Fowot FH1H ;o ok MK Vol.26 No. 1
2011 4£2 A NEW CARBON MATERIALS Feb. 2011
Article ID.  1007-8827(2011)01-0021-05

Preparation of graphene nanosheets through detonation
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Abstract .

Graphene nanosheets were synthesized using graphite oxide as a precursor by detonation. The composition,

and structure of graphene nanosheets were characterized by X-ray diffraction, X-ray photoelectron spectroscopy, scan-

ning and transmission electron microscopy, selected area electron diffraction, and Raman spectroscopy. Results indicated

that the as-prepared material was transparent and wrinkled, and comprised 2-5 graphenes with a highly crystalline struc-

ture. The exfoliation and reduction of graphite oxide to graphene nanosheets was induced by the self-generated thermal

energy and shockwave of detonation.
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1 Introduction

Graphene is a sheet of carbon atoms bound to-
gether with double electron bonds ( called as sp
bond) in a thin film only one atom thick and is a bas-
ic building block for zero-dimensional fullerenes,
one-dimensional carbon nanotubes, and three-dimen-
sional graphite''!. Since its discovery by Novoselov
and Geim in 2004, it has attracted numerous investi-
gations into its novel fundamental properties and prac-
tical applications'>'. Owing to its high values of mob-
ility of charge carriers, specific surface area and
Young’ s modulus, graphene and chemically modified
graphene are promising candidates as components in
applications such as nanoelectronic devices, energy
storage materials, and polymer composites' .

Many approaches have been developed to prepare
graphene materials, mainly including micromechani-
cal or chemical cleavage of graphite, epitaxial growth
on silicon carbide or on metal substrates, and bottom-
up approaches by chemical synthesis'®'''. However,
reproducible production of graphene sheets in bulk
quantity is still a challenge. Recently, Schniepp and
coworkers reported a method to produce functional-
ized single graphene sheets in bulk quantities through
thermal expansion of graphite oxide ( GO ). The
mechanism of exfoliation is mainly the expansion of
CO, evolved into the interstices between the graphene
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sheets during rapid heating"'>"*'. It is well known that
a fast decomposition of explosives can produce high
temperature and powerful shock wave. Making use of
detonation technology to prepare graphite nanopow-
ders has been explored'*.

Herein, we prepared graphene nanosheets
(GNS) by detonation, involving complete oxidation
of natural graphite (NG) , rapid decomposition of ex-
plosives, and exfoliation of GO. The as-prepared
GNS were systematically characterized, and the exfo-
liation mechanism of GO was proposed.

2 Experimental

GO was prepared from flake NG ( ~ 30 pm,
Huayi Co., Ltd, Shanghai) by a modification of
Staudenmaier method'”’. NG (5g) was reacted with
concentrated nitric (45mL) and sulfuric acid
(90 mL) with potassium chlorate (55 g). The reac-
tion flask was placed in an ice bath, and the potassi-
um chlorate was added slowly to avoid sudden in-
crease in temperature. The reaction was allowed to
hold for 120 h to fully oxidize NG into GO. The GO
was thoroughly washed with deionized water until the
pH of the filtrate was neutral. The GO slurry was
dried and stored in a vacuum oven at 60 ‘C until use.

Exfoliation of GO prepared above was performed
by placing premixed GO (2 g) and picric acid (2 g)

Foundation item: National Natural Science Foundation of China (50730003 ) ,Program for New Century Excellent Talents in University (NCET—-
07-0285) and the Fundamental Research Funds for the Central Universities.

Corresponding author: LING Li-cheng. E-mail: Ichling@ ecust. edu. cn

Author introduction: WANG Can (1983-), male, Ph. D., engaged in the research of carbon nanotubes and graphene.

E-mail: whcj021@ yahoo. com. cn

English edition available online ScienceDirect ( http ://www. sciencedirect. com/science/journal/18725805 ).

DOI:; 10.1016/S1872-5805(11)60063-2



£ 22 - WM R MR

526 &

in a sealed stainless steel pressure vessel (10 mL).
The detonation was induced by a rapid heating
(50 °C/min) to 200 C. When the detonation occurs,
about 20 MPa pressure ( shock wave) and 900 C tem-
perature were generated inside the vessel. After the
detonation, the vessel was cooled in air, gaseous
products generated were released, and the solid prod-
ucts were collected.

X-ray diffraction ( XRD ) measurements were
performed using a Rigaku D/max 2500X X-ray dif-
fractometer operated with a step size of 0. 02° with Cu
Ka radiation. Scanning electron microscopy ( SEM)
was carried out on a FET Quanta 200 FEG. Transmis-
sion electron microscopy ( TEM) and Selected area
electron diffraction ( SAED) was carried out on a FEI
TECNAI G* S-TWIN operated at 200 kV. Raman
spectroscopy was performed by using a Renishaw Mi-
cro-Raman 2000 with 514 nm argon ion laser. X-ray
photoelectron spectroscopy ( XPS) was performed on
a Kratos AXIS Ultra using Mg anode.

3 Results and discussion

3.1 XRD patterns

For a successful exfoliation, it is essential to
completely eliminate the intergraphene spacing associ-
ated with NG during the oxidation stage. The XRD
patterns of NG, GO, and GNS are shown in Fig. 1.
NG showed a sharp and intensive peak at 20 =
26.6°, indicating a highly ordered crystal structure
with an interlayer spacing of 0.336 nm. After oxida-
tion for 120h, the 002 diffraction peak of NG disap-
peared, revealing a full oxidation of NG. The inter-
layer spacing of GO was 0. 81 nm, which is close to
the reported value of 0. 83 nm depending on the ratio
between GO and water. The increase in the interlayer
spacing should be attributed to the oxygen-containing
functional groups bonded to the graphene sheet. In
contrast, no apparent peaks were detected in the pat-
tern for the as-prepared GNS, indicating a complete
elimination of stacked layers to high degree of exfoli-
ation. This feature is similar to that of chemically re-
duced graphene''®’.
3.2 SEM and XPS spectra

Figs. 2a and 2b show the SEM images of NG and
GO, respectively. During the oxidation process, the
sizes of NG flakes decreased from 30 to 10 pwm of
GO. Although the interlayer spacing of GO is roughly
twice of NG, the surface morphology was not
changed seriously. The appearance of bright edges
and smooth stages across the area arises from the pres-
ence of oxygenated functional groups. Fig.2c shows
the SEM image of GNS derived from the detonation

Fig.1 XRD patterns of NG, GO and GNS

of GO, with an expanded, loose and porous struc-
ture. The top view (Fig.2d) of GN particle reveals
the agglomeration of rippled silk-like GNS. The side
view (Fig. 2e) of GN particle further confirms the
appearance of transparent GNS with wrinkles and
folds. Comparing with the worm-like structure of ex-
foliated graphite reported above, such GNS gave
much thinner thickness and higher degree of GO exfo-
liation' """

XPS analysis was carried out to investigate the
element composition of GO and GNS, as shown in
Fig.2f. Two peaks centered at 284.5eV and
532.6eV can be assigned to Cls and Ols signals.
Quantitative analysis of GO showed a C/O molar
ratio of 2/1, attributed to the oxygen-containing func-
tional groups attached to the graphene sheets, which
is consistent with the literature report'”'. For GNS ob-
tained from detonation, XPS gave a C/O molar ratio
of 10/1, which resulted from the decomposition of
oxygen groups. Such an oxygen content is similar to
that of hydrazine-reduced graphene oxide, indicating
the reduction of GO in the detonation process.

3.3 TEM and SAED pattern

Figs. 3a and 3b show the TEM images of as-pre-
pared GNS. The transparent GNS were corrugated
with size of a few square micrometers. The low con-
trast feature indicates the small thickness. The corru-
gation is intrinsic to GNS, which results from the fact
that the 2D membrane structure becomes thermody-
namically stable via bending. Fig 3c shows a high-
resolution TEM image of a single graphene. The visi-
ble graphitic lattices revealed that the GNS only con-
sist of 2-5 graphitic layers. The SAED pattern of the
featureless region shows the typical hexagonally or-
dered lattice of carbon in graphene ( Fig. 3d). The
sharp diffraction dots confirm the high crystalline
structure of the as-prepared GNS. The intensity
ratioof {1100} /1{2110} <1 isaunique feature for
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Fig.2 SEM images of (a) NG, (b) GO and (c) GNS particle. (d) Top view and
(e) Side view of GN particle shown in (c¢). (f) XPS spectra of GO and GNS

Fig.3 (a, b) TEM and (c) high resolution TEM images of GNS. (d) SAED pattern of transparent region

multilayer graphene''’. Therefore, the TEM and
SAED results demonstrated that the obtained GNS
were graphene with a few layers.
3.4 Raman spectroscopy

Raman spectroscopy is a powerful nondestructive
tool to characterize carbonaceous materials. The G
band corresponds to the E,, phonons of C sp” atoms,
whereas the D band is a breathing mode or k-point
photons of A,, symmetry. The intensity ratio of D and
G bands, I,/1;, is a measure of disorder degree and
average size of the sp’ domains. Fig.4 shows Raman
spectra of NG, GO, and GNS. NG exhibited a strong
G band at 1582cm™" and a relatively weak D band at

1350 cm™. For GO, the G band broadened signifi-
cantly and shifted upward to higher frequency of
1595cm™, and I,/1, increased to 1.5, indicating the
reduction in size of the in-plane sp” domains due to
the extensive oxidation. For GNS, the G band sharp-
ened and shifted back to 1585 cm™, and I,/1, de-
creased to 0.75, indicating the restore of the in-plane
sp> domains, due to a graphitic “self-healing” in heat
treatment. The 2D band is the most prominent feature
in the Raman spectrum of graphene, and its position
and shape are sensitive to the number of layers of gra-
phene'”’. The GNS exhibited a single, symmetrical
2D band at 2700cm ™", corresponding to the graphene
with a few layers. The Raman results provide further
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Fig.4 Raman spectra of NG, GO and GNS, in the region of the (a) D and G bands and (b) 2D bands

evidence to the synthesis of graphene with a few lay-
ers by detonation.
3.5 Mechanism of exfoliation

Based on the above analysis, the exfoliation
mechanism of GO is proposed in Fig. 5. First, NG
was completely oxidized into GO, resulting in abun-
dant oxygen-containing functional groups bonded to
the basal planes of the graphite structure. Second, the
detonation of GO was induced by a rapid heating and
the self-generated enormous thermal energy and a
powerful shockwave at a microsecond scale. Last,
GO was rapidly heated to high temperature and its ox-
ygen-containing functional groups decomposed into
CO, and H,O. The expansion of the gases evolved in-
to the interstices between the adjacent graphite sheets
resulted in the exfoliation of GO. The reduction of
GO was simultaneously completed accompanied with
the decomposition of functional groups. The shock-
wave formed during the detonation sheared GO into
small fragments.

Fig.5 Schematic illustration of the exfoliation and reduction of GO

4  Conclusions

Detonation was demonstrated to be an effective
method for simultaneous exfoliation and reduction of
GO to GNS. The synthesized GNS exhibited transpar-
ent wrinkled structure and comprised few graphitic
layers. This method offers a fast, convenient, and
energy-saving option to prepare GNS of high quality
in large scale.
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