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ABSTRACT We report the deposition of films composed of overlapped and
stacked platelets of graphene oxide (G-O) reduced by an electrophoretic
deposition (EPD) process. The oxygen functional groups of G-O were signifi-
cantly removed by the EPD process, and the as-deposited G-O film by EPD
showed improved electrical conductivity (1.43 � 104 S 3m

-1) over G-O papers
made by the filtration method (0.53 � 10-3 S 3m

-1). This method for reducing
G-O without added reducing agents has the potential for high-yield, large-area,
low-cost, and environmentally friendly production of films composed of
reduced G-O platelets.

SECTION Nanoparticles and Nanostructures

C
onsiderable research has been recently devoted to
graphene-based materials because of their excellent
electrical, mechanical, and thermal properties, and

their possibilities for applications as transparent conductive
film, in composite materials, and others.1-9 In particular,
recent achievements in homogeneous colloidal suspensions
ofchemically reducedgrapheneoxide (G-O)platelets invarious
organic solvent systems have drawn particularly high interest
as a result of the possibility for low-cost and high-volume
production, as well as the flexibility of use of a wide range
of solvent-based manufacturing processes.4,10,11 Chemically
reduced G-O has already been used to show proof of concept
in fabricating field effect transistors (FETs), single-molecule
gas detectors, ultracapacitors, solar cells, liquid crystal devices,
transparent conducting films, polymer composites, and so
forth.1,2,11-19 Solution-based deposition methods, including
membrane filtration,2,20 dip coating,16 layer-by-layer (LbL),21,22

spray-coating,23 and spin coating12,24 have been reported for
preparing graphene-based material thin films. The size of films
from the time-consumingmembrane filtrationmethod is limited
by the size of themembrane, and thus themethod is not suitable
for large area production of graphene-based thin films.While dip
coating, LbL, spin coating, and spray-coating methods can be
used to directly deposit graphene-based material on large area
substrates, it is difficult to control the thickness and uniformity of
thegraphene-basedmaterial as a thin film.25There is thusaneed
for control of uniformity and thickness for large area thin films.

The electrophoretic deposition (EPD) method is a well-
developedandeconomicalmethod that has been successfully
applied for the deposition of carbon nanotubes and ther-
mally expanded graphite oxide (GO) particles for transparent

conducting filmsandphosphors fordisplay.26-28 In particular,
the EPD method has a number of advantages in the prepara-
tion of thin films from charged colloidal suspensions, such as
high deposition rate, good thickness controllability, good
uniformity, and simplicity of scale up. Here, we demonstrate
that the EPD method can be utilized to deposit films of
graphene. Interestingly, we observed that the as-deposited
G-O film by EPD (EPD-gO films) made by this approach had
significantly lower oxygen content as a result of the EPD
process. Reduction of G-O has typically been done with
chemical agents such as hydrazine4,29 and/or strong alkaline
solutions (NaOH/KOH),30 or requires moderately high tem-
perature treatments.31 Low-temperature and/ormethods free
of harsh chemicals for reducing the oxygen content of G-Oare
relevant for achieving high-yield, low-cost, and environmen-
tally friendly production of “reduced G-O”.

The GO used in this study was synthesized from purified
natural graphite by the modified Hummers method.32 GO
was dispersed in water and sonicated for 2 h at room
temperature. After the preparation of colloidal suspensions
of individual G-O platelets in purified water, EPD-gO was
deposited by EPD on 200mesh stainless steel, and on various
other electrically conductive substrates. Typical concentra-
tions of G-O and applied direct current (DC) voltage were
1.5 mg/mL and 10 V, respectively. The deposition timewas in
the range of 1-10 min. Figure 1a shows a diagram of the
single-compartment EPD cell experiment.

Received Date: January 20, 2010
Accepted Date: March 9, 2010



rXXXX American Chemical Society 1260 DOI: 10.1021/jz100080c|J. Phys. Chem. Lett. 2010, 1, 1259–1263

pubs.acs.org/JPCL

The G-O platelets migrated toward the positive electrode
whenaDCvoltagewasapplied. Thedeposition ratedepended
on several experimental factors including the concentration
of the G-O suspension, the applied DC voltage, and the
conductivity of the substrate. We deposited EPD-gO films on
various substrates including Cu, Ni, Al, stainless steel, and
p-type Si. When an EPD-gO film was deposited on a heavily
p-type-doped Si substrate under otherwise identical experi-
mental conditions, the deposition time increased about 5-fold
compared to the stainless steel substrate for the same thick-
ness of deposited materials. The stainless steel substrates
were used in this experiment to suppress the formation of
metal hydroxides at the electrode.26,33During EPD, evolution
of gas bubbles at the cathode was observed, and the deposi-
tion took place on the anode. When a 1.5 mg/mL G-O
suspension was used, a smooth film was deposited on the
stainless steel positive electrode in less than 30 s with 10 Vof
applied potential. After deposition, samples were air-dried at
room temperature for 24 h. Figure 1b shows a cross-sectional
scanning electron microscopy (SEM) image of an air-dried
EPD-gO film with a 4-μm thickness that was deposited in
2min. (Supporting Information, SFigure 2) The film thickness
was uniform, and the packingmorphology of the EPD-gO film
is similar to G-O paper-like materials formed by filtration.4 By
varying the current and time, films with thicknesses in the
range between several hundreds of nanometers and tens of
micrometers could be deposited. As long as the substrate is
conducting, a uniformhomogeneous film could be deposited.

Raman spectroscopywas used to analyze the EPD-gO film.
As shown in Figure 2, the Raman spectrum of the EPD-gO
film shows a D-band around 1350 cm-1, a G-band around

1582 cm-1, and a broad 2D-band around 2800 cm-1.29 The
D-band was detected at 1350 cm-1, which is due to defects
or edges.34 The D-, G-, and 2D-bands are shifted to lower
wave numbers for the EPD-gO film as compared to G-O
paper obtained by filtration. For example, the G-band is
at 1601 cm-1 for G-O paper made by filtration, but is at
1582 cm-1 for the EPD-gO film. The shift to lowerwavenumber
of the G-band peak of the EPD-gO film presumably results from
the reduction of G-O platelets comprising the EPD-gO film.35

The interlayer spacing of the overlapped and stacked
platelets comprising the EPD-gO film was investigated by
X-ray diffraction (XRD) measurements (see Supporting
Information for XRD data). The XRD of air-dried EPD-gO film
shows a broad diffraction peak observed at a 2θ value of 18o.
The mean interlayer spacing calculated from the 2θ value at
the peak maxima of the EPD-gO film was approximately
5.1 Å, which is larger than the d002-spacing of graphite
(3.35 Å) and much smaller than the interlayer spacing of
G-O paper (8.0-8.3 Å, measured in ambient, approximately
45% relative humidity).2,10,36 On the other hand, the XRD
spectrum of 100 �C annealed EPD-gO film was shifted
to around 24� (3.70 Å), which is slightly larger than the
d002-spacing of graphite. The reason for the reduction of
interplatelet spacing of EPD-gO film as compared to the
interlayer spacing of G-O paper can be attributed to the fact
that the water molecules trapped between the hydrophilic
G-O platelets in the G-O paper samples obtained by filtration
are negligible in the film obtained by EPD.10

The electrical conductivity of the air-dried EPD-gO as
measured by the van der Pauw method was found to be
10.34�102 S 3m

-1. This value is significantly higher than that
of the insulating G-O paper obtained by the filtration method
(0.53 � 10-3 S 3m

-1).20 Furthermore, the conductivity of
these EPD-gO films after annealing in air at 100 �C for
60 min was 1.43 � 104 S 3m

-1. Elemental analysis shows
an increase in the C/O atomic ratio of air-dried EPD-gO film
(6.2:1) compared to G-O paper obtained by the filtration
method (1.2:1, this value includes the contribution of trapped
interlamellar water).20 In addition, the C/O atomic ratio of
EPD-gO film after annealing at 100 �Cwas 9.3:1. On the basis

Figure 1. (a) Schematic diagramof the EPD process and (b) cross-
sectional SEM image of EPD-gO film.

Figure 2. Raman spectra of G-O paper by filtration (black) and
EPD-gO film (red).
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of the comparison of the C/O atomic ratio of the G-O filmwith
chemically reduced G-O by hydrazine (`CReGO'; 10.3:1),29

the EPD-gO film obtainedhere seems to have a higherO atom
concentration than the CReGO, butmuch less than G-O paper
obtained by the simple filtration method. This indicates that
deoxygenation is occurring during the EPD process;but at
the anode. This seems counterintuitive because oxidation
occurs at the anode in an electrolysis cell. The possible
electrochemical reactions could be

RCOO-
f RCOO 3 þ e- ðoxidation of carboxylateÞ ð1Þ

RCOO 3 f R 3 þ 3CO2 ð“oxidative decarboxylation”Þ ð2Þ

2R 3 f R-R ðdimerization of radicalsÞ ð3Þ

The GO produced by the Hummers method has oxygen-
based functional groups such as hydroxyl and epoxide on the
basal planes, and carboxylate and carbonyl functional groups
at the edges.4 Therefore, the oxygen functional groups (some
fraction of them) on exfoliated GO, i.e., G-O platelets, pre-
sumably can be removed by and during the EPD process. The
reaction scheme above is similar to the Kolbe reaction.37 The
GO platelets are negatively charged, due to the abundant
deprotonated carboxylate groups, and are thus electrophor-
etically drawn to the positive electrode. No electrochemical
reactions occur (Kolbe, or otherwise), until electronic con-
tact to the anode is made. Once electronic contact to the
anode is made, electrons can move away from the platelets,
causing oxidation of many of the carboxylate groups on the
peripheryof theplatelets. All of the unpaired electrons formed
by the Kolbe-like loss of CO2 are then free to migrate through
the G-O framework, to find other unpaired electrons and form
covalent bonds. The reaction of radicals to form two-electron
bonds occurs mostly within the graphene platelets. However,
formation of bonds between platelets that are close enough
and favorably oriented could also happen. A few such bonds,
however, would probably not be significant since they would
be unlikely to lead to large-scale conjugation of the two plate-
lets of aromatic carbons. This Kolbe-like decarboxylation may
explain the loss of carboxylates, but it does not address
the loss of epoxide oxygen atoms. We do not know whether
they are lost in the form of O2, H2O, H2O2, CO, CO2, or some
organic molecule(s). Sampling any evolved gases with a
mass spectrometer might identify any volatile fragments.
An ion selective electrode could monitor evolved carbonate.
Electrochemical measurements (e.g., coulometry and voltam-
metry) along with elemental analysis of the deposited films
might also shed light on the mass balance of the reactions
involved.

X-ray photoelectron spectroscopy (XPS) was used to eval-
uate the surface layers of the EPD-gO films. As shown in
Figure 3, the C1s spectrumof G-O paper obtained by filtration
shows two dominant peaks centered at 284.6 and 286.7 eV
with a weak peak at 288.7 eV. As for the origins of the C1s
peaks, the peak at 284.6 eV is associated with the binding
energy of sp2 C-C bonds. The peak at 286.7 eV corresponds
toC-Obonds in the epoxy/ethergroups.29,38Additionally, the
peak around 288.7 eV is assigned as CdO bonds in ketone/
carboxylic groups.31 In comparison to the C1s spectrum of

the G-O paper obtained by the filtration method, that of the
EPD-gO film showed suppression of the epoxy/ether groups
(286.7 eV) peak while a small peak at 288.7 eV remains.
However, after annealing at 100 �C in air, the oxygen-contain-
ing functional group peaks almost disappear, and the peak
shape becomes similar to that of CReGO that was obtained by
reduction of G-O with hydrazine.29

Also, thermal gravimetric analysis (TGA) of EPD-gO film
showed a weight loss of ∼8 wt % around 100 �C,12,20 likely
due to evaporation of watermolecules that were contained in
the material (see Supporting Information). Such removal of
water by heating at 100 �C is supported by the aforemen-
tioned XRD. It is known from other work that significant
deoxidation of GO and also of G-O does not occur until
temperatures of roughly 200 �C. Of course, the processes
are a kinetic one, so the exposure time matters, and “reduc-
tion” by evolution of carbon monoxide/carbon dioxide can
occur at lower temperatures given sufficient time, but the
“lower temperature” is around 150 �C or so unless the time is
very long. It, thus, is fair to say that the platelets in the
EPD-gO film have a C:O ratio of about 9:1, with the balance
of additional oxygen from the elemental analysis value of 6:1
(i.e., prior to heating at 100 �C), arising from interlamellar
water that is by and large removed by heating at 100 �C. There-
fore, heat treatment at 100 �C partially removes the oxygen
functional groups on the G-O platelets and fully removes the
water from the paper-like G-Omaterial. Furthermore, the Four-
ier transform infrared spectroscopy (FT-IR) spectrum of the
deposited EPD-gO film shows a significant decrease in the
intensity of the peaks related to oxygen functional groups
(Figure 4). This shows, along with the chemical analysis by
XPS and elemental analysis by the combustionmethod and the
relatively small interlayer spacingbyXRD, that theEPD-gO film
was significantly reduced during the EPD process.

In summary, we have demonstrated the successful deposi-
tion of films composed of overlapped and stacked platelets
of reduced G-O by an EPD process. The oxygen functional
groups of G-Owere significantly removed by the EPD process
and the as-depositedEPD-gO film showed improvedelectrical

Figure 3. XPS spectra of G-O paper by filtration (black), EPD-gO
film (red), EPD-gO film after annealing at 100 �C (blue), andCReGO
(green).
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conductivity over G-O papers made by the filtration method.
Also, there is essentially no adhesion after the as-deposited
film dries. Thus, this method for reducing G-O without harsh
and toxic chemicals, and at room temperature, has the
potential for rapid, high-yield, large-area, low-cost, and environ-
mentally friendly production of films composed of paper-like
samples that are easily removed from the anode. This approach
should find utility in a variety of applications including facile
coating of complex surfaces and shapes.

SUPPORTING INFORMATION AVAILABLE Experimental
details and supporting figures. This material is available free of
charge via the Internet at http://pubs.acs.org.
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