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Pt-Ru electrocatalysts supported on ordered mesoporous carbon (CMK-3) were prepared by the formic
acid method. Catalysts were characterized applying energy dispersive X-ray analyses (EDX) and X-ray
diffraction (XRD). Methanol and carbon monoxide oxidation was studied electrochemically by cyclic
voltammetry, and current-time curves were recorded in a methanol solution in order to establish the
activity towards this reaction under potentiostatic conditions. The physicochemical and electrochemical
properties of the Pt-Ru catalysts supported on CMK-3 carbon were compared with those of electrocata-
lysts supported on Vulcan XC-72 and commercial catalyst from E-TEK. Additionally, in order to complete
this study, Pt electrocatalysts supported on CMK-3 and Vulcan XC-72 were prepared by the same method
and were used as reference. Results showed that the Pt-Ru/CMK-3 catalyst presented the best electro-
catalytic activity towards the CO oxidation and, therefore, good perspectives to its application in DMFC
anodes. On the other hand, the activity of the Pt-Ru/CMK-3 catalyst towards methanol oxidation was
higher than that of the commercial Pt—-Ru/C (E-TEK) catalyst on all examined potentials, confirming the

Keywords:

Pt-Ru electrocatalysts
Ordered mesoporous carbon
Methanol oxidation

Direct methanol fuel cell
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1. Introduction

Direct methanol fuel cells (DMFC) have attracted much atten-
tion due to their potential applications as clean and portable power
sources, and additionally, because of the advantages of the use of a
liquid fuel [1-4]. However, various issues such as poor kinetics of
methanol oxidation, methanol crossover through the membrane,
low electrocatalytic activity and durability of the electrocatalysts
still remain as key problems for the commercialization of DMFC
[5-20].

To improve the electrocatalytic activity of methanol electro-
oxidation, many efforts have been devoted towards the develop-
ment of electrocatalysts [6-19]. Pt anodes are rapidly poisoned in
DMEFC due to strong CO adsorption on the metal surface, leading
to a significant decrease in power output of the cell [5]. Con-
sequently, Pt could never be good electrocatalysts for methanol
electro-oxidation at room temperature. In this sense, various Pt-
based alloys have also been investigated [10-18]. At the moment,
Pt-Ru alloy electrocatalysts are generally regarded as the most
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appropriate material for methanol electro-oxidation due to their
tolerance towards CO [6-9]. Ru forms oxygenated species at lower
potential than Pt and its presence in the electrocatalysts promotes
oxidation of CO into CO, by the bifunctional mechanism and/or a
“ligand effect” [9,20,21].

The maximum utilization of the Pt-Ru electrocatalysts particles
by choosing the proper supporting material would improve the per-
formance of DMFC [22-45]. The ideal support material should have
some specific characteristics: high electrical conductivity, adequate
metal-support interactions at the electrode and also good corro-
sionresistance under oxidizing conditions. Carbon black is the most
common support material for metals at the electrode in fuel cells
[14-17,19,22]. Nowadays, alternative carbon materials such as car-
bon or graphite nanofibers [30-32], carbon nanotubes [33-36] and
mesoporous carbons [37-45] have been investigated as supports
for the development of DMFC.

From these results it could be expected that the electrocata-
lysts supported on these non-conventional carbon materials would
show a better performance for methanol electro-oxidation than
commercial ones. The ordered mesoporous carbons (OMC) have
received great attention because of their potential use as elec-
trocatalytic supports in fuel cell electrodes since the discovery of
the mesoporous silica materials. However, the mesoporous carbon
contains a small amount of oxygen surface groups, which can be
disadvantageous for many applications.
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Many works about the effect of the functionalization of the sup-
port on the preparation of catalysts can be found in the literature.
However, the effect of the functionalization on the properties of cat-
alysts has not been well established, due to they not only depend
on the functionalization of the support but also on the textural and
morphological properties of the support [46], the catalyst prepa-
ration method and the nature of the metal precursor [47,48]. The
results obtained in these works indicate that the oxidation treat-
ments affect drastically the properties of both the carbons and
the catalysts prepared on them. Some authors have found that
the interaction of the metal precursor with the carbon support,
by means of surface oxygen groups, leads to a higher dispersion
[46,49]. However, other studies have shown that the oxidation of
the support has a negative effect on getting a catalyst with a high
dispersion [50,51].

In recent studies of our group, Pt nanoparticles were deposited
by the formic acid and borohydride reduction methods on
ordered mesoporous carbons CMK-3 subjected to different chem-
ical treatments [37,38]. We found that a good dispersion of the
electrocatalysts on the support was achieved and showed that
CO-stripping occurs at more negative potentials (around 0.15V)
with these supports respect to Vulcan XC-72. The best results were
obtained with CMK-3 functionalized with concentrated nitric acid
during 0.5 h, which is the support with the highest content of sur-
face oxygen groups maintaining the ordered structure. According to
this previous result, this treatment was chosen for the preparation
of the materials in the present paper.

In the present work, OMC supported Pt-Ru electrocatalysts was
prepared applying the formic acid reduction method (FAM) and
the oxidation of methanol and carbon monoxide were investi-
gated. Its electrochemical properties were compared with those
for Pt-Ru electrocatalyst supported on a commercial carbon sub-
strate (Vulcan XC-72) and a commercial Pt-Ru/C catalyst from
E-TEK. In order to complete this study, results were also com-
pared with those for Pt electrocatalysts supported on CMK-3 and
Vulcan XC-72, which were prepared by the same method. All mate-
rials were characterized applying energy dispersive X-ray analyses
(EDX) and X-ray diffraction (XRD). Methanol and carbon monox-
ide oxidation was studied electrochemically by cyclic voltammetry.
Current-time curves were recorded in a methanol solution in order
to establish the activity towards this reaction under potentiostatic
conditions.

2. Experimental methods
2.1. Synthesis and functionalization of carbon supports

Ordered mesoporous carbon CMK-3 was synthesized by incipi-
ent wetness impregnation of SBA-15 silica as described in [52].In a
typical synthesis, SBA-15 silica was impregnated with a carbon pre-
cursor (polymerized furan resin). Impregnated silica was cured at
108 °C for 24 h and carbonized at 700 °C for 3 h. The obtained silica-
carbon composite was washed with NaOH to remove the SBA-15
silica. Subsequently, CMK-3 carbon was refluxed in concentrated
HNOs3 atroom temperature for 0.5 h to modify its surface chemistry.
Surface oxygen groups were created during this treatment and the
ordered structure of the original CMK-3 carbon was maintained.

Carbon Vulcan XC-72, supplied by Cabot, was also used as elec-
trocatalyst support for comparison.

Carbon supports (CMK-3 and Vulcan XC-72) were characterized
by different analytical techniques (XRD, N,-physisorption and TPD
experiments) in order to study their morphological and textural
properties as well as their surface chemistry [52]. These proper-
ties will be related to the physicochemical and electrochemical
properties of the catalysts.

2.2. Preparation of the carbon-supported Pt and Pt-Ru
electrocatalysts

The mesoporous carbon-supported Pt and Pt-Ru electrocata-
lysts (denoted as Pt/CMK-3 and Pt-Ru/CMK-3) were prepared by
the formic acid method (FAM) [26,27,38]. The method consists of
the following steps: first, the formic acid solution was added to the
carbon material at 80 °C. Then, chloroplatinic acid (H,PtClg-6H,O0,
Johnson Matthey) solution was slowly dropped under sonication
to obtain a good dispersion of Pt/C. In the case of Pt—-Ru/CMK-3, the
procedure is similar, with the exception that a solution containing
both metal precursors (H,PtClg-6H, 0 and RuCls, Johnson Matthey)
is employed.

Appropriate concentrations of the precursors were used to
obtain a theoretical total metal loading of 20 wt.% and a Pt:Ru com-
position of 50:50.

The same procedure was used for preparing Pt and Pt-Ru
catalysts supported on Vulcan XC-72 (denoted as Pt/Vulcan and
Pt-Ru/Vulcan).

2.3. Physicochemical characterization of Pt/C and Pt-Ru/C
electrocatalysts

The real content of Pt and Pt-Ru in the electrocatalysts and the Pt
to Ru ratio were determined by energy dispersive X-ray analyses
(EDX) technique coupled to a scanning electron microscopy Jeol
JEM Mod. 1010 with asilicon detector with Be window and applying
20 keV.

X-ray diffractograms of the electrocatalysts were obtained in a
universal diffractometer Carl Zeiss-Jena, URD-6, operating with Cu
Ko radiation (A =0.15406 nm) generated at 45 kV and 40 mA. Scans
were done at 3° min~! for 26 values between 0° and 100°. In order
to estimate the crystallite size from XRD Scherrer’s equation was
used [53] and the (2 2 0) peak of the Pt fcc structure around 20 =70°
was selected. This region was choosen to avoid the influence of
a broad band of the carbon substrate (26=25°) on the (111) and
(200) peaks of Pt structure [25,54]. The lattice parameters were
obtained by refining the unit cell dimensions by the least squares
method [55].

2.4. Electrochemical characterization of Pt/C and Pt-Ru/C
electrocatalysts

Electrochemical experiments were performed in a typical
one-compartment three-electrode glass cell using a potentiostat
Autolab PGSTAT302 (Ecochemie). The counter electrode was a
large area pyrolitic graphite foil and the reference electrode was
a reversible hydrogen electrode (RHE) placed inside a Luggin cap-
illary. All potentials in the text are referred to this electrode.
The working electrodes were prepared depositing a thin-layer of
the electrocatalyst over a pyrolitic graphite disk (5 mm diameter,
0.196 cm? geometric area). A catalyst ink was prepared by mixing
the catalyst (4.0 mgml-1), and 30 .l of Nafion dispersion (5 wt.%,
Aldrich) in ultrapure water (Millipore Milli-Q system). The sus-
pension was submitted under sonication for 10 min. An aliquot of
the suspension was pipetted onto the graphite disk and dried at
room temperature. After that, the working electrode was immersed
into 0.5 M H;S04 electrolyte solution, prepared from high purity
reagents (Merck) and deaerated with argon (99.998%, Air Liquide).

Electrochemical experiments were done at room temperature.
However, in the experiments performed at different temperatures
to obtain the Arrhenius type plots, the reference electrode was
immersed in a 0.5M H,SO4 aqueous solution, thermostated at
25.0°C in a separated compartment. In this case, the latter was
connected to the working compartment by means of a Luggin
capillary.
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Table 1
Estimation of the type and number of surface oxygen groups obtained from the
deconvolution of the TPD profiles.

Support CO, peak areas CO peak areas
(pmolg™) (nmolg™)
Carboxylic Anhydride/lactone Anhydride Phenol Quinone

CMK-3 1342 537 519 2471 801

Vulcan XC-72 0 0 0 0 317

Electrochemical active areas of catalysts were measured from
CO-stripping voltammograms by the integration of the CO,q4 oxi-
dation region, assuming a charge of 420 uCcm~2 involved in the
oxidation of a monolayer of linearly adsorbed CO. This electroactive
area has been used to calculate the current densities given in the
text. CO (99.997%, Air Liquide) was adsorbed on catalyst surfaces by
bubbling this gas at 1atm through the electrolyte for 25 min while
holding the potential at 0.20V. The excess CO was then flushed
from the electrolyte with Ar gas for 25 min and the potential was
cycled between 0.05 and 0.80 or 1.10V at 0.020 Vs~ for two com-
plete oxidation/reduction scans. The first sweep was in the positive
direction.

Methanol oxidation reaction was characterized by cyclic
voltammetry and chronoamperometry. Cyclic voltammograms
(CVs) recorded in 0.5M H,SO4+0.50 M between 0.20 and 0.80V
for Pt-Ru/C and 1.10V for Pt/C at a scan rate of 0.02Vs~!. The
upper limit potential for Pt-Ru/C electrocatalysts was restricted to
0.80V, since the application of higher values induces irreversible
changes in the particle surface composition with the increase of Pt
concentration due to Ru dissolution [28]. Potentiostatic j-t curves
were recorded in the same solution at 0.60V for 900 s, unless other
conditions will be specified in the text.

3. Results and discussion

3.1. Physicochemical characterization of the supports and
electrocatalysts

Carbon materials used as support presented different proper-
ties that will influence the final properties of the catalysts and their
electrocatalytic activity. The physicochemical characterization of
the CMK-3 carbon was stated in a previous work [52]. CMK-3 car-
bon structure consisted of periodic arrays of carbon nanorods with
uniform mesopores between them. This structure was maintained
after the HNO3 treatment. On the other hand, Vulcan XC-72 con-
sisted of an aggregation of spherical carbon nanoparticles, called
primary particles.

Textural properties of the carbon supports were determined
by N,-physisorption. CMK-3 carbon had a specific surface area of
around 400mZ2 g~! and a total pore volume of 0.27 cm3 g~!. This
material was mainly a mesoporous carbon, although it contained
a small amount of micropores. However, Vulcan XC-72, that had
a specific surface area of 218 m2g~! and a total pore volume of
0.41 cm3 g~1, contained a considerable amount of micropores (30%
of total surface area). The presence of microporous could result in
a lower electrochemical activity due to the less efficient diffusion
of reactants and products.

Finally, the surface chemistry of the carbon materials was stud-
ied by temperature-programmed desorption experiments [52]. It
has been proved that the presence of functional groups on the car-
bon surface influences the properties of the catalyst [46,49,51].
Table 1 shows an estimation of the type and number of the sur-
face groups. It can be observed that CMK-3 carbon contains a great
number of surface oxygen groups compared to Vulcan XC-72. CMK-
3 carbon has mainly carboxylic and phenol groups, whereas Vulcan
XC-72 only contains a small amount of quinones.

T T T T T
c  gfiet
[
I Pt
‘ ol PUCMK-3 Pt
et ' Pt-Ru/CMK-3
— | s
:E' ' t Pt/Vulcan
2 K —
8 || Pt-Ru/Vulcan
£
l PYt/C, ETEK
l Pt-Ru/C, ETEK
I T T T T T T T T T T T
0 2 4 8 8 10 12

Energy / keV

Fig. 1. EDX spectrum of the Pt and Pt-Ru electrocatalysts supported on CMK-3 and
Vulcan XC-72 and compared with E-TEK materials.

EDX spectra of the electrocatalysts prepared by FAM using CMK-
3 and Vulcan XC-72 as carbon supports, compared with those for
commercial E-TEK materials are given in Fig. 1. The analysis showed
the presence of Pt, C, S, O and Cl for all materials. Cl-atoms proceed
from the precursor salts used for the preparation of the catalysts.
It is remarkable that for CMK-3 electrocatalysts the amount of O
is the highest due to the introduction of the oxygen groups previ-
ously mentioned, whereas the content of S in this type of carbon
support is negligible. In this case, Si from the silica used as tem-
plate for the preparation of the OCMs is also present in the spectra.
It has been reported that the presence of this Si does not affect the
electrochemical response [37,38].

The values of the metal content obtained for Pt/C and Pt-Ru/C
electrocatalysts from EDX are similar to the nominal value of 20%
(Table 2). Finally, it was found that the EDX atomic composition
was 85:15 for Pt:Ru supported on CMK-3 and Vulcan XC-72, and
50:50 for E-TEK catalysts, respectively, as shown in Table 2. The low
content of Ruobtained with the FAM procedure has been previously
described in the literature and depends on the pH of the formic acid
solution [56].

X-ray diffractograms for Pt/C and Pt-Ru/C electrocatalysts can
be seen in Fig. 2. A broad peak at around 26 = 25° was observed in all
diffractograms that is associated with the carbon support material.
This peak is assigned to the basal planes of graphite (002) and was
more intense in catalysts supported on Vulcan XC-72. In the case
of Vulcan XC-72, this peak is attributed to the turbostratic struc-
ture of the primary particles, which consist of “crystalline” regions
of 1.5-2.0nm in length and 1.2-1.5nm in height with a random
disposition. However, CMK-3 carbon shows a broader peak of low
intensity, indicating that it was an amorphous carbon material. The
nature of the carbon support affects the supported metal particles,
as will be seen below.

The crystalline structure of the metal in the nanoparticles is
evident and all the XRD patterns clearly show the five main charac-

Table 2
Ru content from EDX and physical characteristics from XRD analysis of the carbon-
supported Pt and Pt-Ru electrocatalysts.

Electrocatalyst Pt:Ru %Pt d(nm) Lattice parameter = Metal surface
(A) area(m?g!)
Pt/CMK-3 - 18 4.5 3.9132 62
Pt-Ru/CMK-3 85:15 15 3.2 3.9179 94
Pt/Vulcan - 14 2.8 3.9214 100
Pt-Ru/Vulcan 85:15 20 2.9 3.9125 103
Pt/C, E-TEK - 16 2.8 3.9231 100
Pt-Ru/C,E-TEK  50:50 20 34 3.8775 105
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Fig. 2. XRD diffractograms of the Pt and Pt-Ru electrocatalysts supported on CMK-3
and Vulcan XC-72 and compared with E-TEK materials.

teristic peaks of the face centred cubic (fcc) crystalline Pt, namely,
the planes (111),(200),(220),(311), and (222). No peaks cor-
responding to a metallic ruthenium with a hexagonal close packed
(hcp) structure or the ruthenium oxide phase were observed [28].
These results suggest that for the materials prepared in the present
paper, Ru is incorporated in the Pt fcc structure. However, it is pos-
sible that metallic Ru is not detected because the intensities of its
reflections are much smaller than those of the Pt. In fact, Chu and
Gilman suggested [11] that the presence of hcp structures of Pt—-Ru
bimetallic materials are observed only when the percentage of Ru
is above 50 at.%.

The diffraction peaks in the Pt-Ru/C electrocatalysts are slightly
shifted to higher 26 values with respect to the same reflections in
Pt/C and show the effect of increasing amounts of Ru in the elec-
trocatalysts. This is a consequence of the incorporation of Ru in the
fcc structure of platinum and suggests the formation of a Pt—-Ru/C
alloy in the electrocatalysts [11,12].

The lattice parameter was calculated from the XRD in Fig. 2,
considering the peak position for Pt signals and the results are
summarized in Table 2. The value for Pt-Ru/Vulcan electrocatalyst
(3.9125 A) is lower than that of Pt/Vulcan electrocatalyst (3.9214 A)
and the same occurs for E-TEK materials, indicating a contraction
of the lattice due to the Pt-Ru alloying to some extent [11]. In the
studies of Chu and Gilman on the preparation of a wide composi-
tional range of unsupported Pt—Ru alloy electrocatalysts by thermal
decomposition of chlorides and chloroacids, a decrease of the lattice
parameter due to incorporation of Ru-atoms in the fcc structure of
Pt was found [11]. The authors showed that in all cases Ru was
alloyed with Pt. Accordingly, the decrease observed for the lat-
tice parameter in the present paper corroborates the formation
of a Pt-Ru alloy in the electrocatalysts [11,12]. The allowing of all
the materials studied is confirmed by the linear relationship found
between the lattice parameter and the Ru atomic fraction, follow-
ing the Vegard’s law (Fig. 3). It is remarkable that the value of the
lattice parameter for Pt/CMK-3 is smaller than expected and does
not match the previous arguments, but as shown in [38], follows
the general behaviour observed for the Pt materials prepared with
the FAM method.

On the other hand, there is a second factor which affects the
lattice parameter that is the crystallite size. The dependence of the
lattice parameter on the crystallite size for the electrocatalysts pre-
pared by formic acid and borohydride methods has been described
previously [15-17,27,38]. It was observed that the increase in
the crystallite size for CMK-3 supported Pt electrocatalysts pro-
duces a diminution in the lattice parameter, effect which is more
apparent when the FAM method is used [38]. Accordingly, the
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Fig. 3. Dependence of the lattice parameter on Ru atomic fraction.

lattice parameter for Pt—-Ru/CMK-3 (3.9190A) is higher than for
Pt-Ru/Vulcan (3.9125A), as the former presents a crystallite size
of 3.2 nm whereas the latter is 2.9 nm for the same Pt—-Ru composi-
tion, i.e. an expansion of the lattice of Pt occurs, due to the increase
in the crystallite size for these Pt-Ru materials.

As can be observed in Fig. 2, the intensity and width of the
peaks, which are related with the metal crystallite size, depended
on the carbon material used as support. The diffraction peaks of the
electrocatalysts supported on CMK-3 material were sharper than
those on Vulcan XC-72 carbon, indicating larger metal crystallites.
Taking into account that all catalysts were prepared by the same
method and with similar metal loading, it is deduced that the sup-
port affects the size of supported metal crystallites. Mean metal
crystallite sizes for the electrocatalysts, calculated from the Scher-
rer’ equation, are given in Table 2. The crystallite sizes for Pt—-Ru/C
and Pt/C electrocatalysts were similar in the range of 2.8-3.4nm
with the exception of Pt/CMK-3 (4.5 nm). However, a relationship
between the metal crystallite size and the crystalline grade of the
support can be established, as has been already observed by other
authors [57,58]. The higher the crystalline grade of the support,
the smaller the metal crystallite size. In the literature, this effect
is attributed to the type of metal-support interaction [57,58]. It
is remarkable that the crystalline structure of the metal is clearly
visible in the nanoparticles and that the crystallite size is simi-
lar in the cases for Vulcan XC-72 and E-TEK samples, as expected
[27,38].

The surface area (SA) was calculated (Table 2) applying the equa-
tion SA (m? g~1)=6 x 103/ pd, where d is the mean metal crystallite
size in nm and p is the density of Pt or Pt-Ru considering pp¢_ry
(gcm™3) = ppeXp; + pruXru, Where pp; of Pt metal is 21.4gcm—3 and
ORru is 12.3 gcm—3, and Xp and Xg,, are the weight percent of Pt and
Ru, respectively, in the catalysts. Values around 100 m2 g1 were
obtained for all catalysts with the exception of Pt/CMK-3, which is
lower as expected from its higher crystallite size.

3.2. Electrochemical studies

3.2.1. Carbon monoxide oxidation

CO-stripping voltammetry can be used to obtain some in situ
information about composition and surface areas of catalysts, as
well as, to establish their tolerance towards CO poisoning. In Fig. 4,
CO-stripping voltammograms at room temperature are shown for
Ptand Pt-Ru based catalysts. In addition, the second cycles recorded
after CO-stripping which correspond to the voltammograms in the
base electrolyte for the clean surfaces are shown. The CO,q4s OXi-
dation peak potentials on Pt/Vulcan and Pt/E-TEK catalysts are
observed around 0.82 V. For Pt/CMK-3 catalyst the CO,45 oxidation
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Fig. 4. CO-stripping voltammetries for Pt/C and Pt-Ru/C electrocatalysts in 0.5 M
H3S04. E;q=0.20V; v=20mVs™!; T=25°C.

peak potential appears at 0.73 V. This shift to more negative values
could suggest an effect of the carbon support and it indicates faster
charge transfer kinetics of the CO oxidation process [14].

The onset potential of CO oxidation is shifted negatively for the
three Pt-Ru based catalysts, with respect to that of the Pt-based
catalysts. This fact could be explained by the presence of Ru, which
is more easily electro-oxidized than pure Pt, and forms Ru-OH,4;
species at lower potentials, helping to oxidize the CO,qs, through
a bifunctional mechanism [7,21]. The CO,45 oxidation peak poten-
tials on Pt-Ru/Vulcan and Pt-Ru/C (E-TEK) catalysts are attained
at 0.70 and 0.58V, respectively. The same last peak potential, and
similar current, was showed by the Pt—-Ru/CMK-3 catalyst. The shift
to more positive potentials for the Pt—-Ru/Vulcan with respect to the
E-TEK material is justified by the lower Ru content of this material.
Then, the comparison of the Pt-Ru/CMK-3 has to be done with the
Pt-Ru/Vulcan with the same Pt:Ru composition: a shift of 0.12V
to more negative potentials is established. Taking into account the
ruthenium content of Pt-Ru/CMK-3 and Pt-Ru/C (E-TEK), 15 and
50 a/o, respectively, it can be concluded that the former catalyst
show the best electrocatalytic activity towards the CO oxidation,
and good perspectives to its application in DMFC anodes.

3.2.2. Methanol oxidation

Fig. 5 illustrated cyclic voltammograms recorded at room tem-
perature for Pt-Ru/CMK-3, Pt-Ru/Vulcan and commercial Pt-Ru/C
(E-TEK) catalysts in 0.5M CH30H+0.5M H;SO,4 solution. Also
reported are the cyclic voltammograms for the Pt/CMK-3, the
Pt/Vulcan and the commercial Pt/C (E-TEK) catalysts in the same
solution.

All the voltammograms corresponding to the catalysts based on
Pt exhibit the irreversible nature of the methanol electro-oxidation.
The onset of methanol electro-oxidation occurs between 0.50 and
0.62V for the three catalysts based on Pt. The highest current den-

1.0 ;
0.8: Pt-Ru/C

0.6

—— CMK3
0.44 == =-Vulcan

0.2
0.04

0.0 0.2
0.5+

0.4]
0.3
0.2
0.1 :
0.0 sz== T
0.0 02 0.4 0.6 0.8 1.0 12

Potential / VRHE

Current density / mA cm”

Fig. 5. Cyclic voltammograms for Pt/C and Pt-Ru/C electrocatalysts in 0.5M
CH30H+0.5M H2S04. v=20mVs~!; T=25°C.

sities are achieved by the Pt/CMK-3 during the positive potential
scan at potentials around 0.87 V. But it is also observed that in
the same potential scan direction, this catalyst presents the lowest
activity for oxidation of methanol when compared with the other
two catalysts at potentials lower than 0.70 V. The specific activities
of the mesoporous and Vulcan carbon samples at 0.60V vs. RHE are
showed in Table 3. The current density of the methanol oxidation
for Pt/CMK-3 reached a value of 21 wA cm~2, which is lower than
that of Pt/Vulcan (30 wA cm~2) and Pt/C (E-TEK) (41 wAcm~2). The
data show that the Pt supported on the conventional Vulcan carbon
(E-TEK) exhibits two times higher specific activity than that sup-
ported on the mesoporous carbons. This result could be attributed
to the higher utilization of the Pt nanoparticles on conventional
Vulcan carbon, taking into account that the size of Pt crystallites
supported on conventional Vulcan carbon is about one half of that
of the crystallites supported on OMC. However, it is valuable that
the Pt/CMK-3 catalyst is at least comparable to a commercial cat-
alyst, given that it has a lower surface area. Moreover, values are
quite small and it can be concluded that similar results are obtained
for the three materials at E<0.70V.

In contrast to the behaviour described above for the Pt-based
catalysts, the onset potential of methanol electro-oxidation basi-
cally occurs at the same potential (~0.40V) for the three catalysts
based on Pt-Ru. In addition, the methanol oxidation current grows
considerably faster for Pt—-Ru/CMK-3 catalyst as compared to the
commercial Pt-Ru/C (E-TEK) one. For example, it can be found that
Pt-Ru/CMK-3 catalyst displays about 4.6-fold larger methanol oxi-
dation specific current than commercial Pt-Ru/C (E-TEK), at 0.60V
(see Table 3). Furthermore, a 1.7-fold current increase is approx-
imately registered for the Pt-Ru/CMK-3 catalyst with respect to
Pt-Ru/Vulcan prepared in the same condition as the mesoporous
carbon-supported catalyst. Thus, such increase in activity may be
attributed only to the supporting effect of the mesoporous car-
bon, because the atomic ratio Pt:Ru is the same in both catalysts,

Table 3
Current densities from cyclic voltammetric (CV) and chronoamperometric (CR)
curves obtained at 0.60V for carbon-supported Pt and Pt-Ru electrocatalysts.

Electrocatalyst CVo60 (LACm2) CRogo (RACmM2)

Pt/CMK-3 21 3
Pt-Ru/CMK-3 223 102
Pt/Vulcan 30 23
Pt-Ru/Vulcan 134 91
Pt/C, E-TEK 41 35
Pt-Ru/C, E-TEK 48 74
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Fig. 6. Chronoamperometric curves recorded in a 0.5 M CH30H +0.5 M H,SO4 solu-
tion at E=0.60V.

and there is not a significant difference between the crystallite
sizes of both materials, as can be seen in Table 2. Taking into
account that an improvement of the methanol electro-oxidation
was not observed for Pt/CMK-3, although the oxygen groups of
the support facilitate the CO oxidation (see Fig. 4), it may be con-
clude that the support has an effect on the Pt-Ru interactions that
improves the methanol deprotonation. These results confirm that
the catalyst Pt—-Ru/CMK-3 is notably more active for electrooxidiz-
ing methanol than commercial catalysts commonly employed as
anodes in DMFCs.

Interestingly, the Pt-Ru/Vulcan catalyst showed higher oxi-
dation activity than those of the PtRu/C (E-TEK) catalyst also
supported on the Vulcan carbon. This improved methanol reaction
rate observed could be due to the catalyst preparation procedure,
but also could in part be connected to a different Pt:Ru ratio with
respect to the Pt—-Ru/C (E-TEK) catalyst. In this sense, Gasteiger et al.
[59] investigated the effect of surface composition of well-defined
Pt-Ru “bulk” alloy catalysts on methanol electro-oxidation. They
showed that a maximum in the current density was found for Pt-Ru
alloys with a Ru content between 7 and 33 a/o, as the temperature
was increased from 25 to 60-80°C. Later on, reasonably similar
results for Pt-Ru alloys were also described by other researchers
[60,61]. As pointed out above, the Ru atomic ratio in Pt-Ru/Vulcan
is 15 a/o, i.e. lower than in the Pt-Ru/C (E-TEK) catalyst (50 a/o),
but the same as Pt-Ru/CMK-3. Then, it seems reasonable that the
decrease in the Ru content in Pt-Ru/Vulcan catalyst contributes to
the observed increased intrinsic activity as compared to Pt-Ru/C
(E-TEK).

To further assess steady-state catalyst performance with respect
to methanol electro-oxidation we have carried out chronoamper-
ometry tests at steady potential. Fig. 6 shows the potentiostatic
methanol oxidation currents, normalized by the active surface
area of the catalysts, as a function of time for the Pt and Pt-Ru
based catalysts at 0.60V. Generally, the curves feature a sharper
decrease during the earlier minutes. Afterwards, the current dimin-
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Fig. 7. Current densities at potentials in the range 0.50-0.80V obtained in a 0.5M
CH30H +0.5M H;S04 solution.

ishes much more slowly. This behaviour has been ascribed to the
accumulation of poisoning species, mainly CO, on the Pt surface
during the methanol oxidation or, in turn, to the formation of Ru
oxides as the cause of the initial rapid decay [62]. The subsequent
slow current decrease could be tentatively ascribed to the presence
of surface active impurities or anions in the electrolyte solution
that may slowly adsorb onto the catalyst surface during long-term
experiments, thereby determining loss of activity [63,64].

It is apparent from the slopes of the current decaying region in
Fig. 6, that the rate of deactivation due to the poisoning species
is less for the Pt/Vulcan and Pt/C (E-TEK) catalysts than for the
Pt/CMK-3 catalyst, suggesting a better tolerance towards poison-
ing of the Pt-on-Vulcan catalysts than Pt-on-CMK-3. A reason could
be the better water adsorption capability of the Vulcan carbon
compared to that of the mesoporous carbon [65]. Quasi-stationary
current densities from chronoamperometric curves increased in
the order Pt/CMK-3 <Pt/Vulcan<Pt/C (E-TEK) as can be seen in
Table 3.

Regarding to the Pt-Ru based catalysts, Pt—-Ru/CMK-3 displays
the highest activity followed by Pt-Ru/Vulcan, and Pt-Ru/C (E-TEK).
It appears that the greater activity of Pt-Ru/CMK-3 compared to
Pt-Ru/C (E-TEK) is due to the effect of carbon support, because both
catalyst had the same Pt:Ru atomic ratio and the crystallite sizes
are very similar. On the other hand, the differences between Pt:Ru
atomic ratio could explain the higher activity of Pt-Ru/Vulcan than
Pt-Ru/C (E-TEK) catalyst. As we stated above, other authors have
addressed methanol oxidation activity of bulk Pt-Ru alloy electro-
catalysts as a function of Pt:Ru ratio using chronoamperometric
methods [63]. They found increasing activity at room temperature
as platinum content grew from about 50 up to somewhere between
67 and 93 a/o, and they ascribed this behaviour to an increased
ability of the Pt-rich alloys to promote the adsorption and initial
dehydrogenation of methanol.
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Fig. 7 allows to compare the resulting activities obtained from
cyclic voltammograms in Fig. 5 for Pt and Pt-Ru based catalysts
at the more technically interesting potentials of the methanol oxi-
dation reaction. The activity of the Pt-Ru/CMK-3 catalyst towards
methanol oxidation is higher than that of the commercial Pt-Ru/C
(E-TEK) catalyst on all examined potentials, confirming the poten-
tial of the bimetallic catalysts supported on mesoporous carbons.

The influence of temperature on the kinetics of methanol oxi-
dation reaction on both Pt/CMK-3 and PtRu/CMK-3 catalysts was
investigated by performing chronoamperometric curves at the
steady potential of 0.50V in 2.0 M CH30H in 0.50 M H;SOy, in the
range of 20.0-60.0°C. The form of the j-t curves (not shown) at
different temperatures was essentially the same as those in Fig. 6.

Activation energy provides important information for both the
elucidation of fundamental catalytic mechanisms and the projec-
tion of actual fuel cell performance. Therefore, current density
values were taken at 800 s in order to evaluate apparent activation
energies, and the corresponding In(j) vs. T-! (Arrhenius type) plots
were obtained (see Fig. 8). Good straight lines with linear regres-
sion coefficient r > 0.999 were always found. Plots of Fig. 8 allow to
determine the apparent activation energy at 0.50V, U¥3pp(0.50 V),
since the slope of Arrhenius type plots can be taken as —U* 3pp(E)/R
[66], where R is the gas constant (=8.314]JK~1 mol~1). The appar-
ent activation energies for methanol oxidation on Pt/CMK-3 and
Pt-Ru/CMK-3 catalysts were 77.4 and 56.2 k] mol~1, respectively.
These values are comparable with those previously reported in the
literature [63,67-69]. Therefore, it can be concluded that the carbon
support has not a significant effect on the activation energy, so it is
expected that the effect of the temperature on the electrocatalytic
performance of the catalysts supported on OMC will be similar to
that described in the literature.

4. Conclusions

The main conclusions derived from this work can be summa-
rized as follows:

- Thesize of metal crystallites depends on the nature of the support.
The higher the crystalline grade of the support, the smaller the
metal crystallite size. This effect is associated with the electronic
metal-support interaction, which increases with the crystalline
grade of the support.

- Pt and PtgsRuqs electrocatalysts supported on ordered meso-
porous carbon (CMK-3) show more negative CO oxidation
potential as well as higher catalytic efficiency for oxidation of
methanol compared with catalysts supported on Vulcan XC-72

(and also commercial catalysts from E-TEK). The increase in the
activity is attributed to the supporting effect of the mesoporous
carbon, as metal loading are similar for all catalysts and the Pt:Ru
atomic ratio is the same for prepared bimetallic materials.

- Carbon support has not a significant effect on the activation
energy. Therefore, the effect of the temperature on the electro-
catalytic performance of the catalysts supported on OMC will be
similar to that described in the literature for Vulcan catalysts.

These results prove the potential of bimetallic catalyst sup-
ported on ordered mesoporous materials for their use in DMFC
anodes.
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