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The paper discusses experimental features relevant to the synthesis of carbon-supported Pt3Sn nanosized
particles by impregnation-reduction of the salt precursors in carbon. Colloidal techniques are proposed
as the most suitable ones for obtaining carbon-supported nanosized Pt3Sn particles. In most cases, the
electrocatalysts obtained have a wide range of Pt and Sn phases, including bimetallic ones. The synthe-
sis of similar materials by impregnating readily available precursors such as SnCl, and H,PtClg yields
Pt-enriched catalyst precursors. In order to obtain electrocatalysts with the desired Pt:Sn=3 atomic

Keywords: . stoichiometry, it is necessary to eliminate chloride ions prior to thermal treatments. Microscopy charac-
Impregnation .. o . . . . .

Pt;Sn terization and thermal stability studies of the fresh and treated bimetallic materials reveal that if such
Ethanol ions are present, Sn is eliminated as volatile SnCly species at around 120-130°C. Chloride elimination is

Thermal analysis achieved by ageing the catalyst precursor in water to ensure the complete hydrolysis of the SnCl, pre-
EDS cursor. This treatment should be performed once SnCl, has been deposited on the carbon to avoid the
formation of large Sn-oxide aggregates. A further thermal treatment in hydrogen results in the formation
of the desired Pt3Sn intermetallic phase. The performance of the Pt3Sn/C samples in the CO and ethanol
electrooxidation reaction has been studied by means of electrochemical techniques. The electrocatalysts
prepared by the impregnation-reduction approach match the performance of the state-of-the-art Pt3Sn

samples prepared by colloidal techniques.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Direct alcohol fuel cells (DAFC) are devices that extract the
chemical energy accumulated in molecules such as methanol or
ethanol producing a potential difference which results in electri-
cal work [1]. Ethanol has a number of advantages over methanol; it
can be produced in a sustainable way, easily stored and transported
and is less harmful or corrosive than methanol. The complete oxi-
dation of ethanol releases 12 electrons per molecule; its standard
electromotive force qu =1.145V, being similar to that of methanol
[2]. However, a number of issues, particularly those related to the
performance of the electrocatalyst, should be improved in order to
implement direct ethanol fuel cell technology.

An efficient ethanol electrooxidation catalyst should combine
at least two features: (i) high tolerance to CO and other inter-
mediate species generated over the surface of the electrocatalyst
during alcohol electrooxidation; and (ii) ability to break the C-C
bond of the ethanol molecule under mild conditions. Pt modifica-
tion with more oxophilic metals suchasRu[3], Mo [4] or Sn [5]is the
best way of improving CO tolerance. This is because such oxophilic
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atoms promote the formation of OH.q species (involved in the
CO,q oxidation reaction) at potentials that are more negative than
on monometallic Pt. Among those, Sn-modified Pt electrocatalysts
are the most active formulations [6-9]. There is also widespread
consensus that the Pt3Sn phase is the most active one in the CO
and early stages of the ethanol electrooxidation process [6,10,11].
Ethanol electrooxidation on Pt3Sn/C results in partial oxidation
products, mainly acetic acid and acetaldehyde [12]. PtRhSnO,
ternary electrocatalysts capable of oxidizing ethanol to CO, have
recently been reported [13-15].

Although the impregnation-reduction method has been fre-
quently used for the synthesis of PtSn supported on inorganic
carriers such as SiO, or Al,O3 or SAPO, this approach has rarely
been employed for the synthesis of carbon-supported electrocat-
alysts [16-19]. In general, the metal content in those samples is
ca. 1-2 wt%, well below the demands of a state-of-the-art fuel cell
electrocatalyst. A number of routes have been explored for the
synthesis of carbon-supported bimetallic PtSn samples. In general,
they lead to materials composed of a wide range of phases, such
as metallic and/or oxide Pt, Sn oxides or PtSn solid solutions of
different stoichiometry. Lamy et al. stated that the Bénnemann
method renders the most active electrocatalysts, allowing some
control of the different metallic phases [20,21]. The microemul-
sion method [20] and especially the polyol method [22] have been
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proposed as the most suitable approaches for synthesizing nano-
sized carbon-supported bimetallic PtSn samples. The latter method
affords Sn species in multivalence states [23,24] that, according to
some reports, could be beneficial for the final activity of the cat-
alysts [25]. Nevertheless, the exclusive formation by the polyol
method of alloyed PtSn phases, along with a variable amount of
Sn0,, is also reported [26]. These methods yield only partially
alloyed particles due to the lack of thermal treatments imposed
by the use of low boiling point solvents. A high-temperature col-
loidal approach has recently been proposed for the synthesis of
Pt3Sn nanoparticles [27]. Other approaches focus on the modifica-
tion of the surface of carbon-supported Pt particles with Sn-organic
precursor. In general, these routes lead to the exclusive formation
of Pt3Sn [6,28,29]. Hydrothermal treatment [30] and the Pechini-
Adams method [31] have recently been proposed for the synthesis
of carbon-supported PtSn bimetallics, which yield samples of a
composition similar to those reported by other methods. An inter-
esting approach to fix the Pt to the Sn atomic stoichiometry of
the samples is the use of Pt-Sn complexes as metallic precursors
[32,33]. Finally, and regardless of the synthesis method, obtain-
ing the most desired Pt3Sn phase requires thermal treatment in a
reducing atmosphere.

Whichever the synthesis route and the electrocatalytic per-
formance, a certain lack of consistency between different
electrocatalysts has been pointed out [32], suggesting the coexis-
tence of a number of metal and/or oxidized phases in those systems.
On the other hand, most reports fail to give the actual metal-
lic loading of the final catalysts, or the Pt to Sn stoichiometry of
the particles, or, more importantly for the sake of reproducibil-
ity of the methods, the target metal loading and Pt:Sn atomic
ratio.

This paper describes the synthesis of carbon-supported bimetal-
lic PtSn samples by impregnation. The progress of the synthesis is
followed by a number of characterization techniques such as elec-
tron microscopy, energy dispersive X-ray spectroscopy (EDS), X-ray
diffraction and thermogravimetric analysis. The precise reaction
conditions under which the Pt3Sn/C is formed and under which Sn
losses were observed are discussed. The performance of the differ-
ent PtSn/Csamples in the CO and ethanol electrooxidation reactions
was evaluated by electrochemical methods.

2. Experimental
2.1. Synthesis of PtSn/C

The following chemicals have been used for the synthesis of the
samples; H,PtClg (Johnson Matthey), SnCl, anhydrous (Alfa Aesar),
Vulcan XC-72R (Cabot) and HCl (PRS-Codex from Panreac). Pt/C
(40 wt%) (Johnson Matthey) was used as reference catalyst. Type
II water (Ellix 10, Millipore) is used unless otherwise stated. The
target composition for the carbon-supported PtSn bimetallic sam-
ples is 40 wt% metal base and Pt:Sn 3:1 atomic ratio. Two samples
with a 30 and 20 wt% metal base and Pt:Sn 3:1 atomic ratio were
also prepared. Table 1 summarizes the main synthesis details and
nomenclature of the samples.

2.1.1. Synthesis of carbon-supported PtSn

The appropriate amounts of H,PtClg and SnCl, for obtaining
a Ptae:Snye =3 were dissolved in water and 3 M HCI, respectively,
added to a dispersion of carbon (to obtain a solid with a 40 wt%
metal loading) in 3 M HCl and stirred for 1 h. A electrocatalyst pre-
cursor, labeled as PtSn-fresh, was recovered by solvent evaporation
atreduced pressure at 70 °C. At this point, two different routes were
followed. In the first approach, aliquots of PtSn-fresh were subjected
to different thermal treatments: (i), under flowing H,/He (10 vol%

H;) at 250°C for 2h at a heating rate of 10°Cmin~! (labeled as
PtSn-red); (ii) under static air at 250°C for 2 h followed by a ther-
mal treatment under flowing H,/He (10vol%) for 2 h at a heating
rate of 10°Cmin~! (labeled as PtSn-calred); (iii) under static air at
250°C for 2 h (labeled PtSn-cal). In the second approach, an aliquot
of PtSn-fresh was dispersed in water under stirring and a electrocat-
alyst precursor was recovered by filtration. During this treatment,
the recovered mother liquor turned pale yellow. The sample, recov-
ered by filtration, was dried at 70°C and treated under static air
at 250°C for 2 h (labeled as PtSn-rincal). Finally, a further aliquot
of PtSn-fresh was subjected to a series of dispersion in water fol-
lowed by evaporations in a rotary evaporator steps until the pH of
the recovered water was ca. 6.5. The electrocatalyst obtained after
water evaporation was dried and labeled as PtSn-aged. This sam-
ple was subjected to thermal treatment under static air at 250°C
for 2 h followed by a thermal treatment at 250°C under flowing
Hj,/He (10vol%) for 2 h at a heating rate of 10°Cmin~! (labeled as
PtSn-agedcalred).

In order to prove reproducibility of the impregnation-reduction
method, two further Pt3Sn/C electrocatalysts with metal loadings
of 30 and 20wt% were prepared. The protocol for the synthesis
is identical to that described above for PtSn-agedcalred. First, the
appropriate amounts H,PtClg and SnCl; for obtaining a Pta¢:Snae =3
were dissolved in water and 3 M HCI, respectively, added to a dis-
persion of carbon (to obtain two catalysts with a 30 and 20 wt%
metal loading) in 3 M HCl and stirred for 1 h. A electrocatalyst pre-
cursor was recovered by filtration and washed with abundant water
in a rotary evaporator until the pH of the recovered water was ca.
6.5. The sample was subjected to two consecutive thermal treat-
ments first under static air at 250 °C for 2 h and then at 250 °C under
flowing H,/He (10 vol%) for 2 h at a heating rate of 10°Cmin~!. The
obtained electrocatalysts were labeled as 30-PtSn-agedcalred and
20-PtSn-agedcalred.

The nomenclature and most relevant preparation details of all
samples are collected in Table 1.

2.1.2. Reference samples for thermal analysis

The Pt/C, Pt3Sn;/C and Pt;Sn3/C samples were prepared by
adding a water solution of the appropriate concentration of the
metal precursors to a dispersion of carbon in water for thermal
analysis purposes. Samples were recovered by removal of water in
arotary evaporator and subjected to thermal analysis without prior
treatment.

2.2. Physicochemical characterization

An Extra-II TXRF spectrometer (Rich & Seifert) was used to esti-
mate the metal loading of the samples. X-ray diffraction (XRD)
analysis was performed using an X-ray diffractometer from X'Pert
Pro PANalytical. Bragg’s angles (20) between 2° and 90° were
recorded at a rate of 0.04° per step and a count time of 20s per
step. Selected 20 angle regions were recorded for 500 s in order to
magnify the intensity of the desired reflections by enhancing the
signal-to-noise ratio. The assignment of the diffraction lines to the
corresponding crystalline phases was carried out by comparison
with Powder Diffraction Files (PDF) from the International Cen-
tre for Diffraction Data (ICDD) (a.k.a.) Joint Committee on Power
Diffraction Standards (JCPDS).

Transmission electron microscope (TEM) images were recorded
in a JEOL microscope model JEM-2100F. Specimens for analysis
were dispersed in ethanol in an ultrasonic bath and a few drops
were deposited over a 200 mesh copper lacy carbon grid from SPL
EDS analysis was performed in an Oxford INCAx-Sight EDS detector
using an INCA Energy software package.
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Table 1
Nomenclature, composition and most relevant synthetic details of the samples.
Sample Metal content (at%)? Precursor TreatmentP
Pt Sn
PtSn-fresh 75 25 Metal salts
PtSn-red ~97 ~3 PtSn-fresh 1. Hy/He 25-250°C
PtSn-calred ~97 ~3 PtSn-fresh 1. Air; 250°C; 2h
2. H;/He, 25-250°C
PtSn-cal ~90 ~10 PtSn-fresh 1. Air; 250°C; 2h
PtSn-rincal 50 50 PtSn-fresh 1. Washed with water
2. Air; 250°C; 2h
PtSn-aged 75 25 PtSn-fresh 1. Washed till pH ~6.5
PtSn-agedcalred 75 25 PtSn-aged 1. Air; 250°C; 2h
2.H;/He; 25-250°C
30-PtSn-agedcalred 75 25 Metal salts 1. Washed till pH ~6.5
2. Air; 250°C; 2h
3. H;/He; 25-250°C
20-PtSn-agedcalred 75 25 Metal salts 1. Washed till pH ~6.5

2. Air; 250°C; 2h
3. H,/He; 25-250°C

2 Atomic content referred only to Pt and Sn.
b Further preparation details are reported in Section 2.1.1.

Thermogravimetric analysis (TGA) under controlled atmo-
sphere was carried out on a Mettler Toledo TGA/SDTA851e, using
200 cm? min—! of N, as carrier gas, 20 cm? min—! of oxygen as reac-
tive gas, and a heating rate of 10°C min—1.

Electrochemical studies were carried out at 25°C in a thermo-
static conventional three-compartment electrochemical glass cell.
A glassy carbon rotating disk electrode (0.283 cm?, GC-Typ zu628)
was used as a substrate for the catalyst. Unless otherwise stated,
current densities are referred to the geometric area of the elec-
trode. Prior to each test, the electrode was polished with alumina
0.05 wm to obtain a mirror finish and rinsed with triply distilled
water in an ultrasonic bath. An Ag/AgCl 3M KCl electrode and a
platinum wire were used as the reference and counter electrodes,
respectively. All potentials are referred to the reversible hydrogen
electrode (RHE). The samples under study were deposited onto the
working electrode by means of an ink. To prepare the ink, 5mg
of the electrocatalyst, 30 L of 5wt% of Nafion solution (Aldrich),
and 700 p.L of Mili-Q water were dispersed in an ultrasonic bath
for 45 min. 20 L of the ink were dropped onto the electrode and
dried at room temperature resulting in a uniform coating. A 0.1 M
HCIO4 solution (Merck) was used as the electrolyte. All solutions
were prepared with Mili-Q water. Electrochemical measurements
were taken with a computer-controlled potentiostat/galvanostat
EG&G 273A.

3. Results
3.1. Physicochemical characterization

The characterization data of sample PtSn-fresh reveal that it con-
sists of an amorphous deposit of a material containing Pt and Sn
on carbon. The atomic composition of the sample as determined
from EDS analysis is Pt 75 wt%, Sn 25 wt% (unless otherwise stated,
EDS analyses are referred to metal basis alone). The Pt/Sn atomic
ratio equals 3, in good agreement with the nominal value. The
PtSn-fresh diffractogram (not shown) shows only broad diffraction
lines ascribed to the carbon support. Fig. 1 displays a micrograph
of the PtSn-fresh sample showing amorphous particles on carbon.
A number of Pt nanoparticles of around 1 nm size are observed.

When preparing supported catalysts, a calcination process is
usually used to remove unwanted ions such as chloride or nitrate
remaining from the metal precursors. Furthermore, the formation
of the Pt3Sn requires a thermal treatment in hydrogen at least at
200°C [34]. However, it is also well known that particle agglomer-

ation is favored during thermal treatments. It would therefore be
expedient to avoid thermal treatments insofar as possible during
synthesis. Hence, as a first approach, PtSn-fresh was treated under
hydrogen flow without a previous calcination treatment, yield-
ing the PtSn-red sample. This sample consists of well-dispersed
nanoparticles (mean particle size of 4.0+0.1nm as deduced by
counting more than 700 particles) deposited on carbon, as depicted
in Fig. 2a. Unexpectedly, the amount of Sn in sample PtSn-red as
deduced from EDS analyses of different areas (see Fig. 3) ranges
between 2 and 4 at%, a value well below the nominal one. It should
be noted that the parent sample had a Pt:Sn atomic content of 3
(see characterization data of PtSn-fresh).

Fig. 2b depicts a representative TEM image of PtSn-calred. This
sample has been prepared by treating PtSn-fresh in static air
and hydrogen (see further data in Section 2.1.1). The micrograph
reveals the presence of well-dispersed particles of a mean size of
5.1 £0.2 nm. Again, the Pt:Sn atomic ratio deduced from the EDS
analysis (Fig. 3) was much higher than expected, see Table 1. Fur-
thermore, Cl was not found in either the PtSn-red or the PtSn-calred
samples.

Fig. 1. Selected TEM image of PtSn-fresh showing the amorphous deposits (white
arrows) of Pt and Sn.
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Fig. 2. Representative TEM images of PtSn-red (a), PtSn-calred (b), and PtSn-rincal
(c) samples.

Similar results have been found for the PtSn-cal sample. EDS
analysis (see Fig. 3) reveals that Pt is the predominant element,
although energy lines of Sn and Cl are clearly observed in the spec-
trum. In this sample, the amount of Sn ranged between 8 and 12 at%
(depending on the region analyzed), a value below the nominal one

. 1:1 PtSn-cent
=0 3:1 PtSn-fresh
2|/ FA y
z At / -100:4 PtSn-cal
g it / T T 100:2 PtSn-red
= / A “100:2 7PtSn-calred
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Fig. 3. Evolution of the Pt and Sn content with the synthesis route as determined
by EDS analysis.

(25 at%). The Pt and Sn atomic contents found by EDS analysis of the
PtSn/C samples are collected in Table 1.

Finally, characterization data of the PtSn-rincal sample reveal
that it consists of well-dispersed nanosized particles along with
large aggregates (see micrograph depicted in Fig. 2¢) containing Pt,
Sn and Cl, as revealed by the EDS analysis shown in Fig. 3. Notice-
ably, the Sn content of this sample, ca. 50 at%, is the highest in
the series, doubling that of the parent sample (PtSn-fresh). This is
because Pt is lost during synthesis, whereas Sn remains in the elec-
trocatalyst, and in turn it indicates the need to treat PtSn-fresh in
water before subjecting it to any thermal treatment to avoid Sn
losses.

Sample PtSn-aged was characterized by EDS, XRD and
microscopy analyses. Unlike the samples described above, the com-
position of this sample fulfils the nominal stoichiometry, that is,
3-1at%, respectively, for Pt and Sn (see Table 1). A further analy-
sis of this sample reveals that Pt and Sn are present as two isolated
phases. Fig. 4a depicts a micrograph of the sample that indicates the
presence of individual SnO, and Pt particles. The Fast Fourier Trans-
form (FFT) image of the SnO, particle is shown in Fig. 4b. The inset
to Fig. 4b is the simulated electron diffraction diagram of the area
corresponding to SnO, particles aligned along the [00 1] zone axis.
In this sample, Pt particles are also detected by TEM. Fig. 4c is the
FFT image of the Pt particle shown in Fig. 4a. The simulated electron
diffraction diagram of the area corresponding to Pt particles aligned
along the [110] zone axis is shown in the inset to Fig. 4c. Two fea-
tures should be highlighted. On the one hand, Pt and Sn coexist as
separate phases, with no solid solutions of either element being
detected. On the other hand, although no reducing agents were
added, Pt9 particles are detected. It has been previously observed
that certain carbon sites reduce Pt** and Pt2* species to primary
Pt0 particles of ca. 1 nm, such as those observed in PtSn-fresh and
PtSn-aged [35].

After subjecting PtSn-aged to two consecutive thermal treat-
ments in static air and hydrogen, respectively, sample PtSn-
agedcalred was obtained. EDS analysis reveals that the Pt:Sn atomic
ratio=3 is maintained even after thermal treatments. The X-ray
diffraction pattern of the sample displayed in Fig. 5a shows the
characteristic peaks of the Pt fcc phase. A certain broadening of the
peaks to the lower 26 values is also observed, indicating the pres-
ence of the Pt3Sn phase. No peaks ascribed to SnO,, or other isolated
Sn phases are observed. As deduced from the micrograph in Fig. 5b,
a good dispersion of the metal phase on carbon is also achieved,
with the mean particle size being 3.6 + 0.1 nm. Fig. 5c is a HRTEM
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Fig. 4. (a) TEM image of PtSn-aged sample. The presence of SnO, and Pt is arrowed; (b) FFT image and simulated electron diffraction diagram in the [00 1] zone axis (inset)
of the SnO;, particle arrowed in (a); (c) FFT image and simulated electron diffraction diagram close to the [1 1 0] zone axis (inset) of the Pt particle arrowed in (a).

micrograph of sample PtSn-agedcalred, showing a faceted termi-
nation of the particles. The particle has an orientation close to the
[110] zone axis. The intense 111 reflection from the Pt3Sn alloy
phase is observed, showing a spacing d11) =2.304A and a weak
002 reflection showing a spacing dg o) =2.014 A.This result, along
with the XRD data, confirms the formation of the intermetallic

Pt3Sn phase. TXRF data confirm that the metal loading of the sample
is ca. 39.2 wt¥.

By taking into account the characterization results described
thus far, it appears that subjecting the PtSn-fresh sample to thermal
treatments, either in air hydrogen or air, results in severe Sn losses.
On the other hand, Pt losses are recorded when rinsing the sample
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Fig. 5. (a) XRD profile of the sample PtSn-agedcalred, the inset is a magnification of the (22 0) diffraction peak highlighting the presence of two crystalline phases, with a
(220)interplanar spacing d=1.41 A and 1.39 A corresponding to the Pt3Sn (PDF #35-1360) and Pt fcc (PDF #4-0802); (b) representative TEM image of the sample; (c) HRTEM
image showing a preferential facet termination of individual particles. The inset is the FFT of the particle.
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Fig. 6. Derivative thermogravimetric profile of the carbon-supported PtSn samples
with increasing content of Sn recorded in air.

prior to thermal treatment, but Sn remains in the sample. In order
to maintain Pt and Sn content at the nominal value, it is necessary
to rinse the sample until the pH value of the obtained water is ~7.
This is because chloride ions are eliminated during this first treat-
ment and Sn hydroxyl species are formed during the ageing step
prior to thermal treatment. The effect of ageing in the synthesis of
PtSn samples has been previously hinted by Lamy et al. [20].

3.2. Thermal stability of PtSn/C

To understand how Sn and Pt remain or not during the synthe-
sis of PtSn samples, thermogravimetric analyses were conducted of
Pt/Cand Pt3Sn; /Cand Pt;Sn3/Csamples (see Section 2.1.2) in differ-
ent atmospheres. The derivative of the TGA curve (DTG) recorded in
airis depicted in Fig. 6. The DTG curve of Pt/C shows weight losses at
92,170,300 and 465 °C. The former one, at T< 100 °Cis due to water
removal. In line with previous studies [36], the peaks at ca. 170, 300
and 465 °C are ascribed, respectively, to HCl removal, Pt** to Pt2*
reduction and Pt%* to Pt? reduction processes. Similar weight losses
are observed for the PtSn samples; however, certain important dif-
ferences should be noted. The DTG profile recorded for the Pt3Sn; /C
sample displays the peak associated with the Pt2* to Pt® reduction
processes at 460 °C; the same temperature as that recorded for Pt/C.
It also records a peak at ca. 300°C (Pt** to Pt2* reduction), but its
intensity is much lower than that of the peak recorded for Pt/C. The
peak ascribed to HCl removal appears at ca. 160°C, although its
intensity is much lower than that recorded for Pt/C. Remarkably, a
further peak at ca. 120°C appears. The DTG profile of the Pt;Sn3/C
sample records no peaks between 160 and 170°C; however, the
intensity of the peak at ca. 120-130°C increases noticeably as com-
pared to that for Pt3Sn;/C. Weight losses recorded up to 200 °C are
30, 16 and 14 wt%, respectively, for Pt;Sns /C, Pt3Sn; /Cand Pt/C, that
is, they become higher as the Sn content in the samples increases. A

plausible scenario to explain the DTG profiles would involve assign-
ing the peak between 120 and 130°C to the loss of Sn and chloride
ions, more likely as SnCly species. Such assignment explains the
decreasing intensity of the peak associated with HCl loss in the
Sn-containing samples. The peak associated with such processes
appears at ca. 170°C in Pt/C, but it is hardly visible in Pt3Sn/C and
it is not observed in PtSns/C, as chloride ions are previously elimi-
nated along with Sn at ca. 120-130°C. Studies dealing with thermal
decomposition of tin halides are scarce. Ceri¢ et al. report that SnCl,
melts at 217 °C and the initial temperature of the SnCl, decompo-
sition process in Ar starts at 354 °C; however, when heating SnCl,
in air, its volatilization and oxidation occur simultaneously at ca.
200°C[37].Ciachetal. alsoreport that SnCly is eliminated at around
200°C [38]. Admittedly, such temperatures are higher than those
reported here. However, the presence of Pt can play a pivotal role
in promoting Sn elimination. In fact, Levy et al. studied the ther-
mal stability of Pt-Sn complexes, concluding that Sn losses occur
between 120 and 160°C [39], a temperature range in line with the
results presented in this paper.

In addition, the peak associated with Pt** to Pt?* reduction in the
DTG profile of the PtSn/C samples is less intense than in Pt/C, disap-
pearing in fact in the DTG profile recorded for the Pt;Sn3/C sample.
This is because Sn?* reduces Pt** to Pt2*, being itself oxidized to
Sn**. Solutions of Sn2* have slight reducing properties, being used
in the synthesis of colloidal Au by reduction of Au3* [40].

3.3. Hydrolytic precipitation of Sn

Considering all the aforementioned results, it is possible to pic-
ture the synthesis of Pt3Sn/C by impregnation. It is well known that
Sn2* and Sn** solutions in water hydrolyze to form Sn hydroxides
[41]. Hence, dissolving SnCl, in water will result in the uncontrolled
formation of Sn(OH),. Furthermore, if SnCl; is added to a disper-
sion of carbon in water it will form large particles of Sn(OH),. In
order to achieve a controlled deposition of Sn on carbon, SnCl, was
dissolved in 3M HCI, added to a water solution of H,PtClg, with
the final solution being added to a dispersion carbon in 3 M HCL. In
a medium with high [Cl~], Sn hydrolysis is not favored and SnCl,
tends to form SnCl;~ and SnCl, forms SnClg2~ species. Such tin-
chloride species are eliminated during thermal treatment, as shown
above, so in order to avoid Sn losses, they should be transformed to
Sn oxide or hydroxide species. Chlorides were eliminated by rinsing
the samples in water until pH ca. 6.5, and complete Sn hydrolysis
was achieved. This process leads to a sharp decrease in the concen-
tration of chloride ions on the samples, while Sn2* and Sn** cations
hydrolyze according to the following equations:

Sn?* + Hp,0 < Sn(OH)* + H*, log K = —3.7 (1)

Sn** + H,0 < Sn(OH), ™ + H*, log K = 0.57 (2)

Furthermore, Sn hydroxides precipitate as SnO, in a pH range
from lower than 0 to 14, with the process being favored by ther-
mal treatment in air. In fact, SnO, species are clearly observed
in the PtSn-aged sample. This line of reasoning fits well with the
results described for the synthesis of PtSn/C by impregnation. If
the PtSn/C samples are subjected to thermal treatments without
complete removal of the chloride ions, the final Sn loading of the
sample is below the nominal value due to SnCl, removal during
the treatment. However, rinsing the sample until the pH of the
recovered water is ~7 results in the preferential formation of Sn
hydroxyl species. SnO, is formed after thermal treatment in air. It
also explains the presence of SnO, in the samples where chloride
ions are removed prior to the reducing treatment (see character-
ization data for the PtSn-aged sample). Finally, thermal treatment
in hydrogen results in the formation of Pt3Sn/C.
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Fig. 7. Diffractogram of the Pt3Sn/C samples displaying the 2q region corresponding to the (2 2 0) peak. The contribution of two set of Pt fcc peaks is observed. The lattice
parameter of each phase is shown in the figure. Below two representative micrographs of 30-PtSn-agedcalred and 20-PtSn-agedcalred are shown, the inset is a histogram of

particle size distribution of each electrocatalyst.

To ensure reproducibility of the method, two further electrocat-
alysts 30-PtSn-agedcalred and 20-PtSn-agedcalred were prepared
starting from the metal salt precursors. The Pt to Sn atomic ratio of
those samples derived from EDX analysis is 3, in line with the value
found for PtSn-agedcalred, see Fig. 3. Fig. 7a shows the 2 2 0 reflec-
tion peaks of both catalysts, along with that of PtSn-agedcalred. The
presence of the Pt3Sn phase is deduced from the broadening of the
peaks to the lower 20 values. Fig. 7b and c depict representative TEM
micrographs of 30-PtSn-agedcalred and 20-PtSn-agedcalred respec-
tively. The mean particle size of each of those samples, 2.6 +1.7
and 2.2 4+ 1.8 nm, respectively for the 30 and 20 wt% samples, is
slightly smaller than that found for PtSn-agedcalred probably due
to the higher metal content of latter sample. These results confirm
that the impregnation-reduction approach is suitable for prepar-
ing carbon-supported Pt3Sn samples. The preferential formation
of the intermetallic phase Pt3Sn can be achieved by avoiding the
elimination of Sn during the rinsing and/or thermal treatments.
Such elimination process is in turn favored by the presence of
Cl~ ions.

3.4. Electrocatalysts for CO,4q and ethanol electrooxidation

The performance of the three Pt3Sn/C electrocatalysts in the
ethanol and CO electrooxidation reactions was studied by means of
cyclic voltammetry and CO,q4 stripping analysis, respectively. Prior
to those studies, the samples were subjected to an activation pro-

tocol consisting in repeated cycling between 0 and 1V vs. RHE at
50mVs~! for 10 cycles.

For the CO,q stripping analysis, the potential was set at 20 mV
and CO was admitted in the cell for 15min. Non-adsorbed CO
was then bubbled out of the electrochemical cell by flowing Ar
for 45 min. At this stage, three consecutive cycles from 0 to 1V
were recorded at 10mVs~!. Fig. 8 shows the forward scan of the
CO,q oxidation profiles recorded for the PtSn-agedcalred, 30-PtSn-
agedcalred, 20-PtSn-agedcalred, PtSn-calred and Pt/C samples. CO,q4
oxidation in PtSn-agedcalred starts at around 200 mV, whereas it
commences at ca. 600 and 660 mV for PtSn-calred and Pt/C, respec-
tively. The shift to less positive potentials is because Sn is more
oxophilic than Pt, thereby promoting the formation of OH,4 species
from water on the Sn sites, that is, to the bifunctional mechanism
[7,42]. The CO,4 stripping profile recorded for the PtSn-agedcalred
sample illustrates how CO,q is oxidized over a broad potential win-
dow, beginning at potentials of around 200 mV. The CO,4 oxidation
profile recorded for 30-PtSn-agedcalred, 20-PtSn-agedcalred is sim-
ilar to that of PtSn-agedcalred only the onset potential of the CO,q4
oxidation in is shifted by ca. 50 mV to more positive potentials,
probably due to the lower amount of metal on such electrodes.
Similar performances have been reported previously [5] and reflect
the coexistence of Pt3Sn and Pt-like crystals on the electrocata-
lysts, in close agreement with our characterization results, see XRD
in Fig. 7. On the other hand, being composed mainly of Pt parti-
cles, the PtSn-calred catalyst records a similar performance to Pt/C.
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Fig. 8. Comparison of the forward scan of the CO,4 stripping analysis recorded in
0.1M HClO4 at 10mVs~! for Pt/C, PtSn-agedcalred, 30-PtSn-agedcalred, 20-PtSn-
agedcalred and PtSn-calred.

The CO,q4 oxidation on PtSn-calred and Pt/C occurs in a relatively
sharp peak centered at 700 and 750 mV, respectively. This marginal
promotional effect reflects the presence of a ~3 wt% Sn on that
sample (see Table 1). Even if CO,4 oxidation is promoted in the Sn-
containing samples, particularly in PtSn-agedcalred, the adsorbed
CO is not fully oxidized until potentials of around 900 mV.

Fig. 9 shows the polarization curves recorded for ethanol
electrooxidation on the PtSn-agedcalred, 30-PtSn-agedcalred, 20-
PtSn-agedcalred and Pt/C sample. Once again, the performance of
the bimetallic samples, particularly those in which the Pt3Sn phase
has been developed, is superior to that of Pt/C and similar to already
published studies [6]. The onset potential of the ethanol electrooxi-
dation, deduced from a positive net current value, is observed at ca.
200 mV, which is a significant less positive value than that reported
in [43], although it must be pointed out that reaction conditions,
such us electrolyte or scan rate are different. In fact, ethanol oxi-
dation in the Pt3Sn sample is superior to that recorded for Pt/C
until potentials of above 750 mV, in other words, those potentials
relevant for DAFC applications. The superior tolerance to CO of
PtSn-agedcalred cannot explain its superior performance, at least
at low potentials. As shown in the stripping analysis (Fig. 8), CO,q
oxidation in PtSn-agedcalred starts only at potentials more positive
than 200 mV.

Ethanol adsorbs on Pt sites through a dissociative mechanism
[44,45] as depicted in Egs. (3) and (4):

Pt + CH3—-CH,0H < Pt-OCH,-CHs3 +e~ + H* (3)
Pt + CH3-CH,0H < Pt-CHOH-CHj3 +e~ +H* (4)

This in turn suggests that the oxidation current recorded dur-
ing ethanol oxidation at low potentials is due to a more facile

40 I 1 1 1 I
30 |-
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g
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]
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Fig. 9. Comparison of the ethanol electrooxidation j-E curves recorded in 0.1 M
CH3CH,OH+0.1 M HClO4 at 10mV s~! for PtSn-agedcalred (straight line), 30-PtSn-
agedcalred (filled circles), 20-PtSn-agedcalred (open circles) and commercial Pt/C
(dash line) electrodes.

adsorption/dehydrogenation of ethanol on PtSn/C than on Pt/C.
Spectroscopic data also point to this, suggesting that the Hypq,
which is more strongly bonded on Pt/C, blocks ethanol adsorption
sites [12]. Nevertheless, effects such as the downward d-band shift
of Pt in Pt3Sn [46] and the modification of the Pt-Pt interatomic
distance by Sn incorporation could play a major role in the ethanol
adsorption/oxidation process.

4. Conclusions

The impregnation-reduction approach is a simple route for
synthesizing high-loaded, well-dispersed carbon-supported Pt3Sn
nanosized particles. Nevertheless, in order to avoid Sn losses it is
necessary to remove chloride ions before subjecting the material
to any thermal treatment. This can be achieved by dispersing the
electrocatalysts precursors in abundant water and recovering them
with a rotary evaporator until the pH of the recovered water is
ca. 6.5. In this way, Sn precipitates as hydroxide or oxide species
that are stable during thermal treatment. Otherwise, volatile SnCly
species result in electrocatalysts with a Pt loading that is higher
than the nominal value. In the CO and ethanol electrooxidation
reaction, the electrocatalysts perform on a par with the catalysts of
similar composition and structure prepared by more or less com-
plicated routes.
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