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Graphene layers from thermal oxidation of exfoliated graphite plates
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Abstract

Graphite platelets of 1–5 lm in diameter consisting of a few graphenes were generated from commercially available exfoliated graph-
ite by ultrasonic treatment in benzene (1 mg material in 20 ml solvent) for 3 h. Droplets from the suspension were dispersed on silicon
wafer. The graphite platelets were characterized by atomic force microscopy (AFM). Successive oxidation of the sample was carried out
at 450–550 �C in air. AFM measurements showed that the thermal oxidation removed 2–3 graphenes from the platelets and it left behind
single graphene layers.
� 2007 Published by Elsevier Ltd.
1. Introduction

Recently, graphene and few-layer graphite films received
special interest from researchers active in the field of nano-
science. This interest is partly due to the remarkable elec-
tronic properties and ballistic transport properties of
graphene layers [1–4], which make them suitable building
blocks (beside carbon nanotubes) in many potential elec-
tronic applications. The first experimental graphene tran-
sistor has already been constructed [5]. It has been shown
that the electronic properties of graphene ribbons depend
on their width, because nanometer-sized widths induce
the quantization of the allowed states [6,7], similar to the
quantization of states induced by rolling a graphene sheet
into a carbon nanotube. Furthermore, particular electronic
states appear at the edges of graphene ribbons (edge
effects), depending on the ‘‘zigzag’’ or ‘‘armchair’’ type
edge terminations. The band structure of ‘‘zigzag’’ and
‘‘armchair’’ graphene ribbons have been investigated theo-
retically [8,9], and the corresponding edge states have been
observed by scanning tunneling microscopy [10] and spec-
troscopy [11,12].
0008-6223/$ - see front matter � 2007 Published by Elsevier Ltd.
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Graphene and few-layer graphite films were successfully
produced by several methods. These methods include epi-
taxial growth on 6H- and 4H–SiC surface [7,13,14], micro-
mechanical cleavage of highly oriented pyrolytic graphite
(HOPG) followed by the identification and selection of
monolayers using microscopy techniques [4,15,16], con-
verting of diamond nanoparticles to single nanographenes
by heat treatment at 1600 oC [17], growth of graphene lay-
ers on HOPG via exposure to methyl radicals generated by
thermal decomposition of azomethane [18], and synthesis
of few-layer graphite films by camphor pyrolysis on nickel
substrates [19]. Graphitic nanoplatelets were also prepared
via exfoliation/in-situ reduction of graphite oxide [20]. In
this work we show that few-layer graphite platelets can
be thinned by thermal oxidation in air, and individual
graphene layers can be formed by this method.
2. Experimental

Commercial exfoliated graphite (1 mg material in 20 ml benzene) was
treated ultrasonically for 3 h. Droplets from the suspension were dispersed
on Si wafer. Graphite platelets of 1–5 lm in diameter were observed by
tapping mode atomic force microscopy (AFM) using a Nanoscope IIIa
instrument operating in air. After the AFM investigation, the sample
was introduced into a quartz reactor of 18 mm inner diameter and oxi-
dized in an electric furnace with an effective heating length of 200 mm
[21]. The oxidation was carried out in three steps. In the first step the
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sample was oxidized at 450 �C for 10 min (step I). In the second and the
third steps the sample was heated at 550 �C for 10 min (step II) and
20 min (step III), respectively. AFM measurements were performed after
each oxidation step and the effect of oxidation was observed on the same
graphite platelet. This was achieved by placing markers on the Si substrate
near the graphite platelet with focused ion beam (FIB) technique per-
formed in a LEO 1540XB instrument. The markers guided us to find
the graphite platelet by AFM after each oxidation step.
3. Results and discussion

The effect of oxidation was observed on several graphite
platelets. Fig. 1 denotes the platelet on which the effect was
investigated in more detail. The AFM image in Fig. 1a
shows the graphite platelet before oxidation. It can be
observed that the platelet folds in several places and a lot
of nanoparticles stick to its surface. Most probably these
particles are amorphous carbon or solvent residue attached
to defect sites. We observed that after oxidation step I
(450 �C for 10 min) the majority of the nanoparticles evap-
orated from the surface (see Fig. 1b). The surface rough-
ness (RMS) of the platelet (measured in the center)
decreased from 1.4 nm (before oxidation) to 0.25 nm after
the oxidation step I, while the roughness of the Si substrate
did not change (0.1 nm). Furthermore, the measurements
show that the graphite platelet flattened and could fit better
to the substrate. This shows that the residue material evap-
orated not only from the surface, but also from the space
between the platelet and the Si substrate (the interface
was cleaned).

Due to this flattening the height of the platelet could be
measured more accurately. The height of this platelet mea-
sured at its central part is 2.7 nm, which most probably cor-
responds to 8 graphene layers separated by the 0.34 nm Van
der Waals distance. We can observe in Fig. 1b that it is not
just one platelet that we are measuring, but there are at least
Fig. 1. AFM images of a few-layer graphite platelet: (a) before oxidation and (
indicate the part of the platelet which is detailed in Fig. 2.
three smaller graphite platelets which fold several times and
intersect each other. This could be better observed after the
first oxidation step (heat treatment), when the platelets were
smoothed out.

To study in more detail the effect of oxidation, we
selected an area near the right-hand side edge of the plate-
let, denoted by small boxes in Fig. 1. This portion of the
graphite platelet is shown in Fig. 2 before oxidation
(Fig. 2a), and after the oxidation steps I (Fig. 2b), II
(Fig. 2c), and III (Fig. 2d). One can observe that the height
of this part of the platelet which was 2.9 nm before oxida-
tion (Fig. 2a) decreased to 0.7–1.1 nm after the oxidation
step I (Fig. 2b). As we mentioned earlier, this decrease is
not due to removal of graphene layers but to the removal
of residue material, and this induces the flattening of the
graphite platelet. The label marks 11 0 in Fig. 2b show a
height of 0.7 nm, which corresponds to the thickness of
two graphene layers. However, we can easily notice that
the platelet thickness is not uniform. The marks labeled
22 0 show thicker parts with 0.37 nm additional height,
which is due to the presence of another incomplete graph-
ene layer. One can observe several pits on the surface in
Fig. 2b, at the regions where this top graphene layer is
missing. One can say that the original platelet had a thick-
ness of 3 graphene layers (�1.1 nm in height), and mono-
layer deep pits started to appear in the top layer due to
the oxidation step I. Graphite is a relatively inert material,
but it was shown that it oxidizes at temperatures >400 �C
in oxygen [22,23], and the oxidation occurs predominantly
at the edges and defect sites [24–26]. Similar oxidation pits
were observed by scanning tunneling microscopy on oxi-
dized highly oriented pyrolitic graphite (HOPG) surfaces
[27–29].

Fig. 2c shows the graphite platelet after oxidation step II
(550 �C for 10 min). One can observe that in this case the
b) after the first oxidation step (450 �C in air for 10 min). The small boxes



Fig. 2. AFM images of the same area of the few-layer graphite platelet showing the effect of oxidation: (a) before oxidation; (b) after oxidation step I
(450 �C for 10 min); (c) after oxidation step II (550 �C for 10 min); and (d) after oxidation step III (550 �C for 20 min).
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platelet edges have also been oxidized and the shape of the
analyzed area has changed. The label marks 11 0 show a
height of 0.39 nm, which means that the thickness of this
part has been decreased to one graphene layer. Similarly
to Fig. 2b, the platelet thickness is not uniform, the label
marks 22 0 show two-layer thick islands. The effect of the
third oxidation step (550 �C for 20 min) is illustrated in
Fig. 2d. Notice that the thickness of the platelet became
uniform, the islands of the second layer were removed com-
pletely and eventually we obtained a single graphene layer
(label marks 11 0). The oxidation decreased also the hori-
zontal diameters of the platelet. As a consequence, the



Fig. 3. AFM image of a 105 nm long and 51 nm wide graphene ribbon
(center of figure), which was created during the forth oxidation step
(550 �C for 30 min).
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analyzed part detached from the body platelet and it can be
considered a standalone graphene layer (Fig. 2d). One can
observe that the substrate surface (the native SiO2 layer)
has also been etched, and approx. 0.4 nm deep trenches
have formed along the circumference of the graphene plate-
let (label marks 22 0). This effect was also demonstrated in a
recent work, where the formation of SiO2 nanotrenches
was guided by carbon nanotubes dispersed on the surface
[30].

The shape of the obtained graphene platelet is quite
irregular (Fig. 2d), which is somewhat expectable because
the oxidation is not uniform, even in the case of very small
areas [27]. However, the oxidation pits observed earlier on
HOPG surfaces can be very regular [29]. For example, hex-
agonal pits with armchair edges can easily form, because
armchair edges are less reactive [28]. Considering this, we
decided to perform a forth oxidation step. We wanted to
observe whether the graphene platelet shown in Fig. 2d
was going to develop a more regular shape or not, as its
diameter further decreases due to oxidation. This forth oxi-
dation step was done at 550 �C for 30 min. The AFM
image of the graphene platelet after this oxidation step is
presented in Fig. 3. One can observe that only a 105 nm
long and 51 nm wide graphene ribbon has been left from
the platelet (see center of Fig. 3).

Although it does not have a specific regular shape, it is
worthy to note that the left side edge of the platelet follows
a straight line and it is probably an armchair edge (which is
more resistant to oxidation [28]). Further oxidation steps
would probably remove the graphene ribbon completely.
The above results show that thermal oxidation does not
produce graphene ribbons with very regular shapes,
although the method can be used to reduce the dimensions
of graphene platelets. Accordingly, the reduced dimensions
can change the electronic properties of the platelets due to
electronic confinement [6,7].
4. Conclusions

Graphite platelets consisting of a few graphenes were
characterized by AFM. Successive oxidation of the plate-
lets was carried out at 450–550 �C in air. AFM measure-
ments were performed after each oxidation step and the
effect of oxidation was observed. The measurements
showed that the thermal oxidation removed 2–3 graphenes
from the platelets and created individual graphene layers.
We showed that this oxidation procedure could be applied
to decrease the thickness of graphite platelets.
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[18] Wellmann R, Böttcher A, Kappes M, Kohl U, Niehus H. Growth of
graphene layers on HOPG via exposure to methyl radicals. Surf Sci
2003;542:81–93.

[19] Somani PR, Somani SP, Umeno M. Planer nanographenes from
camphor by CVD. Chem Phys Lett 2006;430:56–9.

[20] Stankovich S, Piner RD, Chen X, Wu N, Nguyen ST, Ruoff RS.
Stable aqueous dispersions of graphitic nanoplatelets via the reduc-
tion of exfoliated graphite oxide in the presence of poly(sodium 4-
styrenesulfonate). J Mater Chem 2006;16:155–8.
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