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Since the discovery of carbon nanotubes by Iijima in 1991,[1]

nanostructured carbon materials[2] have attracted tremendous
attention for their possible applications in electron field
emitters, catalytic supports, nanocomposites, quantum elec-
tronic devices, and electrode materials.[3] Herein we report on
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the synthesis of carbon nanocoils composed of nanometer-
thick graphitic fibers by the catalytic graphitization of a
resorcinol–formaldehyde gel. The carbon nanocoils were
successfully applied as electrode materials for direct meth-
anol fuel cells. Many forms of nanostructured carbon
materials including carbon nanotubes, graphitic carbon nano-
fibers (GCNFs), and carbon onions were produced using
various gas-phase reactions.[4] Arc discharge, laser evapora-
tion, and thermal chemical vapor deposition are the typical
techniques used to produce the materials.[5] However, these
synthetic methods have limitations in terms of large-scale and
economical production because of their harsh synthetic con-
ditions and low production yields. Although several groups
have reported the solid-phase synthesis of nanostructured
carbon materials,[6] the synthetic processes used cannot be
applied for economical and large-scale production because of
the long reaction time or a complicated synthetic procedure.

Carbon is a critical material in low-temperature fuel
cells,[7] such as polymer–electrolyte membrane fuel cells. No
other material has the essential combination of electronic
conductivity, corrosion resistance, surface properties, and the
low cost required for the commercialization of fuel cells.[7] In
recent years, direct methanol fuel cells (DMFCs) have been
intensely studied because of their numerous advantages,
which include high energy density, the ease of handling a
liquid, low operating temperatures, and their possible appli-
cations to micro fuel cells.[8] The performance and long-term
stability of low-temperature fuel cells, such as DMFCs, which
even operate at room temperature, are known to be strongly
dependent on carbon supports as well as catalytically active
species.[3e,9] Accordingly, for the best DMFC performance, it
is essential to develop a good carbon material for the catalyst
support.

We synthesized carbon nanocoils by simply heat-treating
composites composed of a carbon precursor, silica, and a
transition-metal salt. Resorcinol–formaldehyde (RF) gel was
chosen as carbon precursor. A mixture of cobalt and nickel
salts was used as the catalyst precursor in the synthesis. A
silica sol was added to the reaction mixture to obtain carbon
materials with a high specific surface area, and to achieve a
good dispersion of the transition-metal nanoparticles, which
catalyze the formation of the graphitic carbon nanostructure.
We and other research groups have synthesized many differ-
ent nanoporous carbon materials with amorphous frame-
works using nanostructured silica materials as templates.[10] In
a typical synthesis, an aqueous reaction mixture, with an H2O/
cobalt salt/nickel salt/resorcinol/formaldehyde/silica molar
ratio of 100:0.4:0.4:1:2:0.6, was prepared by mixing the
constituent materials in 100 mL of deionized water. The
resulting reaction mixture was cured at 85 8C for 3 h in a
closed glass vial. For the carbonization, the composite was
heated under a nitrogen atmosphere at 900 8C for 3 h. The
resulting composite was then stirred in 3m NaOH solution for
3 h to remove silica particles, and was refluxed in 2.5m HNO3

solution for 1 h to remove metal particles, which resulted in
the formation of carbon nanocoils (CNCs). Inductively
coupled plasma (ICP) analysis revealed that the transition
metals were successfully removed by the acid treatment. The
current synthetic procedure employs the direct catalytic

graphitization of a carbon precursor (RF gel) without the
prior synthesis of metal particles, which has been often
required in the conventional synthesis of nanostructured
carbons.

The XRD pattern of the CNCs (Figure 1) shows that these
carbon materials are highly graphitized with a (002) plane
d spacing of 3.43 @ and clearly observed (100) and (004)

peaks. The crystallite size of individual nanocoils measured
perpendicular to the basal plane (Lc) using the Debye–
Scherrer formula[7] was calculated to be 5.5 nm. Raman
spectroscopic data (see Figure S1 in the Supporting Informa-
tion) showed a characteristic G-band peak at 1576 cm�1 and a
D-band peak at 1345 cm�1. These XRD and Raman spectros-
copic results reveal that the carbon nanocoil possesses a
graphitic character that is comparable to multiwall carbon
nanotubes. The carbon nanocoils exhibited a high surface
area of 318 m2g�1. The SEM image reveals that the carbon
materials consisted of particles of approximately 100 nm
diameter (Figure 2a). The TEM image (Figure 2b) shows that
each individual particle is composed of 5–10 nm thick coils,
which corresponds well with the Lc value of 5.5 nm calculated
from the XRD data. The HRTEM image (Figure 2c) of a
single nanocoil exhibits well-aligned graphitic layers, which
confirm the XRD and Raman spectroscopic results. When the
quantity of metal salts used was decreased to 60 wt.% of the
amount used for CNC synthesis, a carbon material with an
increased surface area of 451 m2g�1 and a less graphitic
structure (as characterized by XRD and Raman spectros-
copy) was obtained.

It is well known that it is extremely difficult to synthesize
carbon materials with both high surface area and good
crystallinity. Consequently, in terms of the design and
application for a support in fuel cells, CNCs, which possess
high surface area, well-defined porosity, and good crystal-
linity, are considered to be a very attractive choice. The
electrochemical properties of the carbon nanocoils were
compared with those of Vulcan XC-72 carbon, which is the
most widely used support material for direct methanol fuel
cell electrodes. Vulcan XC-72 carbon is amorphous and

Figure 1. X-ray diffraction (XRD) pattern of carbon nanocoils (CNCs).
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possesses a specific surface area of 212 m2g�1. The electro-
chemical stability and capacitance of CNC and Vulcan XC-72
carbons are compared (Figure S2 in the Supporting Informa-
tion). The catalyst supported on CNC shows excellent
electrochemical stability over the potential range of the
methanol oxidation process. In addition, it also shows a
capacitance over ten times higher than that of Vulcan XC-72
(33.4 versus 2.8 Fg�1; see the cyclovoltammogram in Fig-
ure S2 of the Supporting Information). The TEM image of the
supported catalysts (Figure S3 in the Supporting Information)
shows the highly dispersed Pt/Ru (1:1) alloy catalyst
(60 wt%) on CNC with an average particle size of 2.3 nm,
which is in good agreement with the value calculated using
Vegard's law and the Debye–Scherrer equation from the
XRD pattern (Figure S4 in the Supporting Information). A
high catalyst loading of 60 wt% was applied, because the high
loading of Pt-based alloy catalysts (especially Pt/Ru) is
essential for the anode in DMFCs. The XRD and TEM
results showed that the average particle size of Pt/Ru (1:1)
alloy nanoparticles supported on Vulcan XC-72, CNCs, and
the commercial E-TEK catalyst is similar (� 2.3 nm). Further,
the active surface area of the supported catalysts was
measured using CO chemisorption (Pt-CO) and hydrogen
adsorption/desorption (Pt-H) methods. The active surface
area is highest for the CNC-supported catalyst and lowest for
commercial E-TEK, which means that the catalyst is better
dispersed on CNC, compared to other supports (see Table S1
in the Supporting Information). The uniform distribution of
the catalyst, along with a small particle size, which are key
factors for the stable and efficient operation of a DMFC,
seems to result from the good characteristics of CNCs, such as
high crystallinity and larger surface area.[11] In order to
evaluate the electrocatalytic activity of carbon-supported
catalysts, the methanol oxidative current of the catalysts was
measured using a fundamental electrochemical system. As
shown in Figure 3, the CNC-supported catalyst exhibited a
substantially higher specific oxidation current of 80 Ag�1 at

Figure 3. Specific methanol electrooxidation current (S.C.) with respect
to applied potentials (versus NHE) of a Pt/Ru (1:1) alloy catalyst
(60 wt%) supported on carbon nanocoils (CNC), Vulcan XC-72, and a
commercial supported catalyst at 25 8C.

Figure 2. Electron microscope images of carbon nanocoils: a) Field
emission scanning electron microscope (FE-SEM) image; b) trans-
mission electron microscope (TEM) image, and c) high-resolution
transmission electron microscope (HRTEM) image.
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0.4 V (versus a normal hydrogen electrode (NHE)) near the
kinetically controlled potential in the methanol reaction,
compared to 20 Ag�1 for the Vulcan XC-72 supported
catalyst and 14 Ag�1 for the E-TEK supported catalyst; the
reported methanol oxidation current of Vulcan XC-72 sup-
ported Pt/Ru catalysts was also � 20 Ag�1 at the same
potential.[12] The remarkably higher oxidation current of the
CNC-supported catalyst is directly related to the high surface
area and the superior dispersion of the catalyst on CNC. It is
also evident that the high electrical conductivity of graphitic
CNC, compared with the amorphous Vulcan XC-72, can
deliver a significantly higher methanol oxidation current.
When the catalytic activity at the same active site of the
catalyst is considered, the CNC-supported catalyst is still
superior to other catalysts for methanol oxidation. For
example, at 0.4 V, the CNC-supported catalyst shows a
higher methanol oxidation current density of 46 mAcm�2,
compared to 14 and 12 mAcm�2 for Vulcan XC-72 and the
commercial E-TEK catalyst, respectively. This implies that
the enhanced methanol oxidation of the CNC-supported
catalyst results not only from the higher active surface area
but also from the superior characteristics of the support itself.
In addition, the methanol oxidation current of the CNC-
supported Pt/Ru catalyst shows a considerably lower onset
potential and higher oxidative current than the Vulcan XC-72
supported catalyst. Theoretically, methanol oxidation may
proceed at 0.04 V (versus NHE) according to the equation
CH3OH + H2O!CO2 + 6H+ + 6e� . Therefore, the lower
onset potential demonstrates clear evidence of its superior
electrocatalytic activity for methanol electrooxidation.[13] It is
believed that both supported Pt/Ru catalysts should start to
oxidize methanol at the same potential. However, as indi-
cated in Figure 3, the on-set potentials for CNC- and Vulcan
XC-72 supported catalysts are 0.20 and 0.26 V versus NHE,
respectively.

The final requirement for carbon-supported catalysts is
their successful application to the electrodes in actual DMFC
systems consisting of polymer membranes and electrodes. It is
well known that at low temperature, the catalysts (including
the supports) have a dominating effect on the performance of
fuel cells, and comparisons of DMFC performance at
relatively low temperatures are the most practical and
powerful ways of evaluating the activity of catalysts.
Figure 4 shows the polarization curves of a direct methanol
fuel cell at 30 and 60 8C using carbon-supported catalysts as
the anode. At 0.6 V (Figure 4a), an activation polarization
regime dominates the activity of the catalyst; the current
density (20 mAcm�2) of the CNC-supported catalyst is four
and twenty times higher than those of Vulcan XC-72 sup-
ported catalyst (5 mAcm�2) and the commercial carbon-
supported Pt/Ru catalyst (1 mAcm�2), respectively. In addi-
tion, the CNC-supported catalyst produces a higher max-
imum power density at 30 8C, which is 170 and 230% higher
than that of the Vulcan XC-72 supported catalyst and the
commercial catalyst, respectively. At 60 8C (Figure 4b), the
maximum power density of the CNC-supported catalyst is 146
and 180% higher than the Vulcan XC-72 supported catalyst
and the commercial catalyst, respectively. Such an improved
activity indicates that the use of CNCs can lead to a

substantial reduction of catalyst quantities in the fuel cell.
The excellent performance of CNCs is due mainly to the
superior electrocatalytic activity for methanol oxidation of
the supported catalyst. In addition, the low electrical resist-
ance for current collection and the unique pore characteristics
of the support, which favor the diffusion of methanol fuel and
the removal of the by-product CO2 gas, are responsible for the
improved fuel cell performance. Detailed studies on the
origins of the excellent performance of the CNC-supported
catalysts will be reported in the future. From combining the
results of the electrochemical cell and the practical unit cell,
we conclude that carbon nanocoils (CNCs) are an excellent
support for the electrodes of direct methanol fuel cells.
Further, in the performance of fuel cells, the durability of the
electrode is significant for long-term applications. The CNC
maintained stable catalytic activity by measuring power
density versus time for up to 100 hr in a DMFC unit cell.
Accordingly, it is believed that CNC is a highly promising
electrode for long-term fuel cells. However, since the issue of
durability and stability of the fuel cell electrode is very
important, a more profound study of these characteristics is
underway.

Figure 4. Polarization curves for a direct methanol fuel cell using a Pt/
Ru (1:1) alloy catalyst (60 wt%) supported on carbon nanocoils (CNC;

*), Vulcan XC-72 (&), and a commercial supported catalyst (~):
a) 30 8C; b) 60 8C. C.V., C.D., and P.D. stand for cell voltage, current
density, and power density, respectively.
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Experimental Section
Carbon-supported catalysts were synthesized at room temperature by
a conventional reduction method using H2PtCl6·6H2O, RuCl3·xH2O,
(both Aldrich) and NaBH4 as the reductant.[14]

Electrochemical measurements were conducted using a three-
electrode cell at 25 8C. Pt gauze and Ag/AgCl (in saturated KCl) were
used as the counter and reference electrodes, respectively. The carbon
working electrode (6 mm in diameter) was polished with 1, 0.3, and
0.05 mm Al2O3 paste and washed ultrasonically in Millipore water
(18 MWcm). The commercial carbon-supported Pt/Ru (60 wt%)
catalyst was purchased from E-Tek Inc. The catalyst ink consisting
of catalyst, Nafion ionomer (in water), and 2-propanol was dropped
onto the working electrode, and dried at 70 8C in a vacuum oven.
Solutions of 0.5m H2SO4 and 2.0m CH3OH in 0.5m H2SO4 were
stirred constantly and purged with nitrogen gas. All chemicals used
were of analytical grade. Electrochemical experiments were per-
formed using an AUTOLAB by Eco Chemie. In order to compare the
catalytic activity of the supported catalysts for methanol oxidation,
voltammetry was performed in the potential range 0–0.7 V versus
NHE.

For a membrane electrode assembly (MEA) of DMFC, an anode
(supported catalysts) prepared from Pt/Ru (2 mg per cm2) and a
cathode prepared from Pt black (5 mg per cm2; JohnsonMatthey Co.)
was formed on teflon-coated carbon paper (TGPH-090) substrates
using catalyst inks containing the appropriate weight percentage of
Nafion ionomer solution (Aldrich). The MEA for unit cell tests was
fabricated by pressing as-prepared cathode and anode layers onto
both sides of a pretreated Nafion 117 electrolyte membrane at 110 8C
and 800 psi for 3 min. Cell performance was evaluated in a DMFC
unit cell with a 2 cm2 cross-sectional area, and measured with a
potentiometer (WMPG-3000), which recorded the cell under a
constant current. Both fuel and oxidant flow paths were machined
into graphite block end-plates, which also served as current collectors.
A 2m methanol solution with a flow rate of 1 cm�3min�1 was supplied
by a Masterflex liquid micropump, and a dry O2 flow was regulated at
500 cm�3min�1 using a flowmeter.
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