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a b s t r a c t

The arc-soot (AS) nano-carbon was synthesized by using arc discharge apparatuses which were the con-
ventional arc apparatus and the new twin-torch-arc apparatus. AS synthesized with the conventional arc
apparatus contained cocoon-like carbon nano-horn (CNH), dahlia-like CNH, and graphite ball. On the other
hand, AS which was synthesized using the new twin-torch-arc apparatus contained mainly cocoon-like
CNH and dahlia-like CNH, and contained a little graphite ball. The quality of dispersion was characterized
and evaluated by the index of dispersion which was based on a diameter and a number density of catalyst
particles. The electrocatalystic activity of the Pt/Ru catalysts was evaluated by the methanol-impregnated
ew twin-torch-arc apparatus
rc-soot nano-carbon
lectrocatalystic activity
ndex of dispersion

paper burning method. If the index of dispersion of the AS was high, then the AS burned violently. In the
dispersion process, the optimum dispersion temperature obtained was 150 ◦C. Some MEAs of DMFC cell
consisted of each Pt/Ru–AS catalyst which had different characteristics. It was observed that the power
density increased with the index of dispersion. It was suggested that the power density of DMFC increased
by 500% with a 350% increase in the index of dispersion. Pt/Ru–AS catalyst used AS, which was synthe-
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. Introduction

Direct methanol fuel cells (DMFCs) are very promising power
ources for portable applications and high efficiency due to simple
andling and processing of fuel. Various DMFCs have been devel-
ped and improved [1–3]. However, their sufficient performance
as not yet been obtained. Typically, DMFC electrocatalysts are
ased on precious metals, and their high cost still remains one
f the drawbacks to the widespread use of these energy conver-

ion systems. Carbon-supported Pt/Ru is the catalyst of choice for
he DMFC anode, and much research is focused on the develop-

ent of high catalytic activity electrodes for methanol oxidation
y pursuing new synthetic routes as well as by developing new
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-arc apparatus, was better than Pt/Ru–AS catalysts using AS which were
nal arc apparatus to apply for the catalyst of DMFC.

© 2008 Elsevier B.V. All rights reserved.

atalyst supports [4–10]. Electrocatalysts for fuel cell electrodes
re mostly composed of Pt-based metal nano-particles, which are
sually dispersed on porous carbon supports. For the fuel cell appli-
ations, carbon supports should have several characteristics, which
nclude high surface area for finely dispersing catalytic metal parti-
les, high electrical conductivity for providing electrical pathways,
esoporosity for facile diffusion of reactants and by-products, and
ater handling capability for removing water generated at the

athode. Various nano-carbons, including carbon nanofiber [11,12],
arbon nanotube [13,14], macroporous carbon [15,16], graphitic car-
on nanocoil [17,18], and ordered mesoporous carbon [19–23], have
een utilized as catalyst supports for fuel cells. The electrocata-

ysts employing such nano-carbon supports exhibited promising
atalytic activities for methanol oxidation and oxygen reduction

eactions, which were attributed to the unique structural charac-
eristics inherent in the nano-carbons, including high conductive
ramework structure by graphitization, periodic pore structure in

esoporous or macroporous regime, and high specific surface
rea.

http://www.sciencedirect.com/science/journal/13858947
mailto:oke@eee.tut.ac.jp
dx.doi.org/10.1016/j.cej.2008.04.010
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Carbon nano-horn (CNH), which is a kind of the nano-carbon,
ttracts attention as an electrode material of DMFC [24]. It was
ound able to be synthesized as an arc-soot (AS) nano-carbon by
he arc discharge method under specific condition [25,26]. Charac-
eristics of AS such as the shape, the diameter, the structure, and
he composition had been observed using TEM and Raman spec-
roscopy [27]. In addition, it was indicated that the non-dahlia-like
S supported the finer Pt/Ru particles with high dispersion [28].
he dahlia-like AS, however, has low electrical conductivity and
his adversely affects cell performance. Hence, we used the device
hat can continuously synthesize AS to synthesize a structured
S.

In the present paper, AS was synthesized by using arc discharge
pparatuses, Pt/Ru was supported on AS under various conditions,
nd the catalysts were prepared and evaluated.

. Experimental

The AS was prepared by arc discharge plasma with graphite rod
lectrode in nitrogen (N2) ambient. The experimental apparatuses
or arc discharge are depicted in Fig. 1. Fig. 1(a) is a conven-
ional arc apparatus which has opposite electrodes in a closed
amber. The chamber contains a pair of graphite rods surrounded
y a water-cooled inner jacket. A dc arc discharge was generated
etween the electrodes. Materials evaporated from the graphite
node were deposited on the cathode as well as on the jacket
nd chamber walls. Synthesis conditions were as follows. Ambi-
nt N2 gas pressure, 80 kPa or 100 kPa; cathode diameter, 10.5 mm;
node diameter, 6.4 mm; anode current density, 6.2 A/mm2; elec-
rode gap, less than 1 mm; discharge time, 1–1.5 min; arc voltage,
0 V. Fig. 1(b) is a new twin-torch-arc apparatus with two arc torch
lectrodes located with an angle of 80◦ in order to prevent materials
rom depositing on the cathode. An ac arc discharge was gener-
ted between the electrodes. Both electrodes of the arc torches
ere continuously supplied, for long-term operation. In the appa-

atus, a constant amount of gas flows in from the torches and is
vacuated by the pump. Pressure in the chamber was constantly
ontrolled by a conductance valve, balancing the gas supply and
xhaust. Synthesized materials were deposited on chamber walls,
cold trap chilled by liquid nitrogen, and a paper filter. Synthe-

is conditions were as follows: ambient N2 gas pressure, 80 kPa;
athode diameter, 10 mm; anode diameter, 6 mm; anode current
ensity, 7.1 A/mm2; electrode gap, less than 1 mm; discharge time,
–1.5 min; arc voltage, 20 V; gas flow rate, 20 L/min.

AS was modified to add a functional group as hydroxy group
OH) and carboxy group ( COOH) in 15 wt% H2O2 solution at

20 ◦C for 2 h, and was filtered and washed with de-ionized water
nd then dried at 250 ◦C for 2 h. Metallic catalyst particles were
upported on AS by the colloidic process [29]. The modified AS
as activated to disperse catalyst at 250 ◦C for 2 h in air. 300 mg
f the activated AS was homogenized with 40 ml ethylene glycol
EG) solution that pH of the solution was adjusted to above 13 by
OH at 80 ◦C for 30 min. Ru·EG solution and Pt·EG solution were
issolved into AS·EG·nOH over a period of 30 min. Ru·EG solution
as made by dissolving 280 mg of the RuCl3·nH2O in EG, and the

t·EG solution by dissolving 580 mg of the Na2PtCl6·6H2O in EG.
he solution was heated at a dispersion temperature, which was a
arameter of the performance of dispersion in our research for 2 h.
flow of argon was passed through the reaction system to eliminate
xygen and to remove organic by-products. After filtration, wash-
ng by de-ionized water, and vacuum drying at 120 ◦C for 2 h, Pt/Ru
as dispersed onto AS. We also prepared other catalyst using ket-

en black (KB) for comparing the performances of DMFC electrode
ith our Pt/Ru–AS catalyst.

P
a
b
t
b

ig. 1. Experimental apparatus for arc discharge. (a) Conventional arc apparatus and
b) new twin-torch-arc apparatus.

The synthesized AS was observed using a transmission electron
icroscope (TEM; JOEL, JEM-2010), and characterized by Raman

pectroscopy (JASCO, NRS-1000). An average diameter and a num-
er density of Pt and Ru particles which supported on AS were
bserved using the TEM. Activity of Pt/Ru–AS catalyst was eval-
ated by observation of the burning in air immediately after
eing dropped on the methanol-impregnated paper (methanol-

mpregnated paper burning method). In this method, Pt/Ru–AS
atalyst was placed on a paper impregnated with methanol (98%),
nd the paper was observed to burn. If activity of the catalyst is
igh, then the paper is burned violently.

Some MEAs of DMFC cell consisted of each Pt/Ru–AS cata-
yst which had different characteristics. In the single cell, 20 wt%
t/Ru–AS catalyst and 20 wt% Pt–AS catalyst were used as the

nodic and the cathodic catalysts, respectively. Nafion 115 mem-
rane was used as the proton exchange membrane. The slurries of
he anodic and cathodic catalysts were spread onto untreated car-
on papers (SGL carbon, GDL31AA). Before hot pressing, a 5 wt%
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dispersion temperatures from 120 ◦C to 180 ◦C were observed from
several visual fields. If the dispersion temperatures were 120 ◦C,
150 ◦C, and 180 ◦C, then the average diameters of the Pt and Ru
particles were 3.2 nm, 2.0 nm, and 2.7 nm, respectively, and the
ig. 2. AS synthesized using (a) conventional arc apparatus and (b) new twin-torch-
rc apparatus.

afion solution was sprayed onto the catalyst side of the electrode.
he MEA was prepared by pressing the anodic and cathodic elec-
rodes onto two sides of a Nafion 115 membrane. The apparent
urface area of the electrode was 16 cm2. Finally, the single cell was
nstalled. The performance of the single cell was measured with an
C impedance meter (KIKUSUI, KFM2030).

. Results and discussion

AS synthesized using the conventional arc apparatus (N2 gas
ressure, 80 kPa) is shown in Fig. 2(a). Cocoon-like CNH, dahlia-

ike CNH, and graphite ball were contained in the AS. The AS
ynthesized using the new twin-torch-arc apparatus is shown in
ig. 2(b). The cocoon-like CNH and dahlia-like CNH were contained,
ot the graphite ball. Therefore, the new twin-torch-arc appara-

us can selectively synthesize the shape of AS. Fig. 3 shows the
aman spectrum obtained from each AS synthesized using the
onventional arc apparatus (N2 gas pressure, 80 kPa) and new twin-
orch-arc apparatus. In each AS, much more amorphous carbon was

F
t

ig. 3. Raman spectrum obtained from each AS synthesized using conventional arc
pparatus (N2 gas pressure, 80 kPa) and new twin-torch-arc apparatus.

ontained than graphite, since the D-peak was stronger than the
-peak.

Fig. 4 is the TEM image of the Pt and Ru particles on the AS
nd KB where the dispersion temperature was 150 ◦C. The AS was
ynthesized using the conventional arc apparatus (N2 gas pressure,
0 kPa). Fig. 4(a) shows that the Pt and Ru particles in the Pt/Ru–AS
atalyst are highly dispersed. The average diameter of Pt and Ru par-
icles and the number density of Pt and Ru on AS synthesized using
he conventional arc apparatus (N2 gas pressure, 80 kPa) at several
ig. 4. TEM image of (a) Pt/Ru–AS catalyst and (b) Pt/Ru–KB catalyst when dispersion
emperature was 150 ◦C.
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Fig. 5. Dependence of index of dispersion on dispersion temperature.

umber densities of the Pt and Ru particles were 0.48 pcs/100 nm2,
.6 pcs/100 nm2, and 2.7 pcs/100 nm2, respectively. The TEM image
f Pt and Ru particles in the Pt/Ru–KB catalyst is shown in Fig. 4(b).
he average diameter and the number density of the Pt and Ru
articles were 2.1 nm and 3.1 pcs/100 nm2, respectively.

High dispersion is required in which many small metallic par-
icles are widely dispersed so that the Pt/Ru–AS catalyst may
xhibit high activity. In the present study, the index of dispersion
(pcs/(100 nm2 nm)), which is presented to evaluate the catalyst

ctivity, is calculated as follows:

= n

d
(1)

here d is the average diameter of Pt and Ru particles (nm)
nd n is the number density of Pt and Ru particles on AS
pcs/100 nm2). Fig. 5 shows the dependence of the index of disper-
ion on the dispersion temperature. The largest index of dispersion
3.8 pcs/(100 nm2 nm)) was obtained when the dispersion tem-
erature was 150 ◦C. It is suggested that the optimum dispersion
emperature of the Pt/Ru–AS catalyst is 150 ◦C. The result of
he activity evaluation of Pt/Ru–AS catalyst by the methanol-
mpregnated paper burning method is shown in Table 1. The table
hows that if the index of dispersion was high, then the paper

as burned violently. In case of Pt/Ru–KB catalyst, the index of
ispersion was 1.48, thus the paper was burned. Therefore, the
ctivity of Pt/Ru–AS catalyst can be evaluated using the methanol-
mpregnated paper burning method.

able 1
haracteristics of catalyst particle dispersion of Pt/Ru–AS

ispersion
emperature (◦C)

Index of dispersion
(pcs/(100 nm2 nm))

Methanol-impregnated
paper burning method

120 0.15 Not burned
140 1.11 Burned
150 3.80 Burned violently
160 1.54 Burned
180 1.41 Not burned

able 2
ynthesis and dispersion conditions of Pt/Ru–AS catalyst and KB used to make MEA

ample Synthesis apparatus Ambient pressure (kPa) Containing particles

Conventional 100 CHN and graphite ball
Conventional 80 CNH and graphite ball
Conventional 80 CNH
Conventional 80 Graphite ball
Twin-torch-arc 80 CNH and graphite ball
– – KB

a
c

F
w

ig. 6. Polarization curves and single-cell performances for various MEAs equipped
ith (a) Pt/Ru–AS catalyst and (b) Pt/Ru–KB catalyst.

Some MEAs of DMFC cell consisted of the Pt/Ru–AS catalyst
hich had different characteristics. AS and KB which used to consist

f MEA are shown in Table 2. They had been synthesized using dif-
erent apparatuses and ambient N2 pressures, supported metallic
atalyst particles at 150 ◦C. To observe the difference in the charac-
eristics of each kind of nano-carbons, AS which was synthesized
sing the conventional arc apparatus was classified into two kinds
f nano-carbon, CNH and graphite ball.

The polarization curves and performance of MEAs equipped
ith the Pt/Ru–AS catalyst and the Pt/Ru–KB catalyst are shown

n Fig. 6. The open circuit voltages of MEA using Pt/Ru–AS catalyst
0.7 V) are higher than that of MEA using Pt/Ru–KB catalyst (0.47 V).
he reason is that Pt/Ru–AS has higher catalytic activity compared
ith Pt/Ru–KB. The maximum power density values obtained are

.6 mW/cm2 and 0.47 mW/cm2, respectively. It can be seen that the
ood performance is exhibited by the Pt/Ru–AS in the catalyst layer.

Fig. 7 shows the relationship between the power density and
he index of dispersion of the single DMFC with the Pt/Ru–AS cat-
lyst. It was observed that the power density of DMFC increased
y 500% with a 350% increase in the index of dispersion. Sample e
sing AS was synthesized with the new twin-torch-arc apparatus,

nd was better than samples a–d using AS synthesized using the
onventional arc apparatus for the catalyst of DMFC.

ig. 7. Relationship between power density and index of dispersion of single DMFC
ith Pt/Ru–AS catalyst.
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. Conclusions

AS containing CNH and graphite ball was synthesized using
rc discharge apparatuses. AS, which was synthesized using the
onventional arc apparatus, contained cocoon-like CNH, dahlia-
ike CNH, and graphite ball. AS, which was synthesized using the
ew twin-torch-arc apparatus, contained mainly cocoon-like CNH,
ahlia-like CNH, and a little graphite ball. Pt and Ru catalysts were
upported on each AS. The index of dispersion and the methanol-
mpregnated paper burning method were proposed to evaluate the
ctivity of the Pt/Ru–AS catalyst. If the index of dispersion of the
S was high, then the AS was burned violently. In the dispersion
rocess, the optimum dispersion temperature obtained was 150 ◦C.
ome MEAs of DMFC cell consisted of each Pt/Ru–AS catalyst which
ad different characteristics. It was observed that the power den-
ity increased with the index of dispersion. It was suggested that the
ower density of DMFC increased by 500% with a 350% increase in
he index of dispersion. Pt/Ru–AS catalyst used AS, which was syn-
hesized using the new twin-torch-arc apparatus, was better than
t/Ru–AS catalysts used AS synthesized using the conventional arc
pparatus and Pt/Ru–KB catalyst for the DMFC.
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