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Abstract

Different electrochemical techniques like cyclic voltammetry and chronoamperometry and tests in a single direct ethanol fuel cell (DEFC) were
used to evaluate the catalytic activity of various compositions of PtSn electrodes prepared by thermal decomposition for ethanol electrooxidation.
This oxidation process was also investigated by in situ infrared reflectance spectroscopy to determine the presence of adsorbed intermediates.
The experimental results showed that PtSn can oxidize ethanol mainly to acetaldehyde and acetic acid. Adsorbed CO was also found, which
demonstrates that the rupture of the C—C bond in the ethanol molecule can also take place during the oxidation process. This intermediate species
was oxidized to CO, which was detected by IR spectroscopy and chromatography. With PtyySn;¢/C as anode catalyst, single DEFC tests carried
out using MEAs with a geometric electrode area of 5 cm? allowed to produce a power density of ca. 72mW cm™2 at 110°C.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The proton exchange membrane fuel cell (PEMFC) is one
of the most promising electrochemical devices for energy gen-
eration that can be applied in electrical vehicles and portable
electronic devices. Up to now the best performance has been
reached using hydrogen as a fuel. This fuel can be supplied
either directly from a storage tank or indirectly from liquid sub-
stances through a reformer. However, the problems found in
the storage, handling, and distribution of hydrogen are impor-
tant barriers to its direct use. The costs and the extra weight of
the equipment used in hydrogen FCs are also important prob-
lems when reformers are used. For all these reasons, the direct
use of liquid fuels in the cell has been investigated as a con-
venient alternative to hydrogen. The most important substances
considered in this case have been low molecular weight alco-
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hols, mainly methanol and ethanol [1-7]. The use of the latter
is attractive since it is less toxic when compared with methanol,
and it is also produced from renewable sources. However, the
rupture of the C—C bond is not easy to promote by electro-
chemical means, posing difficulties to the development of direct
ethanol fuel cells (DEFC). Partial oxidation of ethanol can lead
to the formation of acetaldehyde and acetic acid, which means
a decrease in the electrical cell efficiency [8—10]. Therefore, the
development of a catalyst that oxidizes ethanol efficiently at low
potentials is of high interest. Pt alloys are promising electrode
materials for this purpose. Among the metals investigated to
form alloys with Pt, tin led to interesting results, although some
contradictory results can be found in the literature. Jiang et al.
demonstrated that the tin oxidation state plays an important role
in determining the influence of tin on the Pt activity and on
electrode stability [11]. According to the authors, higher oxida-
tion states may favor ethanol electrooxidation. Sn or its oxides
can supply surface oxygen-containing species for the oxidative
removal of CO-like species strongly adsorbed on adjacent Pt
active sites, the so-called bifunctional mechanism, and activate
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the chemisorbed CO-like intermediates. The tin oxidation state
may depend on the preparation method and the investigation
and evaluation of different methods may help to understand the
electrode process and point the direction for the development of
highly active materials.

The literature shows clearly a continuous effort toward
the development of different synthetic methods based on col-
loids [6,12], microemulsions [13,14], sonochemistry [15], and
microwave irradiation [16], with the purpose of improving the
catalytic activity of electrode materials. In this work, it is pro-
posed the use of an alternative method, called the Pechini method
[17], for the preparation of Pt-Sn electrodes. This method is
based on the thermal decomposition of polymeric precursors
obtained by the polymerization reaction between a hydrocar-
boxylic acid and a polyhydroxylic alcohol. In this method,
appropriate salts of the desired metals are dissolved in the pre-
cursor solution, and it is possible to obtain catalytic materials in
the form of thin films or as powders of high surface area. In this
work, catalysts containing Pt and Sn were prepared and charac-
terized by XRD, TEM and EDX. Their catalytic activity toward
ethanol electrooxidation was studied by chronoamperometry.
DEFC tests were made with membrane electrode assem-
blies (MEAs) prepared by hot pressing a pretreated Nafion®
117 membrane together with a Pt-Sn anode and an E-TEK
cathode.

2. Experimental
2.1. Synthesis and characterization of the catalysts

Pt-based electrocatalysts with various amounts of Sn were
prepared from appropriate molar ratios at 10% intervals by
thermal decomposition of polymeric precursors [17—19]. Both
thin films deposited on a Ti substrate and powder samples
of nominal composition Pt;Snj_,O;, where 0.50<x<0.9,
were used in this work. The tin polymeric precursor (Sn-
resin) was prepared by mixing citric acid (CA) (Merck) in
ethylene glycol (EG) (Merck) at 60—65°C. After total dis-
solution of CA the temperature was raised to 90°C and a
tin citrate (TC) solution (0.1 moldm™ in isopropanol pre-
pared as described elsewhere [20]) was then added. The molar
ratios CA:EG:TC were 3:10:1. The platinum polymeric pre-
cursor (Pt-resin) was prepared in a similar way, but the molar
ratio AC:EG:H;,PtClg was 4:16:1. Precursor mixtures were
prepared for each electrode composition by dissolving the appro-
priate amounts of Sn-resin (3.5 x 1073 mol Sn g~! resin) and
Pt-resin (3.8 x 10~% mol Pt g~! resin). The precursor mixtures
were applied by brushing on both sides of the Ti-support, previ-
ously sandblasted and chemically treated in hot aqueous oxalic
acid 10% (w/w) for 30min and then washed with Milli-Q
water and dried at 130 °C. After the application of each coat-
ing, the electrode was heated in air at 130-140°C for 10 min
to polymerize the coating, and then calcinated at 400 °C for
5 min. This procedure was repeated until the desired nominal
oxide loading (1.4—1.6 mg cm™2) was reached. The layers were
finally annealed for 1 h, at400 °C, under O,-flux. Duplicate sam-
ples were prepared for each electrode composition. Thin films

deposited on a 2 cm? Ti substrate were used for the voltammetric
and chronoamperometric experiments.

Complete fuel cell measurements were carried out on electro-
catalysts dispersed on carbon Vulcan XC-72. Powder samples
were also prepared by thermal decomposition of the polymeric
precursor mixtures. The mixture of carbon and metallic resin
was dispersed in 2 mL of water in an ultrasonic bath, dried and
then calcinated using the following temperature program: the
temperature was raised initially at 2 °C min~! until 250 °C hold
at this temperature for 1 h and after that ramped at 10 °C min~!
until 350°C min~! (30 min) and finaly 30°C min~! until the
final temperature (400 °C) was achieved. The sample was kept
at the final temperature for 2 h.

The catalysts were characterized by X-ray diffraction (XRD)
using a Bruker D8 Advance diffractometer operating with Cu
Ka radiation (A =0.15406 nm) generated at 40kV and 40 mA.
Steps of 0.0246° with time/step of 0.1 s for 26 values between
20 and 70° were employed.

The morphology of the different Pt-Sn/C electrodes materi-
als was examined by transmission electron microscopy (TEM)
using a Philips CM 120 microscope. Energy dispersive X-rays
analysis (EDX) was used to estimate the composition of the
nanoparticles.

The electrochemical activity of the materials was exam-
ined by cyclic voltammetry in a thermostated three-electrode
cell. The electrochemical measurements were performed on a
PC controlled VoltaLab Potentiostat PGZ 420 Electrochemi-
cal Interface. A reversible hydrogen electrode (RHE) and a
slab of vitreous carbon were used as reference and counter
electrode, respectively. The electrochemical surface area of the
electrodes was obtained from the integration of the hydrogen
adsorption/desorption region.

2.2. Electrolysis of ethanol and chromatographic analysis
of the reaction products

A three-electrode Pyrex cell, with two identical compart-
ments (15 cm? each compartment) separated by an ion-exchange
membrane (Naﬁon® 423), was used to perform the chronoam-
perometric experiments. A Pt-Ir grid served as the counter
electrode. The electrolysis reaction product yield was followed
by high performance liquid chromatography (HPLC), using
a double online detection system with UV (A =210nm) and
refractive index detectors. An Aminex HPX-87H column from
Bio-Rad was used and the eluent was a 1 mM H;SO4 solu-
tion at a 0.6 cm>® min~! flow rate. Identification of the products
was performed comparing retention times with those of com-
mercially available standards. The products formed during the
bulk electrooxidation of ethanol were determined by comparing
their retention times with those of pure reference products under
the same conditions. During chronoamperometric experiments,
the carbon dioxide formed was trapped in a cell containing
0.1M NaOH (1 mL). At the end of the experiment, nitro-
gen was bubbled in the cell to remove all the CO; towards
the trap cell. Carbonate was analyzed quantitatively by com-
parison with a Nap,COs3 reference prepared under the same
condition.



F.C. Simées et al. / Journal of Power Sources 167 (2007) 1-10 3

Intensity / a.u.

20

Fig. 1. XRD diffractogram of Pt-Sn/C electrocatalysts (30% metal loading)
prepared by thermal decomposition of polymeric precursors.

2.3. Preparation of the electrodes and the
membrane/electrode assemblies

The membrane electrode assemblies (MEAs) were prepared
by hot pressing a pretreated Nafion® 117 membrane placed
between an E-TEK Pt cathode (2mgcm~2 metal loading,
40 wt.%) and a home-made anode (2mgcm™2 metal loading
30 wt.%) at 130 °C for 90 s under a pressure of 35 kg cm™2. The
procedure for the electrode fabrication was described elsewhere
[6]. The operating fuel cell performance was determined in a
single DEFC with a 5 cm? geometric surface area of electrodes
using a Globe Tech test bench. The E=f{j) and P=f(j) curves
were recorded on a high power potentiostat (Wenking model HP
88) interfaced with a PC.

2.4. IR spectroscopic measurements

IR spectroscopy measurements were performed on cata-
lysts supported on a gold substrate in order to obtain a better
reflectivity. The precursor solutions were applied onto the sub-
strate by painting followed by heating at 150 °C for 5 min, and
then at 400 °C for 5min. This procedure was repeated until

a desired mass corresponding to a nominal thickness of 2 pum
was obtained. When this condition was achieved, the electrodes
were calcinated in air at 450 °C for 1 h to eliminate the organic
materials used to produce the metallic film.

The Fourier transform IR spectrometer used here was a
Bruker IFS 66v, with the sample compartment modified to allow
the beam to be reflected on the electrode surface with an inci-
dence angle of 65°, after passing through the IR window (CaF;)
of a conventional thin layer spectroelectrochemical cell. The
beam path was under vacuum and a liquid N> cooled HgCdTe
detector (Infrared Associates) was used.

3. Results and discussion
3.1. Physico-chemical characterization of the catalysts

Various powder samples of the Pt-Sn catalysts supported on
Vulcan XC-72 carbon black were studied by XRD, TEM and
EDX analyses. XRD patterns for the as-prepared Pt-Sn cata-
lysts are depicted in Fig. 1. As can be seen, the pattern shows
the characteristic peaks of both, the face-centered cubic (fcc)
crystalline Pt and of the SnO;. Small peaks for SnO, were
clearly found at 26.8, 33.9 and 51.9° for Pt-Sn (50:50). In spite
of these peaks are not clearly observed in the corresponding
diffractograms for the other catalysts, the presence of tin oxides
cannot be discarded because it may be present in a small amount
or even in an amorphous form. The presence of metallic plat-
inum is clearly revealed by the characteristic diffraction peaks
of Pt[111],[200] and [22 0] planes at 2® values of 39.7, 46.2
and 67.4°, respectively. On the basis of comparison they are in
agreement with the peaks for pure Pt and SnO;. We did not
find clear evidences for the formation of a PtSn solid solution
since no noticeable shifts in the Pt peaks positions were noted
neither other peaks. Metallic Sn was not formed in the catalyst
prepared by thermal decomposition of polymeric precursors. A
possible mixture of two phases, SnO; and Pt, dominates the cat-
alyst. The presence of solid solutions were not found but more
detailed studies should be addressed to clarify this point.

TEM showed that the obtained nanoparticles are well dis-
persed on the Vulcan support (Figs. 2 and 3). It can be seen that

Fig. 2. TEM images of Pt-Sn/C electrocatalysts (30% metal loading) prepared by thermal decomposition of polymeric precursors: (a) Pt-Sn (60:40) and (b) Pt-Sn

(90:10).
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Fig. 3. Histograms of particle size distributions of Pt-Sn/C electrocatalysts (30% metal loading) prepared by thermal decomposition of polymeric precursors.

Table 1

TEM and EDX results of the various bulk compositions of Pt-Sn/C electrocatalysts prepared by thermal decomposition

Catalyst Nominal content (%) Determined by EDX (%) Mean particle size (nm)
Pt Sn Pt Sn
Pt-Sn (30% metal loading) 50 50 51.9 48.1 32
60 40 66.5 33.5 3.1
70 30 72.5 27.5 34
80 20 79.6 20.4 33
90 10 84.5 15.5 29

the particles seem smaller in the case of the Pty 9Sng 1/C catalyst
than in the case of the Pty ¢Sng4/C catalyst (Fig. 2). However,
the size distribution presented in Fig. 3 indicates that the mean
particle sizes are close for both catalysts (3.0 nm), whereas the
dispersion is higher for the Sn-rich catalyst, the mean appar-
ent particles sizes Dy, Ds and Dy being, respectively, 3.1, 4.2
and 4.8 for Pty ¢Sng4/C (Fig. 3a) and 2.9, 3.1 and 3.7 nm for
Pto.oSng.1/C (Fig. 3b).

EDX analysis demonstrated the presence of both Pt and Sn
in each sample, thereby indicating that bimetallic catalysts were
obtained. Analysis of Table 1 shows that the average atomic
composition of the different catalysts is close to the theoretical
one. Itis well known that one of the major causes of performance
decay under working conditions is the activity loss due to the
particle agglomeration [21,22], among other problems as loss
of platinum, Pt/Sn rearrangement or poisoning. TEM images
performed on several areas of the samples showed that some
zones of the catalysts display large particles, probably due to
agglomeration during the calcination step at 400 °C. The mean
particle size is around 3 nm (Table 1).

3.2. Electrochemical characterization of the catalysts

Fig. 4 shows cyclic voltammograms for ethanol oxidation
on Pt and Pt-Sn/Ti catalysts. All the current values were nor-
malized by the geometric surface area of the electrodes. The
true surface area was calculated using the charge of hydrogen
adsorption/desorption, allowing the comparison of the different
electrodes. Calculation of the true surface areas was confirmed
by CO stripping experiments (the adsorption potential was set at
50 mV RHE ™), taking into account that this charge corresponds
only to the adsorption of linear CO (COL), as it will be shown

below. It can be deduced that the painting process and the cal-
cination step lead to a great roughness factor for the catalysts,
as presented in Table 2. This factor is the ratio between the true
surface area of the catalyst and the geometric surface area of the
Ti plate (2 cm?), if we consider that hydrogen or COy adsorption
occurs only on the Pt sites.

It can be clearly observed in Fig. 4 that there are two oxi-
dation peaks for ethanol oxidation in the investigated potential
range. These peaks shift according to the tin content in the elec-
trocatalysts. In the examples given in Fig. 4, the increase in
tin content represents potential gain, i.e., a shift toward lower
potentials, whatever the potential scan. Ethanol oxidation on
Pt-alone starts at ca. 0.5V RHE™! while on Pt-Sn catalysts oxi-
dation occurs earlier, i.e., at ca. 0.35V, which indicates that the
modifications induced on Pt by the presence of Sn improves
the performance of the Pt-Sn electrode materials. The first peak
appears at a potential where surface-bound OH is formed on Pt.
During the negative potential scan, the currents remain anodic
up to 0.27 V. The shape of the second oxidation peak depends
slightly on the Sn content. For 40% Sn content, this peak is
located at 0.7 V on the remaining Pt-OH sites, i.e., after desorp-

Table 2
Roughness factor of different electrocatalysts deposited onto a Ti plate of geo-
metric surface area 2 cm?

Electrode Roughness factor
Pt 139.6
Pt-Sn (50:50) 127.1
Pt-Sn (60:40) 189.5
Pt-Sn (70:30) 213.2
Pt-Sn (80:20) 195.5
Pt-Sn (90:10) 121.3
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Fig. 4. Cyclic voltammograms of the PtSn/Ti electrodes at 50 mV s~V ina(---) 0.5M H,SOy solution, and in a (—) 0.5M H,SO4 + 0.2 M ethanol solution.

tion of the oxide species from the electrode surface, whereas in
the case of 10% Sn content, it is situated at 0.95 V followed by
a large shoulder.

Another example of the electroactivity of Pt-Sn nanoparti-
cles for ethanol oxidation is presented in Fig. 5. The effect of
tin content in the catalyst composition can be seen during the
positive-going scan. As pointed out by several reports in the lit-
erature, the presence of a transition metal such as Sn can promote
ethanol oxidation by either an electronic effect in the Pt-based
electrode material [22-24] or by activation of the interfacial
water molecules necessary to promote completion of the oxi-
dation of adsorbed CO leading to CO», and of acetaldehyde to

125 | A S

25 F ° B

00 01 02 03 04 05 06 07 08 09
E/V (RHE)
Fig. 5. Electrooxidation of ethanol on Pt-Sn/Ti catalysts. Effect of the composi-

tion in tin of the PtSn catalyst; 0.5 M H,SOy4 + 0.2 M ethanol; at 50 mV s~ ! and
at21°C.

acetic acid [24]. It appears that under steady-state conditions,
Pt-Sn (60:40) is the electrode material which presents the best
activity for ethanol oxidation (see Fig. 5). Considering higher Sn
contents it is known that an Sn atomic content larger than 50%
inhibits alcohol electrooxidation [16]. So, 40% Sn seems to be
the best condition for the removal from the electrode surface of
the adsorbed residues formed during the dissociative adsorption
of ethanol by adsorbed OH species present on oxidized Sn sites.

3.3. Ethanol electrooxidation under steady-state conditions

Chronoamperometric experiments were carried out at
0.5 VRHE™! for 5h, to compare the activity of electrocatalysts
with different tin contents (Fig. 6). The pattern of current decay
is different for different electrocatalysts. PtgoSngo/Ti displays
the best electroactivity, as found above in the CV experiments,
and its performance is in agreement with that reported by Liu et
al. [16]. For long-term operation, PtSn/Ti electrodes show quite
stable currents for ethanol oxidation after 150 min while the Pt-
alone catalyst continue its decay toward zero current. The origin
of the continuous decay can be associated to the accumulation
of reaction intermediates in higher amount on the Pt surface than
that of Pt-based catalysts, which is supported by the concepts
discussed so far.

At the end of the chronoamperometric measurements in a
batch cell, the electrolytic solution was analyzed by HPLC. As
presented in Table 3, acetaldehyde and acetic acid were mainly
formed on the Pt-Sn/Ti surface. The presence of CO; trapped in
the NaOH solution can also be observed. Traces of formic acid
were also determined in the bulk solution, which demonstrates
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Fig. 6. Current vs. time plots for the electrooxidation of 0.2 M ethanol in 0.5 M
H,SOy4 at 0.5 VRHE ™! on various Pt-Sn/Ti electrocatalysts.

the cleavage of the C—C bond of the initial molecule. The mass
balance was calculated by measuring the molar quantity of each
reaction product as follows:

(%)ZEXLXIOO,

v C() — Ct
where Cy is the initial concentration of the substrate, C; its
remaining concentration at the end of the chronoamperometric
experiment, C;j the concentration of the considered compound
and v is the stoichiometric number.

Mass balances lower than 100% are mainly due to the dif-
ficulty in the detection of acetaldehyde. Indeed, as mentioned
above in the experimental details, determination of the reaction
products was performed by taking into account the cross over
process through the ion-exchange membrane to the cathodic side
and by comparing the response of each sample with that of a stan-
dard reference. Acetaldehyde is very volatile and whatever the
precautions taken for optimizing the handling of this molecule
(flask and compound at ca. 4 °C), there is no guarantee of total
quantification. Acetaldehyde formed and not yet transformed
into acetic acid could have been lost in the CO; trap circuit.
Moreover, esterification can occur with the presence of acetic
acid and ethanol in acid medium. Despite these problems, the
chromatographic analysis detected the presence of the oxidation
products in the bulk solution.

3.4. Performance of the catalysts in the fuel cell

The performance of single fuel cells with different Pt-Sn/C
samples as anode catalysts was studied. Typical behaviors are
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Fig. 7. Performances of single 5cm? DEFC using Pt-Sn/C (90:10, 30% metal
loading) under different conditions. (a) Cell voltage against current density; (b)
power density against current density.

given in Fig. 7 for PtggSnj¢. The open-circuit voltage (OCV) of
the single fuel cells with different Pt-Sn/C catalysts is given in
Table 4.

The average power density obtained for the Pt-Sn/C catalysts
investigated is around 50 mW cm™2 (Table 4), with PtggSn;o/C
exhibiting the highest power density in the single fuel cell
(71.8 mW cm™2).

From the electrochemical characterization (cyclic voltamme-
try and chronoamperometry) it was found that Pt-Sn (60:40)
is the best catalyst for ethanol oxidation. On the other hand,
under the fuel cell operation conditions the Pt-Sn (90:10) cata-
lyst exhibits the highest activity. Apparently, these observations

Table 3

Distribution of the reaction products determined by HPLC during the oxidation of 0.2 M ethanol at 0.5 V RHE™! on Pt-Sn/Ti electrodes

Electrode Pt-Sn Ethanol consumed (mM) Acetic acid (%) Acetaldehyde (%) CO;y (%) Mass balance (%)
90:10 9.8 7.5 88.5 1.0 97.0

80:20 15.4 8.2 82.6 23 93.1

70:30 15.2 10.0 86.3 1.0 97.2

60:40 20.4 18.3 71.5 1.0 97.0

50:50 11.0 10.5 78.8 2.7 92.0
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Table 4
Summary of the performances of DEFC with different Pt-Sn/C catalysts at
110°C

Catalyst OCV (V) Current density Power density
(mA cm™—2) (mW cm™—2)
PtgoSn;o/C 0.81 160.1 71.8
PtgoSnyo/C 0.79 120.0 51.8
Pt79Sn30/C 0.81 180.1 55.7
PtgoSnyo/C 0.77 159.9 49.0
Pts0Sns50/C 0.76 140.6 42.3
Pt/C* 0.50 60.0 7.5

looks like contradictory. But, it has to be considered that fuel
cell tests were carried out at high temperature, while the electro-
chemical characterizations were performed at room temperature.
Therefore, the comparison of the catalytic activities in these two
different systems does not seem appropriate. Additionally, it
was previously reported that steady-state conditions, as expected
in chronoamperometric experiments, are never achieved on
immersed single electrodes and the current values are much
lower than the steady-state currents reached under fuel cell test-
ing [25,26]. The reason for this discrepancy is due to several
different factors that are difficult to rationalise simultaneously.

3.5. Spectroelectrochemical study of the catalysts

Using the single potential alteration infrared reflectance spec-
troscopy (SPAIRS) technique, reflectivities were recorded at
50mV intervals during the first voltammetric scan, at a low
sweep rate (1 mV s~!). With the SNIFTIRS technique, spectra
were recorded in the whole potential range at constant poten-
tial modulation (AE=300mV). Fig. 8 shows some interesting
SPAIRS (Fig. 8a) and SNIFTIRS (Fig. 8b) spectra obtained for
ethanol oxidation on Pt-Sn/Au (60:40) nominal composition.

Different absorption bands corresponding to the main reac-
tion products and the intermediates adsorbed are shown in
Fig. 8a. A first one appears around 1650—-1750cm™'. This
complex band was attributed to the vibration of two different
species, the interfacial water (1640 cm™') and to acetaldehyde
and/or acetic acid (stretching mode vco from the carbonyl group
around 1720 cm™"). An absorption band was also observed at
1470cm~!. It was assigned to the symmetric OCO stretch-
ing mode (v;OCO) of the adsorbed acetate ions [32]. There is
another band at 1361 cm™! which can be attributed to the CH3
in plane bending of the adsorbed acetate (§CH3). For all the
samples analyzed here we observed that a bipolar band, due to
linearly bonded CO (COr) (2035 cm™1), appears from the low-
est potential. The domain of linear CO was enlarged with the
SNFTIRS technique to observe well its presence during ethanol
oxidation on PtSn bimetallic catalysts (Fig. 8b). The presence
of the COp -band also indicates that ethanol adsorption is disso-
ciative. Moreover, the progressive decrease in the magnitude of
the CO-band shows that adsorbed COr, undergoes further oxida-
tion to CO,. Conversely, a band which corresponds to the final
reaction product CO5 can be observed at 2345 cm™!. Although
it was less intensive than that of CO, it also started appearing at
the lowest potential of 200 mV. This behaviour can be explained
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Fig. 8. (a) SPAIR spectra of the species resulting from adsorption and oxida-
tion of 0.1 M ethanol in 0.5M H;SOy4 on a Pt:Sn 60:40 electrode at different
potentials. (b) SNIFTIR spectra of the species resulting from adsorption and oxi-
dation of 0.1 M ethanol in 0.5M H,SO4 on a Pt:Sn 60:40 electrode at different
modulations.

by the bifunctional mechanism that occurs on the Pt-Sn surface
at potentials lower than those for Pt-alone. Some other weak
bands could be seen at about 2920 cm™~! for vcy of methyl group
(CH3).

Fig. 9 shows the integrated band intensities from SNIFTIRS
and SPAIRS spectra for COr, and CO;,, respectively, as a function
of potential. The intensity of the adsorbed COyp -band is relatively
high at 0.2 V and increases significantly up to 0.4 V. For higher
potentials COy is rapidly consumed up to 0.8 V. Coincidentally,
the formation of CO; starts at lower potentials than 0.4 V. The
formation of CO; reaches a maximum at 0.7 V and diminishes
slightly up to 0.8 V. From this behavior it can be inferred that CO;
production started early, confirming CO removal by oxidation
on Pt-Sn, which activates interfacial water at low potentials.
The decrease in the COp -band was proportional to the increase
in the CO», band suggesting that its formation is mainly due to
oxidation of adsorbed CO.

As pointed out above, CH3CHO, CH3COOH and CO»
were the different products detected by in situ reflectance
spectroscopy and chromatographic techniques during ethanol
oxidation on PtSn catalysts. Adsorbed CO was also detected
spectroscopically and similar species have already been
described in previous papers [27-34]. In agreement with these
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Fig. 9. Integrated band intensity from IR spectra at PtSn/Au catalyst in a 0.5 M
H;SO4 +0.1 M CH3CH,OH solution. (l) COr, and (@) CO,.

results a general scheme for ethanol electrooxidation can be pro-
posed as shown in Scheme 1. First of all, it can be assumed that
ethanol adsorbs at the Pt surface followed by the a-C—H dis-
sociation, leading to the formation of adsorbed acetaldehyde,
according to steps 1 and 2, that can go to the solution. These
way is apparently the simplest reaction step which justify the
higher amount of acetaldehyde found in the electrolysis experi-
ments. Acetaldehyde can be readsorbed according to step 3 and
the formed adsorbed intermediate can interact with adsorbed OH
and generates acetic acid as indicated in step 4. These observa-
tions are in accord to the result of electrolysis in which acetic
acid is also found in high concentrations. In step 4 the oxida-

tion occurs by a bifunctional mechanism and is not useful for
the overall process since it leads to the formation of acetic acid
avoiding the total ethanol oxidation towards CO,. Acetic acid
may be formed also following steps 5 and 6 but it is appar-
ently less probable. Fig. 9 shows that COy, is produced at low
potentials and one can consider that its formation takes place
through dissociation of the C—C bond of the adsorbed species
[24]. The presence of adsorbed CO can be explained by two
distinct sequences, i.e., steps 7 and 8 or steps 9 and 10. The first
hypothesis implies that ethanol must be adsorbed by the C—H
bond rupture in both carbons atoms. The subsequent step is the
C—C bond break. The second hypothesis implies in the rupture
of the C—H bond of the intermediate formed after the acetalde-
hyde adsorption. The CO,q5 species can react with adsorbed OH
to form CO».

Itis generally accepted that the CO oxidation on Pt bimetallic
catalysts occurs by a bifunctional reaction mechanism [35] and
is described as a Langmuir—Hinshelwood type reaction. It can
be considered in our case, that interfacial water is activated by
Sn surface atoms at lower potentials. To confirm this hypothe-
sis, we recorded voltammograms of a SnO»/Ti electrode under
CO stripping conditions (Fig. 10). The adsorption potential was
established at 50mV RHE™!.

Fig. 9 shows that COL, is produced at low potentials and one
can consider that its formation takes place through the dissocia-
tion of the C—C bond of the adsorbed species (steps 7 or 9) [24].

As expected, there was no oxidation peak, but only tin oxide
surface transition was observed which can result in the forma-
tion of OH adsorbed species, which are necessary to remove
Pt-CO,qs to CO, and to transform adsorbed species such as
ethanol and acetaldehyde into acetic acid, at lower potentials.
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oH 5~ 1 ~%, I
OH,4 + HsCeo_ C/ = /C\ \
[ Tl HsC H Solution
— H
6/ CHs—CHy0H 3
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Scheme 1. General scheme of ethanol oxidation on Pt-Sn electrocatalysts.
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As pointed out above, chromatographic measurements indi-
cated the presence of CO» (and traces of formic acid), which is
a sign of the cleavage of the C—C bond during ethanol adsorp-
tion on the electrode surface. This CO, production as the final
reaction product is confirmed by FTIR and HPLC. Fig. 9 shows
that the formation of CO; is linked to the oxidation of adsorbed
CO, which goes through a maximum at around 0.4 V. At this
low potential region, it is possible to rationalize that the reac-
tion mechanism of CO removal from the electrode surface occurs
with the participation of Sn hydroxides. It can thus be concluded
that without Pt in the electrode composition, CO adsorption can-
notoccur on Sn and all the Pt-Sn catalysts considered in this work
are actually PtSnO; ones in this potential range. These results are
in agreement with those obtained on Pt3Sn electrodes in the lit-
erature [36,37]. Experimental observations were supported by
density functional theory (DFT) calculations which indicated
that on this bimetallic catalyst, CO binds only to Pt atoms and
not to the Sn atoms, whereas OH has an energetic preference for
the Sn sites.

On the basis of the results presented here, therefore, the
preparation of Pt-SnO,, catalysts by thermal decomposition of
polymeric precursors and deposited onto various conducting
substrates led to enhanced performances for ethanol oxidation.
Otherwise, the analysis of the above scheme reveals that the pres-
ence of adsorbed OH is necessary in order to oxidize the COqyqs
species to CO» but also that it is present in the step that results
in the formation of acetic acid. In that way it is no possible to
separate the two contributions of OHgqs, i.e., if acetaldehyde is
produced, its oxidation in the presence of OH,q4s will lead to the
formation of acetic acid as a parallel product. A ideal catalyst for
ethanol oxidation would be one that can result in the selective
formation of CH,CH(OH),q4s species by the cleavage of C—H
bonds (step 7) followed by the C—C bond cleavage (step 8) and
subsequent oxidation of intermediates to CO» in the presence of
adsorbed OH.

4. Conclusions

The Pt-SnO; catalysts studied here display electrocat-
alytic activity with respect to ethanol oxidation as evidenced
by voltammetric and chronoamperometric measurements.
Although ethanol oxidation involves theoretically 12 electrons

per ethanol molecule when totally oxidized to CO;, the obtained
results showed that its electrocatalytic oxidation on Pt-SnO»
catalysts led mainly to acetaldehyde and acetic acid. Adsorbed
intermediates such as COr, and CO, were also observed by in
situ infrared spectroscopy and HPLC analysis (for CO,). The
presence of the last species suggests a rupture of the C—C bond,
which occurred during ethanol oxidation on the PtSnO; cat-
alysts. PtpoSnp 10, composition produced the largest power
density in a complete fuel cell. A general scheme for ethanol
electrooxidation was shown based in the results found here, and
it was possible to affirm that the presence of tin was necessary to
activate the catalyst and convert CO to CO, at lower potentials
than those observed on Pt-alone.
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