —— - el
5 * Feil nm
- LALLERERANAN - B0 FNTRRARR
— (&) & . Fe30nm
— S 3
%0-5 i{‘f Fe[):i nm
2
s 0.0750 200 300 400 500 600
S ‘ Time / s )\\ £as Y,
4 . R\ 4 R N\
CNT-Cu Pillars through Polymer CNT Arrays on Both Faces of Cu Foils
for Anisotropic Conductive Films as Thermal Interface Materials
Cu:R,=213pm | %100 ' '
x A
T, AT NE 80T Low-density
i ‘ E' 60 FBare Cu foil
d=s5=0.5(mm) 0.3 0.2 0.1 0.07-0.08 ' Ry c High-density
- 7 40 A oa® |
g€ Lol oo’ |
T In sheet
E UDIO 0!1 0‘2 03
e T Massdensity[gemd]
- /

Customize CVD process to each application target.

Opportunities & Production Challenges

Individual Use

Transistors
& Wirings

Chemical & Bio
Sensors

Interconnects &
Thermal Interface
Materials in
Field Emission
Displays

Precision in Control

Precise/Control
Chirality & Position

Transparent

(4\\0 Electrodes
Q\"Z!”O{‘Q & Transisto
Electrodes for
High qualit Breakthrough in Batteries
& Capa
CNTs Production o nductive

Scale & Cost & Strong

Composites

Production Scale
Customizing CNT production processes to make dreams come true.
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