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bstract

The support effect of carbon nanotubes (CNTs) for direct methanol fuel cell (DMFC) was studied using CNTs with and without defect preparation,
arbon black, and fishbone-type CNTs. The Pt–Ru/defect-free CNTs afforded the highest catalytic activity of methanol oxidation reaction (MOR)
n rotating disk electrode experiments and the highest performance as the anode catalysts in DMFC single cell tests with the one-half platinum

oading compared to Pt–Ru/VulcanXC-72R. CO stripping voltammograms with Pt–Ru/defect-free CNTs also revealed the lowest CO oxidation
otential among other Pt–Ru catalysts using different carbon support. It is thus considered that the carbon substrates significantly affect the CO
xidation activity of anode electrocatalysts in DMFC. This is ascribed to the geometrical effect that the flat interface between CNTs and metal
atalysts has a unique feature, at which the electron transfer occurs, and this interface would modify the catalytic properties of Pt–Ru particles.

2008 Elsevier B.V. All rights reserved.
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. Introduction

Direct methanol fuel cell (DMFC) is one of the most promis-
ng devices for the nearest future energy sources. One of the

ajor problems, however, is the poisoning of the anode catalyst
y carbon monoxide and hence the slow kinetics of the anode
ethanol oxidation reaction (MOR). Binary Pt–Ru/carbon cat-

lysts are extensively studied as a promising CO-tolerant anode
atalyst in DMFC [1–3]. Specific activity of catalysts is strongly
ependent on the catalysts size, size distribution, and the sup-
ort materials. Carbon black (CB) has been widely used as an
lectrocatalysts support because of good electronic conductivity,
igh surface area, and low cost. Recently, many nanostruc-
ured carbon materials with graphitic structure, such as carbon
anotubes (CNTs) and carbon nanofibers (CNFs) have been
tudied. Particularly, CNTs are of interest due to their unique
lectro and micro- and macro- structural characteristics [4–8].

i et al. have reported that Pt–Ru supported on double-walled
anotubes (DWNTs) shows the highest specific activity for
OR and can reduce the Pt–Ru electrode loading to 83% when
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ompared to Pt–Ru/VulcanXC-72R [9]. Kim et al. also have
eported that a DMFC single cell with a cup-stacked CNT
upported Pt–Ru anode catalysts showed nearly two times the
aximum power density at 90 ◦C of a DMFC compared with
CB (VulcanXC-72R) supported Pt–Ru anode catalysts [10].

t is clearly suggested that CNTs are expected to be a good
andidate as the support of DMFC electrocatalysts. In spite
f this expectation, there are established no clear techniques
or Pt–Ru/CNT preparation and the performance evaluation of
MFC with CNTs as substrate materials for the anode electro-

atalysts.
In this paper, we report the electrochemical performances

f Pt–Ru electrocatalysts supported on various carbon substrate
aterials. The catalysts prepared were tested for the MOR in
mol dm−3 CH3OH + 0.05 mol dm−3 H2SO4 and for the per-

ormance of DMFC single cells. CO stripping voltammograms
ere studied to evaluate the CO poisoning and oxidation during

he MOR.
. Experimental

The CNTs used in this study were purchased from Shen-
en Nanotech Co. Ltd., which were prepared by a catalytic

mailto:nakamura@ims.tsukuba.ac.jp
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ecomposition method of hydrocarbons. BET specific surface
rea of the defect-free CNTs was 72.7 m2 g−1 with length of
0 �m, outer diameter of 20–50 nm, inner diameter of 3–10 nm,
nd wall layers of 25–60. The metal particles contained in the
NTs as the synthesis catalyst during production were removed
y washing in concentrated HNO3 (14N) at room temperature
or 2 h followed by ultrasonication in concentrated HNO3. After
ubsequent washing with distilled water, the CNTs were dried at
00 ◦C in air. In order to examine the effect of a carbon surface
nishing, defects were intentionally introduced by oxidation in
ir. We have reported earlier that the partial oxidation of CNTs
y air brought about opening of the tube ends and creation of
he defects at the outer wall, which the layers of the tube were
artially etched and holes of 10–30 nm size were formed [11].
or this purpose defect-free CNTs were heated in a quartz tube
eactor with flowing air (10 mL min−1) to 600 ◦C. The fishbone-
ype CNTs with length of 10 �m, diameter of 50–100 nm were
lso used to examine the surface effect of CNTs, where the
arbon surface was not composed of flat graphene sheets, but
f graphene edges. The fishbone-type CNTs are called cup-
tacked-type CNTs, i.e., the cups made of graphene sheet are
tacked together to form a tubular shape with internal canals
anging from 50 to 150 nm wide. The samples were pretreated
n concentrated HNO3 at room temperature for 2 h before use.

Pt–Ru catalysts were prepared from platinum(II)acety-
acetonate [CH3COCH C(O−)]2Pt, and ruthenium(III)acety-
acetonate [CH3COCH C(O−)]3Ru, by the following pro-
edure. The carbon support (200 mg) was impregnated
ith [CH3COCH C(O−)]2Pt (300 mg) and [CH3COCH
(O−)]3Ru (200 mg) in 40 ml THF (tetrahydrofuran, Wako Pure
hemical Industries, Ltd., 99.5%) solution under sonication

or 2 h in N2 and then the THF solution was evaporated at
oom temperature in N2 to leave Pt–Ru on the carbon sup-
ort. The reduction of prepared Pt–Ru/C was carried out at
50 ◦C under a pure hydrogen flow for 3 h. The Pt and Ru con-
ents of Pt–Ru/CNTs were estimated to be 19 wt% Pt–7 wt%
u/defect-free CNTs, 25 wt% Pt–7 wt% Ru/defective CNTs,
nd 25 wt% Pt–7 wt% Ru/fishbone-type CNTs, as measured
y inductively coupled plasma emission spectrograph (ICP),
espectively. A commercial 20 wt% Pt–10 wt% Ru/VulcanXC-
2R catalyst (Johnson Matthey) was also tested for comparison.

Catalysts were tested for electrochemical MOR
ctivity in a three-electrode glass cell in 1 mol dm−3
H3OH + 0.05 mol dm−3 H2SO4 at fixed temperatures
etween 20 and 60 ◦C. Catalysts were loaded on a glassy carbon
isk electrode (0.28 cm2) with 5 wt% Nafion solution (Aldrich)
iluted with methanol (1:50). The working electrode was the

H
w
o
w

able 1
ctivation energy of MOR for Pt–Ru/carbon

otential (V vs. RHE) Activation energy (kJ mol−1)

Defect-free CNTs Defective

.45 31.5 41.5

.5 30.5 39.1

.55 29.1 37.4
ig. 1. Linear sweep voltammograms for methanol oxidation on Pt–Ru/defect-
ree CNTs in 1 mol dm−3 CH3OH + 0.05 mol dm−3 H2SO4 solution at various
emperatures. Sweep rate: 0.01 V s−1.

atalyst supported glassy carbon disk, the counter electrode
as platinum plate and a reversible hydrogen electrode (RHE)
as used as the reference electrode.
The catalytic performance was further tested in a single fuel

ell configuration in a DMFC mode. Membrane electrode assem-
lies (MEAs) having active areas of 4 cm2 were made to test
he catalysts in a fuel cell. The catalyst ink was prepared by

ixing 30 mg of Pt–Ru/CNTs with 500 mg of 5 wt% Nafion
olution (Aldrich) and 0.1 cm3 of ethanol, which was then pasted
n a carbon paper (TORAY TGP-H-090). Anode was loaded
ith 19 wt% Pt–7 wt% Ru/defect-free CNTs, 25 wt% Pt–7 wt%
u/defective CNTs, 25 wt% Pt–7 wt% Ru/fishbone-type CNTs,
nd 20 wt% Pt–10 wt% Pt–Ru/VulcanXC-72R catalysts on car-
on paper, each with 0.36, 0.4, 0.56, and 0.7 mg(Pt) cm−2,
espectively, and the cathode was loaded with 20% Pt/C on car-
on paper (1 mg(Pt) cm−2, ElectroChem) for each MEA. MEA
as prepared by hot-pressing the anode and the cathode catalyst-

oaded carbon paper (2 cm × 2 cm) to each side of the Nafion 115
embrane at the pressure of 100 MPa at 135 ◦C for 3 min.
The cell temperature was 30, 60, and 80 ◦C and 10 wt%

ethanol and oxygen gas were fed to the anode and cathode
hambers with flow rate of 5 and 100 mL min−1, respectively.

Oxidation of pre-adsorbed carbon monoxide (COad) was
easured by COad stripping voltammogram in 0.05 mol dm−3
2SO4 solutions at 60 ◦C at a scan rate of 10 mV s−1. CO gas
as passed into the cell for 30 min to allow complete adsorption
f CO onto the electrocatalysts. Then excess CO was purged
ith N2 gas for 30 min.

CNTs Fishbone-type CNTs Vulcan XC-72R

49.6 25.9
46.9 31.2
45.0 32.6
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Table 2
Electrochemical performance of Pt–Ru catalysts supported on various carbon
substrate materials at 60 ◦C

Carbon support ln I0.4 V (mA cm−2) E (I = 1 mA cm−2) (V vs. RHE)

Defect-free CNTs 2.1 0.34
Defective CNTs 1.7 0.36
Fishbone-type CNTs 1.8 0.36
Vulcan XC-72R 1.5 0.38
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ig. 2. Arrhenius plots of MOR current densities on Pt–Ru/defect-free CNTs.

The crystallographic and morphological structures of
t–Ru/defect-free CNTs, Pt–Ru/defective CNTs, Pt–Ru/
shbone CNTs, and Pt–Ru/VulcanXC-72R were characterized
y X-ray diffraction (XRD, Phillips, X‘pert MPD) and trans-
ission electron microscopy (TEM, JEOL, JEM-2010F).
. Results and discussion

BET specific surface areas were 72.7, 105.5, 90.6, and
06.6 m2 g−1 for defect-free, defective CNTs, fishbone-type

P
v
v
w

ig. 3. Current–potential curves of DMFC for Pt–Ru anode catalysts. (a) Pt–Ru/defect
c) Pt–Ru/fishbone-type CNTs (0.56 mg(Pt) cm−2), and (d) Pt–Ru/Vulcan XC-72R (0
afion® 115; cell temperature: (�), 30 ◦C; (�), 60 ◦C; (�), 80 ◦C; methanol concent
0.4 V: current density at 0.4 V vs. RHE; E (I = 1 mA cm−2): potential at the
urrent density I = 1 mA cm−2.

NTs and VulcanXC-72R, respectively. The defective CNTs
ere prepared by oxidation to examine the effect of carbon

urface.
Fig. 1 shows the current density–potential curves of MOR

easured for Pt–Ru/defect-free CNTs at 20–60 ◦C. With elevat-
ng the temperature, the activities of MOR for Pt–Ru/defect-free
NTs are enhanced, and the MOR peak top shifted depending on

he temperature. The result clearly shows a strong temperature
ependence of MOR.

Fig. 2 shows the Arrhenius plots of the currents, from which
he activation energy of MOR was estimated to be 31.5, 30.5,
nd 29.1 kJ mol−1 at potentials 0.45, 0.5, and 0.55 V, respec-
ively. The value agreed with reported results by Lee et al. for

t–Ru catalysts supported on HOPG [12]. The change of acti-
ation energy of MOR with the potential may be ascribed to a
ariation in the coverage of adsorbates (CO and OH) on Pt sites
ith the potential. Table 1 summarizes the activation energy

-free CNTs (0.36 mg(Pt) cm−2), (b) Pt–Ru/defective CNTs (0.40 mg(Pt) cm−2),
.7 mg(Pt) cm−2). Cathode: 1 mg(Pt) cm−2 (20 wt%, Pt/C. E-TEK); membrane:
ration: 10 wt%.
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f MOR of Pt–Ru catalysts using different carbon supports.
he activation energy of MOR for Pt–Ru catalysts at 0.55 V vs.
HE was estimated to be 29.1, 37.4, 45.0, and 32.6 kJ mol−1,

or defect-free CNTs, defective CNTs, fishbone-type CNTs, and
ulcanXC-72R, respectively. The activation energy for Pt–Ru/
efect-free CNTs exhibited the lowest values among other Pt–Ru
atalysts. The Vulcan XC-72 support also showed low activa-
ion energies. This result indicates that the catalytic activity of

OR depends on significantly on the carbon substrate materi-
ls.

Table 2 summarizes the MOR performance of various car-
on substrate materials for Pt–Ru catalysts at 60 ◦C. In view
f the current density at the overpotential of 0.4 V vs. RHE,
t–Ru/defect-free CNTs showed four times higher current den-
ity than Pt–Ru/VulcanXC-72R. The potential value at current
ensity of 1 mA cm−2 in the polarization curve was 0.34 V
s. RHE for Pt–Ru/defect-free CNTs. The value is lower than
t–Ru/VulcanXC-72R by about 0.04 V. It is thus indicated that

he carbon substrate materials affect the polarization behavior of
OR remarkably, and that defect-free CNTs largely improves

he MOR activity of Pt–Ru electrocatalysts.
Polarization curves (at 30, 60, and 80 ◦C) of DMFC

ith different anode catalyst support are shown in Fig. 3.
or the Pt–Ru/defect-free CNTs, in the activation-controlled
egion (i.e., at 0.4 V) the current density changed from 16.1
o 128 mA cm−2 as the cell temperature rose from 30 to
0 ◦C, revealing a strong temperature dependence. In addi-
ion, the Pt–Ru/defect-free CNTs catalyst of 0.36 mg(Pt) cm−2

fforded higher DMFC performances at all the current densi-
ies, compared with the Pt–Ru/VulcanXC-72R catalyst, even
hough the catalysts loading was half that of Pt–Ru/VulcanXC-
2R (0.7 mg(Pt) cm−2). The open circuit voltage (OCV) of
he cell with Pt–Ru/defect-free CNT was 0.73 V in com-
arison to 0.69 V with Pt–Ru/Vulcan XC-72R. The potential
alue at the current density of 200 mA cm−2 was 0.38 V vs.
HE for Pt–Ru/defect-free CNTs, which was much higher

han that of the Pt–Ru/VulcanXC-72R (0.33 V). The peak
ower densities for Pt–Ru/defect-free CNTs, Pt–Ru/defective
NTs, Pt–Ru/fishbone-type CNTs, and Pt–Ru/VulcanXC-72R

ecorded at 80 ◦C were 78, 62, 62, and 65 mW cm−2 at current
ensities of 328, 306, 285, and 327 mA cm−2, respectively. It
s concluded the Pt–Ru/defect-free CNTs have the higher cat-
lytic activity of MOR and the higher power density than the
ther three Pt–Ru/carbon electrodes. The high power density of
he Pt–Ru/CNTs electrode seems to be of great advantage for
he application to various devices.

In order to investigate on the effect of carbon substrate mate-
ials on the catalytic activity of MOR and the performance of
MFC, the COad stripping voltammograms were conducted in
.05 mol dm−3 H2SO4 at 60 ◦C. The COad oxidation process
lays a crucial role in the MOR process [13]. Fig. 4 shows the
Oad stripping voltammograms of Pt–Ru catalysts on various
arbon substrate materials. A COad oxidation peak of Pt–Ru

atalyst is observed at 0.38, 0.4, 0.39, and 0.43 V vs. RHE for
efect-free CNTs, defective CNTs, fishbone-type CNTs, and
ulcanXC-72R, respectively. Kawaguchi et al. have reported

hat the CO oxidation peak of the Pt–Ru/C pyrolyzed at various

P
m
s
c

aterials in 0.05 mol dm−3 H2SO4. (a) Defect-free CNTs, (b) fishbone-type
NTs, (c) defective CNTs, and (d) Vulcan XC-72R. Sweep rate: 0.01 V s−1.

emperatures appeared at 0.45–0.465 V vs. RHE [14]. For all
he samples used this work, the CO oxidation peak appeared at
ower potentials as compared to Pt–Ru/C. In addition, the peak
otential of the COad oxidation on Pt–Ru/defect-free CNTs was
bout 0.05 V lower, with a smaller CO oxidation current com-
ared to Pt–Ru/VulcanXC-72R. The lower potential and smaller
urrent of CO oxidation for Pt–Ru/defect-free CNTs might be
ttributed to the unique morphology structure and electric prop-
rties of the CNTs (higher electric conductivity than that of
ulcanXC-72R), although detailed mechanism awaits further

tudies [15].
Fig. 5 shows the typical TEM images and the histograms of

he particle size estimated from 100 particles for Pt–Ru catalysts
upported on various carbon substrates.

The average sizes of Pt–Ru particles measured by the TEM
bservation were 7.7, 8.4, 13.1, and 2.0 nm for Pt–Ru/defect-free
NTs, Pt–Ru/defective CNTs, Pt–Ru/fishbone-type CNTs, and
t–Ru/Vulcan XC-72R, respectively. Pt–Ru particles with the
ize 2–15 nm were well dispersed on carbon substrate materials.
o significant differences to explain the support effect were

ound by the TEM observation. Furthermore, as shown in Fig. 6,
RD results indicated the formation of Pt–Ru alloy for all the
t–Ru catalysts. Again, any significant differences among the

easured samples were not identified by XRD, except for the

maller crystallite sizes for Pt–Ru/Vulcan XC-72R than for other
atalyst samples.
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Fig. 5. The TEM images of Pt–Ru/carbon and the histogram of Pt–Ru particle size. (a) Pt–Ru/defect-free CNTs, (b) Pt–Ru/defective CNTs, (c) Pt–Ru/fishbone-type
CNTs, and (d) Pt–Ru/Vulcan XC-72R.
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ig. 6. XRD pattern for (a) Pt–Ru/defect-free CNTs, (b) Pt–Ru/defective CNTs,
c) Pt–Ru/fishbone-type CNTs, and (d) Pt–Ru/Vulcan XC-72R.

It was found that the surface composition of Pt–Ru nanopar-
icles determined by the XPS measurement varied depending on
arbon substrate materials. The surface compositions of Pt–Ru
atalysts were Pt62Ru38, Pt47Ru53, and Pt82Ru18 for defect-free
NTs, fishbone-type CNTs, and VulcanXC-72R, respectively.
hese results suggested that the composition of Pt–Ru nanopar-

icles changed due to the carbon surface state. Watanabe et al.
eported the maximum catalytic activity of Pt–Ru/C catalysts for
he oxidation of methanol occurred at the equi-atomic compo-
ition of Pt50Ru50 [1]. However, Hubert et al. have reported the
ptimum surface had a Ru content which increased with increas-
ng temperature, from close to 10 at.% Ru at 25 ◦C to a value in
he vicinity of 40 at.% at 60 ◦C [16]. It is thus considered that
he surface composition of Pt–Ru nanoparticles may be a crucial
actor for the MOR.

Although the detailed MOR mechanisms are not clear for
t–Ru/defect-free CNTs, we found here that the MOR and the
erformance of DMFC of Pt–Ru anode catalysts varied signifi-
antly depending on the carbon supports. Two possible reasons
or the support effect of CNTs for DMFC can be proposed based
n the different reactivity of flat graphene surfaces and the edges
f graphene sheets. First, the composition of Pt–Ru may be dif-
erent between flat and edged graphene surfaces, because it is
onsidered that the flat surface structure of CNTs consisting of
raphene sheet influences the composition of Pt–Ru nanoparti-

les as XPS measurement suggested. Second, the chemical effect
t the interface between the catalyst particles and the carbon
urface may cause different catalytic activities through electron
ransfer processes [17].

[
[

[

urces 180 (2008) 221–226

. Conclusions

The support effect of CNTs for DMFC was examined by
lectrochemical MOR measurements, DMFC performance, and
O stripping voltammograms. MOR and DMFC performances

howed that the Pt–Ru catalysts supported on defect-free CNTs
evealed the highest catalytic activity among Pt–Ru/C tested.
O stripping voltammogram also showed that the CO oxida-

ion peak varied depending on the carbon substrate materials,
here that of Pt–Ru/defect-free CNTs occurred at the lowest
otential. The highest catalytic activity of MOR and DMFC for
t–Ru/defect-free CNTs was suggested to be a result of the CO
xidation activity due to the carbon surface states. The results of
he present work suggest the importance of the electrical proper-
ies, morphology, and crystallographic structures of the carbon
upport materials.
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