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raphene Nanoribbons from Carbo
Nanotubes

Graphite and Graphene

o 10,1351/ goldbook G263
graphene layer
A single carbon layer of the graphite structure, describing its nature by analogy 1o a

polyeyelic aromatic hydrocarbon of quasi infinite si

Because graphite designates that modification of the
chemical element carbon, in which planar sheets of carbon atoms, each atom bound
to three neighbours in a honeycomb-like structure, are stacked in a three-dimensional
regular order, it is not correct to use for a single layer a te

erminology for the description of carbon as a solid




Graphene

The knowledge accumulated alo
past 6-7 years shows that:

e Balistic transport an
mobility when

Graphene nanoribbons

PRL 95, 206505 (2007) PHYSICAL REVIEW LETTERS

Energy Band-Gap Engincering of Graphene Nanoribbons

Melinda Y. Han." Barbaros Ozyilmaz.® Yuanbo Zhang.® and Philip Kim®

PRL 99, 186801 (2007) PHYSICAL REVIEW LETTERS

Quasiparticle Energies and Band Gaps in Graphene Nanoribbons

Li Yang,'* Cheol-Hwan Park,'” Young-Woo Sen,” Marvin L. Cohen,'” and Steven G. Louie'
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Graphene and graphene nanoribbons

ion in “large” scale:

Chemical, /
of graphite mechanical, “

\‘_‘__/ adsoption, ...
=

Graphene from Graphite
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Expanded flake
Graphit Kropfmihl AG

Graphene from graphite: exfoliation

Klinowski, M.| Forster, A. Lerf, A new structural model for graphite oxide, Chemical Physics Letters 2
3-56
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Graphene from graphite: exfoliation

Ultrasonic

Graphl!e

P. Laaksonen et al., Interfacial Engineer
Proteins: Exfoliation and Functionali
Graphene by Hydrophobins, Ange
Chemie International Edition, Vol

29, 4946-4949 (2010).

raphene nanoribbons from carbon nanotube

Ex-MWNTs: Graphene Sheets and

Ribbons Produced by Lithium

Intercalation and Exfoliation of Carbon [
Nanotubes LETTERS
o Cango Dot Covn s it ontir Vol.9,No. 4

Jdessica Cal nosa-Gonzilez,'
Ferdinando Tristin-Lopez,' Daniel H:m[m\-GmdluJ David A. Cu\lm.' 1527-1533
David J. Smith,* Mauricio Terrones," and Yadira I Vega-Canti®

We found that multhwalled carbon nanotubes [MWHTs) can be opened longitudinally by Intercalation of lithium and ammonla followed
by exfoliation. Intercalation of open-ended tubes and exfoliation with ldd treatment and abrupt heating provided the best resulls. The

ibbons), (i) partially open MWNTs, and (iii) graphene

resulting material consists of: (i) multilayered flat

flakes. We called the completely unwrapped nanoiubes ex-MWNTs, and mair large number of edge atoms makes them attractive for

many applications.




raphene nanoribbons from carbon nanotube

HCI exfoliated after thermal treatments,

Li-NH; intercalated, exfoliated with HCI

cut- MWNTs:

raphene nanoribbons from carbon nanotube

LETTERS

Vol 45816 April 2009|doi:10.1038/ nature07872

Longitudinal unzipping of carbon nanotubes to form

graphene nanoribbons

Dmitry V. Kosynkin', Amanda L. Higginbotham', Alexander Sinitskii', Jay R. Lomeda', Ayrat Dimiev',

3

B. Katherine Price' & James M. Tour'*”

... a simple solution-based oxidative process

for producing a nearly 100% yield of nanoribbon structures by

lengthwise cutting and unravelling of multiwalled carbon nano-
tube (MWCNT) side walls.

... Ribbon structures with high water solubility

are obtained. Subsequent chemical reduction of the nanoribbons

from MWCNTSs results in restoration of electrical conductivity.

30-11-2011



30-11-2011

raphene nanoribbons from carbon nanotube
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raphene nanoribbons from carbon nanotub

Vol 458(16 April 2009|doi:10.1038/nature07919

LETTERS

Narrow graphene nanoribbons from carbon
nanotubes

Liying Jiao'*, Li Zhang'*, Xinran Wang', Georgi Diankov' & Hongjie Dai'

\e UnZipping multi-
walled carbon nanotubes by plasma etching of nanotubes partly
embedded in a polymer film. The GNRs have smooth edges and a
narrow width distribution (10-20 nm). Raman spectroscopy and
electrical transport measurements reveal the high quality of the
GNRs.

uunnnnn
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Graphene nanoribbons from carbon nanotubes

mic force microscopy

10 nm

a( : Confocal Raman mapping
| ..im .

Figure 2 | Images of GNRs converted from MWCNTs. a, An AFM image of
raw MWCNTs dispersed on a Si substrate. b, Animage of the substrate after
the GNR conversion process, showing coexistence of MWCNTSs and GNRs.
Scale bars, 1 pm. ¢, Single- or few-layer GNRs of different widths and
heights: respectively 7 and 1.8 nm (c), 8 and 1.8 nm (left, d), 13 and 2.0 nm
(right, d}, 15 and 0.9nm (e), 17 and 1.0 nm (f), 25 and 1.1 nm (g), 33 and
L.4nm (h), 45 and 0.8 nm (i) and 51 and 1.9 nm (j). Scale bars, 100 nm. The
height scale for all the AFM images is 10 nm. In e, an arrow points to a
leftover MWCNT.
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Graphene nanoribbons from carbon nanotubes

Applied Catalysis A: General 371 (2009) 22-30

Contents lsts available ot Sciencelirect

Applied Catalysis A: General

FISEVIER journal hamepage: www slsevier.cam/locate/apeata

Catalytic unzipping of carbon nanotubes to few-layer graphene sheets under
microwaves irradiation

Izabela Janowska **, Ovidiu Ersen®, Timo Jacob®, Philippe Vennégues?, Dominique Bégin®,
Marc-Jacques Ledoux ®, Cuong Pham-Huu®

Catalytic unzipping of single-, double-, and muiti-walled carbon nanotubes (SWNTs, DWNTs, and
MWNTs), in the presence of Pd nanoparticles and an oxygen-containing liquid medium, to yield the few
layer grapbene sheets, was performed under microwaves irradiation. In this unzipping process, the
palladium particles actas a pair of scissors to cut the nanotube lengthways. Theoretical simulations with
Reactive Forcefields confirm that the presence of Pd nanocatalysts and oxygen next to vacancies
facilitate the unzipping process to form graphene from nanotube by significantly lowering the
corresponding energy barrier.




Graphene nanoribbons from carbon nanotubes

Optical photos showing t
millimeter size graphene
assembly after partial r
with NaBH, in a mixt
toluene at 80 °C.

4 (A-C) Graphene sheet
assemblies of
"M micrometer size
formed by unzipping
| | SWNTs decorated with
10 wt.% of Pd catalyst.

Graphene nanoribbons from carbon nanotubes

Graphene Nanoribbons Obtained by
Electrically Unwrapping Carbon
Nanotubes

Kwanpyo Kim, Allen Sussman, and A. Zettl*

FENAND voL. 4 » NO.3 = 1362-1366 = 2010

ABSTRACT We describe a dean method of graphene nanoribbon (GNR) extraction from multiwall carbon
nanotubes (MWNTs], performed in a high vacuum, nonchemical environment. Electrical current and
nanomanipulation are used to unwrap a portion of the MWNT and thus produce 3 GHR of desired width and
length. The unwrapping method allows GNRs to be concurrently characterized structurally wia high-resolution

@
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Graphene nanoribbons from carbon nanotubes

nature LETTERS
na:lo{CC!lrIOIOgy PUBLISHED ONLINE: 4 APRIL 20100 | DOE 0058, 20054

Facile synthesis of high-quality graphene
nanoribbons
Liying Jiao, Xinran Wang, Georgi Diankeov, Hailiang Wang and Hongjie Dai*
Here, we show that
pristine few-layer nanoribbons can be produced by unzipping
mildly gas-phase idized Itiwalled carbon b

Gas-phase —_—
using mechanical sonication in an organic solvent. oxidation Pl Sonication

alcinated in air at 500 °C to remove
dize MWNTSs at defect sites and ends.
ispersed in a 1,2-dichloroethane
(m-phenylenevinylene-co-2,5-

e) (PmPV) by sonication

Intensity (a.u)

10nm

Raman shift (cm™")

Graphene nanoribbons from carbon nanotubes

What triggers the unzipping?

How does it happen?

30-11-2011
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THE JOURNAL OF CHEMICAL PHYSICS 131, 031105 (2004)

Mechanism of carbon nanotubes unzipping into graphene ribbons

Norma L. Rangel,'? Juan C. Sotelo,?® and Jorge M. Seminaria’23%
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raphene nanoribbons from carbon nanotube
PHYSICAL REVIEW B 83, 195442 (2011)
Zipping and unzipping of nanoscale carbon structures

Julia Berashevich and Tapash Chakraborty

ipping and unzipping of carbon systems in vacuum using quantum chemi
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ing of functionalized carbon nanot

1ctionalization: the 1,3-dipolar cycloaddition r

R. Aratjo, M. C. Paiva, M. F. Proenga, C. J. R. Silva,
Composites Science and Technology, 2007, 67, 806-810

In solvent-free conditions

¢ With heat: Reaction time — 2

to 7 hours
With microwaves: a few
seconds

30-11-2011
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T functionalization: the 1,3-dipolar cycloaddition reacti

s,
s:;‘c,

Shi Shi D if:
.9

ogravimetric analysis
oelectron spectroscopy
eling microscopy
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2
&
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8
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Controlled Functionalization of Carbon
Nanotubes by a Solvent-free
Multicomponent Approach

VOL.4 = NO.12 = 7379-7386 = 2010 ALh]
M. C. Paiva, F. Simon, R. M. Novais, T. Ferrei
Proenca, W. Xu, F. Besenbacher

Total Nitrogen Yield (N:C)

:

.
S
5}

200 230
Reaction temperature (°C)

The 1,3-dipolar cycloaddition reaction - STM

* UHV chamber (3x10%° Torr), Pt/Ir tip
« constant current mode
« Typical bias voltage and tunneling
current:
v’ nanometer scale - 1000-2000 mV
and 0.8-1.2 nA

v Atomic scale - 30-100 mV and 1.
2.0 nA

14
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Graphene nanoribbons from carbon nanotubes

Graphene nanoribbons from carbon nanotubes

stant current mode

bias voltage and tunneling current:
e - 30-100 mV and 1.5-2.0 nA
NANO crresd DOl 10.1021/nl100240n | Nano Lett. 2010, 10, 1764-1768

Unzipping of Functionalized Multiwall Carbon
Nanotubes Induced by STM

i Xu,** M. Fernanda Proenga” Rui M. Novais,! Erik Lagsgaard,t
.t
or
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hene nanoribbons from carbon nanotubes, in solu

CNT functionalization

l

“Exfoliation” in solution

l

Filtration

Carbon nanotube functionalization

Carbon nanotubes D = Purity Functlon.a.llzatlon TGA wt loss (%)
(nm) conditions
1-2 >90% 21

SWNT HiPco
Carbon - 200°C; 14h
Nanotechnology Inc.
MWNT_NC3100
Nanocyl
MWNT_NC7000
Nanocyl
MWNT_Aldrich
Sigma Aldrich

250°C; 3h

90% 230°C; 5h

>90% 250°C; 3h

30-11-2011
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raphene nanoribbons from carbon nanotube

Amax (NM)
Solvent SWNT MWNT_NC23100 MWNT_NC7000 MWNT Aldrich

Dichloromathane 230 229 229 230
Ethanol - 207 207 207

ctra of GNR solutions in DCM UV-Vis spectra of GNR solution:
D!Qbmmemlne

MWNT Aldrich

400 300 350 400 450
‘Wavelength (nm) ‘Wavelength (nm)

raphene nanoribbons from carbon nanotube

Graphene solution o pem Olethanol

a, L 1 -1
obtained from: (Lg' mY) (Lg!m1) ret. (L g7 M)

SWNT- HiPCO 488 ) 2460 (660nm)

Hernandez, Y. et al. Nature 3,
563 (2008)
MWNT-NC3100 573 - 5300 (230 nm)
Ethanol Wang, G., et al. Carbon 47, 68
MWNT-NC7000 498 (2009)
2400 (419nm)
Xu, B., et al. Adv. Mater. 21, 1275
(2009)

MWNT-Aldrich 588

Dichloromethane

Aldrich
.’.)/-/N:i‘g
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Intensity {a.u.)

raphene nanoribbons from carbon nanotube

pectra (532 nm) obtained for the GNR deposited §§
) . . ]
t evaporation (ethanol solutions) on a Si surface. zz
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C. Ferrari / Solid Suave Communicarions 143 (2007) 47-57

raphene nanoribbons from carbon nanotube

icrographs of the GNR residue obtained by solvent evaporation on a quart

30-11-2011
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Graphene nanoribbons formed in DCM

Optical microscopy

Graphene nanoribbons formed in ethanol

M of the GNR obtained from the MWNT from Aldrich

19



Graphene nanoribbons formed in ethanol

of the GNR obtained from NC 3100
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