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a b s t r a c t

This study aims to improve the performance of the anode catalyst in a direct methanol fuel cell by using
carbon black (XC) and mesoporous carbon (MC) as supporting materials for preparing Pt–Ru/XC and
Pt–Ru/MC catalysts. This study investigates the effect of adding different amounts of bare carbon nan-
otubes (CNTs) or carbon nanotubes impregnated with Pt and Ru (abbreviated as Pt–Ru/CNT, containing
10 wt.% Pt and Ru) to the prepared catalysts. Experimental results reveal that 10 wt.% Pt–Ru/C with carbon
eywords:
ethanol electro-oxidation

t–Ru catalysts
arbon nanotubes
esoporous carbon
irect methanol fuel cell

black and mesoporous carbon prepared by the multiple impregnation method had smaller Pt–Ru grain
sizes and a better dispersion or carbon supports due to low precursor concentrations in each impregna-
tion. These, in turn, achieved better electro-catalytic performance for methanol oxidation. Adding CNTs
or Pt–Ru/CNT to Pt–Ru/XC and Pt–Ru/MC obviously improves their electro-catalytic characteristics. The
appropriate amounts of bare CNT and Pt–Ru/CNT added to Pt–Ru/XC and Pt–Ru/MC catalysts are 5% and
20%, respectively. The resulting catalysts (both containing 10 wt.% Pt and Ru) produce activities similar to

/C cat
those of the E-TEK Pt–Ru

. Introduction

A fuel cell is a device which can transfer chemical energy
rom fuel into electric energy. With the goal of attaining practi-
al power levels and reducing manufacturing costs, particularly in
mall power generation and portable systems, recent research and
ndustrial initiatives have focused their work on direct methanol
uel cells (DMFCs). This type of fuel cell is more convenient than

proton exchange membrane fuel cell (PEMFC) with hydrogen
uel [1–3]. However, it still needs to overcome problems such as
1) insufficient electro-catalytic activity of the anode catalyst for

ethanol oxidation; (2) catalyst deactivation due to methanol oxi-
ation on platinum catalysts that generates intermediates such as
O that can be adsorbed on the Pt surface; (3) “crossover” caused by
ethanol penetrating through the anode to the cathode membrane

3,4]. Preparing a low Pt-loaded anode catalyst with high electro-
atalytic activity and stability for future methanol oxidation is an
mportant goal for commercialization.

Adding a secondary metal (M) to form a Pt–M binary alloy can

nhance the catalyst’s CO tolerance [3,5,6]. Ruthenium (Ru), which
orms the Pt–Ru alloy, outperforms several other secondary metals
or hydrogen electro-oxidation in the presence of CO [7], and also
ffers better methanol electro-oxidation [3].

∗ Corresponding author. Fax: +886 6 2344496.
E-mail address: z5408008@email.ncku.edu.tw (H.-S. Weng).
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alyst containing 20 wt.% Pt and Ru.
© 2009 Elsevier B.V. All rights reserved.

Reducing the Pt–Ru grain size is very important for enhancing
the electro-catalytic activity of PEMFCs and DMFCs and reducing
their cost. The result is a larger active surface area of Pt–Ru grains
on the Pt–Ru/C catalyst [8], achieved by selecting the appropriate
carbon support and a suitable preparation method. Previous studies
propose various fabrication methods for low-Pt-loading electro-
catalysts [9,10] and discuss the role of carbon in fuel cells [11].

Carbon materials usually have a high surface area to disperse
metal grains, and their high conductivity transfers electrons gen-
erated from electrochemical reactions taking place on the anode.
Therefore, the metal particles are often supported on carbon black
(such as Vulcan XC-72) or other carbons with a high surface area.
Several researchers have successfully synthesized mesoporous car-
bon materials with an ordered pore structure using different
methods [12–14]. These synthesized mesoporous carbons usually
have a regular array of uniform pores and high specific surface area
that promotes the fuel diffusion rate into pores, and hence enhances
the reaction rate.

Dicks [11] points out that carbon nanotube (CNT) development
and nanotechnology has opened up possibilities for using new
materials in low-temperature fuel cells. Carbon nanotubes can be
used for catalyst supports due to their graphitic structure and high

electrical conductivity [15,16] though they still have less surface
area than other porous carbons. Yang et al. [17] used carbon nan-
otubes as Pt–Ru catalyst supports for methanol electro-oxidation.
He et al. [18,19] deposited Pt and Pt–Ru nanoparticles on a CNT and
graphite electrode prepared by growing CNTs directly on a graphite

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:z5408008@email.ncku.edu.tw
dx.doi.org/10.1016/j.jpowsour.2009.04.079
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isk for methanol electro-oxidation. Wang et al. [20] grew car-
on nanotubes directly on a carbon cloth and used it for methanol
lectro-oxidation. Carbon nanotubes have also been used as sup-
orts to prepare Pt–Ru catalysts for PEMFCs and DMFCs [21–23].
owever, researchers have not reported the effect of CNTs on Pt–Ru
atalyst performance.

This study prepares Pt–Ru/C catalysts containing 10 wt.% Pt with
n atomic ratio of Pt/Ru = 1 using the incipient wetness impregna-
ion method. Both carbon black and mesoporous carbon are used as
upports. This study also adopts the multiple impregnation method
o improve carbon electro-catalytic activities when the carbon sup-
orts are loaded with Pt and Ru. The prepared Pt–Ru/C catalysts
re characterized by N2 desorption, XRD, SEM, TEM and EDS. A
hree-electrode cell measures their electro-catalytic activities for

ethanol oxidation after their fabrication on a catalytic electrode.
xperiments in this study add carbon nanotubes, either bare or
oaded with Pt and Ru, to the Pt–Ru/C catalysts to observe the
romoting effect. Results show the optimal added amounts.

. Experimental

.1. Preparation of Pt–Ru/C catalysts

The experiment in this study used three kinds of carbon mate-
ials, XC (XC-72, Cabolt), MC (Supplied by Professor H.-P. Lin,
epartment of Chemistry, National Cheng Kung University, Taiwan)
nd CNTs (Aldrich) as supports for Pt–Ru/C catalysts. The carbon
upports were boiled in a 6 M HNO3 solution (Scharlau) for 2 h in
reflux system before being loaded with Pt and Ru. After cooling

nd washing with deionized water until pH 6, the carbon materials
ere dried at 120 ◦C to remove water before utilizing the incipient
etness impregnation method for catalyst preparation. In impreg-
ation, 0.245 g of carbon material were mixed with an appropriate
mount of solution containing H2PtCl6 (Aldrich) and equimolar
uCl3 (Acros). Then 0.5 mL of 5 wt.% Nafion solution (Aldrich) was
dded drop by drop for two purposes: dispersing the metal salts
nd enhancing proton transport capability. This solution was then
ried by stirring in atmosphere for 4–5 h in a dry box at 80 ◦C for 5 h.
he powder was ground slightly before adding 10 mL of methanol
or methanol containing 0.018 g NaBH4) as a reducing agent [9].
he resulting slurry was refluxed at 70 ◦C for 5 h. The mixture was
hen cooled, filtrated, washed with deionized water to remove chlo-
ide ions, and dried at 80 ◦C for 4 h. The same experimental process
as repeated when applying the multiple impregnation method to
repare Pt–Ru/C catalysts for the same total metal loading. How-
ver, the metal salt concentration was reduced for the multiple
mpregnation experiment. For example, in double impregnation,
ach impregnation uses only half the concentration of Pt and Ru
recursors for single impregnation.

The prepared catalysts are designated as a “support-reducing
gent (n)”. The supports include XC, MC, and CNT. The experi-
ent uses methanol (abbreviated to “M”) and methanol containing
aBH4 (denoted as “N”) as reducing agents. The numbers in paren-

heses denote the number of impregnation. For example, XC-N(1)
epresents the catalyst prepared using methanol containing NaBH4
s a reducing agent after a single impregnation on XC. An additional
umber after the parenthesis indicates the weight percentage of the

oaded Pt and Ru when CNTs are used as the support.

.2. Addition of carbon nanotubes
In a previous study in our laboratory, XC, CNTs and their mixture
ere employed as the supports of Pt–Ru catalysts. The performance

f Pt–Ru/XC-CNT for methanol electro-oxidation was found far bet-
er than that of Pt–Ru/XC catalyst, and the addition of Pt–Ru/CNT
urces 193 (2009) 462–469 463

also enhanced the performance of Pt–Ru/XC catalyst (see Appendix
A). To further investigate the effect of CNTs on the performance
of Pt–Ru/C catalysts for methanol electro-oxidation, this study car-
ried out a set of preliminary experiments by adding 0, 25, 50 and
75 wt.% of CNTs to Pt–Ru/XC catalysts to fabricate the catalytic elec-
trodes. Results show that the optimum might exist between 0 and
25 wt.%, so the experiment added 0, 5, 10, 15, 20 and 25 wt.% of
CNTs or Pt–Ru/CNT (containing 10 wt.% Pt and Ru) to Pt–Ru/XC and
Pt–Ru/MC and again searched for the optimal added amounts.

2.3. Physical characterization

This study used the Brunauer–Emmett–Teller (BET) method
to determine the specific surface area of carbon materials and
Pt–Ru/C catalysts using a nitrogen adsorption/desorption apparatus
(Micrometritics ASAP-2010). The BJH desorption method deter-
mines the pore size distributions of all samples. A diffractometer
(Rigaku D/MAX) obtained the X-ray diffraction (XRD) patterns of
catalysts using Cu K� source (� = 0.15405 nm) operated at 40 kV,
30 mA, and scanning rate was 4◦ min−1 for 2� values between 10◦

and 90◦. A scanning electron microscope (SEM, JOEL JSM-6700) and
transmission electron microscope (TEM, Philip CM200) revealed
the surface morphology of carbon supports and catalysts as well
as metal grain sizes on the as-prepared catalysts.

2.4. Electrochemical measurements

A potentiostat (EG&G, Model 273A) measured the signal from a
beaker-type device with a three-electrode cell consisting of a work-
ing electrode, a Pt wire counter electrode, and a saturated calomel
(SCE) reference electrode. The following procedure was used to
prepare the working electrode. The procedure first mixed the as-
prepared catalyst with an appropriate amount of Nafion solution
(5 wt.%, Aldrich) by stirring at room temperature. Then the slurry
was brushed a carbon cloth (Taiwan Carbon Technology AW 1114,
6 cm2) and dried at 80 ◦C to remove excess water. Finally, this cat-
alyst layer was fixed on a current collector of Pt wire between two
Teflon plates. The counter electrode, 5 cm in length and 0.05 cm
in diameter, was located 5 cm away from the working electrode.
In a testing experiment, the platinum wire counter electrode was
replaced by a platinum sheet 3 cm × 4 cm. The results showed that
no difference in the polarization curves was observed with these
two types of counter electrodes. All electrochemical measurements
were taken at 30–75 ◦C with linear sweep voltammetry (LSV) at a
scanning rate of 1 mV s−1 in 0.5 M H2SO4 (Fluka) solution contain-
ing 1 M CH3OH (ECHO, HPLC grade). The experiment repeated each
measurement three times, observing approximately 5% deviation.

3. Results and discussion

3.1. N2 adsorption/desorption analyses

The experiment above determined the textual properties of
supports and catalysts using N2-BET measurements. The specific
surface areas of the nitric acid-treated carbon black (XC) and
mesoporous carbon (MC) are 220.4 and 607.7 m2 g−1, respectively.
Fig. 1(a) and (b) shows the N2 adsorption–desorption isotherms
and pore size distributions of the two carbon materials, respec-
tively. The pore size distributions of MC and XC are mainly in the
ranges of 2–4 nm and 30–80 nm, respectively. Compared with XC,

the MC pore volume is small and its pore size distribution is sharp
and narrow. The MC pore volume is mainly attributed to internal
pores (mesopores) in the MC crystallites while that of XC results
from pores formed by the carbon black stack. Using these two car-
bon powders as catalyst supports for Pt–Ru/C shows that the pore
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Table 2
Sizes of Pt–Ru grains on catalystsa and current densities induced.

Catalystb Grain size
(from XRD)c

Grain size
(from TEM)d

Current densitye

at 30 ◦C
Current densitye

at 75 ◦C

XC-M(1) 8.21 7.03 2.22 5.12
XC-N(1) 7.57 6.36 3.13 5.63
XC-N(2) 5.29 5.91 3.70 6.69
XC-N(3) 4.91 4.09 4.13 7.16
MC-M(1) 6.54 14.08 1.88 4.03
MC-N(1) 4.56 8.00 2.57 4.74
MC-N(2) 4.08 4.94 3.19 5.71
MC-N(3) 4.07 3.95 3.74 6.83
E-TEKa 4.40 5.95 4.61 7.47

a Except for the E-TEK catalyst containing 20 wt.% of Pt and Ru, all other catalysts
contain only 10 wt.%.

b Refers to the designation explanation in Table 1 footnote.
c Calculated by Scherrer’s equation (nm).
d Mean particle size from TEM (nm).

pore volume.
ig. 1. (a) N2 adsorption/desorption isotherm and (b) pore size distribution of XC-72
nd MC without loaded metals.

haracteristics of MC and XC affect grain formation and size of active
etals.
The BJH desorption method obtains the pore volumes of carbon

upports (XC and MC) and Pt–Ru/C prepared with various impreg-

ations. Most MC pores are smaller than 10 nm, while XC pores
re generally larger than 10 nm. This study discusses the effect of
ore size on catalysts based on two categories, namely, mesopores
<10 nm) and macropores (>10 nm). Table 1 shows the total pore

able 1
ore volumes (cm3 g−1) of carbon supports and catalysts prepared.

atalysta Total pore
volumeb

Volume of pores
smaller than 10 nm

Volume of pores larger
than 10 nm

C 0.637 0.081 0.556
C-M(1) 0.402 0.042 0.362
C-N(1) 0.387 0.051 0.337
C-N(2) 0.326 0.062 0.264
C-N(3) 0.305 0.056 0.249
C 0.256 0.216 0.040
C-M(1) 0.246 0.206 0.040
C-N(1) 0.203 0.168 0.035
C-N(2) 0.187 0.153 0.037
C-N(3) 0.184 0.145 0.039

a XC-M(1) and MC-M(1) represent the catalysts prepared using methanol without
dding NaBH4 as a reducing agent after single impregnation. XC-N(1) and MC-N(1)
epresent the catalysts prepared using methanol with adding NaBH4 as a reduc-
ng agent after single impregnation. Number in parenthesis denotes the times of
mpregnation.

b Obtained by the BJH desorption method.
e mA mg−1, at 0.6 V vs. SCE.

volumes and mesopore and macropore volumes for supports and
catalysts. Catalysts prepared with methanol containing NaBH4 as
the reducing agent show smaller pore volumes than those with-
out NaBH4. This result might be attributed to the fact that some
Pt–Ru particles, prepared with NaBH4, are smaller than the meso-
pores of carbon supports and can more easily reside in the pores
(see Section 3.4 and Table 2). The volume difference between the
mesopores (<10 nm) of XC-M(1) and XC-N(1) is far smaller than
that of MC-M(1) and MC-N(1). This volume difference is because
MC pores are mainly located in the mesopore range (<10 nm), close
to the Pt–Ru particle sizes.

For catalysts prepared using the methanol containing NaBH4
as the reducing agent, pore volume decreases as the impregna-
tion time increases. The reason cited above may also apply to this
pore volume difference. The precursor concentration decreases as
number of impregnation increases, creating smaller Pt–Ru particles
which can easily reside in the smaller pores and reduce the catalyst
Fig. 2. XRD patterns of several supports and Pt–Ru/C catalysts prepared. Here, XC,
MC, and CNT, respectively represent the carbon black, mesoporous carbon, and car-
bon nanotubes and catalysts prepared with XC, MC, and CNT as their supports. The
numbers in parenthesis denote the times of impregnation, where 0 stands for no
impregnation. All catalysts were loaded with 10 wt.% of Pt and Ru except for those
labeled with “20,” which contain 20 wt.% of Pt and Ru.
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and hence exhibits higher electro-catalytic activity. TEM images
and the data in Table 2 show that the catalyst prepared with the
NaBH4 methanol solution as the reducing agent and the multi-
ple impregnation method produced higher activity because of its
smaller Pt–Ru grain size.

Table 3
Pt contents and molecular ratios of Pt/Ru in Pt–Ru/C measured by EDS.

Catalysta Pt content (wt.%)b Molecular ratio of Pt/Ruc

XC-N(1) 9.45 1.15
XC-N(2) 9.53 1.16
XC-N(3) 9.61 1.06
MC-N(1) 9.72 1.03
MC-N(2) 9.61 0.96
Fig. 3. SEM images of (a) XC, (b) MC

.2. XRD

The XRD pattern in Fig. 2 shows the f.c.c. Pt structure inferred
rom four characteristic peaks. The average Pt–Ru grain size of cat-
lysts was obtained by Scherrer’s equation. This study selects the
ost distinct peak, Pt (1 1 1) around 2� = 39.7◦, to estimate the aver-

ge Pt–Ru grain size, listed in Table 2.

.3. SEM

Fig. 3 indicates that XC and MC are both spherical, with diam-
ters of 20–30 nm and 400–600 nm, respectively, while CNTs look
ike seaweed with stems of 20–40 nm in diameter.

.4. TEM

Fig. 4 shows that the Pt–Ru grains on carbon support pre-
ared with methanol containing NaBH4 as the reducing agent
re visibly smaller than those without NaBH4. Adding NaBH4 to
ethanol enhances its reducing ability and raises the Pt–Ru nucle-

tion rate, producing smaller metal grains. This study draws the
t–Ru grain size distribution by measuring 250–300 grains in each
EM image. Table 2 lists the average grain sizes. The average grain
izes of the Pt–Ru/XC and Pt–Ru/MC catalysts decrease as number
f impregnation increases. As mentioned above, the smaller size of
he catalyst prepared via the multiple impregnation method could
ccount for the lower precursor concentration in each impregna-
ion.

.5. EDS
Table 3 lists the Pt contents and molecular ratios of Pt/Ru in
he prepared electro-catalysts. The Pt contents in all catalysts are
lightly less than the nominated value (10 wt.%). This might be due
o some Pt loss during impregnation. The molecular ratios of Pt/Ru
(c) CNTs without Pt and Ru loaded.

in Pt–Ru/XC and Pt–Ru/MC are all greater than one, while some X in
Pt–Ru/CNT are less than one. This implies a segregation of Pt and Ru
on the Pt–Ru surface, and changing interaction between the Pt–Ru
alloy based on the type of carbon supports.

3.6. Electrochemical measurements

Fig. 5 shows the current densities, based on catalyst weight
(mA mg−1) of the electrode with the as-prepared catalysts at 0.6 V
vs. SCE for methanol oxidation with linear sweep voltammograms
(LSV) at 30 and 75 ◦C. Table 2 also lists this data for analysis of
the effect of Pt–Ru grain size. The reducing agent, the number
of impregnations, and the type of carbon support all affect the
induced current density. The current increases with the amount
of NaBH4 added into methanol, and with the number of impreg-
nation times. The catalyst with smaller uniform Pt–Ru particles
has a larger active surface area for catalyzing methanol oxidation,
MC-N(3) 9.66 0.91
CNT-N(1) 9.11 0.91

a Refers to the designation explanation in Table 1 footnote.
b Nominal Pt content = 10 wt.%.
c Nominal molecular ratio of Pt/Ru = 1.
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C-N(1

l
a
f

Fig. 4. TEM images of 10 wt.% Pt–Ru/C: (a) XC-M(1), (b) X
As for the effect of various carbon supports, the Pt–Ru cata-
ysts supported by carbon black (XC) have higher electro-catalytic
ctivities than those supported by mesoporous carbon (MC). This
act might be attributed to the electrical conductivities and pore
), (c) XC-N(3), (d) MC-N(1), (e) MC-N(3), and (f) CNT(N).
size distributions of X. Carbon black has better electrical conduc-
tivity than mesoporous carbon unless the latter is graphitized at
a high temperature. Although the surface area of carbon support
is an important parameter for characterizing catalyst performance,
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ig. 5. Effect of the impregnation times on the electrochemical performance of
lectrodes with 10 wt.% Pt–Ru/C for methanol oxidation with LSV (0.6 V vs. SCE).

ore size distribution also plays an important role in loading metal
anoparticles onto the surface and diffusing reactant through the
ores to access active sites. As Fig. 1 indicates, mesoporous car-
on has smaller pores than carbon black, though the former has a
reater surface area.

Fig. 6 shows the polarization curves of the prepared Pt–Ru/CNT
atalysts and the commercial E-TEK 20 wt.% Pt–Ru/XC catalyst.
he electro-catalytic activity of the Pt–Ru/CNT catalyst containing
0 wt.% of Pt and Ru is almost the same as that of the E-TEK 20 wt.%
t–Ru/C catalyst. The Pt–Ru/CNT catalyst containing 20 wt.% of Pt
nd Ru has much higher X than the other three. This fact might be
ttributed to the high electrical conductivity of CNTs. This study
dded small amounts of bare CNTs and Pt–Ru/CNT to Pt–Ru/XC and
t–Ru/MC catalysts to take advantage of CNT cost. The following
nvestigation searches for the optimal added amounts to improve
he electrochemical performance of catalysts.

In addition to Pt–Ru particle size, pore size distribution and con-
uctivity of carbon materials, electro-catalyst performance might
e affected by other factors such as the diameter and length of car-
on nanotubes and spacing between carbon particles, and hence

he resultant degree of mixing and extent of contact. The carbon
upports in this study have varying shapes and sizes. The diame-
ers of XC, MC, and CNTs are 20–30 nm, 400–600 nm and 3–10 nm,
espectively (CNTs are about 0.1–10 �m in length). Adding larger

ig. 6. LSV of electrode with Pt–Ru/CNT catalyst for methanol electro-oxidation
t 75 ◦C with 1 mV s−1 scanning rate in half-cell containing 0.5 M H2SO4 and 1 M
H3OH.
Fig. 7. Effect of the amount of bare CNTs added on electrode performance with
Pt–Ru/XC for methanol electro-oxidation with LSV (0.6 V vs. SCE).

amounts of CNT to XC and MC results in lower overall catalyst activ-
ity, as the XC and MC particles cannot contact each other due to CNT
entanglement.

Figs. 7 and 8 show the results of adding bare CNTs and Pt–Ru/CNT
(containing 10 wt.% Pt and Ru) to Pt–Ru/XC and Pt–Ru/MC, respec-
tively. Adding bare CNTs to Pt–Ru/XC (or Pt–Ru/MC) uses the
amount of Pt–Ru/XC or Pt–Ru/MC) in the catalyst. This in turn
reduces the amount of Pt–Ru in the final catalyst mixture. For exam-
ple, adding 5 wt.% of bare CNTs mean that the catalyst only uses
95 wt.% of Pt–Ru/XC (or Pt–Ru/MC). Note that Pt–Ru loading in the
final Pt–Ru/C catalyst decreases after adding bare CNTs to Pt–Ru/XC
and Pt–Ru/MC. However, the loading does not change after adding
Pt–Ru/CNT to Pt–Ru/MC because the weight percentages of Pt and
Ru in Pt–Ru/CNT are the same as those in Pt–Ru/MC.

Based on the current density comparisons at 0.6 V (vs. SCE) in
Fig. 7, adding 5 wt.% of bare CNTs to Pt–Ru/XC produces the best
performance for methanol electro-oxidation. The current density
declines as the weight percentage of bare CNTs increases. This is
probably because Pt loading decreases and these two carbon mate-
rials cannot contact well. When adding CNT to Pt–Ru/XC, the current
density is higher than that without the addition, regardless of the

percentage added. The optimal added amount is only 5 wt.% for
14.3 mA mg−1 at 75 ◦C.

Fig. 8 shows that when adding bare CNTs to Pt–Ru/MC,
the current density increases as the weight percentage of bare

Fig. 8. Effect of the amount of bare CNTs and Pt–Ru/CNT (containing 10 wt.% Pt and
Ru) added on the electrochemical performance of Pt–Ru/MC for methanol electro-
oxidation with LSV (0.6 V vs. SCE).
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catalyst.
(6) The diameter, length, and entanglement of CNTs as well as

the particle size, pore size distribution and surface area of
the carbon support affect electro-catalyst performance. Further
investigation should explore these effects.
ig. 9. Comparison of various electrodes for methanol electro-oxidation. The elec-
rodes were prepared by adding 5 wt.% CNT(20) to 20 wt.% Pt–Ru/XC and Pt–Ru/MC
repared with quadruple impregnation. CNT(20) stands for the carbon nanotubes
ontaining 20 wt.% Pt and Ru. All catalysts contained 20 wt.% Pt and Ru.

NTs increases from 5 to 20 wt.%, with a maximum value of
.19 mA mg−1 at 75 ◦C. Results indicate that the highest current den-
ity (7.19 mA mg−1, 75 ◦C) occurs at 20 wt.% after adding Pt–Ru/CNT
o Pt–Ru/MC. The difference in optimal added amounts for Pt–Ru/XC
nd Pt–Ru/MC catalysts may be due not only to electrical conduc-
ivity differences of XC and MC, but also to size differences. The
ize of MC is much larger than XC, and close to the length of CNT
0.1–10 um). Therefore, MC needs more CNTs as the mediate for MC
articles to contact well with each other.

Both Pt–Ru/XC and Pt–Ru/MC catalysts with added optimal
mounts of CNTs perform nearly the same as the E-TEK 20 wt.%
t–Ru catalyst. However, the Pt and Ru loadings in the first two
atalysts are only 10 and 5.81 wt.% (atomic ratio of Pt:Ru = 1:1),
espectively, while the Pt and Ru in E-TEK are 20 and 13 wt.%. For
urther comparison, this research also prepared Pt–Ru/C catalysts
ith quadruple impregnation of 20 wt.% of Pt and Ru with XC and
C supports. This Pt–Ru/XC (or Pt–Ru/MC) was mixed with 20 wt.%

f Pt–Ru/CNT (containing 20 wt.% of Pt and Ru) to fabricate catalyst
lectrodes. The resulting electrodes produce 10–20% more electro-
atalytic activities than that of the E-TEK catalyst shown in Fig. 9.
. Conclusions

The following conclusions can be drawn from the above discus-
ion:
ources 193 (2009) 462–469

(1) Adding NaBH4 to methanol as the reducing agent produces
smaller Pt–Ru grains with a uniform dispersion on the car-
bon support. The result is higher electro-catalytic activity for
methanol oxidation than with methanol alone.

(2) Under the same metal loading, catalysts prepared with the mul-
tiple impregnation method produce smaller Pt–Ru grains and
hence exhibit higher electrochemical performance than cata-
lysts prepared via single impregnation. Electro-catalytic activity
increases with impregnation times.

(3) The Pt–Ru catalysts supported by carbon black show higher
levels of electro-catalytic activity than those supported by
mesoporous carbon due to higher electrical conductivity and
appropriate pore size distribution in the former.

(4) Adding CNTs or Pt–Ru/CNT to Pt–Ru/XC and Pt–Ru/MC enhances
the electro-catalytic activity of the catalyst electrode. An
optimal added amount exists for each kind of catalyst. The
electrochemical performances of these catalyst electrodes (con-
taining only 10 wt.% Pt and 7 wt.% Ru) are nearly the same as the
commercial catalyst with 20 wt.% Pt–Ru.

(5) The catalytic electrode fabricated with 80 wt.% of Pt–Ru/XC or
Pt–Ru/MC and 20 wt.% of Pt–Ru/CNT, all containing 20 wt.% of Pt
and Ru, obtains higher electro-catalytic activity than the E-TEK
Fig. A1. Comparison of polarization curves with five different types of catalysts: (1)
Pt–Ru/XC, (2) Pt–Ru/CNT, (3) Pt–Ru/XC-CNT, (4) mixture of Pt–Ru/XC and Pt–Ru/CNT,
and (5) commercial E-TEK.
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ppendix A. A preliminary study on the effect of adding
NTs

In a previous study in our laboratory, XC, CNTs and their mixture
ere employed as the supports of Pt–Ru catalysts, and the pre-
ared catalysts were used for methanol electro-oxidation. Fig. A1
hows the comparison of polarization curves at 30 and 70 ◦C with
ve different types of catalysts: (1) Pt–Ru/XC, (2) Pt–Ru/CNT, (3)
t–Ru/CNT-XC, (4) mixture of Pt–Ru/XC and Pt–Ru/CNT, and (5)
ommercial E-TEK. For type (3), Pt–Ru catalyst was deposited after
ixing of carbon support of 50 wt.% CNT and 50 wt.% XC. However,

ype (4) was prepared simply by mixing of 50 wt.% Pt–Ru/CNT and
0 wt.% Pt–Ru/XC. The first four types of catalyst contained 10 wt.%
t and Ru, and the last type of catalyst contained 20 wt.% Pt and Ru.
pparently, the best performance was obtained from the catalyst Pt
nd Ru deposited before mixing of the carbon supports among these

ve types of catalysts. Deposition of metal catalyst Pt and Ru after
ixing of catalyst support gave better polarization curve than sim-

ly mixing of types (1) and (2). The performance of Pt–Ru/CNT was
etter than that of Pt–Ru/XC, but not better than that of commercial
-TEK.
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