
C A R B O N 8 5 ( 2 0 1 5 ) 1 7 6 – 1 8 4

.sc iencedi rect .com
Avai lab le at www
ScienceDirect

journal homepage: www.elsev ier .com/ locate /carbon
Laser processing of SiC: From graphene-coated SiC
particles to 3D graphene froths
http://dx.doi.org/10.1016/j.carbon.2014.12.091
0008-6223/� 2014 Elsevier Ltd. All rights reserved.

* Corresponding author.
E-mail address: sny@iceht.forth.gr (S.N. Yannopoulos).
Aspasia Antonelou a,b, Vassileios Dracopoulos a, Spyros N. Yannopoulos a,*

a Foundation for Research and Technology Hellas, Institute of Chemical Engineering Sciences (FORTH/ICE-HT), P.O. Box 1414, GR-26504

Rio-Patras, Greece
b Department of Materials Science, University of Patras, GR-26504 Rio-Patras, Greece
A R T I C L E I N F O

Article history:

Received 5 November 2014

Accepted 21 December 2014

Available online 30 December 2014
A B S T R A C T

Production of graphene-based structures and composites can be achieved in a number of

ways using predominantly chemical-vapor-deposition-based approaches and solution

chemistry methods. The present work investigates the feasibility of infrared lasers in the

controlled graphitization of micron-sized SiC particles. It is demonstrated that laser-med-

iated SiC decomposition can result in a manifold of graphene structures depending on the

irradiation conditions. In particular, graphene formation, at nearly ambient conditions, can

take place in various forms resulting in SiC particles covered by few-layer epitaxially grown

films, and particles with a progressively increasing thickness of the graphitized layer,

reaching eventually to free-standing 3D graphene froths at higher irradiation doses.

Electron microscopies are used to determine the graphene layer features while Raman

scattering identifies high-quality, strain-free graphene. Implications of graphene-coated

particles and 3D porous graphene scaffolds to a variety of applications are briefly

discussed. The present findings testify the potential of lasers toward the tailor-made

preparation of high-quality graphene-based structures. The scalability and adaptability of

lasers further support their prospect to develop reliable, reproducible, eco-friendly and

cost-effective laser-assisted graphene production technologies.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

After almost one decade of systematic and intense

fundamental graphene research it is generally agreed that

graphene’s superior physical properties (optical, electrical,

and so on) are currently well understood [1–3]. Major experi-

mental challenges are now related to the large-scale produc-

tion of high-quality graphene and graphene-based structures,

which is the prerequisite to evolve fundamental graphene

science into viable technological applications [2,3].
Among the various graphene growth methods, the chemi-

cal vapor deposition (CVD) of hydrocarbons and epitaxial

growth on the surface of transition metals, such as Ni or

Cu, has been widely used for large area graphene growth.

However, transfer of the graphene onto different substrates

not only affects graphene’s properties and performance, but

also necessitates sample cleaning procedures to remove

unwanted residues deposited during the transfer process. In

addition, for particular applications, one is confronted with

challenges such as growing graphene in various geometries

(not simply as a 2D layer) and coating particles with graphene
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Fig. 1 – Schematic diagram of the illumination geometry.

The CO2 laser beam irradiates vertically the SiC powders

placed either in the hole of an Aluminum block or in a Au-

coated Si substrate. A funnel-like glass is used to create an

Ar atmosphere shielding the irradiated material. (A color

version of this figure can be viewed online.)
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layers to exploit nanocomposites’ properties, etc. Obviously,

traditional methods such as CVD cannot offer feasible solu-

tions to such challenges. On the other hand, one of the most

promising methods for large area, high quality graphene pro-

duction is the thermal decomposition of SiC, which leads to

the growth of epitaxial graphene (EG) [4–6] with high potential

for applications in electronics and photonics/optoelectronics

[2]. The EG growth is itself challenging with notable differ-

ences between EG growth on the Si- and C-terminated faces

[7,8]. The predominant approach used to obtain EG on SiC is

thermal annealing of SiC wafers either in high vacuum (at

T > 1500 K) or under controlled Ar atmosphere (at

T > 1750 K). However, even with this method, the use of strict

chamber conditions (high temperature and/or high vacuum)

and the lack of the possibility of in situ patterning (during

growth) of graphene pose extra limitations toward fully

exploiting graphene’s assets to high-end applications.

The use of lasers for EG grow on SiC can offer a number of

advantages as has been discussed elsewhere [9]. Among the

various merits of this method, the most prominent one are

perhaps the cost-effective and eco-friendly character of the

approach – since not pre- or post-treatment with harmful

chemicals is needed – and the feasibility offered by

laser-assisted methods toward integration of graphene with

existing technology platforms. However, there has been yet

a limited number of investigations as regards the growth of

EG using long-wavelength infrared, i.e. 10.6 lm [9], and ultra-

violet, i.e. 248 nm [10], lasers, while the optimization of laser-

grown graphene processes is still completely lacking.

Although in the vast majority of studies EG was grown

onto single crystalline SiC wafers, interest has recently arisen

in the growth of graphene-like structures on the surface of

micro- and nano-sized SiC particles, as epigrammatically

described below. Graphitized SiC particles (60–120 lm) pre-

pared by high temperature thermal annealing were found to

exhibit significant enhancement in photocatalytic activity

under UV illumination, in comparison to the pristine SiC par-

ticles [11]. However, the Raman spectra reveal surface graph-

itization but did not demonstrate good quality graphene films

[11]. Miranzo et al. [12] employing the spark plasma sintering

technique, reported on the single-step process for in situ fab-

rication of graphene/SiC dense nanocomposites where good

quality graphene films cover SiC particles. These nanocom-

posites, which were prepared by sintering (Joule heating) of

submicron (0.5 lm) and nanometer (45–55 nm) sized particles,

showed notable electrical and mechanical properties [12,13].

Apart from the thermal decomposition, another large class

of nanostructures known as carbide-derived carbons (CDCs)

emerge from chemical treatment (halogenation) of carbide

precursors [14,15]. From the structural viewpoint, CDCs can

be grown in a variety of forms including amorphous and

nanocrystalline carbon, graphite, carbon nanotubes, carbon

onions, nanodiamonds, and so on [14,15]. The synthesis

parameters and the carbide precursor determine the struc-

ture of the CDCs and hence dictate the applications of such

materials in tribology, gas storage and electrical energy

storage.

In the current work we show that graphitization of SiC par-

ticles can proceed at a much faster time scale (few seconds) at

practically ambient conditions using a CO2 laser operating at
10.6 lm. Based on the irradiation conditions the processing of

SiC powders can result in a variety of graphene morphologies

from few-layer graphene-coated particles up to completely

dilapidated particles with a froth-like texture where the Si

content has been completely removed. Electron microscopies

and Raman scattering are employed to characterize the mor-

phology and quality of the graphene-like structures.
2. Experimental details

Two types of a-SiC powders with average particles sizes 2 lm

(Alfa Aesar, 99.8%) and 20 lm (Alfa Aesar, >97%) were pro-

cessed as received without any pre-treatment. The particles

were either gently pressed to form a pellet into a 3 mm diam-

eter/3 mm deep cylindrical hole drilled on an Aluminum

block or dispersed into absolute ethanol and drop-casted on

Au-coated Si substrates. The Aluminum block and/or the Si

substrate were placed on a brass base which allows the Ar-

purging into a funnel-type glass chamber as illustrated in

the schematic of Fig. 1. The glass chamber enables the crea-

tion of an Ar rich atmosphere acting as a shielding gas above

the SiC powder, in order to decrease the oxidation (burning) of

the formed graphene structures.
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Laser irradiation takes place vertically, with the aid of an

Au-coated, water-cooled mirror using a CO2 laser (Synrad,

Evolution Series; 240 W maximum power) operating at

10.6 lm with power levels between 15% and 30% of the max-

imum power. The merits of using this particular infrared

wavelength for SiC decomposition have been described else-

where in conjunction with the absorbance spectrum of SiC

and its temperature dependence [9]. The SiC particles were

subjected to gradually increasing irradiation-induced heating

by raising the laser power to the desired level which was

stopped by sudden shutting down the laser after few seconds.

The 2 lm particles required increased levels of irradiation and

longer heating times than the 20 lm particles to achieve

graphitization. This finding may originate from the effect of

particle size to the absorption and scattering of the laser radi-

ation. In addition, the (sporadic) existence of graphitic rem-

nants on the surfaces of the 20 lm sized pristine powders

may also facilitate the absorption of the radiation.

Scanning electron microscopy (SEM) was carried out with

a high resolution field-emission SEM (FE-SEM, Zeiss, SUPRA

35VP) operated at 5 kV. Transmission electron microscope

(TEM) and high resolution TEM (HRTEM) images were taken

on a JEOL JEM-2100 transmission electron microscope oper-

ated at 200 kV. The sample for the TEM analysis was prepared

by a standard procedure; the laser-processed powders were

dispersed in ethanol by ultrasonic waves and spread onto a

carbon-coated copper grid (200 mesh). Raman spectra were

recorded with the 514.5 nm laser line as the excitation source.

The scattered light was analyzed by the T64000 (Jobin-Yvon)

micro-Raman spectrometer at a spectral resolution of

�1.5 cm�1. A microscope objective with magnification 50·
was used to focus the light onto a �2–3 lm spot. Low laser

intensities were used (<0.1 mW on the sample) to avoid spec-

tral changes due to heat-induced effects.
3. Results and discussion

3.1. Laser graphitization of 20 lm sized a-SiC particles

Representative FE-SEM images of the pristine and irradiated

20 lm SiC particles are shown in Fig. 2. Image 2(a) shows

the pristine (untreated) SiC particles which exhibit smooth,

well-faceted surfaces. The inset shows a magnified image of

the surface of a pristine SiC particle; smaller SiC particles

are attached to the large particle surfaces due to the prepara-

tion conditions. Irradiation dose increases in the series of the

images 2(b)–(h). The images reveal that a progressive laser-

induced processing of the particles surface takes place, which

is systematically changing with the irradiation dose. Graphi-

tization, in the form of an epitaxially grown film, is evident

in image 2(b) as can be discerned from the variable contrast

of the particle faces. In particular, a patchy morphology of

epitaxial graphene is evident only for irradiated particles.

The magnified image shown in 2(a) shows no signs of such

contrast related to the formation of epitaxial graphene. The

roughening of the surface, arising from the particle decompo-

sition, is more apparent in image 2(c) where graphene flakes

self-exfoliate, protruding out of the SiC particles’ surface.

The surface of the particles becomes increasingly irregular
at higher doses, as is illustrated in image 2(d), where grooves

are formed at certain areas where Si evaporation is faster

than the neighboring ones. The surface of the SiC particles

becomes progressively rougher over a depth of several tens

of nm as shown in images 2(e) and (f), where a sponge-like

morphology emerges. Finally, prolonged irradiation leads to

Si-depleted structures such as those shown in image 2(g),

and in particular in 2(h), where a complete removal of the Si

atoms over the whole volume of the particles results in parti-

cles with a froth-like, semi-transparent morphology. The

inset in image 2(h) shows the graphene layers in higher mag-

nification, where pores with dimensions of few tens of the nm

are evident. The above mentioned show that a variable degree

of graphitization of the surface of SiC particles is feasible

upon irradiation over time scales of few tens of seconds

(10–30 s).

Porous carbon structures resulting from complete Si

removal have also been obtained by halogenation of b-SiC

whiskers [15]. However, these halogenated-derived Si-

depleted structures differ from those with the froth morphol-

ogy shown in image 2(h). In the first case, the slow – and more

controlled Si removal process – which takes place during the

halogenation of b-SiC whiskers at 1200 �C leads to the so-

called conformal carbide-to-carbon transformation where

the original shape and volume of the carbide precursor are

maintained [15]. However, the resulting halogenated-

produced carbon structure is predominately amorphous with

a very narrow pore size distribution peaked below 1 nm, while

in the present case laser-produced carbon structures are

highly crystalline – and in particular graphene-like – as evi-

denced from representative Raman spectra shown in Fig. 3.

The Raman spectra, from (a) to (f), correspond to regions with

gradually higher graphitization extent as shown in the FE-

SEM images of Fig. 2 and in particular to images 2(b)–(g).

Raman spectra (a)–(d) exhibit contributions from the second

order Raman spectrum of SiC, in the range 1200–1900 cm�1,

which decreases systematically, indicating a progressive

thickening of the graphene film in the order from (a) to (d).

Raman scattering is perhaps the most valuable (indirect)

tool for exploring the quality of graphitic and graphene-like

structures [16,17]. The quality of the grown graphene is usu-

ally evaluated through the relative intensity ratio of the D/G

bands, which provides a measure of the defect concentration

and crystallite size [18,19]. The defect-induced D-band (dis-

persive mode in the range 1300–1370 cm�1) arises from the

breathing mode of the sp2 rings and becomes Raman active

in the presence of defects, while the G-band (�1582 cm�1),

present to all sp2 carbon networks, corresponds to the

in-plane, doubly degenerate E2g phonon at the center of the

Brillouin zone. Firm criteria for estimating the number of

graphene monolayers (MLs) have been established only for

mechanically cleaved graphene films [20], based on the ratio of

the 2D (second order of the D band originating from a double

resonance process; historically called the G 0 band [16]) over

the G band. However, as has been pointed out elsewhere [8],

comparing a more extensive set of EG Raman spectra, these

criteria could be misleading for the estimation of the number

of MLs in epitaxial graphene. Besides, combinations of the D,

G, and 2D peak parameters are used to provide information

concerning the layer stacking order (2D band shape, i.e. single



10 μm 2 μm

(a) (b)

2 μm

1 μm(c) (d)

2 μm 2 μm

(e) (f)

1 μm

400 nm

(g) (h)

Fig. 2 – Typical FE-SEM images of laser-processed SiC particles (20 lm). From (a) to (h) images correspond to structures

subjected to progressively higher dose. (A color version of this figure can be viewed online.)
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or multiple lines) and mechanical stresses of the graphene

film (G band shift; shape and Raman shift of 2D band). Given

the above context, the Raman spectra of Fig. 3 provide the

following information for laser-mediated graphene structures

on SiC surfaces.
(i) The D band intensity is much lower than that of the G

band in all cases, which together with the narrowness

of the G band (�21 cm�1), comparable to the FWHH of

the G band in epitaxial graphene [8], reveals a very

low defect concentration and hence a high crystallinity
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Fig. 3 – Representative Stokes-side Raman spectra of laser-

processed SiC particles (20 lm). Their intensities have been

normalized to unity (for the more intense band) and their

baselines have been off-set for clarity. The 2D band of

spectrum (d) has been fitted by a single Lorentzian line

shown by the solid line passing through the data points.

The Raman spectra, from (a) to (f), roughly correspond to

specimen regions from where the FE-SEM images 2(b) to (g)

were recorded. (A color version of this figure can be viewed

online.)
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of the graphene-like structures. An estimation of the

graphene crystallites size results in a size of ca. 330 nm.

(ii) For all spectra shown in Fig. 3 the intensity (area) ratio

of the G and D bands is in the range 1.5 < I2D/IG < 2.0,

demonstrating that the grown carbon structures are

graphene-like, rather than amorphous/nanocrystalline

carbon or graphite. Amorphous/nanocrystalline carbon

exhibits characteristic weak, broad bands in the 2D

band frequency while graphite shows a characteristic

double 2D band peak with a low energy shoulder

[16,17].

(iii) The 2D band is in all cases a narrow, single Lorentzian

peak as is seen in a representative fit example shown in

Fig. 3 for spectrum (d). The full-width at half height

(FWHH) of the 2D band is C(2D) � 36 cm�1 which is even

narrower than that of epitaxial graphene [7,8]. It is

worth mentioning that even for monolayer epitaxial

graphene grown on SiC(0001) the 2D band FWHH is of

the same magnitude, i.e. 36 ± 2 [21], as that reported

here for the SiC particles.

(iv) The frequency of the G and 2D bands are highly insensi-

tive to the degree of graphitization of the SiC particles.

Apart from spectrum (a) in Fig. 3, where x(2D) �
2702 cm�1, the frequency of the 2D band for all other

cases is rather constant with x(2D) � 2710 ± 3 cm�1.

This finding surprisingly indicates a very good
uniformity of the strain distribution even if compared

with monolayer EG in SiC. The latter is usually charac-

terized by large variations of the 2D band energy, i.e.

2690 < x(2D) < 2735 cm�1 for 532 nm laser excitation

[8], and 2717 < x(2D) < 2737 cm�1 for 482.5 nm laser exci-

tation [21]. The present insensitivity of the x(2D) varia-

tion is comparable to that measured in laser-grown EG

on SiC(0001) [9], suggesting that the ultrafast heating

and cooling rates imposed by the laser treatment of

SiC is presumably the origin of enhanced strain homo-

geneity in the graphene films. The G band frequency

also shows very small fluctuations, being situated in

the spectral range x(G) � 1583 ± 1 cm�1 indicating prac-

tically absence of strain in the graphene films.

(v) The spectral shape of the 2D band demonstrates that

the laser-assisted grown carbon on the SiC particles

surface acquires a graphene-like configuration. Struc-

tures with increased interlayer spacing, up to 0.35 nm,

were found in carbide-derived carbons prepared by

halogenation, which were assigned to turbostratic

graphite [22]. However, in the present case, the assign-

ment of the obtained carbon structures to turbostratic

graphite may be improper as the latter is characterized

by small domain size, which at best reaches �100 nm

[23]. Therefore, based on our Raman spectra, the graph-

ene-like structures obtained here bear a close resem-

blance to multilayer graphene growing on the C-face

of SiC [24]. However, the high I2D/IG and the narrowness

of the 2D band imply that some contribution in the

Raman spectra of free-standing, exfoliated graphene

monolayers is likely, especially for the structures with

severe Si depletion. The increased interlayer spacing

between graphene planes brings about weakening of

the interlayer interactions which further induces elec-

tronic decoupling of the layers, as is also the case of

non-Bernal stacked, multi-layer graphene grown on

the C-face of SiC [23–25]. The appearance of Dirac-like

electronic states in multilayer C-face, rotationally

faulted graphene, is the origin of enhanced transport

properties, which are comparable to those of the single

layer graphene [23–25].
Representative HRTEM images of laser-processed, 20 lm

sized, SiC particles are shown in Fig. 4. These images corre-

spond to irradiation conditions that lead to SiC particle mor-

phologies similar to those revealed by the SEM images shown

in Fig. 2(e)–(h). The images confirm the decomposition of the

SiC lattice and the subsequent formation of graphene layers

at the surface of the irradiated SiC particles. In the vast major-

ity of the particles explored, graphene layers appear to main-

tain their integrity; therefore, regions of amorphous carbon

are largely absent. In this sense, HRTEM corroborates the find-

ings of Raman spectroscopy of an appreciably low defect den-

sity graphene-like phase. For all studied cases, the graphene

interlayer distance was measured to be considerably larger

than that of the highly-oriented pyrolytic or planar graphite,

i.e. 0.334 nm, which points to an arrangement of electroni-

cally decoupled graphene layers; hence, confirming again

the conclusions drawn by the Raman analysis of the 2D band

shape. Measured interlayer distances of the graphene layers
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shown in Fig. 4 vary in the interval 0.36–0.40 nm. The inset in

image 4(C) displays the power spectrum of the resulting Fast

Fourier Transform (FFT) of this particular arrangement of

graphene layers. The disordered nature of the layers is the

origin of the diffuse 002 diffraction spots corresponding to

the interlayer distance d002. An estimation of the interlayer

spacing results in d002 = 0.399 nm, which is in agreement with

the 0.403 nm value determined by the HRTEM image. HRTEM

images illustrate in certain cases the formation of ribbons of

few-layer graphene sheets, which has also been observed in

CDCs prepared by chemical treatment (halogenation) [21].

Notably, the amorphous carbon content, in those chemically

prepared CDCs [21], is appreciably higher than that obtain in

the laser treated SiC particles.

3.2. Laser graphitization of 2 lm sized a-SiC particles

The results of the irradiation of 2 lm sized a-SiC particles

were found to be qualitatively different than those of the lar-

ger (20 lm) particles. In general, higher irradiation dose –

almost twice as that used for the large particles – was needed

to commence graphitization to the 2 lm SiC particles. This

effect can possibly be related to the enhanced diffraction

and interference effects for the 2 lm SiC particles due to the

proximity between the particle size and the laser wavelength.

We expect that for submicron particles, such effects will not

play dominant role and in particular for nanometer-scale

SiC particle graphitization will be feasible due to the contrast-

ing lengths scales between particle size and CO2 laser wave-

length. The use of near-to-mid-infrared lasers of different

wavelengths could be an alternative to overcome the above

problem. However, the scarcity of such lasers in this energy
(A)

0.366 nm 

5 nm 

2 nm-1

(C) 

L> = 0.403 nm 

5 nm 

Fig. 4 – Typical HRTEM images of laser-processed SiC particles (

an interlayer distance in all cases appreciably larger than that o

shown in (C). The inset shows the FFT of the image. (A color ve
range and the difference in the absorption coefficient of SiC

at wavelengths lower than 10.6 lm are factors to be consid-

ered for a thorough understanding of SiC graphitization with

different lasers.

Typical FE-SEM images are presented in Fig. 5. These

images reveal that the morphology of the irradiated SiC parti-

cles is more homogeneous at various irradiation zones than

that of the larger particles. The main outcome of the laser-

induced Si removal is the smoothening of the SiC particles’

surface and the formation of, mostly, epitaxial-like carbon

material on the surfaces, as can be seen in images 5(d) and

(e). Notably, no appreciable in-depth graphitization of the

2 lm SiC particles was possible. However, in rare cases, parti-

cles covered by thick carbon layers, see e.g. image 5(f) were

observed.

The structure of the graphitized areas was evaluated using

Raman scattering. Fig. 6 shows representative Raman spectra

recorded from various regions of the irradiated samples.

Based on the criteria discussed above, the Raman spectra

can be interpreted as showing also in this case the growth

of graphene-like carbon structures. However, the graphene

quality is not as good as that for the larger (20 lm) SiC parti-

cles. The ID/IG band intensity ratio is larger in the case of the

2 lm particles revealing a rather small crystallite size, not lar-

ger than �50 nm. The 2D band is mostly a single Lorentzian

peak with a FWHH in the range 50–60 cm�1, i.e. substantially

broader than the 2D band in the large (20 lm) SiC particles;

albeit comparable with the FWHH of epitaxial graphene on

the C-face of SiC [8]. This effect is possibly associated to a lar-

ger degree of disorder in terms of random orientations

between graphene layers, which can cause relaxation of the

double-resonance Raman selection rules [16]. The 2D band
(B)

0.388 nm 

5 nm 

(D) 

0.371 nm 

2 nm 

20 lm). Characteristic interlayer spacing is shown, revealing

f graphite. The mean interlayer spacing for several layers is

rsion of this figure can be viewed online.)
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energy is located in the interval x(2D) = 2710 ± 1 cm�1 for the

thick graphene films (spectra c,d,e in Fig. 6) and

x(2D) = 2720 ± 3 cm�1 for the partially graphitized particles,

implying an increased level of compressive strain exerted to

the graphene layers by the substrate. In addition to compres-

sive strain, charge doping originating from the substrate – or

doping emerging from ambient oxygen/water – has also been

considered to explain the blue-shift of the 2D band [16,17].

However, given that all graphitized samples were prepared

under the same conditions, the blue-shift of the 2D band in

the case of the partially graphitized sample (Fig. 6, spectra

a,b) is not likely to arise from doping effects, and hence strain

effects seem as a more probable cause of this effect.

3.3. Implications of graphene-coated SiC particles and
non-planar graphene structures

The main outcome of the current work, i.e. the formation of

either graphene-coated SiC particles or non-planar graphene

structures in the form of porous assemblies or froths presents

implications for a variety of emerging technologies and appli-

cations. The SiC particles coated by few-layer graphene films

are considered for applications in macro- and nano-electrome-

chanical systems owing to their very high electrical conductiv-

ity, which can reach to 100 S m�1 for spark plasma sintered

nanosized SiC particles [12]. This amounts to about ten orders
(a)

(c)

(e)

1 

300 nm 

200 nm 

Fig. 5 – Typical FE-SEM images of las
of magnitude enhancement of the electrical conductivity in

comparison to the non-graphitized SiC particles [12]. Graphene

coated SiC particles were also recently prepared at high

temperature (1600–2200 �C) in a way simulating the encapsula-

tion of fissionable material and fission products by layers of

carbon and SiC (fuel particles) in high temperature reactors,

and their mechanical properties were studied in detail [26].

Further, owing to their electro-conductive properties, graph-

ene-coated nanocomposites exhibit strong potential to be

used as electromagnetic interference materials with high

shielding effectiveness for THz electromagnetic waves [27].

On the other side, there has recently been strong interest

in non-planar graphene-based structures especially in view

of their high surface area and pore volume. Various morphol-

ogies such as crumpled graphene [28], graphene nanomesh

(reduced graphene oxide retaining in-plane pores) [29,30]

and graphene foam [31,32] have been systematically explored

since they also exhibit high thermal stability and mechanical

strength. Graphene structures that combine the above proper-

ties are suitable for a number of applications including sen-

sors, energy storage, gas separation, gas storage, fuel cells,

supercapacitors, Li-ion batteries, etc. In their vast majority,

these porous graphene-based materials are produced by

reduced graphene oxide. Although the production of

graphene oxide can be scalable to large volumes, its viability

in applications is still limited for the following reasons.
(b)

(d)

(f)

2 

200 nm 

100 nm 

er-processed SiC particles (2 lm).
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Fig. 6 – Representative Stokes-side Raman spectra of laser-

processed SiC particles (2 lm). Their intensities have been

normalized to unity (for the more intense band) and their

baselines have been off-set for clarity. (A color version of

this figure can be viewed online.)
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Graphene oxide is a material with inferior properties (e.g.

electrical, optical, specific capacitance, energy density and

power density) compared to graphene and thus can be used

for less-demanding applications. Its production involves elab-

orate chemistry approaches. Graphene oxide sheets in liquid

media have the tendency to interact by van der Waals forces

toward agglomeration/restacking which can lead to the rees-

tablishment of graphitic structures, thus losing their high

specific surface area.

The main advantage of the laser-induced decomposition of

SiC particles into 3D porous graphene networks, apart from

being fast and cost-effective, is that no pre- or post-treatment

is needed with hazardous for the environment chemicals. Fur-

ther, the solid 3D graphene scaffolds grown by the laser

method provide solid networks overcoming the drawbacks of

solution approaches. As regards porosity, CDCs produced by

SiC halogenation are characterized by microporous (<2 nm)

structures [15], where the halogenation temperature controls

finely the pore size distribution. Crumpled graphene is charac-

terized by porosity in the mesoporous to the macroporous

scale [28], while graphene foam assumes a macroporous struc-

ture [31]. The Si-depleted graphene-like 3D froths, shown in

Fig. 2(g) and (h), can be considered as mesoporous structures

characterized by pores of the order of few tens of nm’s. How-

ever, optimization of the irradiation parameters might offer

tuneability to the porosity of the laser-mediated grown CDCs.
4. Concluding remarks

In summary, the results presented here demonstrate that

depending on the SiC particle size and irradiation details,
graphitization can take place under various morphologies.

These morphologies can range from epitaxial-like growth of

few layer graphene (surface graphitization) up to highly

porous graphene-like structures (froth morphology). Such

structures emerge from the laser-assisted graphitization of

large (20 lm) a-SiC particles, while only surface graphitization

takes place by irradiating small (2 lm) particles. Laser-

induced graphitization is evidently a versatile and adaptable

technique for the preparation of carbide-derived carbons

from inorganic precursors. Scalability of laser-assisted CDCs

production to large scale appears realistic in view of the high

rate of laser processing (short time decomposition) and the

fact that strict sample-environment conditions (high vacuum,

high temperature) are not necessary.
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