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Effect of the Preparation Method on the Electrocatalytic Activity of
Pt-Sn/Nanotubes Catalysts Used in DMFC
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A series of bimetallic Pt-Sn catalysts supported on multiwalled carbon nanotubes (NT) for methanol oxidation reaction was prepared
by different methods that involve ethylene glycol synthesis under reflux conditions and sodium borohydride reduction (using water
or ethylene glycol as solvents) at 55◦C. Pt-Sn/NT catalysts containing 20 wt% platinum with Pt:Sn atomic ratios of 5:1, 3:1 and
1:1 were prepared and their morphology and electrocatalytic activities were characterized by temperature programmed reduction,
X-ray photoelectron spectroscopy, H2 chemisorption, benzene hydrogenation reaction, transmission electron microscopy, cyclic
voltammetry, linear sweep voltammetry, chronoamperometry and CO stripping. The electrocatalysts performance depends strongly
on the preparation method and Pt:Sn atomic ratios, with the Pt3Sn1/NT sample prepared by ethylene glycol displaying the highest
activity for methanol electrooxidation, a good CO tolerance and an important stability.
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Direct alcohol fuel cells are considered very attractive energy sys-
tems because of their high conversion efficiency, high energy density,
adaptability to portable devices, low temperature operation and em-
ployment of an easily handled reactant as alternative to hydrogen.
Low-weight molecular alcohols such as methanol and ethanol can
be used, leading to direct methanol (DMFC) and ethanol fuel cells
(DEFC).1,2

A Pt/C electrocatalyst is one of the best materials to be used in low-
temperature fuel cells. However, Pt is expensive and it is not the best
catalyst for anode material owing to vulnerability toward poisoning by
CO or carbonaceous intermediates. Alcohol oxidation on a Pt/C cat-
alyst takes place with the formation of adsorbed CO as intermediate,
which becomes a poison on the active sites and significantly reduces
the cell performance.3 To produce a useful electrocatalyst, significant
efforts have been made to decrease the amount of Pt used and to
overcome the problem of CO poisoning.4–8 The solutions involve the
use of secondary metals such as Ru,9–11 Sn,10,12–14 Pd,11,12 Mo,15,16

W,17,18 Rh6,19,20 and Cr21,22 to promote the catalytic activity and the
oxidation of the chemisorbed CO. Recently, utilization of PtSn over
different carbonaceous materials as anode catalysts has been studied
for methanol oxidation by several groups.14,23–27

Different methodologies for the synthesis of metal nanoparticles
supported on high surface area carbons play a key role to attain ma-
terials with homogeneous metallic distribution, small particle size
and high catalytic activity. Thus, several methods for the synthesis of
PtSn/C catalysts have been developed: conventional impregnation,28,29

polyol method,22,30–32 microwave-assisted heating,33,34 thermal de-
composition of polymeric precursors method35–38 and borohydride
reduction.39,40

In polyol method, the reflux of an ethylene glycol solution provides
homogeneous dispersions of the corresponding metal nanoparticles.
The alcohol simultaneously acts as solvent and reducing agent. This
method offers some advantages such as good reproducibility, satis-
factory distribution and small particle size. Also, dispersed platinum-
based catalysts supported on carbon have been obtained by sodium
borohydride reduction. In this methodology, catalysts are formed by
addition of high surface area carbon support to a sodium borohydride
solution, enabling good control of nanoparticle size and composition.

In this context, the aim of this work is to carry out a system-
atic study of Pt-Sn nanoparticles supported on multiwalled carbon
nanotubes with Pt:Sn atomic ratios of 5:1, 3:1 and 1:1 and to com-
pare the nanoparticles obtained by chemical reduction with sodium
borohydride and ethylene glycol, in terms of morphology and electro-
catalytic activity for methanol oxidation, with these obtained by more
conventional methods.
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The supported metallic phases were characterized by tempera-
ture programmed reduction, X-ray photoelectron spectroscopy, H2

chemisorption, benzene hydrogenation reaction, transmission elec-
tron microscopy, cyclic voltammetry, linear sweep voltammetry,
chronoamperometry and CO stripping.

Experimental

Catalyst preparation.—Commercial multiwalled carbon nan-
otubes (NT) from Sunnano (purity > 90%, diameter: 10–30 nm,
length: 1–10 μm) with the following textural properties: SBET = 211
m2 g−1 and Vpore = 0.46 cm3 g−1 were used as carbonaceous sup-
port. The metallic precursors were H2PtCl6.6H2O (Tetrahedron) and
SnCl2.2H2O (Cicarelli). Sodium borohydride (Merck) and ethylene
glycol (Merck) were the reducing agents.

Before the synthesis, multiwalled carbon nanotubes were purified
in order to remove all inorganic impurities. The purification consisted
on successive treatments with 10 wt% HCl, HNO3 and HF aqueous
solutions at room temperature for 48 h without stirring. After HCl and
HNO3 treatments, NT were washed until pH = 4. After HF treatment,
NT were washed until deionized water pH. Then, NT were filtered
and dried in an oven at 120◦C for 24 h. Finally, the powder was heated
to 800◦C under H2 atmosphere for 4 h to eliminate sulfurated traces
that could poison the metallic phase.41,42

In the polyol method19,43 carbon nanotubes were dispersed in a
mixture solution of water:ethylene glycol (1:3 in volume ratio) and
ultrasonicated for 30 min. Then, the corresponding quantities of pre-
cursors of Pt and Sn were added to the carbon slurry. After being kept
under reflux for 2 h, the mixture was filtered, washed with copious
deionized water and dried at 70◦C for 2 h in a vacuum oven. These
samples are denoted as Pt-Sn/NT (EG).

For sodium borohydride reduction method,40,44 carbon nanotubes
were dispersed into water and stirred for 30 min at 55◦C. Then, cal-
culated amounts of H2PtCl6 and SnCl2 solutions were added to the
above mixture and stirred for 30 min. A freshly prepared 0.4 M NaBH4

solution (in 1 M NaOH) was added drop by drop into the above so-
lution under vigorous stirring. After stirring for 1 h, the obtained
mixture was cooled up to room temperature, filtered and washed re-
peatedly with deionized water. The formed powder was dried at 70◦C
for 2 h in a vacuum oven. The catalysts are denoted as Pt-Sn/NT
(NaBH4).

For sodium borohydride reduction method in ethylene glycol,45

the support was dispersed into EG (instead of water) and the same
procedure as that above described was employed. The catalysts are
denoted as Pt-Sn/NT (NaBH4-EG).

For the sake of comparison, monometallic Pt/NT catalysts were
also prepared. The nominal loading of Pt in all catalysts was 20 wt%.
Table I summarizes nominal Sn loadings for the bimetallic catalysts.
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Table I. Nominal metal loading, Pt:Sn atomic ratios and hydrogen chemisorption values (H) of Pt/NT and Pt-Sn/NT catalysts.

Nominal Metal Loading [wt%]
Nominal Pt:Sn

Catalyst Pt Sn atomic ratio H [μmol H2 g cat−1]

Polyol Method
Pt/NT (EG) 20 308
Pt5Sn1/NT (EG) 20 2.43 5:1 311
Pt3Sn1/NT (EG) 20 4.06 3:1 318
Pt1Sn1/NT (EG) 20 12.17 1:1 348

Sodium Borohydride Reduction Method
Pt/NT (NaBH4) 20 74
Pt5Sn1/NT (NaBH4) 20 2.43 5:1 150
Pt3Sn1/NT (NaBH4) 20 4.06 3:1 156
Pt1Sn1/NT (NaBH4) 20 12.17 1:1 117

Sodium Borohydride Reduction Method (in EG)
Pt/NT (NaBH4-EG) 20 150
Pt5Sn1/NT (NaBH4-EG) 20 2.43 5:1 258
Pt3Sn1/NT (NaBH4-EG) 20 4.06 3:1 257
Pt1Sn1/NT (NaBH4-EG) 20 12.17 1:1 276

Catalyst characterizations.—Structural analysis.—Temperature pro-
grammed reduction (TPR).—After metal deposition, catalysts were
reduced by using a reductive mixture (10 mL min−1 of H2 (5%vol)-
N2) in a flow reactor. Samples were heated at 6◦C min−1 from 25 to
800◦C. The exit of the reactor was connected to a thermal conductivity
detector 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 × 10−8 torr. The binding energies (BEs) of the sig-
nals were referred to the C1s 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.
H2 chemisorption.—H2 chemisorption measurements were made in
a volumetric equipment at room temperature. The sample was pre-
viously outgassed under vacuum (10−4 Torr) at 100◦C for 30 min.
The H2 adsorption isotherms were obtained between 25 and 100 Torr.
The isotherms were linear in the range of used pressures and the
H2 chemisorption capacities were calculated by extrapolation of the
isotherms to zero pressure.
Benzene hydrogenation reaction.—The benzene (Bz) hydrogenation
reaction was carried out in a differential flow reactor at 110◦C with
a H2/Bz molar ratio equal to 26 and a volumetric rate of 600 mL
min−1. The activation energy in benzene hydrogenation (EaBz) was
obtained by measuring the initial reaction rate at 110, 100 and 90◦C.
The reaction products were analyzed by a gas chromatographic system
(packed column with Chromosorb and FID as detector).

Electrochemical measurements.—All electrochemical measure-
ments were performed on a potentiostat/galvanostat (TEQ–02, Ar-
gentina) and a three electrode test cell at 30◦C. The working electrode
was a thin layer of Nafion impregnated Pt-Sn/NT composite cast on
a vitreous carbon disk electrode. The counter electrode was a Pt wire
and the reference electrode was an Ag/AgCl electrode. 10 mg cat-
alyst was suspended in a mixture of 160 μL of isopropanol and 80
μL of Nafion solution. This mixture was ultrasonically scattered for
35 min to form a homogeneous ink and 8 μL of this ink was then
placed on the vitreous electrode with a 5 mm diameter to act as the
working electrode. Ultra pure N2 was passed through the cell for 10
min to remove oxygen from the electrolyte solution before measure-
ments. A N2 atmosphere was maintained above the solution during
the experiments.

CO stripping.—Pure CO was bubbled in an electrolytic solution of
0.5 M H2SO4. During the CO adsorption process (60 min), the poten-
tial of the cell was kept constant at 200 mV vs Ag/AgCl. Then, N2

was passed to purge the electrolytic solution in order to eliminate the
dissolved CO, thus remaining only the adsorbed CO on the Pt surface.
Under these conditions, and maintaining constant the flow of inert
gas, the potential was modified in order to induce the CO oxidation.
The electrochemical active surface (EAS) -Eq. 1- was obtained from
the CO voltammetry as:

E AS = (QC O /q S
C O )

m Pt
[1]

where mPt is the Pt mass, QCO is the charge required for the oxidation
of the monolayer of CO adsorbed on the active sites, and qs

CO is a
reference value equal to 0.42 mC cm−2 (assuming that the surface
density of polycrystalline Pt is 1.3 × 1015 atoms cm−2), and that each
CO molecule is adsorbed on a single Pt atom, and two electrons are
involved in the oxidation of CO to CO2.46

Cyclic voltammetry (CV).—The electrochemical activities of the cat-
alysts toward methanol oxidation were carried out in a 0.5 M H2SO4

+ 1 M CH3OH solution. The scan range was from −200 to 1200 mV
vs Ag/AgCl and the scan rate was 25 mV s−1.
Linear sweep voltammetry (LSV).—Linear sweep voltammetry was
carried out in a deaerated 0.5 M H2SO4 + 1 M CH3OH solution at
a scan rate of 1 mV s−1 to evaluate the catalyst activity for methanol
oxidation.
Chronoamperometric measurements.—The tests were carried out to
evaluate the effect of the electrode potential on methanol oxidation in
solution of 0.5 M H2SO4 + 1 M CH3OH for 60 min. The potential
was fixed at 350 mV vs Ag/AgCl.

Results and Discussion

Figure 1 shows temperature programmed reduction (TPR) profiles
of Pt and Pt-Sn catalysts supported on NT and prepared by differ-
ent deposition-reduction techniques in liquid phase (polyol, sodium
borohydride and sodium borohydride in ethylene glycol methods).
For comparative purposes, TPR profiles of Pt/NT and Pt-Sn/NT cata-
lysts prepared by conventional impregnation (CI)47 are also included
(Fig. 1a). Besides, TPR profiles of Sn(12.17 wt%)/NT (CI) and
Sn(12.17 wt%)/NT (EG) and the profile corresponding to purified
nanotubes are also included.

Pt catalysts prepared by conventional impregnation (Fig. 1a) ex-
hibit a large peak at about 180–200◦C corresponding to the reduction
of oxychloroplatinum species.48 It can be observed that this maxi-
mum is shifted to lower values for bimetallic Pt-Sn catalysts. The TPR
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Figure 1. TPR profiles of Pt/NT and Pt-Sn/NT catalysts prepared by: a) CI; b) EG; c) NaBH4; and d) NaBH4-EG methods.

profile of Sn(12.17 wt%)/NT (CI) shows that Sn species are reduced
at high temperature; however this signal does not appear in bimetallic
Pt-Sn samples prepared by conventional impregnation. This fact sug-
gests that the presence of reduced Pt near Sn species would catalyze
the reduction of a fraction of the promoter at lower temperatures, in
the zone of Pt reduction.

It is important to note that TPR profiles of Pt-Sn/NT catalysts
(with higher Pt/Sn ratios) prepared by EG (Fig. 1b), NaBH4 (Fig. 1c)
and NaBH4-EG (Fig. 1d) show very small reduction peaks in the Pt
zone where Pt is reduced in the conventionally impregnated catalysts
(Fig. 1a). This would indicate that the major fraction of Pt would be

in metallic state (Pt0) at the end of the deposition-reduction method.
However, TPR profiles of Pt-Sn catalysts prepared by EG, NaBH4

and NaBH4-EG, with a Pt/Sn molar ratio equal to 1, show wider
reduction zones appearing up to 400◦C, which could be attributed
to the reduction of tin species by a spillover effect promoted by the
presence of reduced platinum.

The very small peaks located around 500◦C for Pt3Sn1/NT
(NaBH4) and Pt5Sn1/NT (NaBH4) (Fig. 1c) could be due to the re-
duction of Sn2+ and Sn4+ species.39

In order to find more information about the Pt and Sn reducibilities
of the bimetallic catalysts supported on NT, a XPS characterization
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Figure 2. Pt 4f and Sn 3d XPS signals of Pt3Sn1/NT, Pt/NT and Sn/NT catalysts prepared by NaBH4 method.

of the Pt/NT, Pt3Sn1/NT and Sn/NT catalysts prepared by NaBH4

method was done as Figure 2 shows. For the monometallic catalyst
(Pt/NT), the Pt 4f signal was deconvoluted and one peak at 71.2 eV
was obtained for Pt 4f7/2 and other one at 74.6 eV for Pt 4f5/2. These
peaks are assigned to zerovalent Pt.49 However, other small doublets
at 73.7 eV and 76.3 eV corresponding to Pt oxides or oxychlorides are
also present. The concentrations of oxidized surface species are 35%,
hence an important amount of Pt is in the zerovalent state (65%).

From the deconvolution of Pt 4f spectra in the bimetallic Pt3Sn1/NT
catalyst, a peak at 71.8 eV was obtained for the Pt 4f7/2 signal and
another peak at 75.0 eV for Pt 4f5/2. 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 eV, these corresponding to oxides or oxychlorides of Pt. The
concentration of the surface oxidized species was lower than 35%, this
meaning that most of surface Pt species (>65%) are in metallic state.
It is noteworthy that in Pt3Sn1/NT catalyst the binding energy shifts
to higher values compared to Pt/NT catalyst, which may be caused by
an electronic modification of the Pt centers due to the presence of the
promoter (Sn).

XPS of Sn 3d of Pt3Sn1/NT catalyst shows that Sn forms oxidized
species and a small proportion of zerovalent Sn (about 15%) was
found. However, the XPS signal corresponding to the monometallic
Sn/NT catalyst displays only oxidized tin species. Hence, there is a
catalytic effect of Pt on the Sn reduction, and the small fraction of
metallic tin could be probably forming alloys with metallic Pt.

Hydrogen chemisorption values of Pt and Pt-Sn catalyst series
are shown in Table I. Bimetallic catalysts supported on NT and pre-
pared by EG showed H2 chemisorption values slightly higher than
the corresponding monometallic one, while Pt-Sn/NT (NaBH4) and
Pt-Sn/NT (NaBH4-EG) catalysts presented H2 chemisorption val-
ues much higher than the corresponding Pt/NT ones. The increase
of these values for bimetallic samples (respect to the corresponding
monometallic ones) could be due either to a decrease of the particle

size or to the presence of geometric/electronic effects of the promoter
on Pt sites.

Table II shows the results of initial reaction rates and activation
energies in benzene hydrogenation for mono- and bimetallic cata-
lysts prepared by EG, NaBH4 and NaBH4-EG. Considering that the
benzene hydrogenation is a structure-insensitive reaction, changes in
activation energy (EaBz) can be related to electronic modifications
of the active sites.50,51 This test reaction of the metallic phase can
be used to characterize catalysts prepared by deposition-reduction in

Table II. Initial reaction rate (RBz
0) and activation energy (EaBz)

in benzene hydrogenation reaction for Pt/NT and Pt-Sn/NT
catalysts.

Catalyst RBz
0 [mol h−1 g Pt−1] EaBz [Kcal mol−1]

Polyol Method
Pt/NT (EG) 2.33 7.88
Pt5Sn1/NT (EG) 0.43 10.53
Pt3Sn1/NT (EG) 0.75 11.43
Pt1Sn1/NT (EG) n.d. n.d.

Sodium Borohydride Reduction Method
Pt/NT (NaBH4) 2.75 10.89
Pt5Sn1/NT (NaBH4) 0.42 16.17
Pt3Sn1/NT (NaBH4) 0.50 13.45
Pt1Sn1/NT (NaBH4) n.d. n.d.

Sodium Borohydride Reduction Method (in EG)
Pt/NT (NaBH4-EG) 1.93 12.14
Pt5Sn1/NT (NaBH4-EG) 1.30 12.45
Pt3Sn1/NT (NaBH4-EG) 0.29 13.64
Pt1Sn1/NT (NaBH4-EG) n.d. n.d.

n.d.: not determined due to the low activity of the sample.
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Figure 3. TEM images and particle size distributions of Pt/NT catalysts prepared by: a) EG; b) NaBH4; and c) NaBH4-EG methods.

liquid phase at low temperature, since the temperature used for this
reaction is also low (100–130◦C) so changes in the characteristics
of the catalysts by the temperature would be avoided. The activation
energy values of the bimetallic catalysts prepared by EG, NaBH4 and
NaBH4-EG are higher than those of the corresponding monometallic
ones. This indicates electronic effects of the promoter on the active
sites of Pt with probable alloys formation. The drastic decrease of
the initial activities of the bimetallic catalysts with the increase of the
Sn content would be due not only to the presence of these electronic
effects but also to additional geometric ones, mainly blocking.

The distribution of particle sizes of Pt/NT and Pt3Sn1/NT electro-
catalysts were examined by transmission electron microscopy (TEM).
For each catalyst, a microphotography, the distribution and mean val-
ues of the particle sizes are displayed in Figures 3 and 4. TEM results
indicate that Pt/NT catalyst prepared by deposition-reduction with EG
has a mean particle size lower than the ones prepared by NaBH4 and
NaBH4-EG methods. In this sense, the polyol method would assure
a stronger interaction between the support and the metallic precur-
sor during the deposition-reduction in liquid phase, leading to higher
dispersions of the metallic phase in agreement with chemisorption
values (see Table I). Furthermore, the formation of NaBH4–EG reac-
tion complex, which is both a reducing agent and a stabilizer, may
also influence the particle morphology (Fig. 3).52

In the case of bimetallic catalysts prepared by the polyol method,
there is a slight modification of the mean particle size (Fig. 4) that cor-
relates well with chemisorption measurements (Table I). On the other
hand, Sn addition to Pt by the other deposition-reduction methods
(NaBH4 and NaBH4-EG) produces an important decrease of the mean
particle size (from 4.9 to 3.6 nm and from 4.7 to 3.2 nm, respectively),
in agreement with the important increase of the chemisorption values
of bimetallic catalysts with respect to the corresponding monometallic
ones.

Figure 5 shows the cyclic voltammograms of CO stripping cor-
responding to mono- and bimetallic catalysts. Pt/NT (EG) catalyst
shows a narrow CO oxidation peak at about 600 mV vs Ag/AgCl,
this value being similar to the one found by Vidakovic et al.53 who
reported 536 mV vs Ag/AgCl for the CO stripping potential peak of
a commercial unsupported Pt catalyst. For Pt/NT prepared by NaBH4

and NaBH4-EG, the CO oxidation peaks appear at about 600 and 500
mV vs Ag/AgCl, respectively.

For some bimetallic electrocatalysts supported on NT, the CO
oxidation peak is divided, thus appearing a main and wide peak at
500 mV and a small one at 200 mV vs Ag/AgCl. The first peak
would correspond to the oxidation of weakly adsorbed CO on metallic
sites, while the second one would be due to the oxidation of strongly
adsorbed CO on other Pt sites modified by the closeness of the second
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Figure 4. TEM images and particle size distributions of Pt3Sn1/NT catalysts prepared by: a) EG; b) NaBH4; and c) NaBH4-EG methods.

metal (Sn). Similar effects were observed for supported PtIn and PtGe
electrocatalysts.54

Table III shows the onset potential of CO oxidation and electro-
chemical active surfaces (EAS) of bimetallic catalysts compared with
those of the corresponding monometallic ones. It is clearly observed
that the beginning of the CO oxidation is shifted to much lower po-
tentials for all Pt-Sn catalysts.

For the monometallic Pt catalysts, the onset potentials are found
at 365 mV vs Ag/AgCl for Pt/NT (EG), 479 mV vs Ag/AgCl for
Pt/NT (NaBH4) and 300 mV vs Ag/AgCl for Pt/NT (NaBH4-EG),
whereas that of the corresponding bimetallic ones are placed at much
lower values, between 111 and 172 mV vs Ag/AgCl. It is clearly
evidenced an important promoting effect of Sn, which promotes the
CO oxidation at lower potentials, this improving the CO tolerance of
the anodic electrocatalyst.

The earlier oxidation of COads in Sn containing electrodes, com-
pared with the corresponding Pt one, could be explained not only by
the Sn ability to adsorb OH at more negative potentials than Pt but by
the reactions of surrounding COads species over Pt sites (bifunctional
mechanism) or the modification of the d electronic Pt bands by Sn as
well.55 In this sense, characterization and CO stripping results would
be indicating that there exist promoting effects of Sn over Pt in cat-
alysts supported on NT. This could be explained by the presence of
electronic and geometric modifications caused by the promoter placed

in the vicinity of the active metallic phase. These promoting effects
would ease the oxidation of CO to CO2 at lower potentials than in the
case of monometallic catalysts.

As it can be seen, NT supported monometallic catalysts prepared
by EG give high EAS values (Table III), bimetallic ones show-
ing an increase respect to them in agreement with chemisorption
results.

Considering the important promoting effect of Sn, which improves
the CO tolerance of the anodic electrocatalyst, the activities of Pt/NT
and Pt-Sn/NT catalysts prepared by EG, NaBH4 and NaBH4-EG were
examined by cyclic voltammetry technique (CV) for the oxidation re-
action of methanol (MOR). In order to obtain the voltammograms of
H2 adsorption/desorption (Fig. 6), the potential was cycled between
−200 and 1200 mV vs Ag/AgCl at 25 mV s−1 in a nitrogen-purged
0.5 M H2SO4 + 1 M CH3OH electrolyte solution at 30◦C. The 5th cy-
cle from all CV curves was selected in order to obtain a reproducible
and reliable electrocatalytic performance in the half cell reaction. The
shapes of the curves are typical for the oxidation reactions of simple
organic alcohols, showing two anodic current peaks in positive and
negative sweeps, respectively. They are related to oxidation reactions
of alcohol in the positive sweep and to incompletely oxidized car-
bonaceous residues on the catalyst surface during the negative sweep.
Table IV shows the CV results of the different catalysts for methanol
oxidation reaction.
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Figure 5. Cyclic CO stripping voltammograms for Pt/NT and Pt-Sn/NT catalysts prepared by: a) EG; b) NaBH4; and c) NaBH4-EG methods. Electrolytic solution:
0.5 M H2SO4.

By comparing the positive peak current obtained for the methanol
oxidation of the different bimetallic and monometallic catalysts pre-
pared by the three techniques (Table IV), it is clear that tin participates
as a promoter to increase the electrocatalytic performance of Pt. In
addition, the increase of the Sn addition to Pt (from 2.43 wt% to
4.06 wt%) leads to substantial enhancements in the catalytic activity
for the methanol oxidation, mainly for catalysts prepared by EG and
NaBH4. However, for the bimetallic catalysts with the highest Sn con-
tent (12.17 wt%), the activities decrease. Hence, there is an optimum

in the catalytic activity for the three Pt-Sn catalysts prepared with a
Pt:Sn atomic ratio equal to 3:1.

The presence of electronic and geometric effects in the bimetallic
catalysts determined by several techniques (like XPS, H2 chemisorp-
tion and benzene hydrogenation test reaction) plays a very important
role in their behaviors for the methanol oxidation. It is the synergy
of these effects that leads to a maximum catalytic activity for the
methanol oxidation for the three PtSn catalysts prepared with a Pt:Sn
atomic ratio equal to 3:1. On the contrary, at high Sn loadings, the
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Table III. Onset potential of CO oxidation (ECO,Onset) and
electrochemical active surface (EAS) values of Pt/NT and Pt-Sn/NT
catalysts.

Catalyst ECO,Onset [mV vs Ag/AgCl] EAS [m2 g Pt−1]

Polyol Method
Pt/NT (EG) 365 29.39
Pt5Sn1/NT (EG) 132 31.03
Pt3Sn1/NT (EG) 119 40.96
Pt1Sn1/NT (EG) 172 40.00

Sodium Borohydride Reduction Method
Pt/NT (NaBH4) 479 12.06
Pt5Sn1/NT (NaBH4) 145 9.49
Pt3Sn1/NT (NaBH4) 115 8.85
Pt1Sn1/NT (NaBH4) 118 5.90

Sodium Borohydride Reduction Method (in EG)
Pt/NT (NaBH4-EG) 241 10.39
Pt5Sn1/NT (NaBH4-EG) 115 18.33
Pt3Sn1/NT (NaBH4-EG) 115 12.02
Pt1Sn1/NT (NaBH4-EG) 111 12.22

Figure 6. Cyclic voltammograms for Pt-Sn/NT catalysts prepared by: a) EG;
b) NaBH4; and c) NaBH4-EG methods. Electrolytic solution: 0.5 M H2SO4 +
1 M CH3OH.

Table IV. Cyclic voltammetry results of Pt/NT and Pt-Sn/NT
catalysts for methanol oxidation reaction.

Positive peak potential Positive peak If/
Catalyst [mV vs Ag/AgCl] current [mA] Ib [-]

Polyol Method
Pt/NT (EG) 760 10.23 1.22
Pt5Sn1/NT (EG) 706 8.76 1.22
Pt3Sn1/NT (EG) 729 12.44 1.18
Pt1Sn1/NT (EG) 705 9.75 0.97

Sodium Borohydride Reduction Method
Pt/NT (NaBH4) 713 2.78 1.15
Pt5Sn1/NT (NaBH4) 699 3.48 1.14
Pt3Sn1/NT (NaBH4) 709 6.20 1.11
Pt1Sn1/NT (NaBH4) 670 2.63 1.05

Sodium Borohydride Reduction Method (in EG)
Pt/NT (NaBH4-EG) 706 1.93 1.14
Pt5Sn1/NT (NaBH4-EG) 704 8.79 1.14
Pt3Sn1/NT (NaBH4-EG) 701 8.88 1.13
Pt1Sn1/NT (NaBH4-EG) 688 3.23 1.10

methanol oxidation activity sharply decreases, due to an important
blocking effect of Sn on Pt sites.

On the other hand, Pt-Sn/NT (NaBH4-EG) catalysts exhibit higher
maximum current intensities by a factor of 1.2–2.5 (Table IV)
compared to the corresponding Pt-Sn/NT (NaBH4) catalyst, due to
the stabilizing effect of ethylene glycolic NaBH4 solution on Pt
particles.

The Pt3Sn1/NT (EG) catalyst showed the best catalytic perfor-
mance of all the prepared catalysts. The anodic current peak for
methanol oxidation appears at 729 mV vs Ag/AgCl, and the current
peak density is 12.44 mA cm−2 during positive potential scanning on
this catalyst.

The ratio of the forward to reverse anodic current peak (If/Ib)
can be used to evaluate the tolerance of the bimetallic catalysts to
the accumulation of carbonaceous species.56 In this sense, a low
If/Ib ratio would be consistent with a low CO tolerance. If/Ib ra-
tios are obtained from Figure 6 and shown in Table IV. As it is
seen, the poison resistance ability has the following order: Pt5Sn1/NT
≥ Pt3Sn1/NT > Pt1Sn1/NT for all the methods. This indicates that
Pt1Sn1/NT catalysts (with the highest Sn contents) have the worst cat-
alytic activities and are the most sensitive bimetallic catalysts to CO
poisoning.

Among all the catalysts, the Pt3Sn1 sample prepared by EG dis-
plays the highest activity for methanol oxidation and has an adequate
CO tolerance, this agreeing with the high electrochemical active sur-
face (EAS) and H2 chemisorption values displayed by this catalyst.

In order to test the behavior of Pt-Sn/NT catalysts in methanol
oxidation, chronoamperometry measurements at 350 mV vs Ag/AgCl
were carried out in solutions of 0.5 M H2SO4 + 1 M CH3OH for 60
min. Figure 7 shows the curves of current intensity vs time. As it can
be seen, there is an initial step in which the current quickly falls up to
5 min, then it gradually falls with time up to reach a constant value.
These currents at high reaction times can characterize an equilibrium
state of alcohol adsorption and oxidation. It can be seen that among all
the catalysts Pt3Sn1/NT (EG) and Pt3Sn1/NT (NaBH4-EG) ones are
able to maintain the highest current density for over 1 h, thus reaching
a similar current intensity (0.57 mA) in stationary state.

Figure 8 shows linear sweep voltammograms at 1 mV s−1 and
30◦C for methanol oxidation, for mono and bimetallic catalysts. For
potentials higher than 200 mV vs Ag/AgCl, Pt3Sn1/NT (EG) catalyst
shows the higher activity for methanol oxidation as it gives higher
oxidation current density than the other catalysts. On the other hand,
the monometallic Pt catalysts display the lowest performance. The
current densities increase in the following order: Pt/NT < Pt1Sn1/NT
< Pt5Sn1/NT < Pt3Sn1/NT for EG, NaBH4 and NaBH4-EG methods.
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Figure 7. Chronoamperometry curves for Pt-Sn/NT catalysts prepared by: a)
EG; b) NaBH4; and c) NaBH4-EG methods, recorded in 0.5 M H2SO4 + 1 M
CH3OH solution at 350 mV vs Ag/AgCl.

Conclusions

In the present study, multiwalled carbon nanotubes supported PtSn
electrocatalysts with different Pt:Sn atomic ratios were easily prepared
by two liquid phase reduction methods to be employed as anode
material in low-temperature fuel cell.

Cyclic voltammetry measurements showed that the addition of Sn
into the Pt catalyst promotes the activities for methanol electrooxida-
tion, in which the maximum activities appeared at a Pt:Sn molar ratio
equal to 3:1 for all the synthesis methods.

For sodium borohydride reduction method, a simple variation in
the medium (EG instead of water) has been found to enhance the
catalytic activity of Pt nanoparticles for MOR by 1.2–2.5 times. The
ability of the Pt nanoparticles prepared by NaBH4-EG to oxidize COad

at a lower potential implies a favorable effect on MOR activity.
Among all the catalysts, the Pt3Sn1/NT sample prepared by EG

displays the highest activity for methanol electrooxidation. Besides,
this catalyst has a good CO tolerance and an important stability de-
termined by chronoamperometry measurements. These results are in
agreement with the very high electrochemical active surface and H2

chemisorption values displayed by this catalyst, and also to a narrow
distribution of metallic particles (determined by TEM).

Figure 8. LSV voltammograms for Pt/NT and Pt-Sn/NT catalysts prepared
by: a) EG; b) NaBH4; and c) NaBH4-EG methods. Electrolytic solution:
0.5 M H2SO4 + 1 M CH3OH.
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