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Promoting Effect of Tin in Platinum Electrocatalysts for Direct
Methanol Fuel Cells (DMFC)
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Pt-Sn anodic catalysts supported on multiwall carbon nanotubes, mesoporous carbon and Vulcan carbon were prepared using a
deposition-reduction technique with sodium borohydride, characterized by different techniques and tested as anodes in a single
direct methanol fuel cell at low temperatures. Characterization and CO stripping results indicate the presence of promoting effects
of Sn over Pt in catalysts supported on Vulcan carbon and carbon nanotubes. This would mainly be caused both by geometric
modifications induced by Sn placed in the surroundings of the active metal phase and probable electronic effects. These promoting
effects make the oxidation of CO to CO; at low potentials easier, thus improving the CO tolerance of the anodic electrocatalyst. On the
other hand, Pt-Sn catalysts supported on mesoporous carbon do not show a proper metallic phase needed for a good electrochemical
behavior. When catalysts were tested in a DMFC, Pt-Sn catalysts supported on Vulcan carbon and carbon nanotubes gave a better
power density than a commercial one mainly when working at low current densities.
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Low temperature Direct Alcohol Fuel Cells (DAFCs) are ex-
tremely attractive as power sources for transportation, mobile and
portable applications.! Compared to hydrogen-fed fuel cells, which
need to employ reforming technology and/or require hydrogen stor-
age, DAFCs use a simple liquid fuel. Methanol is a promising fuel
because it is an easily oxidized alcohol, and thus direct methanol fuel
cells (DMFCs) have been developed for the portable power market.>?

Methanol oxidation has been reported to involve the adsorption
of CH;0H followed by successive dehydrogenation steps, yielding
linearly bonded CO. At sufficiently anodic potentials, the adsorbed
carbon monoxide, CO,g4s, is believed to react with an adsorbed OH g
intermediate. In general, it has been shown that pure Pt systems are not
efficient catalysts for the oxidation of methanol because Pt is rapidly
poisoned by the CO species produced as oxidation intermediates.
For this reason, the modification of Pt electrode with other metals
including Ru, Sn, Mo and Sb has been investigated extensively.*??
In order to achieve maximum tolerance of the platinum catalyst to
CO poisoning, it is important that the second metal is in contact with
platinum. In these catalysts, the second metal will provide O-species
for CO removal from the Pt active sites.

Among many bimetallic Pt based catalysts that have been consid-
ered for CO tolerance, Pt-Ru ones certainly are the most studied, with
PtRu(1:1) catalyst showing a high CO tolerance. The use of Pt-Ru/C
as an oxidation catalyst for H, containing CO at the anode, leads to
a lowering of the CO oxidation potential compared with that of Pt/C
catalyst.

On the other hand, for Pt-Sn(3:1)/C, it has been reported that the
onset potential of CO oxidation was shifted toward more negative side
compared to that of the Pt-Ru (1:1).2* It can thus be expected that there
seems to be a possibility of using the Pt-Sn/C as a CO filter.

Pt—Sn/carbon nanocomposites, prepared by different electrochem-
ical or chemical deposition methods have been studied as anode cat-
alysts for the electro-oxidation of methanol and other small molecule
fuels.?*3! It is well known that catalytic activity of a metal strongly
depends on its particle shape and size distribution.’?

One strategy to effectively disperse catalytic particles is to explore
novel carbon materials. Several research groups have demonstrated
that carbon nanotubes can more effectively improve the electrocat-
alytic activity of Pt catalysts compared to the most widely used carbon
support, Vulcan carbon.?® Recently, mesoporous carbon with tailored
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structure has been used as a support for fuel cell catalyst, exhibiting
promising activities both in half cell or single cell configuration.3*3°

In this paper, Pt-Sn catalysts supported on multiwall carbon nan-
otubes, mesoporous carbon and Vulcan carbon were prepared us-
ing chemical reduction with sodium borohydride, studied by cyclic
voltammetry and tested as anodes in single direct methanol fuel cells
at low temperatures in order to identify the most appropriate sup-
port for this electrocatalyst. The objective of the paper is to com-
pare Pt-Sn bimetallic catalysts supported on different carbons (nan-
otubes, mesoporous and Vulcan) with a commercial one in a working
DMEC.

The supported metallic phases were characterized by tempera-
ture programmed reduction, X-ray photoelectron spectroscopy, H»
chemisorption, benzene hydrogenation reaction, transmission elec-
tron microscopy, CO stripping and chronoamperometry.

Experimental

Electrocatalyst preparation.— The carbonaceous supports used
for the catalyst preparation were Vulcan carbon (VC), multiwall car-
bon nanotubes (NT) and mesoporous carbon (MC). Vulcan carbon
XC-72 has a specific surface area (Sggr) of 240 m? g~ a pore volume
(Vpore) 0f 0.31 cm’ g*1 and a mean particle size of 40 nm. Commercial
multiwall carbon nanotubes (MWCN from Sunnano, purity >90%,
diameter: 10-30 nm, length: 1-10 pwm) with the following textural
properties: Sger = 211 m? g~! and Vo = 0.46 cm® g~ were used.
The physical properties of the structured mesoporous carbon were:
Sper =476 m? ¢! and Ve = 0.35 cm® g7!'. A maximum in the pore
size distribution is found at around 9 nm for MC. The micro- (<2 nm)
and meso-porosity (between 2 and 50 nm) is attributed to the structure
of the carbon, which consists of clusters of porous uniform spheres in a
fairly regular array. Therefore, the obtained material has a hierarchical
pore structure (micro- and mesoporosity).***! The metallic precursors
were H,PtClg.6H,O (Tetrahedron, analytical grade) and SnCl,.2H,0
(Cicarelli, analytical grade). Catalysts were prepared by deposition-
reduction technique in liquid phase (called RB) using NaBH, (Merck,
analytical grade) as reducing agent.

The supports were dispersed into water and stirred for 30 min at
40°C. Then, calculated amounts of H,PtCls and SnCl,.2H, O solutions
were added to the above mixture and stirred for 30 min. A freshly
prepared 0.4 M NaBH, solution (in 1 M NaOH) was added drop by
drop into the above solution under vigorous stirring in four portions
of the same volume. The portions were added after 30 min one from
the other. After stirring for 1 h, the obtained mixture was cooled up
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to room temperature, filtered and washed repeatedly with deionized
water. The formed powder was dried at 70°C for 3 h in a vacuum
oven. All the prepared samples consisted of 17 wt% Pt and a molar
ratio Sn/Pt = 0.33. For comparison, monometallic Pt catalysts were
also prepared by the NaBH, reduction process.

Characterization of the supports and electrocatalysts.— Tempera-
ture programmed reduction (TPR).— After deposition of the metals,
catalysts previously dried under vacuum at 60°C were reduced by
using a reductive mixture (10 mL min~" of H, (5 %v/v)-N,) in a flow
reactor. Samples were heated at 6°C min~! from 25°C to 800°C. The
exit of the reactor was connected to a TCD in order to obtain the TPR
signal.

X Ray photoelectron spectroscopy (XPS).—XPS measurements were
carried out in a Multitechnic Specs Photoemission Electron Spec-
trometer equipped with an X-ray source Mg/Al and a hemispherical
analyzer PHOIBOS 150 in the fixed analyzer transmission (FAT)
mode. The spectrometer operates with an energy power of 100 eV
and the spectra were obtained with a pass energy of 30 eV and a Mg
anode operated at 90 W. The analysis chamber was kept at pressure
lower than 1.5 x 1078 torr. The binding energies (BEs) of the sig-
nals were referred to the Cls peak at 284 eV. Peak areas values were
estimated by fitting the signals with a combination of Lorentzian—
Gaussian curves of variable proportion and using the CasaXPS Peak
fit software version 1.

H, chemisorption.—The H, chemisorption measurements were made
in a volumetric equipment at room temperature. The sample weight
used on the experiments was 100 mg, this being previously outgassed
under vacuum (10~* Torr). The H, adsorption isotherms were obtained
between 25 and 100 Torr. The isotherms were linear in the range of
used pressures and the H, chemisorption capacities were calculated
by extrapolation of the isotherms to zero pressure.*

Benzene hydrogenation reaction.—The test reaction of the metallic
phase (benzene -Bz- hydrogenation) was carried out in a differential
flow reactor at 110°C. In this case a molar ratio H,/Bz = 26 and
a volumetric rate of 600 mL min~! were used. The sample weight
was such as to obtain a conversion lower than 5% (10-20 mg). The
activation energy in benzene hydrogenation for different catalysts was
obtained by measuring the initial reaction rate at 110, 100 and 90°C.
The reaction products were analyzed by using a gas chromatographic
system (packed column with Chromosorb and FID as detector).

Transmission electron microscopy (TEM).—TEM measurements were
carried out on a JEOL 100CX microscope, operated with an acceler-
ation voltage of 100 kV, and magnification ranges of 80,000 x and
100,000 x. For each catalyst, approximately 200 particles were ob-
served and the distribution of particle sizes was done on this basis.
The mean particle diameter (d) was calculated as: d = X(ni.d;)/2ni;
where ni is the number of particles of diameter di.

CO stripping.—Catalysts were characterized by means of CO strip-
ping (electrochemical characterization) in a conventional cell with
three electrodes, using a potentiostat/galvanostat (TEQ-02, Ar-
gentina). Pure CO is bubbled in an electrolytic solution of 0.5 M
H,S0,4. CO is quickly adsorbed on the Pt surface producing a CO
adsorbed monolayer. During the CO adsorption process (1 h), the po-
tential of the cell is maintained constant at 200 mV (this value is lower
than the CO oxidation potential). Then, an inert gas (N,) is passed
to purge the electrolytic solution in order to eliminate the dissolved
CO, thus only the adsorbed CO remains on the Pt surface. In these
conditions, and maintaining constant the flow of inert gas, the poten-
tial was modified in order to induce the CO oxidation. When the Pt
surface is covered by a monolayer of CO, the hydrogen adsorption is
inhibited. Hence the typical H, adsorption and desorption peaks do
not appear in the cyclic voltammograms. When the CO monolayer is
removed by oxidation at high potentials, the Pt surface is able to ad-
sorb and desorb H,, thus appearing the corresponding peaks. In order
to observe the process of occupation and releasing of the Pt active
sites by CO, the potentials of the voltammetry are programmed so
that the potential starts at open circuit under N, atmosphere and it is

cycled between -200 and 1200 mV (vs. Ag/AgCl). In this way in the
first cycle, the H, adsorption-desorption characteristic peaks are not
detected and at higher potentials the CO stripping peak is produced
by oxidation of CO to CO, which is released from the Pt surface. In
the second cycle the characteristic peaks of H, are clearly observed
and they correspond to those observed in a conventional voltammetry
of a Pt electrode in contact with H,.

The specific electrochemical active area (EASS) -Eq. 1- is an
important parameter for the comparison of the electroactivity of the
catalysts. This parameter is obtained from the CO voltammetry (CO
desorption peak) as:

(QCO/qg())

mpy

EASS = [1]
where mp, is the Pt mass, Q¢ is the charge required for the oxidation
of the monolayer of CO adsorbed on the active sites, and ¢’cp is a
reference value equal to 0.42 mC cm™2 (assuming that the surface
density of polycrystalline Pt is 1.3 10' atoms cm? and that each
CO molecule is adsorbed on a single Pt atom, and two electrons are
involved in the oxidation of CO to CO,).*?

Chronoamperometry measurements.—The tests were carried out to
evaluate the effect of the electrode potential on methanol oxidation in
solutions of 0.5 M H,SO,4 and 1 M CH;30H for 3600 s. The potential
was fixed at 350 mV.

Tests in a DMFC cell. —All electrodes were made to contain 1 mg Pt
cm~2. A commercial Pt/VC E-TEK 30 wt% was used in the cathode,
while the bimetallic Pt-Sn catalysts prepared by deposition-reduction
in liquid phase were used in the anode. The experiments in the DMFC
were carried out in two conditions: at 70°C and atmospheric pressure
of O, in the cathode, and at 90°C and 2 atm of O, in the cathode. The
geometric area of the electrodes was 4.62 cm?. In all cases, a Nafion
115 membrane was used as electrolyte. The membrane and electrode
assemblies (MEAs) were prepared by hot-pressing two electrodes on
both sides of a pre-treated Nafion 115 membrane (HT, DuPont) at
125°C and 5 MPa for 2 min. The MEA was placed between two
high-density carbon plates in which serpentine-type channels were
machined for the circulation of O, (70 mL min~') and a methanol
solution (2M). The commercial catalyst used to compare the perfor-
mance was Pt/VC E-TEK 20 wt%.

Results and Discussion

Figure 1 shows temperature programmed reduction profiles (TPR)
of the different Pt-Sn catalysts prepared by deposition-reduction in
liquid phase by sodium borohydride (RB) and supported on different
carbonaceous materials (Vulcan carbon, carbon nanotubes and meso-
porous carbon). For the sake of comparison, the TPR profile of a
monometallic Pt catalyst prepared by conventional impregnation (CI)
and supported on the corresponding carbon is added in each figure.
It is important to notice that the TPR profiles of Pt-Sn catalysts sup-
ported on VC, NT and MC do not show practically any reduction peak
in the zone where Pt is reduced in the impregnated catalysts (at about
230°C). This would indicate that the major fraction of Pt would be in
metallic state (Pt”). However, nothing can be said about the reducibil-
ity state of Sn. It is also observed that Pt-Sn/MC shows an important
hydrogen consumption zone at high temperature due to the reduction
of surface oxygen groups of the mesoporous carbon.**

In order to find more information about the Pt and Sn reducibil-
ities of the bimetallic catalysts supported on VC and NT, a XPS
characterization was done. From the deconvolution of Pt4f spectra
(Figure 2) of the different samples, a peak at 71.8 eV was obtained
for the Pt 4f;, signal and another peak at 75.0 eV for Pt 4fs5;,. These
peaks correspond to the zerovalent state of Pt. Two additional small
doublets are also observed in Figure 2, one at 74.3 eV and 77.8 eV
and the other one at 75.5 eV and 78.4 - 78.8 eV, that belong to the
corresponding oxides or oxychlorides of Pt.*> In each case, the con-
centration of the surface oxidized species was lower than 35%, this
meaning that most of Pt surface species (>65%) are in metallic state
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Figure 1. TPR profiles of Pt-Sn bimetallic catalysts supported on VC, NT and MC and prepared by RB and CI.

in the catalysts supported on VC and NT. XPS of Sn3d (Figure 2)
shows that Sn forms oxidized species and only a small proportion of
Sn® (10-15%) was found, this small metallic fraction perhaps forming
alloys with metallic Pt. A similar behavior of the reducibility of the
metals was also found for the Pt-Sn/MC catalyst.

Hydrogen chemisorption capacities of Pt and Pt-Sn catalyst series
are shown in Table I. Even though the bimetallic catalyst supported
on VC showed chemisorption values higher than the corresponding
monometallic catalyst, the similar catalyst supported on NT showed
similar values to the corresponding monometallic one. A different
behavior was observed for the bimetallic catalyst supported on MC
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since its chemisorption value is noticeable lower than the correspond-
ing monometallic one, this indicating an influence of the support type
on the structure of the deposited metallic phase. It is worth noticing
that, besides this supporting effect, other electronic and geometrical
effects could be produced due to the influence of the promotor (Sn)
in the vicinity of Pt as well. These additional effects are more no-
ticeable for the series supported on the mesoporous carbon whose
chemisorptive capacity is highly reduced, probably due to a blocking
effect.

Benzene hydrogenation is a structure-insensitive reaction, which
can be carried out on one active metallic site.***’ The changes in the
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Figure 2. Pt 4f and Sn 3d XPS signals of Pt-Sn catalysts supported on VC and NT prepared by liquid phase reduction method with 0.4 M NaBHy.
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Table 1. Hydrogen chemisorption and activation energy values
(Eap;) in benzene hydrogenation reaction at 110°C for bimetallic
catalyst series and for the corresponding monometallic catalysts.

Table II. Onset potential of CO oxidation and electrochemically
active specific surface (EASS) for PtSn catalysts supported
on different carbonaceous materials obtained by CO stripping

voltammetry.
Hydrogen Chemisorption Benzene Hydrogenation
Catalyst (nmol Ha/ g cat) Eag, (Kcal/mol) Catalyst Onset potential of CO oxidation (mV) EASS (m2/g Pt)
Pt/VC.RB 138 10 Pt/VC.RB 407 12
PtSn/VC. RB 196 15 PtSn/VC. RB 136 14
Pt/NT. RB 83 14 PtNT. RB 330 31
PtSn/NT. RB 75 11 PtSn/NT. RB 140 15
Pt/MC. RB 212 12 Pt/MC. RB 429 48
PtSn/MC. RB 95 13 PtSn/MC. RB ud ud

activation energies (Eag,) can be related to electronic modifications
of the active sites. This test reaction of the metallic phase can be used
for the characterization of catalysts prepared by deposition-reduction
in liquid phase at low temperature, since the temperature used for
this reaction is also low (100-130°C), and in these conditions there
would be no changes in the characteristics of the catalysts by the
temperature. Table I also shows the results of activation energies in
benzene hydrogenation for the different mono and bimetallic cata-
lysts prepared by deposition-reduction with sodium borohydride. The
activation energy value of the Pt-Sn catalyst is higher than the corre-
sponding monometallic one only in the case of the series supported
on Vulcan carbon. This would indicate that electronic effects are more
important in the Pt-Sn/VC catalyst. Hence, the important decrease of
the chemisorption capacity in the Pt-Sn/MC catalyst would be caused
only by geometric effects, viz. the blocking of Pt by the second metal.

Figure 3 shows the cyclic voltammograms of CO stripping corre-
sponding to mono and bimetallic catalysts supported on VC, NT and
MC. The Pt/VC catalyst shows a main CO oxidation peak at about
0.51 V vs. Ag/AgCl, this value being similar to the one found by
Vidakovic et al.*® and reported as 0.536 V vs. Ag/AgCl for the CO
stripping potential peak of a supported Pt catalyst. In the Pt-Sn elec-
trocatalyst supported on VC, the CO oxidation peak is divided. A main
peak appears at similar potential than in the monometallic catalyst,
which can be due to the oxidation of strongly adsorbed CO on the
metallic sites. Besides, a small peak at 0.20 V vs. Ag/AgCl is also ob-
served, which can be attributed to the oxidation of CO species weakly
adsorbed on other metallic sites probably modified by the presence of
the second metal in the vicinity of Pt. For the bimetallic catalyst the

ud: undetected.

onset potential is found at 0.1 V, whereas that of the monometallic
one is placed at 0.4 V vs. Ag/AgCl. It is clearly evidenced an impor-
tant promoting effect of Sn, which shifts the CO oxidation to lower
potentials (Figure 3a). Similar effects as the ones observed for the
VC supported catalysts are found for NT supported ones (Figure 3b).
In this sense, for the monometallic Pt/NT catalyst the onset potential
is at 0.33 V, and it is found to be at lower potentials (0.1 V) for Pt-
Sn/NT catalyst. The monometallic catalyst displays a wide oxidation
peak with a maximum between 0.51 and 0.54 V vs. Ag/AgCl, but the
Pt-Sn/NT catalyst shows an oxidation peak similar to the monometal-
lic one and another oxidation peak or shoulder at lower potentials
(0.33 V vs. Ag/AgCl). In this series an important promoting effect of
Sn over Pt is observed, thus improving the CO tolerance of the anodic
electrocatalyst.

With respect to the Pt-Sn/MC catalyst, the cyclic voltammograms
of CO oxidation (Figure 3c) show no CO oxidation peak, probably
due to important blocking effects of Sn over the active metal, this
agreeing with the important decrease of the hydrogen chemisorption
capacity (see Table I). Summarizing, these bimetallic systems of Pt-
Sn prepared by RB and supported on mesoporous carbon do not show
a proper metallic phase needed to develop a good electrochemical
behavior.

Table II shows the onset potencial of CO oxidation and electro-
chemical areas of bimetallic catalysts compared with those of the
corresponding monometallic ones. It is clearly observed that the be-
ginning of the CO oxidation is shifted to lower potentials for Pt-Sn
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Figure 3. Cyclic CO stripping voltammograms for Pt and Pt-Sn catalysts supported on a) VC, b) NT, and ¢) MC. Electrolytic solution: 0.5 M H»SOj4.
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Figure 4. TEM images of bimetallic Pt-Sn catalysts supported on VC and NT and the corresponding size particle distribution histograms.

catalysts supported on VC and NT. Regarding the values of electro-
chemically active specific surface (EASS) shown in Table II (obtained
from CO stripping tests), it can be observed that the Pt-Sn catalyst
supported on VC does not modify these values with respect to Pt/VC
one, while the EASS value for bimetallic catalyst supported on NT
shows a decrease that would be caused by the geometric effects of Sn
over active Pt sites.

The earlier oxidation of CO,q in Sn containing electrodes, com-
pared with the corresponding Pt one, could be explained by the Sn
ability of adsorbing OH at more negative potentials than Pt and by
the reactions of surrounding CO,4, species over Pt sites (bifunctional
mechanism) or by the modification of the d electronic Pt bands by
Sn as well. In this sense, characterization and CO stripping results
would be indicating that there exist promoting effects of Sn over Pt
in catalysts supported on VC and NT. This could be explained by
geometric modifications caused by the promoter placed in the vicinity
of the active metallic phase, even though Sn electronic modifications
over Pt (specially on Vulcan carbon) should not be discarded.

Finally, Pt-Sn catalysts prepared on VC and NT were charac-
terized by TEM (Figure 4) and size particle distributions (2.5 to
5.5 nm) with similar mean particle sizes in VC and NT samples
of 3.7 nm were found. These particle distributions were narrower than
those obtained for the corresponding monometallic catalysts. In this
sense, Pt/VC and Pt/NT catalysts show a wide range of Pt particle
size distribution from 3 to 10 nm with an average particle size of
6 and 5 nm, respectively, as it was previously described by Veizaga
et al.* This indicates that the presence of Sn modifies Pt during the
deposition-reduction with sodium borohydride, reducing the particle
size and leading to a narrower size distribution (shown by TEM)
than the corresponding monometallic catalysts supported on VC
and NT.

Characterization and CO stripping results are indicating promoting
effects of Sn over Pt in catalysts supported on VC and NT. This would
mainly be caused both by geometric modifications induced by Sn

placed in the surroundings of the active metal phase and the existence
of probable electronic effects. These promoting effects would ease the
oxidation of CO to CO, at low potentials.

In order to test the behavior of Pt-Sn/VC and Pt-Sn/NT catalysts
in methanol electro-oxidation, chronoamperometry measurements at
350 mV were carried out in solutions of 0.5 M H,SO4 and 1M CH;0H
for 3600 s. Figure 5 shows the curves of current intensity versus
time. As it can be seen, there is an initial step in which the current
quickly falls before 10 min, then the current gradually falls with
time and finally it remains constant. These currents at high reaction
times can characterize an equilibrium state of methanol adsorption and

1,0
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Current (mA)

PtSn/NT. RB

0,0

0 10 20 30 40 50 60
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Figure 5. Current-time curves recorded in a 0.5 M H,SO4 + 1 M CH30H
solution at E = 0.35 V.
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Figure 6. Polarization and current density curves in a DMFC for Pt-Sn/VC.
RB and Pt-Sn/NT. RB anodic catalysts compared to commercial Pt/VC (E-TEK
20%wt) catalyst. As cathodic catalyst it was used a Pt/VC (E-TEK 30%wt)
one. a) 70°C, latm O, pressure, b) 90°C, 2 atm O, pressure. 2 M methanol
solution. The Pt loading was 1 mg cm~?2 for both the anode and cathode.

electro-oxidation. It can be seen that Pt-Sn/VC catalyst reaches higher
current intensity in stationary state than Pt-Sn/NT.

By using chronoamperometric experiments, Neto et al.* showed
that the Pt-Sn/C electrocatalyst was more active than the Pt-Ru/C
and Pt-Ru-Sn/C electrocatalysts for methanol and ethanol oxidation
at room temperature. The superior performance of the Pt-Sn/C elec-
trocatalyst for methanol and ethanol oxidation could be due to the
fact that only part of the tin amount was found as a PtSn alloy, which
changes the Pt electronic properties and probably “tunes” the ability of
Pt to adsorb methanol or ethanol and dissociate C-H bonds, while the
other part found as SnO, species facilitates the oxidation of adsorbed
CO formed as an intermediate (bifunctional mechanism).

Electrocatalysts were also tested in a real cell fed with methanol
and the results for Pt-Sn supported catalysts on VC and NT are shown
in Figures 6a and 6b at two different temperatures and pressures in
the cathode side and are compared with a commercial catalyst.

Polarization curves of Pt-Sn catalysts supported on VC and NT
when tested at 70°C and atmospheric pressure (Figure 6a) are simi-
lar to that of the commercial catalyst, the open circuit potential being
higher for both Pt-Sn catalysts than for the commercial one. The maxi-
mum power attained by both bimetallic catalysts is about 38 mW/cm?.
Such maximum for Pt-Sn/VC catalyst is placed at 0.25 A/cm? whereas
for the Pt-Sn/NT catalyst, it is placed at 0.18 A/cm?. For the commer-
cial catalyst the maximum power (32 mW/cm?) is at the same current
density than for Pt-Sn/VC catalyst. On the other hand, Figure 6b

shows the behavior at 90°C and 2 atm oxygen pressure in the cath-
ode, and it can be seen that the performance of the electrocatalysts
under these operating conditions is better than the one at 70°C and
atmospheric pressure in the cathode. This fact is due to that the higher
the pressure on the cathodic side, the higher the power developed be-
cause the methanol crossover through the membrane decreases. In this
case, the power given by bimetallic catalysts clearly increases up to
about 70 mW/cm? with the maximum between 0.3-0.35 A/cm?,
whereas the commercial catalyst only reaches a maximum of
60 mW/cm? at 0.4 A/cm?. As it can be observed in Figure 6b, at
low current density the performance of the DMFC with Pt-Sn/VC and
Pt-Sn/NT catalysts is better than with the commercial one. At low
current density zones where methanol oxidation is not so fast and
its chemical adsorption is not the limiting reaction rate step, these
bimetallic catalysts are more convenient for DMFC. However, they
do not show a good behavior at high current densities.

These results of Pt-Sn catalysts supported on VC and NT agree
with the ones reported by Colmatti et al.> finding that there could be
obtained better results in DMFC with Pt-Sn catalysts than pure Pt ones
under two conditions: 1) moderate alloy formation and ii) operating
the cells at low current densities. According to these authors, there
would exist a poor methanol adsorption/dehydrogenation due to the
presence of a fraction of Sn alloyed with Pt. As a consequence, at low
current density, little amounts of methanol are necessary to operate the
cell and in these conditions the methanol adsorption/dehydrogenation
can take place more easily, the adsorbed CO oxidation being the
limiting step of the methanol oxidation reaction (MOR). In increas-
ing the methanol consumption at high current densities, methanol
adsorption/dehydrogenation is turned to be the MOR limiting step
and the power density falls quickly.

It could be suggested that the bimetallic Pt-Sn catalyst supported
on mesoporous carbon and prepared by this technique of deposition-
reduction in liquid phase with sodium borohydride shows a metallic
phase with an important Pt blocking by Sn, this reducing the hydrogen
chemisorption capacity and hindering the CO adsorption during cyclic
voltammetric tests.

Moreover the metallic phase of Pt-Sn catalysts supported on Vul-
can carbon and carbon nanotubes and similarly prepared give rise to
a metallic phase where there would exist both geometric effects such
as dilution and electronic ones, especially for those catalysts sup-
ported on Vulcan carbon. These surface modifications would give the
active metal an important promoting effect that makes the CO elec-
trochemical oxidation to take place more easily at lower potentials.
The performance of the DMFC with both electrocatalysts (Pt-Sn/VC
and Pt-Sn/NT) was better than with a commercial one in low current
density working zones where methanol electro-oxidation is not so fast
and its chemical adsorption is not the limiting reaction rate step.

Conclusions

The liquid phase deposition-reduction method with sodium boro-
hydride (RB) to prepare bimetallic Pt-Sn catalysts gives a good Pt
reducibility, and shows the presence of oxidized Sn species. A small
fraction of the second metal (10-15%) stays in zerovalent state prob-
ably forming alloys.

For Vulcan carbon and carbon nanotubes as supports, it was found a
low Pt-second metal electronic interaction but an important geometric
effect that causes the promoting effect of Sn over Pt.

By using this preparation method, Pt-Sn catalysts supported on
mesoporous carbon did not show an adequate electrochemical behav-
ior because of strong blocking effects of the active metal by the second
one.

As Sn is found in the vicinity of small Pt particles, it is produced an
important promoting effect that makes CO electrochemical oxidation
easier since it shifts the onset potential to lower values.

When tested in a DMFC, these Pt-Sn catalysts supported on VC
and NT gave a better power density than a commercial one only at
low current densities.
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