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This work reports studies of ethanol oxidation on Pt–Sn/C catalysts with nearly the same particle size
and identical overall composition having different amounts of oxide and alloyed phases. Results of char-
acterization of physical properties by transmission electron microscopy (TEM), X-ray diffraction (XRD),
differential scanning calorimetry (DSC), X-ray photoelectron spectroscopy (XPS), and in situ dispersive
X-ray absorption spectroscopy (DXAS) are presented. The variation in the amount of oxide and alloyed
phases, promoted by heat treatments in mild temperature conditions, does not produce any significant
thanol oxidation
lectrocatalyst
t-based nanoparticles
anostructured materials

particle growth. Cyclic voltammetry and oxidation of adsorbed CO in acid medium are used to probe the
surface conditions. Data on the electrocatalytic activity towards ethanol oxidation, obtained by poten-
tial sweeps and chronoamperometry, are discussed and correlate well with the physical properties. This
study, carried out in the absence of composition and particle size effects, shows that the electrocatalytic
activity towards ethanol oxidation is strongly influenced by the changes in the amounts of Sn in alloyed
and oxidized forms, and that the increase in the amount of alloy at expense of the oxides improves the

catalytic activity.

. Introduction

In spite of the progress that resulted from research concerning
he most different aspects of fuel cell technology, it is not possi-
le yet to produce electric power with acceptable efficiency using
thanol in proton exchange membrane fuel cells (PEMFC). The use
f ethanol in direct alcohol fuel cells (DAFC) is extremely interest-
ng because it can be obtained from biomass, as is the case of the
razilian sugarcane ethanol. Ethanol also has high power density
nd rather low toxicity.

Pt is not the best catalyst for the electrochemical oxidation
f small organic molecules, such short chain alcohols. The elec-
rochemical oxidation of ethanol on pure Pt produces strongly
dsorbed poisoning intermediates, such as CO, and generates unde-
irable products through parallel reactions, such as acetic acid and
cetaldehyde, causing a considerable loss of ability for generating
lectricity. The cleavage of the C–C bond of the ethanol molecule

eeded for its complete oxidation to CO2 has remained one of the
ajor challenges in ethanol oxidation electrocatalysis [1,2]. There-

ore, a desirable catalyst must be able to activate C–C bond breaking,
voiding the poisoning of the active sites by the residues of the
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reaction, and thus decreasing the amounts of the partial oxidation
products.

The most common approach to enhancing activity for the elec-
trochemical oxidation of alcohols, such as methanol and ethanol,
has been the development of binary and/or ternary alloys with Pt
using alloying metals that could help to mitigate the poisoning
effects seen on Pt [3]. So far, Pt–Ru and Pt–Sn are the most active
materials for methanol and ethanol oxidation, respectively. The
enhancement of the catalysis of alcohol oxidation on these mate-
rials is generally interpreted in terms of the ability of the second
metal to supply, in lower potentials, the hydroxyl species neces-
sary for the complete oxidation of the alcohol and for the removal
of the CO formed in the intermediate reaction steps that poisons
the catalyst surface [4–7]. The enhanced activity for the oxidation
of methanol of Pt particles dispersed on oxide matrixes has also
been interpreted on these bases [8,9]. On the other hand, electronic
effects have also been attributed to the second metal, which would
result in weakening the bond between the adsorbed CO and the
catalyst surface [4,6,10,11]. Recent work on Pt–Ru/C catalysts has
shown that not only the second metal but also the oxides influence
the occupancy of the Pt 5d band [12].
In general, the currents of ethanol oxidation are larger on
Pt–Sn/C catalysts than on Pt/C, and the reaction has lower onset
potentials. Despite the fact that CO2 yields lower than for Pt were
reported for Pt–Sn/C catalysts, indicating that are not effective for
the C–C bond breaking [13], Pt–Sn catalysts are still considered the

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:mercedes@iq.unesp.br
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ost active materials for ethanol oxidation. The electrochemical
xidation of ethanol has been extensively studied on Pt–Sn cata-
ysts of different compositions, which were prepared by a variety
f methods, such as carbon co-impregnation followed by reduction
14–23], the Bonneman’s method [1], and in microemulsions [24],
ust to mention a few. Analysis of those catalysts usually showed
hat most of the Sn was not alloyed but in oxidized states. In addi-
ion, significant ethanol oxidation current enhancement has been
eported for PtSnOx systems [25,26], and interpreted on the basis
f a bifunctional mechanism, i.e., the OH species supplied by tin
xide would facilitate the removal of CO-like species and ethanolic
esidues.

In spite of the large number of published studies on the oxi-
ation of ethanol on Pt–Sn/C materials, to analyze the role that
lloyed phases and oxides play in the current enhancement is not
n easy task. Comparison of literature results is rather difficult
ecause of the different physical properties of the catalysts used

n each study. In general terms, a large amount of data on Pt-based
inary materials prepared by a variety of methods evidence that
he catalysts properties, such as composition, structure, morphol-
gy, particle size, and degree of alloying, are strongly dependent
n synthesis conditions. Thus, it is not surprising to find significant
ifferences in the electrocatalytic activities of Pt–Sn/C materials
eported in the literature, as they seem to depend on the prepara-
ion methodology adopted in each case. A detailed understanding
f the role of alloyed and oxide phases as well as the elucidation of
he mechanistic aspects of ethanol oxidation on carbon-supported
t–Sn catalysts seems crucial to improve the electrocatalysis of
thanol oxidation and for developing new and more efficient mate-
ials.

In this work, ethanol oxidation was studied on Pt–Sn/C catalysts
eat-treated under different atmospheres that promoted changes

n the amount of oxides and degree of alloying aiming to evaluate
he effects of alloyed and oxide phases on the measured currents.
article growth was avoided by carrying out the heat treatments
nder mild temperature conditions. Thus, carbon-supported Pt–Sn
aterials with nearly identical particle size and particle distribu-

ions were obtained. Considerable differences in electrocatalytic
ctivities toward ethanol and adsorbed CO oxidation were observed
n these Pt–Sn/C catalysts, which are discussed here in terms of
urface composition (oxide and alloy), for materials having exactly
he same overall composition, and in the absence of particle size
ffects.

. Experimental

.1. Catalysts preparation

Pt–Sn/C catalysts were obtained by a procedure similar to that
escribed elsewhere [12,27]. Briefly, in order to avoid the influence
f the carbon support on particle growth the Pt–Sn nanoparticles
ere first obtained in a colloidal state using a water/n-heptane/AOT
icroemulsion as synthesis medium. Thus, an aqueous solution

f H2PtCl6 and SnCl2 (0.5 wt% metals and 7:3 Pt:Sn atomic ratio)
as added to a mixture of n-heptane and AOT (15 wt%) under con-

tant stirring. The amount of aqueous solution of the precursors
hat was added produced a microemulsion with water to surfac-
ant molar ratio (w) equal to 8. Pt–Sn nanoparticles were formed
y reduction of the precursors with NaBH4, which was added to
he microemulsion as a solid in a molar ratio of 10:1 to metals. The

esulting mixture was kept under constant stirring for 2 h and then
n appropriate amount of high surface area carbon (Vulcan XC-72,
abot) was added in order to obtain the supported catalysts. The
uspension was then stirred for 15 h. All materials were 20% (w/w)
etal (Pt + Sn) on carbon. The supported catalysts thus formed were
ources 195 (2010) 3394–3401 3395

filtered, washed copiously with ethanol, acetone, and ultra-pure
water and dried at 80 ◦C for 1 h. All reagents were purchased from
Aldrich and used without further purification.

To modify the catalysts surface without producing significant
changes in the average particle size, the as-prepared sample was
divided into three parts and two of them were heat-treated in mild
temperature conditions (150 ◦C, 1 h). In this way, the as-prepared
and heat-treated Pt–Sn/C catalysts had exactly the same overall
composition. One sample was treated in nitrogen and the other
one in a pure hydrogen atmosphere.

2.2. Catalysts characterization

The Pt–Sn/C catalysts were examined by X-ray diffraction (XRD)
using a Rigaku, model D Max 2500 PC diffractometer. The X-ray
diffractograms were obtained with a scan rate of 1◦ min−1 and
an incident wavelength of 0.15406 nm (Cu K�). A Philips CM200
instrument operating at 200 kV was used for the transmission elec-
tron microscopy (TEM) study. Differential scanning calorimetry
(DSC) measurements were performed using a TA Instruments dif-
ferential scanning calorimeter model DSC Q-20, under nitrogen flux
of 50 mL min−1, and with a scan rate of 5 ◦C min−1.

X-ray photoelectron spectroscopy (XPS) studies were carried
out using a commercial spectrometer (UNI-SPECS UHV). The Mg K�
line was used (h� = 1253.6 eV) and the analyzer pass energy was set
to 10 eV. The inelastic background of the Pt 4f and Sn 3d electron
core-level spectra was subtracted by using Shirley’s method. The
composition of the surface layer was determined from the ratio
of the relative peak areas corrected by sensitivity factors of the
corresponding elements. The spectra were fitted without placing
constraints using multiple Voigt profiles. The width at half maxi-
mum (FWHM) varied between 1.6 and 2.0 eV and the accuracy of
the peak positions was ±0.1 eV.

In situ dispersive X-ray absorption spectroscopy (DXAS) exper-
iments were performed for all samples at the DXAS beam line of
the Brazilian Synchrotron Light Laboratory (LNLS), Brazil [28]. The
measurements were carried out in a spectroelectrochemical cell
[29], using catalysts as pellets prepared by pressing a mixture of a
Nafion® solution and the catalyst powder (Pt load was 6 mg cm−2).
Measurements were done at constant applied potentials of 0.4,
0.6, 0.8 and 1.0 V vs. RHE, in 0.5 mol L−1 H2SO4 solutions. An X-
ray beam with a bandwidth of a few hundred eV around the Pt
L3 edge (11,564.25 eV) was selected using a curved Si(111) crys-
tal monochromator. Its bending mechanism focused the beam at
the sample position and the transmitted beam was collected by
using a CCD camera. The exposure time was set for 150 ms for each
measured spectrum. In order to improve the signal-to-noise ratio,
100 accumulations (frames) compose a full spectrum with 1.5 s of
total acquisition time. Conversion of data, pixel to energy, was per-
formed by comparing measurements in conventional mode with
those in dispersive mode from standard foils (Pt metal).

2.3. Electrochemical measurements

The general electrochemical behavior was characterized by
cyclic voltammetry in 0.5 mol L−1 H2SO4, and the electrocatalytic
activity towards ethanol oxidation was evaluated in 0.5 mol L−1

ethanol acid solution by linear sweep voltammetry and chronoam-
perometry. All experiments were done at 25 ◦C in Ar saturated
solutions. CO stripping experiments were carried out in the fol-
lowing way: after recording a cyclic voltammetry curve in an Ar

purged system, CO was admitted to the cell and adsorbed at 0.15 V
vs. RHE for 20 min. The adsorption potential was chosen consider-
ing that the pre-oxidation wave is observed only if CO is adsorbed
in the 0.0–0.15 V potential range [30], and that OH adsorption on
Sn might start taking place around 0.28 V [31]. The excess CO was
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Table 1
TEM results for the Pt–Sn/C catalysts prepared.

Pt–Sn/C catalyst TEM particle size/nm �
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As-prepared 3.0 0.19
Treated in N2 3.0 0.18
Treated in H2 3.2 0.20

liminated by passing Ar gas during 30 min and the adsorbed CO
as oxidized at a scan rate of 5 mV s−1.

All electrochemical measurements were done in a conventional
lectrochemical cell, with a Pt wire counter-electrode placed in a
eparate compartment and a reversible hydrogen reference elec-
rode. The Pt–Sn/C electrocatalysts were used as ultra-thin layers
32] on a glassy carbon disk electrode (0.196 cm2) previously pol-
shed down to 0.3 �m alumina. In all cases, the catalysts layers
ad a metal (Pt + Sn) load of 28 �g cm−2. A Pt/C sample prepared

n the same microemulsion system was used to assess the effec-
iveness of the cleaning procedure and a Pt/C commercial catalyst
E-TEK) was used as reference sample. Because electrodes con-
ained the same amount of noble metal, currents densities were
alculated for the geometric area of the glassy carbon disk. Solu-
ions were prepared from analytical grade H2SO4 (Mallinckrodt),
nalytical grade ethanol (J. T. Baker) and ultra-pure water (MilliQ,
illipore).

. Results and discussion

.1. Physical characterization

Typical TEM images of the Pt–Sn/C catalysts, taken with low
agnification to give a general view of the materials, are shown

n Fig. 1. It can be observed that for all samples, particles were
niformly dispersed on the carbon support, with the presence of
ew aggregates. Particle size distribution histograms obtained from
EM studies are shown in Fig. 2. The average particle size was cal-
ulated by the mean value of the Gaussian curve adjusted to the
istribution histogram. The results show that all samples have sim-

lar mean particle sizes providing evidence that heat treatment at
50 ◦C did not produce significant particle growth. In a general way,
he heat treatment in mild temperature conditions did not cause
ny significant broadening of the particle size distribution his-
ograms and the polydispersity index (� = standard deviation/mean
alue) remained nearly the same. TEM results are summarized in
able 1.

Slightly larger values of average particle size and polydispersity
ere obtained for the Pt/C sample (3.6 nm and � = 0.16). While par-

icle size for the 20% Pt/C commercial catalyst used as control was
ot determined in this study, particle sizes between 2.5 and 4.0 nm
33] and of 3.4 ± 1.2 nm [34] have been previously reported.

X-ray diffraction analysis showed diffraction patterns associ-
ted to the Pt fcc structure (JCPDS 4–802) for all three Pt–Sn/C
amples, as shown in Fig. 3. Diffraction signals for the as-prepared
nd nitrogen-treated Pt–Sn/C catalysts appear, in general, at 2�
alues nearly identical to those measured for Pt/C, for which the
attice constant was 3.908 Å. In contrast, diffraction peaks show

pronounced shift to lower 2� values for the hydrogen-treated
atalyst. This shift in peak position can be taken as evidence of
lloy formation because of partial substitution of Pt by Sn in the
cc structure which produces an expansion of the lattice (lattice
arameter 3.939 Å). It is also observed that diffraction peaks of as-

repared samples are broader than for heat-treated catalysts, as
hown in the inset of Fig. 3 for the [2 2 0] reflections. The mean
rystallite sizes estimated using Scherrer’s equation were 2.2 nm
or the as-prepared sample and 2.8 nm for both heat-treated cata-
ysts.
Fig. 1. TEM micrographs for the Pt–Sn/C catalysts. (a) As-prepared; (b) heat-treated
in nitrogen; (c) heat-treated in hydrogen.

Small diffraction signals that could be attributed to SnO2 (41-
1445) were apparent at 2� values around 33◦ and 51◦. Therefore,
the presence of tin also in the form of amorphous oxides can-
not be discarded. A detailed XRD analysis for these species could
not be performed because of the low intensity of the signals

and the interference of the signals from Pt and the carbon sup-
port.

Differential scanning calorimetry (DSC) can be used to investi-
gate the restructuring processes that this type of materials undergo
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Fig. 2. Particle size distributions obtained from TEM images for the Pt–Sn/C ca

hen heated. Godoi et al. [27] showed that carbon-supported Pt
anoparticles prepared in AOT/n-heptane/water microemulsions

◦
how a well defined exothermic event at around 150 C, which
ould be associated to a restructuring process with an increased in
he crystallinity. Fig. 4 shows the DSC curve obtained in N2 atmo-
phere for the as-prepared Pt–Sn/C catalyst. An endothermic event
ccurs between ambient temperature and 100 ◦C, followed by an

ig. 3. X-ray diffraction patterns for the Pt–Sn/C catalysts. (a) As-prepared; (b) heat-
reated in nitrogen; (c) heat-treated in hydrogen. Results for a Pt/C commercial
atalyst (E-TEK) are included for comparison. Inset: enlarged view of the [2 2 0]
iffraction peaks of the Pt–Sn/C catalysts.

ig. 4. DSC curve in nitrogen atmosphere for the as-prepared Pt–Sn/C catalyst. Inset:
SC curves for a Pt/C catalyst prepared by the same method and for the Vulcan XC-72
arbon support.
s. (a) As-prepared; (b) heat-treated in nitrogen; (c) heat-treated in hydrogen.

irreversible exothermic transition, which ends at around 150 ◦C,
very similar to that observed for Pt/C materials. Besides the evi-
dence regarding the fact that the Pt–Sn/C material also goes through
a crystallization process, that is also evident by the increase in the
average crystallite size calculated from XRD data, the peak asso-
ciated to the exothermic event appears to be broadened when
compared to the one observed for pure Pt supported on carbon.
DSC curves of substances containing an impurity generally show
broader crystalline transition peaks than the pure compounds [35].
Because the incorporation of a small amount of a second metal into
the Pt crystalline structure would have an effect similar to that
of an impurity, the observed broadening of the crystalline tran-
sition peak can be taken as evidence of the existence of an alloyed
phase in the as-prepared Pt–Sn/C sample. Because the presence of
an alloyed phase was not apparent in the X-ray diffraction pattern
of the as-prepared catalyst, it can be inferred that the amount of
Sn alloyed with Pt in the as-prepared Pt–Sn/C catalysts is rather
small.

X-ray photoelectron spectroscopy analysis. XPS studies were

carried out for all three Pt–Sn/C catalysts. For the sake of simplicity,
the as-prepared Pt–Sn/C catalyst was chosen as reference sample.
The Pt 4f and Sn 3d5/2 high-resolution XPS spectra are shown in
Fig. 5.

Fig. 5. Pt 4f and Sn 3d5/2 XPS spectra for the Pt–Sn/C catalysts. (a) As-prepared; (b)
heat-treated in nitrogen; (c) heat-treated in hydrogen.
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Table 2
Binding energies of the Pt 4f7/2 components for the Pt–Sn/C catalysts and atomic
percentage for each signal.

Pt–Sn/C catalysts Assignment [36]

As-prepared Treated in N2 Treated in H2

71.64 (64.5) 71.67 (68.8) 71.67 (72.1) Pt(0)
72.90 (25.4) 73.10 (19.7) 73.02 (18.0) Pt(II)–Pt(OH)2

74.96 (10.1) 74.97 (11.5) 75.30 (9.8) Pt(IV)–PtO2; PtO2·nH2O

Table 3
Binding energies of the Sn 3d5/2 components for the Pt–Sn/C catalysts and atomic
percentage for each signal.

Pt–Sn/C catalysts Assignment [40]

As-prepared Treated in N2 Treated in H2
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485.18 (5.2) 485.37 (7.1) 485.49 (17.0) Sn(0)
487.21 (94.8) 487.38 (92.9) 487.21 (83.0) Sn(IV)–SnO2

The Pt 4f spectrum was deconvoluted into three doublets which
orrespond to Pt 4f7/2 and Pt 4f5/2 of different oxidation states.
he line with major intensity centered at around 71.7 eV can be
ssigned to Pt in the zero-valence metallic state, shifted toward
igher values with respect to the literature value of 71.2 eV [36]. A
light shift of the Pt(0) peak to higher binding energies is a known
ffect for small particles [37]. Also, peak shifts toward higher values
f binding energies for the Pt 4f7/2 in relation to pure Pt have been
eported for carbon-supported [38] and zeolite-supported Pt [39],
s well as for Pt nanoparticles dispersed on RuO2 matrixes [8,9],
nd they have been interpreted as caused by Pt-support interac-
ions. The binding energies of the Pt 4f7/2 components centered at
2.9–73.0 eV and 74.9–75.3 eV can be attributed to Pt(II) and Pt(IV)
pecies [36]. The binding energies obtained for the components of
he Pt 4f7/2 peak are shown in Table 2 together with the atomic
ercentage for each signal.

In general, Pt is found in the zero-valence state and in ionic form,
ost likely as Pt(OH)2 and PtO2. The data evidence that heat treat-
ents at 150 ◦C in nitrogen and hydrogen produced an increase in

he amount of metallic Pt while the quantity of hydrated oxides
ecreased.

The Sn 3d5/2 signal was deconvoluted into two different peaks.
he first line centered at 485.1–485.5 eV can be attributed to Sn in
he zero-valence state while the second line (487.1–467.4) can be
ssigned to Sn(IV) species [40]. As it can be seen, the amount of Sn
n the zero-valence metallic state for the Pt–Sn/C catalyst treated
n nitrogen is similar to that in the as-prepared catalyst, and signif-
cantly larger for the hydrogen-treated material. Table 3 shows the
inding energies and the atomic percentage for each signal.

Overall, XPS data revealed that heat treatments in nitrogen and
ydrogen produced an increase in the amount of metallic Pt in both
t–Sn/C catalysts. Additionally, the amounts of metallic Sn and Sn
xides remained nearly the same for the material heat-treated in
itrogen while there was a substantial increase in the content of
etallic Sn (with concomitant decrease in the content of Sn oxides)

or the catalyst treated in hydrogen.

.2. Dispersive X-ray absorption spectroscopy

In situ DXAS measurements were done to probe the electronic
haracteristics of Pt–Sn/C catalysts. The analysis of white lines
as performed by using the method of Shukla et al. [41,42]. The
bsorption spectra were fitted by an arc tangent function which
as subtracted from the experimental data, and the result was fit-

ed by a Lorentzian function. The Levenberg–Marquardt nonlinear
egression method [43] was used in both fitting procedures.
Fig. 6. (a) Normalized Pt L3 absorption for different samples. (b) Integrated inten-
sities of the Lorentzian. Applied potential: 0.80 V.

In general, all samples showed an increase of the normalized
absorption intensity (white line) intensity and integrated inten-
sity of the Lorentzian for increasing applied potential, resulting
from the adsorption of oxygenated species, in agreement with lit-
erature reports [44,45]. Furthermore, at any applied potential the
integrated intensity of the Lorentzian followed the same trend,
decreasing significantly for the hydrogen-treated catalyst (around
7–10% depending on potential). Fig. 6 shows the normalized Pt L3
absorption edges and the integrated intensities of the Lorentzian
for the different Pt–Sn/C catalysts polarized at 0.80 V.

Mukerjee and McBreen [46] reported a lowering of the white
line intensity for a Pt–Sn/C commercial alloy catalyst (E-TEK, Pt:Sn
atomic composition 3:1) as compared to the Pt foil, which was
interpreted as a filling of the Pt 5d bands resulting of alloying with
Sn. In good agreement with that, for all Pt–Sn/C catalysts prepared
in this work the normalized absorption intensity was lower than
for Pt/C. To interpret the DXAS results of Fig. 6 it should be kept
in mind that a decrease in the amount of oxygenated species will
also lead to a decrease of the white line intensity. Therefore, the
decrease in the white line intensity observed for the Pt–Sn/C cata-
lysts heat-treated in hydrogen is consistent with an increase in the
degree of alloying, as evidenced by XRD data and the concomitant
decrease in the amount of oxidized species in good agreement with

XPS data.

The fact that the white line intensity observed for the Pt–Sn/C
catalyst heat-treated in nitrogen is similar to that of the as-prepared
material is also in good agreement with XRD and XPS results that
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ig. 7. Current–potential curves of the Pt–Sn/C catalysts obtained in H2SO4

.5 mol L−1 at 50 mV s−1. (—) As-prepared; (– – –) treated in N2; (–··–) treated in H2.
he curve of the Pt/C catalyst prepared by the same method is shown in the inset
or comparison.

how that the amounts of metallic Sn and Sn oxides in those two
amples are comparable.

.3. Electrochemical behavior and electrocatalysis of ethanol
xidation

The electrochemical properties of the Pt–Sn/C catalysts were
rst examined by cyclic voltammetry. The curves obtained at
0 mV s−1 in Ar saturated 0.5 mol L−1 H2SO4, in the potential range
f 0.05–0.8 V, are shown in Fig. 7. The curve obtained for the
t/C prepared by the same microemulsion method (inset) serves
s evidence that the washing procedure adopted for removal of
ynthesis residues was efficient and produced clean particles. For
ll Pt–Sn/C samples, the general features of the voltammetric
urves are similar to those typical of Pt-based catalysts supported
n carbon while differences in the total charges involved in the
urrent–potential curves are apparent. The state of the surface
an be qualitatively assessed by the analysis of the hydrogen
dsorption–desorption region. While it is known that adsorp-
ion of underpotential deposited hydrogen does not take place
n Sn [47,48] or SnO2 [49], quantitative evaluation of the Pt
urface area is not possible because, as mentioned before, OH
dsorption on Sn might start taking place around 0.28 V [31]. Com-

arison of the voltammetric curves, however, reveals that heat
reatment in nitrogen produced an increase in the charge in the
ydrogen adsorption–desorption region. In addition, the features
haracteristic of the hydrogen adsorption–desorption processes
n polycrystalline Pt surfaces appear better defined. The current-

ig. 8. Current–potential curves of oxidation of adsorbed CO for the as-prepared and hea
E-TEK) is included for comparison. Sweep rate: 5 mV s−1.
ources 195 (2010) 3394–3401 3399

potential profile becomes more Pt-like, which could result from Pt
surface enrichment or segregation caused by the heat treatment.
In contrast, the curve of the Pt–Sn/C catalyst heat-treated in hydro-
gen shows a significantly smaller hydrogen adsorption–desorption,
which can be ascribed to an increase in the metallic Sn content of
the surface due to alloy formation resulting in a decrease in the
amount of Pt on the surface.

While it is widely accepted that Pt–Ru/C and Pt–Sn/C are less
poisoned by strongly adsorbed intermediates (CO) from the disso-
ciation of alcohols than Pt/C [55], a recent study has shown that the
Pt–Ru/C catalyst that produced the largest currents of methanol
oxidation was not the most efficient for the oxidation of adsorbed
CO [12].

The curves of adsorbed CO oxidation recorded at 5 mV s−1 on
the three Pt–Sn/C catalysts prepared in this work are shown in
Fig. 8. The peak potential was significantly lower for all Pt–Sn/C
samples than for the Pt/C commercial catalyst (0.77 V). The oxida-
tion of adsorbed CO shows a well defined current peak centered
at about 0.70 V for the as-prepared catalyst and at around 0.68 V
for the Pt–Sn/C material treated in hydrogen. In contrast, the curve
for the sample treated in nitrogen shows two superimposed oxida-
tion peaks, at around 0.68 and 0.74 V. The presence of the second
signal is very close to that observed for the pure Pt commercial
catalyst and consistent with the more Pt-like surface evidenced by
the cyclic voltammetry curves of Fig. 7, indicating that the absence
of a reducing atmosphere during treatment favors Pt segregation
on the catalyst surface. According to the bifunctional mechanism,
Sn would act as donor of the OH species which would promote
the oxidative removal of CO-like species from the surface at lower
potentials. On the other hand, as evidenced by the DXAS data for
the Pt L3 absorption edge (Fig. 6), increasing the amount of metal-
lic Sn resulted in a decrease in the white line intensity. Thus, this
electronic effect that might promote the weakening of the bond
between CO and the catalyst surface, as suggested in the literature
[4,6,10,11].

The validity of the determination of the active surface area of the
catalysts from the charge of oxidation of adsorbed CO is a contro-
versial matter. Weaver et al. [50] pointed out the necessity of charge
correction for anion adsorption and double layer charging. Unfor-
tunately, there is no consensus at present about how this should be
done.

However, when active surface areas were estimated without
making any corrections besides subtracting the currents in the
cyclic voltammetry in the base electrolyte, similar values (around
27 m2 gPt

−1) were obtained for all Pt–Sn/C prepared in this work,

in good agreement with literature [20].

Fig. 9 shows the linear sweep voltammetry curves of ethanol
oxidation. As expected, the onset potentials of the ethanol oxida-
tion reaction are lower (0.25 V) for the Pt–Sn/C catalysts compared
to the commercial Pt/C catalyst (0.35 V). Fig. 10 shows the

t-treated Pt–Sn/C catalysts, as indicated. The curve for the Pt/C commercial catalyst
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Fig. 9. Current density–potential curves obtained at 20 mV s−1 in H2SO4

0.5 mol L−1 + ethanol 0.5 mol L−1 for the Pt–Sn/C catalysts. (—) As-prepared; (– – –)
treated in N2; (–··–) treated in H2; (· · ·) Pt/C commercial catalyst (E-TEK). The initial
portions of the positive sweeps are shown in the inset.
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also had nearly the same particle size.
ig. 10. Current density–time curves for ethanol oxidation obtained at 0.5 V for
t–Sn/C catalysts. (—) As-prepared; (– – –) treated in N2; (–··–) treated in H2; and
· · ·) Pt/C commercial catalyst (E-TEK). Inset: current densities measured at 45 min.
lectrolyte: 0.5 mol L−1 ethanol + 0.5 mol L−1 H2SO4.

urrent–time curves recorded at 0.5 V, which in general terms
xhibit the same tendency observed for the linear sweep study.
he current–time curve for the catalyst heat-treated in nitrogen
resented the lowest current while the highest currents were mea-
ured for the Pt–Sn/C catalyst heat-treated in hydrogen. It is also
nteresting to note that ethanol oxidation and the oxidation of
dsorbed CO follow the same trend, in contrast with recent findings
or Pt–Ru/C catalysts [12].

As already mentioned, the significant differences in the electro-
atalytic activities of Pt–Sn/C materials reported in the literature
eem to depend on the preparation procedure adopted. Recent
tudies on Pt–Ru/C catalysts showed that the amounts of oxide and
lloyed phases are size dependent [27], which might also be the
ase for other Pt-based materials such as Pt–Sn and thus, the rea-
ons for the different results on electrocatalytic activity reported
n the literature may rest not just on the different compositions
nd particle sizes of the materials studied but also on the different
atios of alloy to oxides. While some attempts to assess the rela-
ive contributions of Pt–Sn alloys and SnO2 to the enhancement of
thanol oxidation have been made, comparison of results obtained
or catalysts prepared by different methods and having quite dif-
erent properties did not lead to any agreement on that matter. The

nhanced activity of Pt–SnO2/C was interpreted by Mann et al. [52]
s evidence that a platinum–tin alloy is not a necessary catalytic
hase for ethanol oxidation. In contrast, studies carried out by Col-
ati et al. [20] found that the activity of Pt–Sn/C catalysts seems to
Sources 195 (2010) 3394–3401

depend on the amount of both nonalloyed and alloyed tin. Based
on those observations, the existence of an optimal distribution of
Sn between the alloyed and nonalloyed states was suggested [20].
Zhu et al. [53] prepared Pt–SnO2/C and carbon-supported Pt–Sn
catalysts using different synthesis procedures to vary the degree
of alloying and concluded that low alloying degree would enhance
the yield of acetic acid while Pt–Sn/C catalyst with high alloying
degree promote the entire activity for ethanol oxidation.

It is important to stress that the present study of the effects of
the amounts of oxide and alloy phases was carried out on Pt–Sn/C
catalysts having nearly the same particle size and exactly the same
overall composition. The voltammetry curves (Fig. 7) as well as
the data of CO stripping (Fig. 8) suggest that the heat treatment in
nitrogen caused Pt segregation and, therefore, the smaller catalytic
activity for ethanol oxidation can be understood as resulting from a
more Pt-like surface. Yet, comparison of the results of ethanol oxi-
dation obtained for the as-prepared Pt–Sn/C catalysts with those
obtained for the pure Pt/C commercial sample reveals clearly that
the presence of Sn, even if mostly in a nonalloyed (oxidized) state,
has an enhancement effect. These observations that indicate that
the presence of oxidized Sn species benefits the ethanol oxida-
tion reaction are in agreement with previous literature reports [20]
and with the enhanced activity exhibited by Pt–SnO2/C materials
[51,52]. According to the DRX data, the heat treatment in hydrogen
atmosphere promoted an increase in the alloying, which enhanced
the catalytic activity for ethanol oxidation in agreement with data
formerly reported [1,21,54–56]. It is also noteworthy that the cur-
rent densities of ethanol oxidation shown in Fig. 10 follow the same
trend that the integrated intensity of the Pt L3 adsorption edge
(Fig. 6b), indicating that the activity improvement produced by the
increase in the amount of alloy is also linked to the occupancy of
the Pt d band. While increasing the amount of alloy results in a
reduced white line intensity, which has been interpreted in terms
of the lesser vacancy of the Pt 5d band [46], it is known that oxy-
genated species produce a lesser occupancy of the Pt d band, leading
to an increase of the normalized absorption intensity (white line).

In summary, the present study was made in the absence of over-
all composition and particle size effects. The results reported here
evidence that even though the presence of Sn oxide species might
be sufficient to produce higher currents than those measured on
Pt/C, increasing the amount of metallic Sn at the expense of the
oxides, which lead to a more filled Pt d band, results in an increase
of the activity of Pt–Sn/C catalysts for ethanol oxidation.

While the data presented herein show that increasing the
amount of alloy results in larger ethanol oxidation currents,
detailed analysis of the product distribution is necessary to fur-
ther understand the role of oxides and alloys in the electrocatalysis
of ethanol oxidation on Pt–Sn/C materials and to elucidate their
effects on the reaction mechanism. Studies of that kind are cur-
rently under way in our laboratory.

4. Conclusions

Pt–Sn/C catalysts with a narrow particle size distribution and
a uniform distribution on the carbon support were prepared by
using a microemulsion method. To modify the amounts of oxide and
alloyed phases, portions of the as-prepared catalyst were treated in
different atmospheres and therefore, all Pt–Sn/C catalysts studied
had exactly the same overall composition. Because particle growth
was avoided by using mild temperature conditions, the materials
While it was verified that the presence of oxidized Sn has an
enhancement effect, mild heat treatment in hydrogen atmosphere
produced an increase in the amount of alloy and an enhancement of
the ethanol oxidation current. That enhancement can be explained
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n terms of a more filled Pt 5d band when the amount of alloy
ncreases. The oxidation of adsorbed CO follows the same trend.

In summary, the present study was made in the absence of
verall composition and particle size effects and showed that even
hough Pt–Sn/C materials have good catalytic activity for the oxi-
ation of ethanol when Sn is mostly in a nonalloyed state, the
xidation current can be enhanced by the increase of the amount
f alloyed phase at expense of the oxides.
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