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Abstract This paper presents the behavior of ordered
mesoporous carbon (OMC)-supported catalysts as anodes
for direct methanol fuel cells (DMFC), fed with an aqueous
methanol solution. OMC samples were prepared by the
nanocasting method from a polymerized furan resin using
mesoporous silica as a template. Pt and PtRu nanoparticles
were supported on OMC with high dispersion, the particle
size being 2.4 nm at PtRu loading of 15 wt.%. The
resulting catalysts were analyzed using carbon monoxide
stripping voltammetry, cyclic voltammetry, and chronoam-
perometry in three-electrode experiments and recording cell
voltage vs. current density curves in practical DMFC. It
was found that PtRu-catalyzed technical electrodes
exhibited good activity towards methanol electrooxidation
in half-cell experiments under fuel-cell-relevant conditions.
Specifically, Pt85Ru15/OMC catalyst showed the highest
catalytic enhancement compared to Pt/OMC for the steady-
state electrooxidation of methanol at 60 °C and 0.5 V, by a
factor of 22 in 2-M MeOH solution. DMFC single cells
yielded an open-circuit voltage of 0.625 V at 60 °C.
Polarization curves indicate that DMFC with OMC-

supported Pt85Ru15 catalyst at the anode exhibited the best
performance.

Keywords Methanol electrooxidation . Direct methanol fuel
cell . DMFC . PtRu catalyst . Ordered mesoporous carbon

Introduction

Direct liquid methanol fuel cells (liquid-DMFC) are
promising energy sources for mobile and portable applica-
tions, mainly because of the methanol advantages against
hydrogen, such as its higher solubility in liquid electrolytes,
availability at low cost, and easier handling, transport, and
storage. In addition, methanol has a high energy density
(6 kWh kg−1) [1]. From a practical perspective, there is a
wide range of devices covering several operational con-
ditions. For example, cell phones and PDAs (small power
devices) will operate at 40 °C or lower, whereas laptops,
power tools, and battery chargers for army or remote site
applications (intermediate power devices) will operate at
60–80 °C [2]. However, the commercial use of DMFC is
still limited due to high costs and insufficient durability [3].
Recently, considerable effort has been directed towards the
development of high catalytic activity electrodes for
methanol oxidation at low Pt content. This optimization of
the electrocatalyst basically involves two routes: (1) the
development of new catalyst syntheses with attention to
alloy composition, nanometric dimensions, and uniform
distribution of the catalyst on the carbon support and (2) the
development of new carbon supports of high electric
conductivity and elevated mesoporosity in the pore size
range of 20–40 nm for a high accessible surface area.

Traditionally, the improvement of the catalyst supports
has received less attention. Meanwhile, structural character-
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istics of carbon materials, like porosity, specific surface
area, and surface properties, among others, exert a strong
influence on the fuel cell performance, through aspects like
the size and morphology of metal nanoparticles, catalyst
stability, metal/ionomer contact and catalyst utilization,
mass transport, and water management. Because of this,
many research groups have recently made efforts to use
various novel carbon supports such as nanotubes, nano-
fibers, and mesoporous carbons for fuel cell applications
[4]. The presence of nanopores (≤2-nm diameter) in these
carbon supports leads to a poor utilization of the catalysts
since the catalyst particles inside the micropores are
inaccessible to the fuel. Then, to enhance both the
dispersion and utilization of the catalysts, carbons with
high surface area, large pore diameter, and high pore
volume are needed. In this regard, ordered mesoporous
carbons (OMC) with pore diameters from 2 to 50 nm are
attractive as they possess a combination of high surface
area and large pore diameter, while microporous carbons
with much larger pore diameters (≥50 nm) may experience
a decrease in surface area [5].

The preparation of OMC as a platinum support for their
use in polymer electrolyte membrane fuel cell cathodes has
been reported in the literature [6, 7]. On the other hand,
anodic methanol oxidation has not been studied on Pt/
OMC. The Pt-loaded mesoporous carbon samples with
controlled porosity exhibit two to three times higher mass
activities than Pt/Vulcan XC-72R for methanol electro-
oxidation [8, 9]. About this, it has been shown that colloidal
methods for preparing highly dispersed Pt on mesoporous
carbon supports yield catalysts more active towards the
methanol oxidation reaction than those prepared by
impregnation methods [10]. Other methods, like those
based on the pyrolysis of carbon and Pt precursors in
mesoporous silica, have given good results in terms of size,
shape, and dispersion, as well as activity towards methanol
oxidation [11]. In addition, DMFC single-cell tests showed
that Pt/OMC used as cathode catalyst exhibited higher
performance than the commercial catalyst [12].

Many accept that PtRu is the best catalyst for methanol
oxidation because of its high tolerance for CO poisoning.
However, there is much discussion on the effect of the Ru
content. In the literature, we can find contradictory results,
but in general the best Pt-to-Ru atomic ratio for anodic
methanol oxidation varies from 10% at room temperature to
50% at 60 °C [13].

Half-cell studies with PtRu over mesoporous carbons
indicate a high activity of this catalyst towards methanol
oxidation [14–20] and their ability to be used in practical
DMFC anodes. Other kinds of carbon supports with a
developed mesoporous structure, like spherical carbon
capsules with hollow macroporous core and mesoporous
shell structures [21], as well as aerogels [22], have

demonstrated their suitability as a support of PtRu catalysts
for anodes in DMFC. Pt–Cr supported on mesoporous
carbon has also been used as catalyst for anodes in DMFC
[23]. Nevertheless, limited attention has been given to the
study of the electrochemical behavior of PtRu/OMC as an
anode catalyst in practical DMFCs.

In this paper, we report the electrochemical behavior of
PtRu nanoparticles supported on OMC towards methanol
electrooxidation in half-cell and single DMFC, under
operating conditions used in practical fuel cells, in addition
to their suitability for their use as anodic electrocatalysts in
these fuel cell systems.

Experimental

Preparation of carbon support

OMC were prepared by the nanocasting method, as
previously described [24]. Briefly, the method consisted
of the incipient wetness impregnation of ordered mesopo-
rous silica (SBA-15) with a mixture of polymerized furan
resin (Hüttenes Albertus) and acetone (resin-to-acetone
mass ratio=5). Impregnated silica was cured at 108 °C for
24 h and carbonized at 700 °C for 3 h. Subsequently, the
resulting silica–carbon composite was stirred in a hydrogen
fluoride aqueous solution for 24 h to remove the silica.
Carbon materials were washed carefully with distilled water
until the pH of the filtrate reached 7. Finally, carbon
materials were dried at 108 °C. They had a specific area of
570 m2 g−1 and a pore volume of 0.37 cm3 g−1 and were
designated as CMK-3.

CMK-3 carbon was refluxed in diluted (2 mol dm−3) or
concentrated (65 wt.%) HNO3 solutions to create surface
oxygen groups. These oxidation treatments were carried out
at room temperature for 0.5 or 2 h. Finally, oxidized CMK-
3 carbons were filtered, washed exhaustively with distilled
water, and dried at 108°C.

Synthesis of catalysts and structural characterization

PtRu electrocatalysts supported on OMC and Vulcan XC-
72 (Cabot Corp.) were prepared by the formic acid
method (FAM) [25]. Briefly, the procedure was as
follows: first, the formic acid solution was added to the
carbon material at 80°C. Then, metal precursor (H2PtCl6
6H2O and RuCl3, both Alfa Aesar) solution was slowly
dropped under sonication to obtain a good dispersion of
the PtRu/OMC. The atomic ratio of Pt to Ru and the metal
loading-to-carbon ratio were adjusted using appropriate
concentrations of Pt and Ru in solution. A similar
procedure was used to prepare Pt/OMC but using NaBH4

as a reducing agent [26].
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Structural characterization of the catalysts was done by
the X-ray diffraction (XRD) technique. XRD spectra were
collected using a universal diffractometer Carl Zeiss-Jena,
URD-6, with CuKα radiation and a 2θ scan from 0° to 100°
(at 3° min−1). To estimate the particle size of the dispersed
metal crystallites, Scherrer’s equation was used [27]:

D ¼ k l=B cos q ð1Þ
where D is the mean particle size (Å); k is a coefficient
taken here as 0.9 [28]; λ is the wavelength of the X-rays
used (1.5406 Å); B is the width of the diffraction peak at
half height (rad), and θ is the angle at the position of the
peak maximum. To determine B, the (220) peak of the Pt
face-centered cubic (fcc) structure around 2θ=70° was
selected.

On the other hand, the lattice parameters were obtained
by refining the unit cell dimensions by the least square
method [29].

The mass ratio of PtRu to carbon in the electrocatalysts
and Pt-to-Ru atomic ratios were analyzed by the energy-
dispersive X-ray (EDX) technique. The EDX measure-
ments were performed with an INCA-300 energy analyzer
coupled to a scanning electron JSM5910-LV JEOL
microscope.

Electrode preparation and electrochemical characterization

All technical electrodes used through this work were
thin-film diffusion electrodes. They consist of a diffusion
layer and a catalyst layer. The gas diffusion layer was
ELAT® V2.1 (E-TEK, Inc.). To fabricate the catalyst
layer, an ink was prepared by suspending the catalyst in
water and agitating in an ultrasonic bath for 30 min to
thoroughly wet and disperse the catalyst. Enough 5%
Nafion® dispersion solution (Aldrich) was then added to
the mixture to give a dry ink composition of 20wt.%
Nafion® ionomer. The mixtures were subjected to
ultrasound for another 2 h at room temperature to obtain
uniformly dispersed inks. The catalyst inks were sprayed
onto the gas diffusion layer by an air gun and dried at
70 °C, until a catalyst loading of 2 mg cm−2 was
achieved. The catalyst loading was determined gravimet-
rically, using an analytical balance STA-60/200 (Gram
Precision) with a resolution of 0.01 mg.

The electrochemical measurements were conducted via a
potentiostat PGSTAT 30 (Eco Chemie) driven by the GPES
software in a thermostated three-compartment electrochem-
ical glass cell. Potentials were measured using a Hg|
Hg2SO4, K2SO4sat reference electrode (MSE) separated
from the working electrode compartment by a tube ended in
a Luggin capillary. However, in this study, we have referred
those to that of the reversible hydrogen electrode. The
counter electrode consisted of a Pt wire separated from

the main solution by a fritted glass. Working electrodes of
0.79-cm2 geometric area were mounted inside a holder. A
gold mesh acted as a current collector. The design of the
electrode holder allowed for a N2 stream to pass around
the back of the electrode.

Electrodes were immersed into the N2-purged electrolyte
(0.50 mol dm−3 H2SO4, Merck Suprapure) and were cycled
between 0.075 and 0.8 V, until the voltammogram was
reproducible. The positive potential applied to PtRu-
catalyzed electrodes was limited to 0.750 or 0.800 V in
order to avoid Ru dissolution. For CO stripping voltamme-
try, CO (CO (1,000 ppm)/N2, Praxair, 5.0) was adsorbed
onto the electrode surface at 0.100 V for 30 min.
Subsequently, the electrolyte was purged with N2 for
20 min before the stripping peak was measured.

For methanol (MeOH) oxidation measurements, a N2-
purged electrolyte of 2.0 mol dm−3 MeOH+0.50 mol dm−3

H2SO4 was used. Cyclic voltammetry was performed
between 0.075 and 0.800 V. In chronoamperometric
measurements, the electrodes were stepped to potentials
between 0.400 and 0.550 V. At each potential, the
electrodes were held for 30 min to simulate steady-state
conditions. One data set was always recorded with a
single electrode, that is, after stepping from 0.050 to
0.400 V, the next step to 0.450 V was performed with
another electrode.

Preparation of the membrane electrode assembly

Membrane electrode assemblies (MEAs) with geometrical
area of 5 cm2 were prepared using the hot press method.
Technical electrodes catalyzed with PtRu/OMC were used
as anodes. Cathodes contained a commercially available
20 wt.% Pt/Vulcan XC-72R catalyst (E-Tek, Inc.) with a
loading of 2.0 mgPt cm

−2, which was kept identical for all
the MEAs.

Nafion® 115 membranes were cleaned and converted
into the acid form by boiling in 3% H2O2 for 1 h, following
by boiling in 0.5 M H2SO4 for 2 h, and finally boiling in
ultrapure water for 2 h with the water being changed every
30 min. The cleaned membrane was stored in ultrapure
water and dried before use.

Each MEAwas assembled by hot pressing the anode and
cathode on either side of the pretreated membrane at 50 bar
and 130 °C for 180 s.

Operation of liquid-DMFC

The MEAs were mounted into a commercial 5-cm2 cell
hardware (Fuel Cell Technologies). The current collectors
consisted of POCO graphite blocks (Poco Graphite, Inc.)
with machined serpentine flow fields for the MeOH and O2

feeds. The cell was held together between two gold-plated
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stainless steel contact plates using a set of retaining bolts
positioned around the periphery of the cell. The cell
contained also electrical heaters, a thermocouple, and
voltage connectors. Polytetrafluoroethylene-reinforced gas-
kets were inserted to prevent the cell from leaking. Single
cells were operated with a 2.0 mol dm−3 aqueous MeOH
solution pumped through the anode compartment at
1.5 ml min−1 and zero back-pressure from a reservoir at
60 °C, and with dry O2 from cylinders passed through the
cathode compartment at 50 standard cubic centimeters per
minute and zero back-pressure.

The fuel cells were conditioned for 3 days before the
polarization data were taken using the following proce-
dure: the DMFC was heated to 60 °C at open circuit with
methanol solution circulating through the anode and O2

flowing through the cathode for 1 h. Then, the cell was
operated at 40 mA cm−2 for 2 h. After that, the cell was
operated at 0.400 V for another 2 h. The cell was then shut
down by turning off the load, heating, MeOH, and O2

supply and left overnight at room temperature. The
performance of the DMFCs stabilized after such condi-
tioning. Steady-state polarization curves were measured
using a computer-controlled potentiostat 1287A (Solartron
Analytical, Inc.) in the potentiodynamic polarization mode
at a scan rate of 5 mV s−1.

Results and discussion

Structural characterization of catalysts by XRD analysis

XRD patterns of Pt- and PtRu-supported catalysts are
shown in Fig. 1. The broad peaks (002) in all diffracto-
grams at about 2θ=25° are associated with the carbon
support material. The different shapes of OMC and Vulcan
support-assigned peaks indicate a higher surface area for
the latter carbon support. The crystalline structure of the
metal in the nanoparticles is evident, and all XRD patterns
display the (111), (200), (220), (311), and (222) reflection
characteristic of the fcc crystal structure of Pt. Reflections
(100), (101), (110), (103), and (201) characteristic of the Ru
hexagonal close-packed crystal structure are not observed.
This result suggests that, for materials prepared in this
work, Ru is incorporated in the Pt fcc structure. This is
supported by the fact that diffraction peaks in PtRu-
supported catalysts are slightly shifted to higher 2θ values
with respect to the same reflection peaks in Pt catalyst,
showing the effect of increasing amounts of Ru in the
electrocatalysts and suggesting the formation of a PtRu
alloy [30].

The lattice parameters were calculated from the XRD
patterns in Fig. 1, considering the reflection peak position
for Pt signals. The results are summarized in Table 1. The
value for the Pt80Ru20/OMC electrocatalyst (3.910 Å) is
lower than that of Pt/OMC (3.913 Å), indicating a
contraction of the lattice due to the PtRu alloying to some
extent. This result agrees well with those reported by Chu
and Gilman working with PtRu-unsupported alloy electro-
catalysts, which found a decrease of the lattice parameter
due to incorporation of Ru atoms in the fcc structure of Pt,
and they showed that in all cases Ru was alloyed with Pt
[30]. Thus, the decrease observed for the lattice parameter
in the present work corroborates the formation of a PtRu
alloy in the electrocatalyst. It is remarkable that the value of
the lattice parameter for Pt85Ru15/OMC catalyst does not
match the previous arguments but, as shown in [31],
follows the general behavior observed for the Pt materials
prepared with FAM.
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Fig. 1 X-ray diffraction patterns of supported Pt and PtRu catalyst

Table 1 Composition from EDX and physical parameters from XRD analysis of the Pt- and PtRu-supported catalysts

Catalyst Pt/Rua (at.%) Metal loading (wt.%) Mean particle size (nm) Lattice parameter (Å) SAb (m2g−1)

Pt/OMC 100:0 17 4.5 3.913 62

Pt80Ru20/OMC 80:20 10 4.3 3.910 68

Pt85Ru15/OMC 85:15 15 3.2 3.918 91

Pt85Ru15/Vulcan 85:15 17 2.9 3.913 100

a Pt-to-Ru atomic ratio determined by EDX measurements
bMetal surface area
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On the other hand, particle size affects the lattice
parameter. The dependence of the lattice parameter on
the particle size for electrocatalysts prepared by the
formic and borohydride method has been described
previously [31–33]. It was observed that the increase in
the particle size for OMC-supported electrocatalysts
produces a diminution in the lattice parameter, an effect
which is more apparent when the FAM is used [31].
Accordingly, the lattice parameter for Pt85Ru15/OMC
(3.918 Å) is higher than that for Pt85Ru15/Vulcan (3.913
Å), as the particle size of former catalyst is 3.2 nm,
whereas the latter is 2.9 nm for the same Pt/Ru atomic
composition, that is, an expansion of the lattice of Pt
occurs because of the increase in the particle size for these
PtRu materials. Mean particle sizes for the electrocatalysts
calculated by Eq. 1 are summarized in Table 1.

The metal surface areas (SA) were calculated by
applying the equation:

SA ¼ 6� 103=r d ð2Þ
where SA is the surface area of metallic nanoparticles
(m2 g−1); d is the mean particle size (nm), and ρ (g cm−3) is
the density of Pt or PtRu alloys (r ¼ rPt XPt þ rRu XRu,
where ρPt=21.45 g cm−3, ρRu=12.45 g cm−3, and XPt or Ru

are the weight percent of Pt and Ru in the catalyst). The
SAs calculated using Eq. 2 are shown in Table 1. The SAs
increase with decrease in the particle size.

Table 1 also shows the atomic composition of Pt- and
PtRu-supported electrocatalysts prepared in this work
determined by EDX. The Pt and PtRu bulk compositions
detailed here represent the average of five different
measurements on the same sample. These values presented
a standard relative error less than 1%.

CO stripping voltammetry

To determine the electrochemically active surface area of
the catalyst particles and to obtain some information on
their surface composition, we characterized them by CO
stripping experiments [34]. The resulting stripping voltam-
mograms are shown in Fig. 2. The curves were recorded at
20 °C for (c) the Pt80Ru20/OMC, (b) Pt85Ru15/OMC, and
(a) Pt/OMC for comparison (Fig. 2a).

The stripping peak potential shown in Fig. 2a (a) for
the Pt/OMC catalyst is 0.81 V. This value agrees well with
that obtained on pure Pt or Pt/Vulcan (≈0.80 V) [35, 36],
taking into account the error range mainly due to the
variations in the potential measurement (± 10 mV). In
addition, the stripping peak potentials of the PtRu/OMC
Fig. 2a (b, c) catalysts are significantly lower than those
obtained on Pt/OMC catalyst. Catalyst b shows a single
CO oxidation peak centered at 0.65 V, whereas catalyst c
shows two peaks centered at 0.58 and 0.50 V. This latter

behavior suggests the existence of a nonhomogeneous
alloy composition for this catalyst. However, PtRu/OMC
catalysts exhibited an enhanced CO tolerance compared to
Pt/OMC catalysts. Therefore, PtRu/OMC catalysts
exhibited an enhanced CO tolerance compared to Pt/
OMC catalysts. This behavior could be explained by a
bifunctional mechanism according to the higher affinity of
Ru for H2O or OH species than that of Pt, with the result
that CO adsorbed onto the electrode surface can be
oxidized into CO2 at lower potentials [37].

CO stripping experiments at room temperature have
a limited validity for conclusions on the catalyst
behavior under practical fuel cell operating conditions.
Then, the electrochemical oxidation of CO at 60 °C
was studied in a second series of experiments. The CO
stripping voltammograms measured at 60 °C on PtRu/
OMC-catalyzed electrodes are shown in Fig. 2b. The
profiles for both catalysts are similar compared to the
profiles at 20 °C. However, it seems that higher
temperature could enhance the electrocatalytic activity of
the PtRu/OMC catalysts towards oxidation of adsorbed
CO because the CO oxidation peak potentials are shifted
to less anodic potentials with respect to 20 °C. A similar
behavior was reported for other PtRu-supported catalysts
[38–40].
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Fig. 2 CO stripping scans at a 20 °C and (b) 60 °C for anodes
catalyzed with: (a) Pt/OMC, (b) Pt85Ru15/OMC, and (c) Pt80Ru20/
OMC. H2SO4 0.5 mol dm−3. v=20 mV s−1. The currents were
normalized by the COads charge to better compare the data
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Potentiodynamic methanol oxidation

Cyclic voltammograms for methanol oxidation on Pt/OMC
and PtRu/OMC electrodes were obtained after the electrode
was immersed in the solution for 5 min by sweeping the
potential negatively from the open-circuit potential and then
up to 0.800 or 1.0 V. From Fig. 3, the onset of the methanol
oxidation on Pt/OMC in the forward sweep of curve c
(dotted line) can be estimated between 0.55 and 0.60 V,
while MeOH oxidation current peaks are clearly observed
at 0.86 and 0.82 V in the anodic and cathodic sweeps,
respectively. Moreover, during the first positive going
sweep, the oxidation of methanol on Pt80Ru20/OMC-
catalyzed electrode starts at 0.500 V. The oxidation current
increases considerably with increasing potential until
0.800 V (curve b). Upon reversing the scan at 0.800 V, no
peak or hysteresis loop in the current response is observed.
These facts suggest that there is virtually no accumulation
of poisons on the electrode surface when the potential is
more negative than 0.800 V over the timescale of the
experiment [41]. In addition, cyclic voltammogram for
Pt85Ru15/OMC-catalyzed (curve a) electrode shows a shift
of the onset MeOH oxidation to a lower anodic potential
(70 mV) compared to the former electrode and results in
better catalyst activity towards methanol oxidation.

Potentiostatic methanol electrooxidation

To study the catalyst activity under “long-term” fuel-cell-
relevant conditions, which is especially important when
studying such self-poisoning reactions as methanol elec-
trooxidation, we have carried out tests at constant
potential. From a practical point of view, the catalytic

activity can be measured, expressing the resulting current
per unit of catalyst mass [42]. Figure 4 shows the mass-
specific current of methanol oxidation as a function of
time at 0.500 V for the Pt/OMC and PtRu/OMC catalysts
in H2SO4 0.5-mol dm−3 aqueous solution containing
methanol 2.0 mol dm−3 at 60 °C. The three curves feature
a sharp decrease during the first minutes. Afterwards, the
current diminishes much more slowly. This behavior has
been reported earlier for methanol oxidation on Pt and
PtRu catalysts. The loss of activity has been ascribed
to catalyst poisoning by methanol dehydrogenation
fragments and to the formation of Ru oxides and/or
the presence of surface active impurities or anions in the
electrolyte solution that may slowly adsorb onto the
catalyst surface [43].

Figure 5 summarizes the resulting activities obtained
from potentiostatic stepping experiments at 60 °C, mea-
sured 30 min after stepping the potential into the range
between 0.4 and 0.55 V. As expected, both PtRu-based
electrocatalysts show a superior activity as compared to
the Pt catalyst on all examined potentials. This better
performance of the PtRu catalysts was explained by a
bifunctional reaction mechanism for oxidation of CO-
containing intermediates, COads, on PtRu surfaces. Such
mechanism assumes (1) the formation of COads species in
a methanol dehydrogenation step on Pt sites and (2) the
removal of COads species via OH adsorbed that are
preferentially adsorbed on Ru, formed by dissociative
water adsorption. The higher affinity of the Ru surface
atoms towards OH formation makes possible the genera-
tion of the OHad required for the oxidation of the CO,
which is formed as reaction intermediate during methanol
oxidation, with a lower overpotential than on Pt, that is, at
almost 0.35 V, instead of potential higher than 0.55 V on
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Fig. 4 Potentiostatic electrooxidation of methanol over (a) Pt85Ru15/
OMC-, (b) Pt80Ru20/OMC-, and (c) Pt/OMC-catalyzed electrodes at
0.500 V. 0.50 mol dm−3 H2SO4+2.0 mol dm−3 MeOH. Temperature
60 °C. Currents were normalized by the total metal content in the
electrodes
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Fig. 3 Cyclic voltammograms for (a) Pt85Ru15/OMC-, (b) Pt80Ru20/
OMC-, and (c) Pt/OMC-catalyzed technical electrodes in 0.5 mol dm−3

H2SO4 aqueous solution containing 2.0 mol dm−3 methanol at 60 °C. v
=20 mV s−1. The currents were normalized by the COads charge
(determined at 20 °C) to better compare the data
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Pt [44]. This effect leads to the higher activity for the
overall methanol oxidation process on PtRu compared to
Pt, as shown in Fig. 6.

Comparing the activities of the two PtRu/OMC catalysts,
the methanol oxidation activity on Pt85Ru15/OMC is higher
that on the Pt80Ru20/OMC catalyst, confirming the results
obtained in cyclic voltammetry measurements.

Preliminary test in DMFC

Figure 6 shows the voltage and power density vs. current
density curves obtained in the single DMFC operating with
a 2 mol dm−3 aqueous methanol solution at 60 °C and
atmospheric pressure. The cathode feed was pure O2, at
atmospheric pressure, to maximize the activity of the
cathode and thereby to minimize cathode effects on the
relative activities of the cells. It is apparent that there are
differences in performance for the different catalysts. The
curves show that the open-circuit potential with Pt85Ru15/
OMC is 0.131 and 0.107 V higher than those with
Pt80Ru20/OMC and Pt85Ru15/Vulcan, respectively. The best
performance is obtained when the Pt85Ru15/OMC catalyst
is used to prepare the anodes. Then, the performance of the
catalysts in the single DMFC follows the order of activity
found for the oxidation of methanol in the three-electrode
cell experiments; so, in spite of the different conditions, the
results of the two types of experiments are consistent. In
addition, the difference between the curves is maintained in
the whole current interval. This means that the difference is
due only to the nature of the catalysts in the anode since
Pt/C catalyst with the same loading was coated on the
cathode side and depends strongly on the material support.
This can be justified by taking into account that prepared
Pt85Ru15/OMC and Pt85Ru15/Vulcan catalysts have the

same composition and metal loading, and their mean
particles sizes are very similar.

On the other hand, the comparison of the results
obtained in single DMFC with published data is not easy
because the operational conditions and the MEA composi-
tion are not always the same. However, it is possible to
establish some comparisons. The performance of MEA (a)
in Fig. 6 at the technically interesting potential of 0.4 V was
0.056 A mgPt

−1. This value is comparable to that reported
by other authors for single DMFC working at similar
conditions, which used PtRu-supported catalysts synthe-
sized by the FAM. Thus, a DMFC working at 70 °C with a
Pt75Ru25/Vulcan XC-72® anode catalyst showed a mass
activity of 0.028 A mgPt

−1 at 0.4 V [32]. Another kind of
comparison can be done using the peak power density
given by several MEAs normalized with respect to the
anode metal loading. For MEA (a) in Fig. 6, it was equal to
40.5 mW mgmetal

−1. This value was higher than those of
25.1 and 28.7 mW mgmetal

−1 corresponding to two MEAs,
operating at 60 °C (2 M, MeOH, dry oxygen) with
Pt75Ru25/carbon aerogel and Pt50Ru50/carbon aerogel as
anode electrocatalysts, respectively [22].

Conclusion

The work described in this paper presented the use of PtRu/
OMC as catalysts in technical electrodes for practical
liquid-DMFC. First, it has been demonstrated that it is
possible to synthesize PtRu/OMC catalysts with a low
particle size and a high degree of dispersion. These
catalysts were utilized to manufacture technical electrodes
which showed a high activity towards methanol electro-
oxidation, as we pointed out in half-cell and single-fuel-cell
experiments. In this work, the effect of Pt-to-Ru atomic
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ratio on the methanol oxidation under fuel-cell-relevant
conditions was investigated too. It can be concluded that
the interaction between metals and the OMC support could
affect the best Pt-to-Ru atomic ratio for methanol electro-
oxidation compared to other PtRu state-of-the-art catalysts,
under the same experimental conditions. Finally, OMC
open the development of new supported catalysts with
controlled bulk composition which can be applied in
practical DMFC systems. In this sense, further investiga-
tions are required to optimize the structure and physical
properties of the OMC, with the purpose of increasing the
performance of the DMFC systems in which they are used
as catalyst support.
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