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Laser-induced transformation of freestanding carbon
nanotubes into graphene nanoribbons

Hai Hoang Van,*® Kaelyn Badura,” and Mei Zhang™

Graphene nanoribbons (GNRs) were successfully produced by using a laser to transform the
tubular structure of multiwalled carbon nanotubes (CNTs). A laser beam was controlled to

scan along the longitudinal axis of the freestanding aligned CNT sheets in air. As a result of

the thermal interactions between the laser beam and CNTs, local oxidation was observed to

happen at the graphitic walls of CNTs. This oxidative phenomenon was assisted by the

laser-induced thermal expansion of the graphitic tube which transformed the tubular

structure of CNTs. The direction of the laser irradiation led to the production of two-

dimensional graphene nanoribbons. The produced GNRs were freestanding and featured

smooth surfaces. This laser scanning method was simple and industrially scalable to

continuously produce GNRs.

1. Introduction

Graphene is an allotrope of carbon (C) with a two-
dimensional (2D) monoatomic-thickness, exhibiting superior
mechanical,  thermal, and electrical  properties.'
Specifically, graphene is a semimetal with a zero bandgap.*
This zero bandgap is widened by patterning graphene into
graphene nanoribbon (GNR),* whose width is principally
smaller than 50 nm. GNRs with widths lower than 10 nm
become semiconductors regardless of the geometry of their
edges.>® Li ef al. produced GNRs with width less than 10 nm
which had bandgaps opened up to 400 meV.® Field-effect
transistors using these GNRs achieved a Ion/Iopr ratio of
over 10%° The existence of tunable electronic characteristics
have made GNRs an outstanding candidate for pushing the
traditional physical limit of the materials in contemporary
transistor technology. GNRs also exhibited broadband
saturable absorption in both the optical and microwave bands,
opening  applications in optical and microwave
communication.” Additionally, GNRs are capable of
performing broadband polarizing effect in the visible to near-
infrared wavelengths, presenting a modulation solution for
optical-fiber ultra-broadband communication.® Moreover, due
to its high surface area and its outstanding thermal, electrical,
and electronic properties, GNRs can be used as the active
materials in various applications including biosensors,’
chemical sensors,'®!! electronic memory devices , processing
devices,'>!? nano-electromechanical systems,14 and
composites. "

Several approaches have been used to obtain GNRs.
Lithographic patterning on graphene sheets and chemical
vapor deposition (CVD) were used to create GNRs with
widths greater than 20 nm.'®!” Unzipping carbon nanotubes
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(CNTs) is another promising way to produce GNRs.>'®!?

There have been many methods proposed to unzip CNTs,
which can be classified into chemical-scissor unzipping
methods and non-chemical based unzipping methods.

In the chemical-scissor unzipping methods, the unzipping
processes were based on the oxidation between chemical
compounds (or catalysts) and CNTs, which resulted in the
longitudinal cutting of the graphitic shells. Kosynkin et al.
utilized concentrated sulfuric acid H,SO, and potassium
permanganate (KMnO,) to oxidize the CNTs, leading to the
opening of the existing carbon-carbon double bonds.”® To
avoid the severe oxidation of CNTs caused by H,SO, and
KMnOy, Elias et al. utilized metal nanoparticles (Ni and Co)
to cut the C-C bonds.?’ The method Elias et al. used was
based on the catalytic hydrogenation of CNTs caused by
those nanoparticles. However, the unzipping direction was
affected by the defect levels and the chirality of the CNT
walls. Due to the arbitrary nature of these characteristics, the
unzipping direction was random. The chemical compounds
used in unzipping processes affected the properties of GNRs
and increased the complexity of the process. For example, the
oxidation process using H,SO, and KMnO, did not only
unzip the CNTs but it also formed the carboxyl and hydroxyl
functionalities along the GNRs edges. Consequently, an
additional reduction process was required to remove these
functional groups. However, the electronic properties of the
reduced GNRs were not comparable to the properties of the
GNRs directly patterned from graphene sheets.?!

In the non-chemical based unzipping methods, the tubular
structure was not unzipped by using a chemical reaction.
Instead, external influences such as plasma
bombardment,'®?>%  electric  current-induced heating,24
thermal stress,”>?® or mechanical impart?” were used to cause
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(a) CNT sheet

Fig.1  (a) Schematic illustration of the CNT sheet production
process. The CNT sheet was produced by laterally drawing
CNTs from the edge of CNT forest; (b) and (c) SEM images of
the freestanding CNT sheet, respectively; (d) Applying CNT
sheet on metal frame and raster-scanning the CNT sheet surface
by the continuous IR laser beam.

the structural transformation of CNTs. Chemical agents, such
as acids, were used to introduce structural defects to
graphitic walls of CNTs;*>?® thus the CNT structure became
more likely to be transformed. The abrupt thermal-stress
methods were normally performed with the assistance of this
defect-generation technique to easily breakdown the tubular
structure. However, due to the random distribution of the
defects on the graphitic walls and the uncontrollable chirality
of the CNTs, the breakdown direction of the tubes was
random. As a result, many CNTs were fragmented.”*
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Similar to the chemical-scissor unzipping methods, the usage
of chemicals did not only contaminate CNTs but also created
functional groups along the edges of the defective sites.

The current-induced heating methods demonstrated the
concept of wusing extremely high temperature (around
3000°C) to unwrap CNT walls one by one without using any
chemical. The produced GNRs exhibited a high quality
graphitic structure. However, this method could only be
applied to individual CNTs at a time. The mechanical impart
method produced GNRs with the heavily damaged graphitic
structures due to the extreme collision between CNTs and
metal target at a high velocity. The plasma methods utilized
ion bombardment to damage the CNT surface, gradually
removing carbon atoms from CNT walls. Finally, GNRs were
produced when about half of the tubes were removed. The
structural quality of the produced GNRs need to be carefully
investigated because during the bombardment process, the
generated ions can also attack the opened CNTs,
consequently damaging the produced GNRs.

In this paper, we report a solid-state method for the
transformation of the tubular structure of CNTs into the 2D
structure of GNRs, addressing those issues relating to the
contamination and the structural quality of the produced
GNRs. Freestanding aligned CNT sheets were used as the
starting material. A continuous infrared laser was controlled
to scan along the CNT sheet alignment. The thermal effect
induced by the laser irradiation, including thermal oxidation
of the graphitic walls and thermal expansion of the tubes
opened the CNT structure. The residual pieces of graphene
on the surface of the produced GNRs were removed by
further applying laser scanning with lower irradiation power,
resulting in smooth surfaced GNRs. The produced GNRs
typically had width distributions from 10 nm to 15 nm,
making them suitable for electronic applications.”®

2. Experimental

The freestanding CNT sheet was produced by laterally
drawing CNTs from a CNT forest [Fig. 1(a)].?’ The CNTs in
the sheet were well-aligned in the drawing direction (Fig.
1(b)) and they were multiwalled CNTs with 4-8 walls, 7-10
nm in diameter, and around 450 pm in length. The average
thickness of the CNT sheet was approximately 18-20 pm.*°
The small CNT bundles and the individual CNTs formed an
interconnected freestanding sheet [Fig. 1(c)]. A single-layer
CNT sheet was applied onto a metal frame. A continuous
CO, laser (VLS2.30, Universal Laser Systems Inc.) with an
infrared (IR) wavelength of 10.6 um was utilized to raster-
scan the entire sheet surface [Fig. 1(d)]. The laser beam
diameter on the focal plane was 100 pm. The CNT sheet was
positioned at the focal distance of the laser beam to acquire
the highest energy density. The laser irradiation energy was
proportional to the laser output power and inversely
proportional to the scanning speed. The effect of the laser
power on the transformation of CNTs was investigated. In
this experiment, the laser output power was controlled to
change from 0 to 100 mW and the scan speed was kept at 20
cm/s. The thermal stability of CNTs was studied by using
thermogravimetric analysis (TGA Q50, TA Instruments). The
energy absorption of CNT sheet at 10.6 um wavelength was
determined by Fourier transform infrared spectroscopy
(FTIR, Nexus 470 FTIR E,S,P™, Thermo Nicolet). Raman
spectra were obtained using a micro-Raman system
(Renishaw, Inc., InVia Raman). The Raman spectrometer
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Fig. 2

(a-b) Energy density irradiating on CNT sheet and the corresponding temperature increase (respectively) when the laser

power changed from 0 mW to 120 mW at the scanning speed of 20 cm/s; (c) and (d) Temperature distributions on the CNT sheet when
laser beam irradiates the CNT sheet with the output power of 100 mW and 55 mW, respectively. The scanning speed was 20 cm/s. The

arrows indicate the direction of laser beam movement.

was calibrated using a standard silicon substrate. A laser with
wavelength of 785 nm and beam size of 10 um was used to
excite the Raman scattering. The scanning electron
microscope (SEM FE 7407F, JEOL Ltd.) was used to observe
the structure of CNT sheet drawn from CNT forest. The
transmission electron microscope (TEM JEM-ARM200cF,
JEOL Ltd.) with Electron energy loss spectroscopy (EELS
Gatan Inc.) was utilized to analyze the structural
transformation and the chemical characteristics of CNTs
before and after laser irradiation.

3. Results and discussion

3.1 Interaction between laser irradiation and CNT sheet

When the CO, laser beam perpendicularly irradiated the CNT
sheet, a portion of its energy was reflected from the surface
of CNTs due to the difference in the refractive indices.>' The
remaining energy kept traversing into the sheet. The

This journal is © The Royal Society of Chemistry 2015

traversing beam was scattered inside the sheet due to the
porous structure and the high surface area. The rest of laser
energy was transmitted through the structure. The amount of
energy absorbed by CNT sheet was measured by FTIR.

When the CNTs were struck by photons from the incident
laser beam, the carbon atoms became more mobile, vibrating
much stronger. The lattice structure conducted the vibration
to neighboring atoms; consequently the irradiated area was
heated. The energy absorption and the vibration of the
interacting atoms depended on the wavelength and the phase
of the incident light wave. Different from other regular light
sources such as sun, light bulb, or light-emission diode, a
laser wave is monochromatic and coherent, meaning that the
beam is transmitted with a single wavelength as well as
spatially and temporally in phase. As a result, the thermal
response from CNTs was much stronger due to the uniform
energy absorption and the resonant interaction between the
incident light wave and the vibrating carbon atoms. In
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addition, the laser energy was concentrated in the small
beam, consequently intensifying the thermal effect.

During the laser irradiation process, intense white light
was observed as being emitted from the irradiated area. This
light emission was the incandescence induced when the target
was heated to a high temperature.** The laser power and the
irradiation time, related to the scanning speed of the moving
laser, determined how high of a temperature the CNTs could
reach. When the laser power increased and the irradiation
time increased, more irradiation energy was delivered to the
samples, further increasing the temperature of CNTs.

The heating area moved along the sheet alignment
following the laser scanning direction. Thermal transport was
described as the heat flow between the graphitic walls within
the same CNTs and the flow from one CNT to other CNTs
via tube-tube interface.>* The flow direction was dependent
on the thermal conduction direction of CNTs and
the movement direction of heat source.*

The temperature distribution induced from the laser
linearly scanning on a thin CNT sheet was estimated by
applying a 2D thermal simulation model which was
introduced by Brockman et al** The heat conductivity
equation used to calculate the temperature when the direction
is along the x-axis is described as:

plou— = xgl—+ 2+ =T (1)
where the structure and the thermal propertles of the CNT
films are characterized by p as density (kg/m?), C, as specific
heat capacity (J/kgK), and x as thermal conductivity
(W/mK). The heat transfer coefficient a (W/m?K) (relating to
the surface area of the structure) is included in the boundary
conditions at the top and the bottom CNT film surfaces by
considering the heat loss due to the thermal convection to
environment. The effect of laser scanning is considered with
the scanning velocity u (m/s) and the heat flux q, which is
integrated as the boundary condition for the heat conductivity
equation (1).

The 2-dimensional temperature distribution is computed
as:*

T=0T +T, 2)
where T, is ambient gas temperature (K) and 7+ and & are

described by the following equations:
T —_f0 _ 407

g = Lff;e-xp (B‘i + 2Pe (x + Pe) —+F)
F= 4(81 + Pe?)[y? + (x + Pe)?]
Pe = £27

Bl',:%

where g, is the maximum laser heat flux density (W/m?), r, is
the effective laser beam radius (m), and /% is the film thickness
(m).

It was noticed by Brockman that this 2D model was valid
when the beam size was greater than the sheet thickness and
when the sheet thermal conductivity was large.** CNTs have
been proven to have high thermal conductivity.*® Therefore,
the Brockman model was suitable to calculate the
temperature generated by laser-CNT sheet interaction.

Aliev et al. measured the thermal properties of single-
layer freestanding aligned CNT sheet.’® The thermal
conductivity along sheet alignment was 50 W/mK. This
experimental conductivity of CNT sheet was much lower
than the CNTs’ intrinsic thermal conductivity, 3000 W/mK
for multiwalled CNTs *7 and 3500 W/mK single-walled
CNTs.*® The thermal conductivity decrease was explained by

4 | Nanoscale, 2015, 00, 1-3

the dangling interface between the bundles, the phonon
scattering within the bundles, and the defects in the
individual CNTs.*® In addition, the specific heat capacity was
700 J/kgK, regardless of the sheet length. The heat transfer
coefficient for single-layer CNT sheet was 35 W/(m’K).*®
FTIR was utilized to measure the energy absorption of CNT
sheets at a laser wavelength of 10.6 um. The FTIR spectra
showed that CNT sheets absorbed 18% of irradiating energy
from the IR laser beam (Fig. S1 in Supporting Information).

Fig. 2(a) shows the energy density generated by laser
beam of output power of up to 120 mW scanning
freestanding ultrathin CNT sheet at a speed of 20 cm/s. The
computed temperature induced by the corresponding laser
irradiation conditions is presented in Fig. 2(b). At the same
irradiation time, temperature increased monotonically with
the power increase. Matlab program was used to calculate the
temperature distribution on the surface of a CNT sheet
irradiated by a moving laser beam. Equation (2) was applied
for the calculation. Fig. 2(c) demonstrates the temperature
result when the CNT sheet was scanned by a laser beam with
output power of 100 mW at the scanning speed of 20 cm/s.
The temperature was possibly increased up to 1523°C. The
arrow in the figure indicated the scanning direction of the
beam. The energy absorption level was 17% after the first
scan (Fig. S1 in Supporting Information). The CNT sheet was
further irradiated with the laser power of 55 mW. Simulation
results estimated that the sheet temperature increased up to
821°C [Fig. 2(d)]. Along the scanning path (x-axis),
temperature had a tailed-distribution. This tailed-distribution
resulted from a cooling effect of the irradiated sheet and the
movement of the laser beam. The tail length became shorter
when the thermal conductivity of the sheet increased and the
scanning speed of laser was faster. Temperature was
distributed symmetrically to both sides of the scanning
direction.
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Fig.3  TGA spectrum for CNT in air environment.

The laser scanning experiments were performed in the
ambient environment with air, resulting in the oxidation of
CNTs at high temperatures. TGA was employed to study the
thermal stability of CNTs. Air was used for the analysis with
a flow of 60 mL/min. The temperature was increased at the
rate of 10°C/min. The results showed that CNTs started to
oxidize at around 550°C and reached the highest oxidation
rate at 686°C [Fig. 3]. Therefore, under the extremely high
temperature  condition induced by laser-CNT sheet
interaction, the CNT sheets should be oxidized.

3.2 Formation of GNRs

This journal is © The Royal Society of Chemistry 2015
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Laser beams are directional, i.e. photons transmit in the same
direction with small divergence. The irradiating energy was
confined in the narrow beam size, i.e. 100 pm, generating a
large energy intensity. In addition, the laser beam is
monochromatic and coherent, inducing the strong and
uniform responses from the material. Consequently, the laser
beam was capable of remarkably increasing the temperature
with the strong gradient during the scanning of the CNT
sheet. Due to the high surface area of CNT sheet and the high
thermal conductivity of CNTs, and the existence of thermally
affected area the consequent oxidized area was localized at
the irradiated spot.

(i

Fig.4 TEM images displaying the structure of multiwalled CNTs before and after being scanned by the laser: (a) Typical original
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freestanding porous sheets [Fig. 2(b)]. In the experiments,
CNT sheets were placed on the focal plane of the laser beam
in order to allow the highest irradiation intensity to be
delivered to the CNTs. When the laser power was increased
or the irradiation time was increased, the laser intensity was
increased accordingly. The different laser intensity led to
difference in transformation of the tubular structure of CNTs.
Fig. 4(b-e) demonstrates different structural transformations
of CNTs after being scanned by a laser beam of 100 mW at a
scanning speed of 20 cm/s. According to computations, the
CNT sheet was irradiated by an energy density of 498
mJ/cm® and was consequently heated up to 1523°C [Fig.

multiwalled CNT with four graphitic walls; (b) oxidized CNTs with one side of the tube showing double-walled structure and the

other side containing seven graphitic walls; (c¢) oxidized CNT with half of its length unzipped and the other half oxidized; (d)

DWCNTs with the oxidized graphitic walls remaining on the tube surface ;(e) single-layer GNR with small residuals remaining from

the outer CNT walls. The inset in (e) is Fast Fourier Transform pattern of the corresponding GNR image)

Original CNTs used for the experiments typically had 4 to
8 walls [Fig. 4(a)]. Those CNTs were directionally aligned in

This journal is © The Royal Society of Chemistry 2015

2(b)]. Thus, the thermal oxidation was initiated at the defect
sites on the tube surface.>

Nanoscale, 2015, 00, 1-3 | 5
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Fig. 5 TEM images of (a) individual GNR and (b) GNR
array when the GNR surface was cleaned by laser irradiation

with laser power of 55 mW and scanning speed of 20 cm/s.

After irradiating the surface, the laser beam traversed
into the sheet, scattering within the sheet due to the high
surface area of the porous structure.*’ The scattered beam
was favorable in improving the interaction between the
incident beam and the individual CNTs inside the sheet. Fig.
1(c) shows a CNT sheet with the bundled CNTs aligned
along the sheet direction and the local isolated CNTs crossing
between the bundles. These freestanding CNTs were
approximately aligned along the scanning direction because
the CNT diameter was much smaller than the beam diameter.
The high surface area of those isolated CNTs highlighted the
fast cooling of the heated areas. Furthermore, the oxidation at
those areas was happening isotropically along the tubular
circumferences.

On the contrary, under the same irradiation conditions,
CNT bundles absorbed more energy than isolated CNTs due
to the higher structural density of packed CNTs and the
longer transmitting path through the bundles (Beer-Lambert
law). Consequently the CNT bundle temperature was higher
than the isolated CNT temperature, resulting in stronger
oxidation at the bundle surface. The oxidation induced at the
CNT bundles was anisotropic, relating to the non-uniform
interface between the bundled CNTs and the oxygen. The
oxidation happened more favorably at the CNTs surrounding
the bundles which had direct interface with the oxygen in air
in contrast with the inner CNTs that were isolated from the

6 | Nanoscale, 2015, 00, 1-3

environment. Accordingly, the transformed CNTs could have
one longitudinal half oxidized with many walls removed and
the other half with many walls retained. Fig. 4(b)
demonstrates a modified CNT with one side showing double-
walled structure, i.e. outside graphitic walls were oxidatively
removed, and the other side having seven graphitic layers
remaining. Due to the high flexibility, the entangled CNTs in
bundles could appear with half of the length confined within
the bundle and the other half freely exposed to oxygen. As a
result, the dangling tube segment was opened and the other
segment was partially oxidized with some graphitic walls
removed [Fig. 4(c)].

Laser energy was scattered immensely inside the sheet
due to the high structural porosity,*” irradiating the inside-
sheet CNTs at different angles. Consequently, these CNTs
were also heated but not as strongly as the CNTs that were
under direct irradiation. The thermal oxidation at those
inside-sheet CNTs initially happened at the CNT defects,
breaking the C-C bonds through the formation of carbonyl
groups.””**? In addition, CNTs radially and axially
expanded under the high temperature.**** The oxidation-
created vacancies which, when assisted by the thermal stress
at high temperatures, fragmented the outside tubular walls
and leaving graphitic residuals on the inner tube surface.*
Fig. 4(d) demonstrates double-walled CNT (DWCNT) with
outer walls oxidized.

Fig. 4(e) shows a 13 nm-width single-layer GNR
produced by unzipping a CNT, revealing how the GNR was
produced. The inset is the corresponding Fast-Fourier
Transform diffraction pattern, displaying a single hexagonal
ring. This hexagonal pattern confirmed the graphitic and
single-layered structure of the produced GNR.

The production of a GNR from a multiwalled CNT was
the result of combined processes of spontaneous removal of
the outer graphitic walls and the transformation of the
innermost tube. The oxidation process happening on the CNT
surface removed the outer walls. Due to the high curvature of
smaller tubular diameters, the carbon atoms of the innermost
tube were more active than the atoms on the outer walls.*
Consequently, during the oxidative process happening at the
outer walls, the oxidation also penetrated into the graphitic
walls to oxidize the inner tubes. Some TEM images (not
shown here) demonstrated that oxidation perforated the outer
walls of DWCNTs to oxidize the innermost tubes. As the
result, after the outer walls were removed, the thermal
expansion stress and the curvature-induced stress widened the
opened area of the innermost tube. As a result of the laser
scanning along the CNT alignment, the laser-induced
thermal stress directed the tube-opening direction along the
tubular axis.** Additionally, the oxidation was more
preferable to occur following the tube opening direction,
where the stress was focused, instead of circumferentially
cutting the graphitic layers.*' Therefore, GNRs were
produced along the CNT axis [Fig. 4(e)]. The produced
GNRs had some carbon-based domains remaining on the
GNR surface as the residuals of the oxidized graphitic walls.

Raman spectra showed an increase in the intensity ratio of
D-band to G-band (Ip/Ig) from 1.17 to 1.32 when the CNT
sheet was irradiated by laser (Fig. S2 in Supporting
Information). The Ip/Ig increase resulted from the graphitic
defects in the edges of the produced GNRs, the features on
the GNR surfaces, and the incomplete-opened CNTs (Fig.
4(b)-4(d)).

This journal is © The Royal Society of Chemistry 2015
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GNR surfaces were cleaned by using laser to further
oxidize the small carbon domains attached to the GNR
surface. Fig. 5(a) and 5(b) show the TEM images of both
GNR and GNR array after laser post-treatment, respectively.
Laser was used to scan the sample with a power of 55 mW
and a scanning speed of 20 cm/s. The laser irradiation
generated an energy density of 277 mJ/cm?, increasing the
CNT temperature up to 821°C (as calculated in Fig. 2(d)).
Raman spectra of the GNRs before and after post-treatment
process did not show any obvious difference (Fig. S3 in
Supporting Information). The residuals from the previous
step were very susceptible to the oxidation, thus being
oxidized easily. The oxidation process also happened along
the edges of the GNRs. However, calculations of the energy
required to oxidize the carbon atoms showed that the
oxidation was more likely to occur along the edges of a
graphene layer as compared to penetrating inward into the
graphene sheet.*' Consequently, the oxidation at GNRs
mostly happened along the edges instead of cutting through
the graphene sheet. Due to the size difference between the
GNRs and the carbon domains, the oxidation occurring along
GNR edges hardly changed the graphitic structure of the
GNRs. Besides the oxidation happening along the GNR
edges, laser irradiation also improved the graphitic structure
of GNRs via the self-healing effect, occurring when carbon
atoms reorganized their crystal structure due to high
temperature exposure.
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Fig. 6  EELS spectrum of overlapped GNRs.

EELS was utilized to analyze the chemical properties of
GNRs at the atomic scale. Fig. 6 shows the EELS spectrum
of the overlapped GNRs. The sharp peak n*, at 286 eV, is
due to the electron transition from 1s core level to the n*
band. Similarly, the other peak at o*, at 293 eV, is generated
by the transition from 1s to o* band. These spectral peaks
highlighted the K edge of the carbon atoms of CNTs and
graphene.*’ These transitions may also feature the bonding
between the carbon atoms and the oxygen atoms for the o
bond and the m bond. However, the oxygen K edge
characterized by a peak at 530 eV ** was not shown in the
resultant EELS spectra, which may relate to the resolution
limit of the equipment. Therefore, these n* and ¢* peaks
contained limited information about the oxygen-contained
contaminants. This limited information can be explained due
to the oxidation process occurring at high temperature of
CNTs. The oxygen molecules in air oxidized the graphitic
walls, generating CO, gas. Furthermore, the carbonyl group
created on the GNR edges when oxygen molecules cut the
carbon-carbon bonds can be thermally removed at 200°C,*
which is lower than the oxidation point of CNTs. Therefore,
the oxygen atoms were desorbed from the produced GNRs..

This journal is © The Royal Society of Chemistry 2015
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4. Conclusions

The GNR production process was performed by scanning a
continuous laser beam along the alignment of freestanding
CNT sheets in air. The produced GNRs were attributed to the
local laser-induced oxidation which occurred at the graphitic
walls, the thermal expansion of the tubular structure at high
temperature, and the movement direction of the laser beam.
The reported method exhibited advantages in producing
GNRs. First of all, the starting material, the freestanding
aligned CNT sheets, can be effectively and efficiently
fabricated. The laser can quickly scan along the CNT
alignment and simultaneously produce many GNRs. This
method does not utilize aqueous solutions such as H,SO, and
KMnO, to open the nanotube. Therefore the contamination is
limited and the subsequent purification process is
unnecessary. The graphitic residuals on the GNR surface can
be easily removed by further applying laser scanning with
lower power and high scanning speed. Finally, GNRs were
produced as freestanding; therefore GNR utilization does not
require a transfer process from the synthesis substrate (as
produced by other methods) to device substrates. The high
quality GNRs are promising as an excellent candidate for
electronic devices and sensors.
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