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Graphite is the archetypal laminar structure. The weak inter-
layer van der Waals forces are easily ruptured by external
stimuli and the Bernal (ABABK) stacking order disrupts
giving rise to a transition from a three-dimensional (3D)
structure to a two-dimensional (2D) arrangement. The co-
existence of 3D and 2D phases in various forms of graphite
has been known more than sixty years ago, when Franklin,
using x-ray diffraction, showed that in such graphite speci-
mens the intermediate value of the out-of-plane lattice para-
meters is an average value dictated by the relative fractions of
the two phases. The structural basis of the 3D→2D graphite
transition is the electronic decoupling of neighboring layers
which ensues either when their distance increases or from
rotational disorder, as already perceived by Franklin [13].
Similar effects were explored under a more rigorous basis for
non-Bernal-stacked, multilayer graphene grown on the C-face
of SiC [14, 15]. The appearance of Dirac-like electronic states
in multilayer C-face rotationally faulted graphene, accounts
for the origin of enhanced transport properties, which are
comparable to those of the single-layer graphene [14, 15]. In
summary, the 3D→2D transition in graphitic materials can,
in principle, endow such structures with electronic properties
similar to those of the single-layer and hence deserves further
exploration.

The production of graphene-based structures from an
inexpensive source such as graphite and other forms of carbon
is a captivating, albeit challenging task. Here, we show that
irradiation of graphite by a near-IR laser at practically
ambient conditions can indeed result in the transformation of
graphitic structures to graphene-like ones by electronically
decoupling the graphite layers. Besides, proper irradiation of
two commercially available carbon materials, namely, carbon
black (Vulcan XC 72R from Cabot, used as support material
in fuel cells) and activated carbon (Norit from Alfa Aesar)
brings about a structural transformation from the nanocrys-
talline or amorphous-like state to an sp2 bonding with inter-
layer interactions different than those of Bernal-stacked
graphite. In contrast to previous studies, emphasis is placed
on the irradiated volume and not on the ablated material. For
this reason, mechanisms describing the light-graphite inter-
actions are discussed in some extent. Raman scattering and
electron microscopies are used to explore the laser-induced
morphological changes brought about to the irradiated
volume so as to assess the quality of the graphene-like
structures. We show that under irradiation at ambient condi-
tions, graphite as well as other sp3 carbon forms, can be
transformed to good quality graphene-like structures using
inexpensive laser equipment and a fast and environmentally
friendly process.

2. Experimental

Various commercial carbon sources are used as starting
materials. A graphite rod (Alfa Aesar 99.8% purity) is
machined to disks which are used as targets for the irradiation
procedure. Pieces of this material were also ground to powder
and pressed to pellet for additional irradiation experiments.

The carbon nanopowders Norit (activated carbon, Alfa Aesar)
and Vulcan (carbon black, XC 72R, Cabot) were pressed into
small pellets to facilitate irradiation and electron microscopy.
Large crystals of HOPG (Alfa Aesar) were exfoliated using
scotch tape. Irradiation took place with the aid of Nd:YAG
laser (Rofin, Desktop) operating at 1064 nm in the single shot
rate, pulse width in the range 1–5 ms, and spot area diameter
of 1 mm. Detailed fluence values are given in the relevant
discussion. For all samples irradiation proceeded at ambient
conditions; no vacuum or inert gases were used.

Electron microscopy images were collected with a high-
resolution field-emission scanning electron microscope, (FE-
SEM, (Zeiss, SUPRA 35VP) operated at 15 kV. Transmission
electron microscope (TEM) and high-resolution TEM images
were taken on a JEOL JEM-2100 transmission electron
microscope operated 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 441.6 and
the 514.5 nm laser lines as the excitation source. The scattered
light was analyzed by the LabRam (Jobin-Yvon, HR800) and
the T64000 (Jobin-Yvon) micro-Raman spectrometers at a
spectral resolution of ∼2 cm−1. A microscope objective with
magnification 50× was used to focus the light onto a
∼2–3 μm spot. The light intensity was kept at low levels
(< 0.1 mW on the sample) to avoid spectral changes due to
heat-induced effects. The Raman shift was calibrated using
the 520 cm−1 Raman band of crystalline Si.

3. Results and discussion

3.1. Graphite powder

Representative FE-SEM images of irradiated graphite are
shown in figure 1. The insets in each image show a magnified
view of the surface. Image 1(a) shows the typical crystal
morphology of the pristine (unmodified) graphite target.
Pristine graphite exhibits a compact structure with rather large
crystalline grain sizes, where no exfoliated graphene layers
are exposed. Irradiation dose increases in the series of the
images 1(b)–(f). The FE-SEM images of the photo-processed
graphite reveal that progressive morphological changes on the
surface of the graphite grains take place, which are system-
atically evolving with the irradiation dose ranging from 100 to
260 J cm−2. Appreciable exfoliation and modification of the
compact graphite structure to more open textures are
observed. Partially isolated graphene flakes protrude at the
edges of the graphite grains for the highest irradiation dose
used, see image 1(f).

More detailed quantitative information concerning the
structural changes are provided by TEM and HR-TEM ima-
ges as shown in figure 2. Image 2(a) is a high magnification
micrograph of a photo-processed graphite grain using
260 J cm−2. The high transparency of the material indicates
the formation of a very distorted graphitic structure with
appreciable exfoliation of the graphene layers. Images 2(b)–(d)
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Figure 1. FE-SEM images of irradiated graphite crystals. (a) Pristine material. The morphology change of the photo-processed material is
shown with increasing laser fluence from (b) to (f) in the following way (b) 100, (c) 150, (d) 150, (e) 200, (f) 200 (g) 260, and (h) 260 J cm−2.
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show the high-resolution structure of various irradiated struc-
tures. High extent of layer exfoliation and substantial widening
of the interlayer distance is observed. Quantitative information
is provided in figure 3, where the interlayer distance is shown,
provided directly from the high-resolution images and from
electron diffraction patterns. Figure 3(a) displays the d(002)
interlayer spacing as estimated by the HR-TEM images; the
data points for various measurements corresponds to an aver-
age spacing of several consecutive layers to minimize the error.
In all cases the estimated interlayer distances are far larger
than the nominal value of graphite, i.e. 0.335 nm, shown by
the horizontal dashed line. The average value is 〈d(002)〉=
0.380± 0.031 nm, demonstrating severe interlayer expansion
of the irradiated graphite crystals. For comparison, the inter-
layer distances of the pristine (not irradiated) sample are also
shown in this figure revealing the proximity of these values to
the nominal one. Figure 3(b) shows the interlayer distance as
estimated by the electron diffraction patterns. Again, the d(002)
values of the laser-processed sample are systematically higher

than the corresponding values of pristine graphite; the latter fits
well the nominal value of 0.335 nm.

To get a deeper understanding about the changes in the
atomic structures, basically to retrieve information on the
layer stacking order, Raman spectroscopy is used as it stands
as one of the most versatile technique for fast monitoring
atomic arrangement in carbon. A large number of Raman
spectra were recorded for each sample; representative spectra
of the pristine graphite and the laser-processed material are
shown in figure 4. Light fluence values are denoted in the
figure caption. From bottom to top the spectra are arranged in
an order of increasing the symmetrical Lorentzian character of
the 2D band. The spectrum in the bottom (a) corresponds to
the Raman spectrum of highly-ordered pyrolytic graphite
where the 2D band displays the typical low energy shoulder,
which accounts for almost one third to one second of the high
energy peak intensity. Two types of changes in the Raman
spectra are observed. The first concerns the emergence of new
weak Raman bands situated in the high energy region

Figure 2. TEM images of irradiated graphite crystals using 260 J cm−2. (a) Low magnification image. (b)–(d) Selected high-resolution images
showing the graphene layers.
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regards amorphous carbon forms, reorganization of the
atomic arrangement takes place, mediated via a substantial
sp3 to sp2 transformation which entails crystallization of the
initial quasi-amorphous material. In this case, the underlying
mechanism responsible for the growth of large crystal
domains is less clear. Several studies have been conducted
using ns, ps, and fs lasers [28, 35, 36]. Nonlinear effects and
plasma-mediated ablation processes have been invoked to
account for the fs-laser processing. For all laser pulse dura-
tions, from ns to fs, an sp3 to sp2 transformation is observed.
The current results and the aforementioned discussion makes
it obvious that no common mechanism can be contemplated
to account for the transformation of the various graphite
forms to graphene-like structures. The starting materials have
vastly contrasting atomic arrangement structure, morphology
and physical properties, while irradiation reconfigures the
atomic arrangement towards very similar structures, irre-
spective of the starting material. Apart from that the proposed
process takes place at ambient conditions, a key advantage of
our experimental approach is that the laser-assisted changes to
graphene-like structures pertain to the irradiated area, and not
to the ablated product at a substrate placed away from the
target. This endows the process adaptability to current

technologies where in situ writing graphene-based structures
on a device is required.

5. Conclusions

In summary, we have shown that—using low-cost laser
sources under minimal irradiation conditions, i.e. with no
strict chamber condition such as vacuum or inert gases—
various forms of elemental carbon can be transformed to
graphene-like structures. Unlike the vast majority of the
previous studies which concentrate on the ablated product
deposited on a substrate, the current work places the emphasis
on the irradiated target. The main purpose of the current work
was to demonstrate that under the simple conditions used,
graphene-like structures with well resolved 2D band in their
Raman spectra can be obtained either starting from a well-
organized sp2 network or from a disordered graphitic form
such as carbon black and activated carbon. Coulomb expan-
sion was envisaged as a possible mechanism for the interlayer
expansion of the well-organized sp2 network as observed by
TEM in irradiated graphite and indirectly inferred from the
increase of the 2D(2D) component at the expense of the

Figure 8. (a) XRD pattern of Vulcan. (b) Raman spectra of pristine
and irradiated Vulcan (400 J cm2). Figure 9. (a) XRD pattern of Norit. (b) Raman spectra of pristine and

irradiated Norit (50 J cm2).
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