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Alternating current dielectrophoresis in water was used to position graphite oxide soot (GO-soot)
particles generated by rapid thermal expansion of graphite oxide under inert gas. The dielectrophoretic deposition was carried out at a frequency of 10 MHz and a peak-to-peak voltage of 10 V,
and the deposited particles were analyzed using scanning electron microscopy. The vertical cross
section, obtained by focused ion beam cutting, shows the wrinkled layers of the GO-soot particles
and cavities between the layers. The electrical transport measurements show typical characteristics
of metal-like pathways. The improved electrical contact between electrodes and GO-soot, probably due to the thin platelet structure of GO-soot, makes the material favorable for electrical device
applications. The results demonstrate that AC dielectrophoresis can be used to selectively deposit
graphite oxide soot particles at desired
locations.
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Graphene, a single carbon layer of the graphite structure,
has received considerable attention for its excellent thermal, mechanical, and electrical properties. The in-plane
thermal conductivity and Young’s modulus of graphite
are ∼3,000 Wm−1 K−1 and 1,060 GPa, respectively.1
Recent work has shown that individual layers of graphite
(‘graphene sheets’) have extraordinary electronic transport properties.2 However, graphene has not been produced on a large scale. Thermally expanded graphite
oxide ‘soot’ (GO-soot) is one route to having electrically conductive thin platelets potentially available in large
quantity.1 GO-soot consists of thermally reduced graphene
oxide layers that are connected with each other to some
degree, but having no appreciable inter-layer ordering.3
The exact morphology and chemical composition of such
“GO-soots” are a function of the graphite precursor used
to prepare the graphite oxide, the method of preparation
of the graphite oxide, and quite importantly, the timetemperature proﬁle of the rapid thermal expansion used to
“popcorn” the graphite oxide so that it undergoes an enormous volumetric expansion. It is thought that this material
might serve as a useful nanoﬁller in composite materials,3
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but the individual particles or aggregates of them even
without a surrounding matrix material might have important functions. Since the controlled positioning of nanoparticles from liquid suspensions into or onto devices offers
certain advantages both for conﬁguring experiments for
fundamental research and for achieving practical applications, several manipulation methods such as chemical
functionalization to create patterned surfaces and electrical
ﬁeld-assisted deposition have been developed.4–6 Dielectrophoresis (DEP) is one of the methods that has been
used for positioning nanoparticles including carbon nanotubes (CNTs).7–10 Here, we ﬁrstly demonstrate controlled
positioning of GO-soot particles at speciﬁc locations using
alternating current dielectrophoresis.
GO-soot was prepared by rapid thermal expansion of
graphite oxide that had been made by the Hummers
method, in which the synthesis of graphite oxide (GO)
involves treatment of graphite with potassium permanganate in concentrated sulfuric acid.11 The product was
ﬁltered, washed with 5% HCl aqueous solution, and dried
at 50  C for 24 hours. The graphite oxide was then thermally expanded by rapid insertion from room temperature
into a vertical oven held at 300  C, where it was held
for 10 minutes under nitrogen gas. A Raman microscope
(Renishaw, inVia Reﬂex) was employed to analyze the
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Fig. 1. The Raman spectra of GO (which is permanganate and acidtreated graphite) and GO-soot (which is thermally expanded GO). A high
resolution TEM image of GO-soot is shown in the upper right corner
(scale bar is 100 nm).

J. Nanosci. Nanotechnol. 8, 424–427, 2008

1 µm

Fig. 2. (a) SEM image of GO-soot particles deposited between two
metal electrodes with a gap size of 5 m, and (b) higher magniﬁcation
image. GO-soot particles are deposited in an ordered fashion in some
regions. (c) Magniﬁed image in other regions where GO-soot particles
are deposited with random orientation.
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thermally expanded graphite oxide material, which we
Electrodes were fabricated with a gap of 5 m and a
here refer to as GO-soot. A He-Ne laser with a grating of
length of 50 m using a conventional photolithographic
1,800 grooves/mm was used for 632.8 nm (Elaser = 196 eV)
method as shown in Figure 2(a). A 5-nm thick titanium (Ti)
excitation. The laser power at the sample was 20 mW, and
layer and then a 200-nm thick gold (Au) layer were vaporthe spot size was about 1∼2 m in diameter. Figure 1 comdeposited on a SiO2 layer (that had been thermally grown
pares Raman spectra of GO (before the thermal expansion)
on a silicon wafer) as top-electrode materials. 20  of the
and GO-soot. The peak at 1334 cm−1 , which is called as
liquid (surfactant suspended GO-soot) was dropped onto
the disorder-induced mode (or D band), indicates the presthe electrode after a function generator (Agilent 33220A,
ence of sp3 hybridized carbon due to the covalently bonded
maximum ﬁeld strength = 20 Vp-p ) was ﬁrst switched on at
surface functional groups while the Lorentzian peak at
a frequency of 10 MHz and a peak-to-peak voltage of 10 V.
1582 cm−1 is the G band related to the tangential mode
The average electric ﬁeld in the center of the gap is about
vibration of the sp2 hybridized C atoms.12–14 The Raman
2 V/m. After 10 minutes, the drop on the electrodes was
spectrum of graphite oxide, which shows both G and D
blown away by a stream of nitrogen gas (99%, 2 bar), and
bands, thus shows evidence of both regions of sp2 -bonding
the function generator was switched off.7–9
as well as covalently bonded surface functional groups. The
DEP refers to the force exerted on the induced dipole
Raman spectrum of GO-soot is similar to that of GO. Howmoment of a dielectric particle in a dielectric ﬂuid when
ever, the D/G intensity ratio was slightly decreased from
it is subjected to a non-uniform electric ﬁeld.7 17–18 The
1.16 to 1.09 after the thermal expansion. This indicates
dielectrophoretic mobility depends on the electrical propthe thermal pyrolysis of the oxygen-containing functionalerties of the particle and surrounding ﬂuid, the particle
ities during the thermal expansion process, as will be disgeometry, and the frequency of the electric ﬁeld. Particussed shortly.15 The inset to Figure 1 provides the high
cles move toward the regions of high electric ﬁeld strength
resolution transmission electron microscopy (TEM) image
(positive DEP) if the polarisability of the particles is
of GO-soot. The crumpled sheet looks very similar to that
greater than that of the suspending medium whereas partiobserved previously for GO.16
cles move in the opposite direction (negative DEP) when
The GO-soot particles were dispersed in a sodium dodethe polarisability of the particle is less than that of the
cyl sulfate (SDS)-based water solution using ultrasonisuspending medium.18 An SEM image of dielectrophoretcation. For the preparation of a suspension,Delivered
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particles
are deposited in an ordered fashion in some
(Ulsso-High Tech). Although the presence of functional
regions (Fig. 2(b)). However, the GO-soot particles are
groups on the layer makes GO-soot partially hydrophilic,
randomly positioned in most regions.
which per our experience allows the material to disperse
Figure 3(a) shows an SEM image of the vertical crossin water to a certain degree, surfactant-assisted dispersion
section of the deposited GO-soot particles obtained after
helps for a more effective exfoliation of GO-soot in water.
focused ion beam cutting (DBFIB, NOVA200, FEI; the
acceleration voltage of the Ga ion was 30 kV). The cross2.5
section was chosen as parallel to the long edge of the
Elaser = 1.96 eV
electrode. Figure 3(b) shows a higher magniﬁcation image.
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Fig. 3. (a) SEM image of the vertical cross-section of the deposited
layer of GO-soot particles, obtained after FIB cutting. (b) Higher magniﬁcation SEM image; the thickness of the deposited layer of GO-soot
particles is about 1 m.
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Fig. 4. Electrical transport behavior of a layer of GO-soot particles. The
source-drain current was measured at a ﬁxed source-drain bias (VSD ) of
1.0 V as a function of the back gate voltage. The dielectrophoretically
deposited GO-soot particles showed no gate dependence, characteristic
of the response of a metal.

electrodes and GO-soot particles makes the material potentially favorable for electrical device applications. Furthermore, GO-soot may have higher surface-to-volume ratio
than nanotubes (particularly multi-walled carbon nanoThe platinum layer was thermally deposited on top of the
tubes) due to the inaccessibility of the inner nanotube surGO-soot layer to protect the surface during theDelivered
cutting pro- by Ingenta
face(s) toto:
external materials.1
cess. The thickness of the GO-soot particle
layer
was
about
summary, alternating current dielectrophoresis has
SUNG KYUN KWAN In
UNIVERSITY
1 m. The cross-sectional image shows a wrinkledIP
layer
of
been
employed
to selectively deposit electrically conduc: 61.72.109.184
GO-soot particles. As shown, cavities are observed
inside
tive
GO-soot
particles
at desired locations. The thickness of
Mon, 18 Feb 2008 06:57:41
the deposited GO-soot layer although the layer looked
the dielectrophoretically deposited layer of GO-soot partidensely packed from the top view image (Fig. 2(a)).
cles was about 1 m, and cavities could be observed inside
Graphite oxide (GO) is an electrically insulating matethe layer by SEM imaging after FIB cutting. Electrical
rial which limits electrical device applications.19 The thertransport measurements showed that the deposited particles
exhibited typical characteristics of metal-like pathways,
mal treatment of GO above a certain temperature leads to
with a lower electrical contact resistance between elecloss of CO and CO2 . As a result of this, the C:O ratio
trodes and the GO-soot particles compared with that
increases for the rapidly thermally treated GO (GO-soot)
between CNTs and metal electrodes. GO-soot particles can
resulting in an increase in electrical conductivity.15 19 Here
be selectively deposited by dielectrophoresis as potential
we report the electrical transport characteristics of the
components for device applications.
dielectrophoretically deposited layer of GO-soot particles using a semiconductor parameter analyzer (Agilent
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