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Outline

> HRTEM & EELS imaging of sp? carbon materials
on individual atom basis




Thin graphite film (graphene) for

\V/ 0E C
lijima, Micron, 8, 41-46 (1978)
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WO, +C h

(or WC) + CO,



Imaging of single atoms on a graphite
1N jjima, Optik, 1977




A typical TEM image of the as-formed graphene

PRL 2009

S. lijima, Optik, 1977
Hashimoto et al., Nature 2004
C. Jin et al., Nano Lett 2008

C. Jin. et al., ACS Nano 2008

single layer




Free-standing carbon monatomic chain

Cumulene
- =C=C=C=C=: -
, Polyyne
H-C=C -+ -C=C -H

The method similar to that for the metal quantum wires; A lower beam intensity. 120 kV and 80 kV .




Poly-crystalline graphene sheet with grain-
boundaries and atomic defects

C.-C. Lu, et al. Langmuire 27 pp.13748-13753 (2011).
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ADF imaging of WS, nanoribbons (11)

Z. Liu, etal.,
Nature Comm. 2011

"y = W atoms appear brighter than the S
~ atoms. The edges of this monolayered
WS, nanoribbon are S-terminated on
one side (upper side) and W-

1 terminated on the other side (lower
side) and this structure does not
change with width of monolayered
WS, nanoribbon.

It is very interesting that only the
zigzag edges were observed in this
study.

(A) STEM ADF image of monolayered WS, nanoribbon encapsulated inside SWNT with [001] direction
illustrated the trigonal symmetry, confirming the monolayered structure.

(B) (B) An enlarged view of the rectangle region in A and the corresponding simulated image (lower part).

(C) (C) Model of monolayered WS, structure looking through [001] and [010] directions.




Mo, ,W.S, single layers

W content

We can see how two kinds of
atoms are mixed in a solid solution!
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. +*+Graphene .+ *
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“Atom-by-atom spectroscopy at graphene edge’
K. Suenaga and M. Koshino, Nature, 468 pp.1088-1090 (2010)
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EELS spectroscopy
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Ultimate elemental mapping at
Jidual hacic

()

Ce Carbon
(subtracted)

» Discrimination of La(Z=57) & Ce(Z=58)

> Discrimination of Ce3* & Ce**




A defective h-BN mono Iayer
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468 (2010)

EELS from an edge of a graphene sheet
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Outline

» Some applications of nanocarbon materials




Possible applications of CNT

FE electron source Semiconducting (Metallic)
FED, X-ray tubes Flexible transistor w
Electric conductor

Gas adsorbent

aeenesig Carbon nanotubes [ S TeRilne
[ Black body ] LSI-via-wiring
Biomedicine Heater

Chemically stable
ano-size needle
Tensile strength
MBEERE" Heat conductor Light weight

_Radiator Composite materials (metal, polymer)
Heavy ion charge stripper MEMS




Some examples of CNT applications

CNT-Touch Screen Displays
CNT " charge stripper” for RIBF at RIKEN

5inch 4 inch
Smartphone

http://www.gizchina.com/2011/11/20/ipad-nano-mini-carbon-nanotube RIBF Rl beam generator

featuring superconducting ring cyclotron (SRC)
and projeciile fragmeni separaior (BigRIPS)
wall be commissioned late in 2006

RIBF Rl beam axperimants
will be started in 2007,
wath colored experimental Installations

Electronic paper
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Flexible electronics industries of SWCNTs
FET TFT- FET .

Drain Source Controlled growth

S-M Separation

Transparent & flexible conductive films

Thin film transistors (printable-ink-jet)




Super-Growth SWCNT technology

Futaba et al., PRL 2005

Hata et al. Science 2004
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. ' Size: 2 x 2cm 50 X 50cm?
Substantial cost down | = .
IS N Stainless steel foll

and efficiency!
y Carrier gas: He + H2 — [NV EIPID




Large-scale production of SWCNTs

Synthesis at lab-scale Carbon nanotubes

\/acudm deposition
-— - -
Si wafer Batch process

Industrial production
P Catalyst Carbon nanotubes

>
-
9 Ca

Rolled metal films Coating Continuous process

E Reuse of substrate <




Large-scale CVD synthesis of SWCNT

Length 12m —
8l
1 i : L ' .

Illl" 143

|eld

I 500mm substrate _ S aa

A LA\ - Continuous synthesis
- W 2007 Yield /da
w
Large-batch synthesis
B 2005 Yield /day

Super growth SWCNT
N
Sample will be supplied by AIST+ Nippon Zeon




Concept of CNT Watfer




Integratlon of 3D nanotube
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Viscoelastic SWCNT

K. Hata & Ming Xu, et al., Science 330 (2010)

dependence of
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Luminescence from the encapsulated

coronene@SWCNTSs

Confocal microscope images of muribe macrophage cell line RAW 264.7 after incubating with
coronenes@SWCNTs wrapped with DSPE-mPEG. (A) Differential interference contrast (DIC) image.

(B) Combined DIC and fluorescence images. Fluorescence images obtained from (C) coronenes@SWCNTs
and (D) lysosomal markers (excitation wavelength = 488 nm, detection wavelength > 510 nm).




CNT—polymer composite for light-driven
microthermal control

Phospholipid (PL)

Bovine serum album (BSA)

A phospholipid-BSA—functionalized single-walled
carbon nanotube complex (PL-BSA-SWNT) was
synthesized and shown to be readily dispersible in
poly dimethyl-siloxane (PDMS). A photoinduced
PDMS microchip encapsulating the PL-BSA-SWNT
complex is capable of ultrarapid control of the
temperature of a solution in a microchannel in the
chip. This system should be useful in various lab-
on-a-chip applications.

E. Miyako et al. Angew. Chem.
47, 3610-3613 (2008). Ultrafast control of the temperature!!




CNT-based photo—thermal—electrical convertor

for bionic applications

E. Miyako et al. Angew. Chem Int. Ed. 50, 12266 (2011) |
. Poly(dimethyl-siloxane)

as a base polymer matrix

: Poly(3-hexylthiophene)
(P3HT) as a dispersion agent

We developed carbon nanotube (CNT)-based photo-thermal-electrical
(PTE) converter that can be manipulated using a laser capable of
transmission through a living body. Our present study represents
important progress towards a wireless electrical power supply system
for implantable medical devices as well as various bionic applications.




SWCNT foil charge stripper for RIBF at RIKEN
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Helicity in Ropes of Chiral Nanotubes:
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FIG. 1. High-resolution electron micrograph of a free-standing SWCNT rope containing (a) two and (b) six SWCNTs. The

local rope orientation changes along the helix with respect to the electron beam direction, indicated by parallel dotted lines in
the insets. Only two diffraction lines should occur in a two-tube rope for orientations labeled A1 and A2 in (a), shown also in
Fig. 2(a), separated by half the pitch length. Only four such lines are observed in the 7-tube rope in (b) for rope orientations

Ay — Ag, separated by A/6.



Structure of CNT and bundles

FI1G. 2. Structure of carbon nanotubes and their bundles.
(a) A pair of coiled nanotubes as the simplest example of a
helical rope. Schematic views of (b) an individual nanotube
coil (helix), (c) chiral and achiral nanotubes, with emphasis
on the tilting angle v associated with tilted lines of hexagons
along the tube, shown by the white solid line, and (d) the
optimum entanglement of two chiral nanotubes. The labeling
in (a) refers to Fig. 1(a). The pitch length A and the radius p
of an individual helix, formed of a nanotube of radius R, are
shown in (b).




Energy for the formation of helical ropes
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FIG. 4. Energy considerations for the formation of helical
ropes. (a) Colling energy E__; per nanotube length = of two
identical nanotubes in the case of 1deal onentational align-
ment along the helix, shown by the solid lines. Presence of
the inter-tube interaction E; stabilizes the helix, as indicated
by the dotted lines. The energy reference 1s a pair of non-
interacting (10,10) nanotubes. (b) Phase diagram, indicating
conditions, under which two nanotubes with pitch angles y1
and y2 should form a helix. < ¥ == (y1+x2)/2 15 the average
pitch angle and Ay = |y1 + y2| 18 the pitch angle difference.
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® Drug: Cisplatin,
Dexamethasone &
(anti- inflammatory agent )

Targeting Material

Drug carrier




ZnPc/protein nanohorns for Photodynamic
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Photo-Thermo-Genetics by CNH

Heat shock promoter-mediated gene expression |
triggered by laser-induced carbon nanohorns Miyako et al. PNAS 2012.
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Large-area Iow—temperature SWP-CVD

Waveguide: Microwave 2.45 GHz Slot antenna

Dielectric window

Surface wave & Surface wave

~10 eV

Diffusion plasma region RV

. f - .
gas particle radical ion electron
Substrate

MW power: 3-5 kW per a MW generator
Gas: H2/CH4 /Ar
Substrate: Cu (t30 ym) and Al (t12 um) foils
Gas pressure: 3-5 Pa
Substrate temperature: below 400

CVD area: 60 cm > 40 cm Deposition time: 30-180 s
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(a) Cu foil (CVD conditions: 5 Pa, CH,/Ar/H,=30/20/10 sccm, 3 kW per a MW
generator, 30 s) substrate temperatures below 400 °C
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(b) Al foil (CVD conditions: 3 Pa, CH,/Ar/H,=30/20/10 sccm, 4 kW, 180 s).

(c) Substrate temperature profile.

Transmittance (%)

Sheet resistance (()/sq)

Characteristics of
graphene-based films

as transparent electrodes
Hasegawa et al., JAP, 2010

Average transmittance (400-800 nm). 81%

o
o

81% transparency
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Touch panel made of graphene sheets by

I\IC'
mMi19

LAl &
Capacitave type
Surface resistance kQ/sq
Transparency 80% (with PET film, 90% only for Graphene)
Number of graphene sheets : 4~5 sheets




Summary

> Reorganization of sp? carbon, and the tubule growth
> Synthesis of nano-carbon materials
Carbon nano-tubes (CNTs)
Carbon nano-horns (CNHSs)
Graphene sheets
> HRTEM & EELS imaging of sp? carbon materials
on individual atom basis
» Some applications of nanocarbon materials




