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analogues: An innovative breakthrough with immense
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11987 promise

Prashant Kumar*

Laser-based green synthetic approaches for 2D atomic sheets of graphene, graphene nanoribbons and
inorganic analogues of graphene are relatively new techniques. There are several significant laser-based
approaches for graphene synthesis such as (a) laser exfoliation, (b) intercalation and exfoliation in liquid
nitrogen, (c) pulsed laser deposition, (d) laser induced ultrafast chemical vapour deposition, (e) laser
induced catalyst-free growth of graphene from solid carbon sources, (f) epitaxial graphene growth on a Si
rich surface of SiC by laser sublimation of surface silicon atoms, (g) reduction of graphene oxide and (h)
unzipping of carbon nanotubes. Apart from the deoxygenation of graphene, lasers have also been
employed for the dehydrogenation and dehalogenation of graphene surfaces. Such laser induced bond
dissociation paves the way for achieving the desired band gap in graphene by adequately controlling the
extent of such surface bonds. Such photochemical transformations can be exploited for patterning and
nanolithography of graphene and related materials. Laser exfoliation has successfully been extended to
synthesize inorganic analogues of graphene such as 2D atomic sheets of hexagonal BN and metal

) dichalcogenides such as MoS,, MoSe,, WS,, WSe, etc. It is noteworthy that the emerging novel laser-based
Received 10th March 2013, hes h d v simolified th hesis of 2D ic sh d ble of vieldi
Accepted 23rd April 2013 approaches have tremendously simplified the synthesis o atomic sheets and are capable of yielding

impurity-free device quality 2D materials in a scalable manner and consequently inspiring various

DOI: 10.1039/c3rad1149d commercial applications of such materials. An overview of the progress made into laser based approaches

www.rsc.org/advances is presented.

1. Introduction

Graphene, a 2D flatland, has come a long way from being a

dream material to the realization of its many advanced
Dr Prashant Kumar, broadly a

technological applications. After its discovery," the world has
not looked back and graphene has now been established as a
unique nanomaterial.>”> Within a short space of time, it has
been proven to be one of the “wonder materials” of the 21st
century and as a material it is expected to be developed even
further in future.®”® Properties including atomically thin layers
with high mobility,” mechanical strength,'® optical transpar-
ency,"" tunability of the band-gap by doping'? and by external
fields™® make graphene unique in many ways. Therefore, it is
not surprising that graphene has been used in a broad
spectrum of applications such as in general electronics*'®
and flexible electronics in particular,'® spintronics,’””™*° data
storage,*® NEMS,>"** as a thermally conducting material,>* as
a thermoelectric material,** 1,2
in photonics,?® in optoelectronics,
OLEDs,*” in chemical sensors,*® bio-sensors,’

as a corrosion resistant materia
27730 a5 a laser material,** in
* supercapaci-

tors,*>° batteries®” and in general as an energy material,*® in
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Fig. 1 Applications of graphene.

hydrogen storage®>*° and in biomedicine.*" Fig. 1 showcases

some significant applications of the “wonder material”
graphene.

Graphene was first obtained via a micromechanical
cleavage technique using scotch tape." However, with its
overwhelming application potential, the need for a large scale
production method was felt and therefore various chemical
routes for the synthesis of graphene were developed over time.
Among the many approaches for graphene synthesis, a few
significant ones are the exfoliation of graphite,*>™*®
tion and exfoliation of graphite,*”*® arc discharge of graphite
in the presence of helium and hydrogen gases,*® chemical
vapour deposition,'"*°">* epitaxial graphene growth via sub-
limation of silicon from SiC,”*>* from solid carbon sources®®™®
and graphene oxide reduction.”®®' Graphene nanoribbons are
long sheets of graphene with limited widths, due to which they
exhibit fascinating behaviour, even better than graphene in
some cases. Oxidative unzipping of CNTs yields graphene
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Fig. 2 Synthetic approaches for graphene.
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nanoribbons.®%°?

Reaction with molecular hydrogen can also
convert CNTs into graphene nanoribbons.*’ Defects have a
huge role to play in the process of unzipping CNTs.®>%° Fig. 2
summarizes some of the significant synthetic approaches for
graphene. The success of graphene has prompted the develop-
ment of some inorganic analogues, a class of materials which
are inspired by graphene, yet are different from graphene as far
as the materials properties are concerned. These inorganic
analogues do not suffer from the zero band gap problem in
their intrinsic forms, which has been a roadblock for the
application of graphene for semiconductors. Graphene-like 2D
sheets of insulating boron nitride (BN), and semiconducting
materials such as metal dichalcogenides e.g. MoS,, MoSe,, WS,,
WSe, etc. have already been synthesized®” *° by exfoliation and
it is expected that many more 2D materials will soon follow suit.

Due to the ever-broadening scope of graphene, graphene
nanoribbons and their inorganic analogues for real life
applications, there is an urgent need for technological
advances to simplify the synthetic strategies. Lasers, as optical
energy sources, are available in a wide range of wavelengths
(IR to deep UV), a broad variation in pulse widths (down to
femtoseconds) and laser beam fluences varying from pJ cm™>
to several J cm~ > without the use of an external converging
lens which can, as a matter of fact, be used to further tune the
laser fluence. Also, lasers are available in continuous wave
form as well as in the form of pulsed laser beams (repetition
rate from 1 Hz to several kHz). Increasing the energy per
photon would enable the breakage of stronger chemical bonds
and higher beam fluence would give rise to higher local
temperature. Higher repetition rate is another parameter
which provides heating and cooling cycles. Thus, due to the
great deal of freedom in the selection of laser parameters
provided by a laser as an energy source, one can conveniently
create a unique set of exotic physical and chemical conditions
exactly suitable for a particular photophysical or photochemi-
cal transformation to occur. To drive photophysical transfor-
mations, such as exfoliation of 2D atomic sheets from its bulk
counterpart, or photochemical transformations, such as
breaking chemical bonds (e.g. deoxygenation or dehydrogena-
tion), a particular set of conditions for laser fluence, pulse
width, total energy delivered to the sample and repetition rate
would be needed. Also, there will be a defined window for a
particular laser parameter, for example laser fluence, which
would provide suitable conditions. Laser processing is emer-
ging as a powerful technique for material manipulation in
general’®”® and for carbon materials’® in particular. Laser-
based clean optical techniques therefore seem to have huge
application potential for quick and scalable synthesis of
impurity free 2D atomic sheets of graphene and its inorganic
analogues. In this article, we review laser-based synthetic
approaches for graphene, graphene nanoribbons and inor-
ganic analogues of graphene.

This journal is © The Royal Society of Chemistry 2013
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Fig. 3 (a) Spatial features formed on a graphite surface using a fs laser. Reprinted with permission from ref. 77. Copyright 2009, American Physical Society. (b)
Interlayer separation increase (exfoliation) as a function of time due to fs laser irradiation on graphite studied by an ab initio method. Reprinted with permission from

ref. 78. Copyright 2010, American Physical Society.

2. Exfoliation of graphite

Ultrafast single-shot femtosecond laser ablation of graphite
was reported in 2009 to result in the detachment of charged
graphene nanoflakes.”” Fig. 3(a) depicts the kind of spatial
surface features formed due to laser shock. The decay of the
transient surface charge suggested that detachment of
graphene was possible via non-thermal pathways. The lattice
dynamics of the surface was successfully tracked in situ via
time-resolved Coulomb explosion efficiency measurements.
Laser induced repulsive forces and intrinsic attractive forces
thus compete with each other. Hence, the critical point where
the laser would be successful in exfoliating the topmost
graphene layer would occur when both these forces are equal.
Thus, to be precise, the phenomenon of exfoliation is athermal
and laser shock is required to give rise to suitable conditions
for exfoliation. Later on, an ab initio study was carried out to
better understand the athermal exfoliation of graphite by
ultrashort femtosecond laser ablation to achieve 2D atomic
sheets of graphene.”® An external electric field with polariza-
tion normal to the graphite surface was considered to interact
with solid graphite. To simulate the process, an ultrashort
field pulse was used for the calculation and it was shown that
such an electric field pulse would kick start the process of
exfoliation of the outermost layer from the adjacent layer just
beneath it, as shown in Fig. 3(b). Since most of the
femtosecond lasers are micron diameter beams, the process
would occur on a pretty small scale. However, such prelimin-
ary studies laid the foundations of photo exfoliation.

Etching of the topmost graphene layer in already synthe-
sized graphene by CVD was achieved via laser-induced
oxidative burning’® in a confocal Raman instrument. The
exfoliation conditions were attained when the topmost
graphene layer had high laser absorption and the bottom
layer of graphene worked as a heat sink. The phenomenon of

This journal is © The Royal Society of Chemistry 2013

oxidative etching was closely monitored in situ by G-band
mapping using confocal Raman spectroscopy, which uses a
532 nm laser with power > 60 mW and a scanning speed in
the range of a few micrometers per second. The G-band shift is
indicative of heat accumulation. Also, as can be observed in
Fig. 4, the thinned region (image b) exhibits a down shift in
the G’-band, compared to that for pristine graphene (image a)
grown by CVD. Laser exfoliation of a highly ordered pyrolytic
graphite (HOPG) target in a PLD chamber using a Nd-YAG
laser (532 nm, 7 ns) has been reported to yield few layer
graphene (close to 10 layers) films.®° The 2D-band shift was
monitored in the process, which was triggered at a laser
fluence of 5 J cm™>. Fig. 5 shows the TEM image and Raman
spectra of few layer graphene films obtained by this approach.
The effects of laser fluence and the substrate-target distance
on the end product were studied. Products so formed were
collected on a silicon substrate. It was observed that the
product consists of few layer graphene, amorphous carbon
and graphite films. Further, laser exfoliation of a HOPG target
fixed at the bottom of a vessel filled with deionized water has
recently been reported to yield graphene oxide.®" Fig. 6(a)-(c)
show the process of graphene layer formation at an air/water
interface. The obtained product is confirmed to be graphene
oxide as it exhibits absorption at ~260 nm (see Fig. 6(d)) and
shows photoluminescence in the visible region with a peak
around 420 nm.

We have recently carried out detailed experiments on the
laser exfoliation of graphite in various media. Among the
various solvents tested, the use of DMF, being a polar solvent
which heavily interacts with graphitic systems, for laser
exfoliation of graphite has been observed to yield single- and
few-layer graphene. Typically, 4 mg of graphite powder
dispersed in 4 ml of DMF taken in a quartz vessel is irradiated
by a Lambda Physik KrF excimer laser (4 = 248 nm, 7 = 30 ns)
with a laser fluence of 1.5 J em™> and at a repetition rate of 5

RSC Adv., 2013, 3, 11987-12002 | 11989
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Fig. 4 Laser thinning of graphene obtained by a CVD technique. Confocal Raman mapping (a) before and (b) after the laser thinning experiment. Reprinted with

permission from ref. 79. Copyright 2011, American Chemical Society.

Hz for 1 h. The dispersion was magnetically stirred during the
irradiation. The irradiated dispersion was centrifuged at 3000
rpm for 5 min and the top one-third was transferred to a
separate container. It was found that this supernatant liquid
was stable for a prolonged duration. When the supernatant
liquid was subsequently characterized, it was observed to be
mostly 1-3 layers of graphene sheets. Suitable centrifugation
can be employed to filter out the single layered graphene
sheets. The dispersion of graphite powder in DMF before laser
irradiation was black and the supernatant fluid obtained after
the laser irradiation and centrifugation was transparent (See
Fig. 7(a)). Fig. 7(b), (c) and (e) are typical FESEM, TEM and
AFM images of the obtained graphene sheets. The TEM images
reveal that laser exfoliated graphene is quite transparent and is
therefore only a few layers thick. The AFM image reveals the
presence of two-dimensional flakes up to a few hundred nm in
lateral dimensions. The AFM height profile of the largest
circular sheet, shown in Fig. 7(f), corresponds to single layer
graphene. The typical Raman spectrum of the obtained
graphene is shown in Fig. 7(g). Thus, laser exfoliation has
been proven to be a novel, quick, single-step exfoliation
technique to yield impurity free graphene. The lateral
dimensions of the obtained graphene depend on the laser
parameters used for the purpose. Extreme laser fluence tends
to break graphene sheets into pieces and thus nanosheets can
be obtained. The average lateral dimension of graphene
decreases with increasing laser fluence as shown in Fig. 7(d).
The lateral dimension would also depend on the laser pulse
rate and the duration of exfoliation.

11990 | RSC Adv., 2013, 3, 11987-12002

3. Intercalation and exfoliation

Laser-induced intercalation and exfoliation of graphite,
employing a Q-switched pulsed Nd-YAG nanosecond laser in
a liquid nitrogen medium, has recently been reported.®> When
solid graphite is immersed in liquid nitrogen, liquid nitrogen
seeps through the atomic carbon layers and at such a
cryogenic temperature, the lattice vibrations are reduced. As
shown in the schematic in Fig. 8(a), as soon as the laser is
exposed to graphite immersed in liquid nitrogen, the liquid
nitrogen converts to gas and expands, creating a spontaneous
explosive outward force which is greater than the intrinsic
attractive forces between the layers of atomic sheets of carbon.
Fig. 8(b) and (c) show the SEM image and Raman spectra,
respectively, for few layer graphene. This experiment demon-
strates a controlled cryogenic laser-induced intercalation and
exfoliation method to synthesize graphene.

4. Epitaxial growth of graphene on silicon
carbide

Growth of epitaxial graphene (EG) on the Si rich face of SiC has
been known for a while via thermal treatment methods. Laser
exposure would make surface conversion to graphene from SiC
rather convenient as controlled laser exposure would not harm
the layer underneath or other device components. Thus laser
induced epitaxial graphene synthesis is a desirable technique.
Recently, excimer laser irradiation of n-type 4H-SiC (0001) has
been employed to achieve graphene.®® Laser fluence was
observed to determine the thickness of the graphene film

This journal is © The Royal Society of Chemistry 2013
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Fig. 5 Laser exfoliation of a HOPG target in a PLD chamber. (a) Schematic of the
experiment, (b) the TEM image and (c) the Raman spectra of graphene
deposited on the substrate due to the exfoliation process. Reprinted with
permission from ref. 80. Copyright 2011, American Institute of Physics.
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Fig. 6 Graphene oxide obtained by laser exfoliation of HOPG in deionized
water. (a)-(c) Schematic of the process of graphene oxide layer formation at a
liquid/air interface, and (d) the absorption spectra for the as-formed graphene
oxide. Reprinted with permission from ref. 81. Copyright 2012, Institute of
Physics, London.

This journal is © The Royal Society of Chemistry 2013
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down to a single monolayer. Laser-synthesized graphene does
not exhibit Bernal stacking and surface reconstruction of the
SiC surface underneath, which are otherwise reported in the
case of thermally treated SiC. Fig. 9(a) and (b) shows the
FESEM image and Auger mapping of patterned graphene
achieved by masked laser irradiation. The red and yellow
colours in Fig. 9(b) correspond to single- and bi-layer
graphene. Fig. 9(c) shows the STM image with feature heights
of 0.3-0.4 nm and Fig. 9(d) shows the atomic resolution STM
image of the as-formed graphene. Laser synthesized epitaxial
graphene is observed to have a greater surface area covered by
single layer graphene compared with the thermally grown
epitaxial graphene. This technique does not need ultra high
vacuum (UHV), which otherwise is essential. Moreover, the
laser based technique is quite fast.

5. Pulsed laser deposition (PLD)

In line with chemical vapour deposition of graphene, physical
vapour deposition of graphene has already been reported.®*%°
Graphite is usually used as a target in UHV pulsed laser
deposition chambers, and the substrate used is a transition
metal surface (as shown in Fig. 10(a)). A considerably higher
substrate temperature (1300 °C) was reported to yield high
quality 1-2 layer graphene (see Fig. 10(b)).®* Higher substrate
temperatures yield graphene growth directly on the transition
metal catalyst without any carbide formation at the interface
between graphene and the transition metal, which otherwise is
the case.®® The choice of catalyst layer is still under discussion.
Various transition metals are currently being employed as
catalysts for this purpose, but nickel metal appears to be the
best for yielding graphene at low temperatures. Laser para-
meters like the cooling rate and laser fluence also affect the
quality of the graphene films.*®

6. Laser induced chemical vapour deposition
(LCVD)

A continuous wave (CW) laser (4 = 532 nm) has been used for
laser-induced chemical vapour deposition in an environmen-
tal chamber.®”®® The laser power used for this purpose was 5
W and Ni foil was used as the substrate. Methane and H, were
used as the precursor gases in a volume ratio 5 : 2. Higher
laser scan speed yielded a lower number of graphene layers.
The LCVD process follows a vapor-liquid-solid (VLS) mechan-
ism and the process takes only nanoseconds or picoseconds to
complete, which thus leads to ultrafast growth of graphene.
Fig. 11(a) shows a schematic diagram of direct writing of
graphene using the LCVD technique. Fig. 11(b) shows the
Raman spectra of different numbers of graphene layers
achieved via LCVD. The excellent 2D Raman peak intensity
for single layer graphene in Fig. 11(b) shows that graphene
synthesized via this technique has excellent 2D crystallinity.
One of the advantages of this technique is that a laser with a

RSC Adv., 2013, 3, 11987-12002 | 11991
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Fig. 7 Laser exfoliation of graphene; (a) a photograph of a graphite dispersion in DMF solvent (left) and the supernatant achieved after centrifugation of the laser
irradiated dispersion (right), (b) FESEM, (c) TEM, and (e) AFM images, (f) the height profile of the largest graphene sheet in the AFM image and (g) the Raman
spectrum of graphene obtained by laser exfoliation. The lateral dimension of graphene vs. laser fluence used for exfoliation is shown in (d). (Author’s original

research).

desired beam area can be scanned on a metal catalyst surface
and thus direct graphene lithography can be realized. The
beam area can be reduced by focusing it, which would yield
higher power, or by the convenient use of a pin-hole mask. The
absence of a D peak in the Raman spectra of LCVD graphene
in contrast to the usual CVD technique showcases the superior
quality (the defect free nature) of the obtained graphene.

Int. (a.u.)

D 2D
D' Il
|\ Graphite / (W
1000 2000 3000
Raman shift (cm'l)

Fig. 8 Intercalation and exfoliation of graphite in a liquid nitrogen medium. (a)
Schematic of the experiment, (b) the TEM image and electron diffraction
pattern, (c) the Raman spectra for graphene and the parent graphite. Reprinted
with permission from ref. 82. Copyright 2012, Astro Ltd.

11992 | RSC Adv., 2013, 3, 11987-12002

7. From solid carbon sources

Lasers can, in principle, transform solid carbon sources to
graphene. Apart from conventional transition metal templates,
silicon®® and quartz®® have recently been used as substrates for
coating solid carbon sources, and laser irradiation capable of
dissociating solid carbon sources and also melting silicon or
quartz gives rise to a new mechanism of graphene growth,
which has not been explored so far by any other techniques.
Fig. 12 and Fig. 13 show laser spots on solid carbon sources

287.8

326

0pm

Fig. 9 Laser irradiation induced epitaxial growth of graphene on SiC. (a) FESEM
image and (b) Auger mapping of patterned graphene achieved by masked laser
irradiation. The red and yellow colours in (b) correspond to single- and bi-layer
graphene. STM images of the as-formed graphene at (c) lower resolution and
(d) atomic resolution. Reprinted with permission from ref. 83. Copyright 2010,
American Chemical Society.

This journal is © The Royal Society of Chemistry 2013
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Fig. 10 Pulsed laser deposition of graphene. (a) Schematic of the PLD technique
and (b) the dependence of the Raman spectra on substrate temperature.
Reprinted with permission from ref. 84. Copyright 2010, Elsevier.

and the corresponding Raman spectra for silicon and quartz
substrates, respectively. It was observed that laser fluence is of
the utmost importance as a parameter. At fluence below the
melting points of the silicon or quartz substrates, no graphene
growth is observed. Also, there is an upper limit for power and
time of exposure, above which graphene layers are not
obtained. The graphene growth mechanism is: (a) dissociation
of the solid carbon source into carbon atoms, (b) dissolution
of the carbon atoms into a molten pool of silicon or quartz,
and (c) diffusion of the carbon atoms back to the top surface to
construct a graphene lattice while cooling takes place. This
emerging laser-based technique demonstrates the metal
catalyst-free growth of graphene. The electrical conductivity

Laser beam

Graphene

CH, & H, gas

3 o Multidayer graphene
s —
2
g Doubledayer graphene
L e
£
LSingle-layer graphene
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Fig. 11 (a) Schematic diagram of the LCVD technique and (b) the Raman
spectra for different numbers of graphene layers. Reprinted with permission
from ref. 87. Copyright 2011, American Institute of Physics.
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Fig. 12 Laser induced growth of graphene from PMMA on a silicon substrate;
(a)—(f) laser spots with varying laser irradiation times and (g) Raman spectra for
different laser irradiation times at a fixed laser power of 3.1 W. Reprinted with
permission from ref. 89. Copyright 2012, American Institute of Physics.

of this catalyst-free graphene is comparable to those obtained
via chemical techniques.’® One of the advantages with this
technique is that graphene transfer from the metal catalyst
layer to the random substrate for a particular application
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Fig. 13 Laser induced growth of graphene from PMMA on a quartz substrate;
(a) laser spots with varying laser irradiation times and (b) Raman spectra for
different laser irradiation times. Reprinted with permission from ref. 90.
Copyright 2013, Elsevier.
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Fig. 14 Laser induced photochemical transformations; (a) photographs of a
graphene oxide dispersion before and after two doses of laser irradiation, FTIR
spectra for the photochemical transformations before and after laser treatment
for (b) graphene oxide, (c) hydrogenated graphene and (d) halogenated
graphene. Reprinted with permission from ref. 92. Copyright 2010, Elsevier and
ref. 103. Copyright 2011, Royal Society of Chemistry.

would be avoided and also one can achieve graphene devices
free from traces of metal. Thus, such catalyst-free laser
synthesis of graphene has opened up new dimensions to
understanding and it is also expected to impact potential
applications.

8. Reduction of graphene oxide

Large scale synthesis of graphene has received much attention
due to graphene’s potential for applications in catalysis, in
nanocomposites as fillers and in various other applications
where a large amount of free-standing graphene is required.
To this end, the graphene oxide reduction approach is one of
the solutions.’® Most of the reports on chemical approaches
rely on hydrazine vapour as a reducing agent. There are of
course other reducing agents too. Photocatalytic reduction is
also one of the approaches for this goal, where a metal oxide is
used as a catalyst for photoreduction.” Use of a laser for
graphene oxide reduction was first reported by us®® in 2010,
and since then several such reports by other groups have
followed.”*™® Fig. 14(a) shows how a laser changes a yellow
coloured aqueous graphene oxide (GO) dispersion first to red
and then to a black laser reduced graphene oxide (LRGO)
solution. The FTIR spectra in Fig. 14(b) show that due to laser
irradiation, oxygen related functionalities disappear.
Essentially, high energy photons are capable of cleaving
oxygen related functionalities. Thus the use of lasers for
graphene oxide reduction eliminates the need for a reducing
agent, which was previously used® for the purpose of
reduction. The laser thus makes the aim of achieving a
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Fig. 15 Temperature changes during laser irradiation of graphite oxide
solutions with fundamental (1064 nm) and various harmonics (532 and 355 nm)
of the Nd-YAG laser (5 W, 30 Hz). Photographs show the change in the colors of
the solutions with laser irradiation. The arrow pointing at the black curve
denotes bleaching of the solution after 6 min with 355 nm irradiation (5 W, 30
Hz). The dotted curves show the temperature changes which occur when
irradiating the same volume of pure water with the corresponding laser
frequency (5 W, 30 Hz). Reprinted with permission from ref. 95. Copyright 2010,
American Chemical Society.

scalable process for graphene synthesis feasible. Also, the
extent of reduction is quite high compared to other con-
temporary approaches for graphene oxide reduction.

Lasers can be employed for dehydrogenation®?® and
dehalogenation®'®® of graphene surfaces. Fig. 14(b), (c) and
(d) show the FTIR spectra for pristine graphene oxide and
those for the dehydrogenated and dehalogenated samples
respectively. Raman spectroscopy has been carried out to show
that the defect peaks are considerably reduced after dehy-
drogenation or dehalogenation. Electrical conductivity mea-
surements also proved that the electrical conductivity of
graphene can be restored. Thus it has been successfully
demonstrated that lasers exhibit the capability to induce
photochemical transformations by effectively cleaving surface
bonds. Such photochemical transformations which involve
cleaving the bonds from a graphene surface produce heat
which can effectively be used to understand the kinetics of
photochemical transformations.>*> Fig. 15 shows the tem-
perature rise when graphene oxide photochemically trans-
forms to graphene. As can be seen in Fig. 15, in the case of a
355 nm laser, temperature saturation of the dispersion is
achieved earlier than in the case where the GO dispersion is
treated with a 532 nm laser. Such an observation is actually
expected as lasers with higher photon energy (i.e. lower
wavelength) are capable of cleaving bonds in shorter times,
and more effectively. At this point, it should be noted that the
bond dissociation energies for bonds such as C-COOH, C-H
or C-Cl in open chain aliphatic molecules, and those in 2D
graphene sheets, which are a special class of extended
aromatic molecules, are drastically different due to the
difference in the nature of the bonds between the atoms

This journal is © The Royal Society of Chemistry 2013
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irradiation with a fs laser pulse. Reprinted with permission from ref. 98. Copyright 2012, American Physical Society.

surrounding that particular bond. Thus by carrying out
controlled photothermal effect measurements, one can not
only effectively understand the kinetics of such photochemical
transformation reactions, but can even evaluate the bond
strength for such surface bonds in graphene too.

It should be noted that LRGO has been found to be a good
blue emitter,”> and when combined with yellow emitters such

a Graphene Oxide/
Mask Hydrogenated graphene

-\

Mask filtered Conducting
isolated graphene pattern
laser beams on insulating matrix

Fig. 17 (a) Schematic diagram showing masked laser patterning (ref. 11), and
optical images of laser patterned graphene on a background of (b) insulating
GO and (c) hydrogenated graphene. Reprinted with permission from ref. 100.
Copyright 2011, American Scientific Publishers.

This journal is © The Royal Society of Chemistry 2013

as ZnO nanoparticles, it emits white light. The combination of
materials, i.e. ZnO + LRGO, is photostable and therefore, the
intensity of the white light does not diminish. One can carry
out single-step simultaneous reduction of graphene oxide as

Fig. 18 (a) Graphene lines on a GO background achieved via excimer laser
based lithography under a high vacuum. The inset is the Raman mapping of the
2D peak along the lithographic lines. (b) Institutional logos printed by excimer
laser irradiation of GO under a high vacuum. Reprinted with permission from
ref. 101. Copyright 2013, Elsevier.
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Fig. 19 Schematic diagram for the device fabrication of flexible electrochemical capacitors based on laser scribed graphene on a GO surface. Reprinted with
permission from ref. 104. Copyright 2012, The American Association for the Advancement of Science.

well as metal salts using laser irradiation to achieve metal
nanoparticle-decorated graphene.’" Previously, a femtosecond
laser was also used for the local reduction of graphene oxide.®”
Recently, Zhang et al.®® have solved a time-dependent Kohn-
Sham equation®® using DFT simulations. The height of the
oxygen atom in the epoxy bond is elevated from the graphene
sheet over time. At a higher laser power though, the oxygen
atom attains a similar height in a considerably shorter time, as
can be seen in Fig. 16. As lasers are effective instant tools to
convert the insulating background of graphene oxide or
hydrogenated graphene into graphene, one can conveniently

exploit such capabilities for patterning applications.'®*'!

Fig. 17(a) shows a schematic diagram of laser induced masked
patterning. Optical images for laser patterned GO and
hydrogenated graphene are shown in Fig. 17(b) and (c),
respectively. Fig. 18 shows the laser based lithography of
graphene lines on a GO background. It has been demonstrated
that the 2D peak height increases in the graphene lines
scribed on the GO background. It is even possible to
conveniently design 3D stacks of graphene and GO at desired
locations.'®* Laser reduced graphene oxide (LRGO) has several
potential applications. El-Kady et al.'®* used such a process for

AR R R 1.0
§1oo- ':::::::::::::-:::
€ R B B R B &Y
'I'n'.‘:nli.'.‘:"
g W\ .'.:,-.n.o,:':o
80”- :' :':u:::::::l:-: .06
‘» AN -'.-l'l:n:.::
& :::.-':':::l:'::a
Boged il AIAL It |04
& lll':.:.ll ' .::::
E IR\ VR
o III':':.II.I:|.: = 0.2
= 097 - ::;;,:.:;;;:.:...
|III'|',o|l|l':.l.
illl'ln' ||'-'. = 0.0
0 50 100 150
Time (min)

Fig. 20 Laser scribed graphene (LSG) on a graphene oxide film as an all organic flexible electronic device. (a) LSG before transfer, (b) LSG after transfer and (c)
resistance vs. time plot. Reprinted with permission from ref. 105. Copyright 2012, American Chemical Society.
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Fig. 21 Humidity sensing by laser reduced graphene oxide reduced at various
laser powers. Impedance vs. time plot with humidity “ON"" and ""OFF" for laser
scribed graphene achieved at various power levels (a)-(c), (d) that reduced at
350 °C and (e) consecutive humidity sensing by the LSG sample achieved at a
laser power of 0.2 W. Reprinted with permission from ref. 107. Copyright 2012,
Elsevier.

the fabrication of high performance capacitors (see Fig. 19).
Strong et al.'®® and Liu et al.'°® have used LRGO as a flexible
electronic material (see Fig. 20). Guo et al.'®” exploited LRGO
for humidity sensing (see Fig. 21). LRGO has also been termed
as laser scribed graphene (LSG). Thus, within two years, there
has been considerable progress in the laser reduction
technique.

9. Graphene nanoribbons from unzipping
carbon nanotubes

We have recently reported that lasers can unzip multiwalled
carbon nanotubes (MWNTS) into graphene nanoribbons.'®®
MWNTs synthesized by CVD, as well as by an arc discharge
technique, were successfully unzipped in the solid form under
suitable laser conditions. Importantly, doped CNTs such as B-
and N-doped CNTs were also unzipped by a laser to achieve
doped graphene nanoribbons. Fig. 22 shows TEM images for
B-doped MWNT (a) before any treatment and after irradiation
at laser energies of (b) 200 mJ and (c) 250 mJ. Achieving doped

This journal is © The Royal Society of Chemistry 2013
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Fig. 22 B-doped graphene nanoribbons achieved via laser unzipping of multi-
walled carbon nanotubes. (a) Unirradiated MWNTs, and MWNTSs laser irradiated
at (b) 200 mJ and (c) 250 mJ. Reprinted with permission from ref. 108. Copyright
2011, Royal Society of Chemistry.

graphene nanoribbons by other methods is a really challen-
ging task as already synthesized graphene nanoribbons would
buckle or fold when subsequently chemically treated for
doping. Also, chemical approaches such as oxidative unzip-
ping®® of CNTs use KMnO, along with acids and even after
unzipping, the as-formed graphene nanoribbons contain a lot
of impurities. In contrast, laser unzipping does not require any
reagents as such which makes this technique a clean one. XPS
and FTIR characterization revealed that the obtained graphene
nanoribbons are chemically pure. Laser irradiation of carbon
nanotubes locally heats defect sites which triggers long-
itudinal unzipping.

10. Inorganic analogues via laser exfoliation

Inorganic analogues of graphene, such as insulating BN and
semiconducting metal dichalcogenides, can also be exfoliated
in a polar medium such as DMF using a laser. We synthesized
2D sheets of BN by a laser exfoliation technique. Fig. 23(a)
shows a photograph of a white dispersion of bulk BN in DMF
solvent (left) and a transparent supernatant fluid containing
laser exfoliated BN sheets (right). Typically exfoliation was
achieved by laser irradiation at 1.5 J em ™2, 5 Hz repetition rate
for an hour and the top one third of the dispersion was then
centrifuged at 3000 rpm for 5 min. Fig. 23(b), (c) and (d) show
the FESEM, TEM and AFM images of BN atomic sheets
achieved by the laser exfoliation technique. Fig. 23(e) shows
the height profile of a BN sheet which shows that it is a single
layer BN sheet. Fig. 23(f) shows a characteristic Raman peak
for the obtained BN sheet. In a similar fashion, MoS,, MoSe,,
WS, and WSe, were also exfoliated and have been reported
recently.'% Fig. 24(a) shows a grey coloured dispersion of bulk
MoS, in DMF (left) and also the transparent supernatant
containing laser exfoliated MoS, 2D sheets (right). Fig. 24(b)
shows a TEM image of MoS, 2D sheets and Fig. 24(c) shows a
characteristic Raman spectrum. Fig. 24(d) shows the absorp-
tion spectrum of the supernatant containing laser exfoliated
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Fig. 23 Laser exfoliation of bulk BN to achieve BN atomic sheets. (a) A photograph of BN bulk powder dispersed in DMF (left) and transparent supernatant fluid
achieved after centrifugation of the laser irradiated sample (right). (b) FESEM, (c) TEM, (d) AFM images of the obtained BN atomic sheets. (€) AFM height profile
showing a single layer structure and (f) Raman spectrum of the obtained BN sheets. (Author's original research).

2D sheets of MoS,, which consists of four absorption peaks.
Thus, the laser exfoliation technique can be generally applied
to several inorganic analogues of graphene. It should be noted
that all these inorganic analogues achieved by the laser
exfoliation technique are relatively impurity free, and since
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Fig. 24 Laser exfoliation of bulk MoS; to achieve MoS, atomic sheets. (a)
Photograph of MoS, bulk powder dispersed in DMF (left) and the transparent
supernatant fluid achieved after centrifugation of the laser irradiated sample
(right). (b) TEM images and (c) Raman spectrum of the obtained MoS; sheets,
and (d) the absorption spectrum of the supernatant containing atomic sheets of
MoS,. (a), (), (d) are the author’s original research and Fig. 24(b) is reprinted
with permission from ref. 109. Copyright 2012, WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim,
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laser exfoliation is a single step technique the synthesis of
such materials has been simplified.

11. Conclusions and outlook

Lasers have been employed to exfoliate 2D atomic sheets.
Laser exfoliation provides a scalable instant approach which is
universal in nature and can deliver graphene, h-BN, metal
dichalcogenides or in general any other 2D materials. Lasers
with higher photon energies such as KrF lasers (248 nm) are
efficient for cleaving bonds such as C-COOH, C-H, C-Cl, C-C
etc. Graphene oxide (C-COOH), hydrogenated graphene (C-H)
and halogenated graphene (C-Cl) etc. have been converted into
graphene by exploiting the laser-induced dissociation of these
bonds from graphene. Similarly, carbon nanotubes have been
unzipped using lasers, which involves breaking the C-C
bonds. Such laser-based instant photochemical transforma-
tions can be employed for many applications. Lasers have
been used for the synthesis of graphene via physical vapour
deposition from a solid graphite target as well as via chemical
vapour deposition from gaseous precursors such as methane
and hydrogen. Solid carbon sources have also been converted
to graphene by lasers. Epitaxial graphene growth on the Si rich
surface of SiC has also been achieved by lasers. Fig. 25 gives a
glimpse of various laser-based pathways for the synthesis of 2D
atomic sheets of graphene and its inorganic analogues. Since
laser parameters can be controlled with an amazingly high
degree of precision, laser based synthesis of 2D atomic sheets
can be exploited for the fabrication of graphene, which could
be conveniently integrated into devices.

Several device
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Fig. 25 Overview of various laser-based synthetic approaches for 2D atomic sheets.

applications using laser synthesized graphene have been
demonstrated.

Considering the potential applications, it is desirable to
obtain graphene with the following properties: (a) minimal
number of atomic layers, such as 1-3 layers, (b) homogeneity
in the number of layers, (¢) minimal defects and (d) catalyst
free growth (if possible). Graphene achieved by the LCVD
technique, for example, is of high quality and would be the
best method for producing graphene for writing circuit
elements. For large scale applications in catalysis, the laser
reduction of graphene oxide would be capable of supplying
large amounts of material. Graphene nanoribbons achieved by
laser induced unzipping would be better in quality as
unzipping does not involve the use of other chemicals. Laser
based graphene growth from a solid precursor on SiO, does
not actually require any catalyst and therefore, has the
potential to achieve metal free graphene which is required to
ascertain several of the astonishing properties of graphene in
its pure metal-free form. Laser-induced exfoliation of graphite,
boron nitride and metal dichalcogenides is yet another
approach which can be employed for large scale applications
without actually involving any acidic reagents or any catalysts.

Depending on the particular synthetic requirements which
are primarily material dependent, a corresponding laser
wavelength with a suitable set of laser parameters can

This journal is © The Royal Society of Chemistry 2013

conveniently be employed to create the requisite exotic
physical or chemical conditions under which a particular
photophysical or photochemical transformation can occur.
Laser processing for the synthesis of graphene and its
inorganic analogues has three remarkable advantages: (a) it
is optical in nature and therefore, paves the way for a clean
synthetic approach, (b) it is single step and significantly faster
processing than other contemporary techniques and (c) the
process is scalable. It can be appreciated that the kind of
simplicity endowed by laser processing is outstanding,
especially in terms of its single-step capability. It is gratifying
to note that laser processing technology avoids the use of more
chemicals and thus results in the synthesis of 2D atomic
sheets with fewer chemical impurities.

Laser irradiation of MgO in the presence of carbon dioxide,
the use of lasers for the conversion of various organic solids
into graphene, the use of various semiconducting or insulating
substrate materials for laser induced growth from solid carbon
sources and the use of lasers to achieve graphene from other
metal carbide systems are methods where lasers can be
employed for graphene synthesis, to name a few. Ultimately,
controlled experiments with lasers have to be carried out to
explore new pathways for the synthesis of graphene, other 2D
materials and their nanocomposites. Laser based novel
synthetic approaches do possess exemplary promise for future

RSC Adv., 2013, 3, 11987-12002 | 11999
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material synthesis and thereby create a platform for several
emerging applications.
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