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Este estudo investiga o efeito promotor de anodos eletrocatalisadores do tipo PtSnlr/C (1:1:1),
preparados pelo método de precursor polimérico, na reacéio de oxidag@o de etanol em uma célula
a combustivel de etanol direto (DEFC). Todos os materiais usados foram metal 20% m/m com
relagdo a carbono. Andlise por espectroscopia fotoelétrica de raios X (XPS) mostrou a presenca de
Pt, PtOH,, PtO,, SnO, e IrO, na superficie do eletrocalisador, indicando uma possivel estrutura de
particula revestida. Andlise por difratometria de raios X (XRD) indicou Pt e Ir metélicos assim como
aformacao de uma liga com Sn. Utilizando eletrocatalisadores do tipo PtSnlr/C preparados para este
estudo com quantidades de Pt duas vezes menor que em eletrocatalisadores do tipo PtSn/C E-tek,
foi possivel obter a mesma densidade de poténcia mdxima encontrada para o material comercial.
O produto de reagao principal foi dcido acético provavelmente devido a presenga de 6xidos, neste
caso o0 mecanismo bifuncional € predominante, mas um efeito eletrénico ndo deve ser descartado.

This study investigates the promoting effect of PtSnlr/C (1:1:1) electrocatalyst anode,
prepared by polymeric precursor method, on the ethanol oxidation reaction in a direct ethanol
fuel cell (DEFC). All of the materials used were 20% metal m/m on carbon. X-ray photoelectron
spectroscopy (XPS) analysis showed the presence of Pt, PtOH,, PtO,, SnO, and IrO, at the
electrocatalyst surface, indicating a possible decorated particle structure. X-ray diffractometry
(XRD) analysis indicated metallic Pt and Ir as well as the formation of an alloy with Sn. Using
the PtSnlr/C electrocatalyst prepared here with two times lower loading of Pt than PtSn/C E-tek
electrocatalyst, it was possible to obtain the same maximum power density found for the commercial
material. The main reaction product was acetic acid probably due to the presence of oxides, in this
point the bifunctional mechanism is predominant, but an electronic effect should not be discarded.

Keywords: PtSnlr , ethanol oxidation reaction, electrocatalysis, nanostructured materials,
fuel cells

Introduction

Polymeric exchange membrane fuel cells (PEMFCs)
have been extensively studied due to their mobile,
stationary and portable applications."?> Among the
PEMEFCs, direct alcohol fuel cells (DAFCs) have the
advantage that the liquid fuel can be more easily stored and
handled compared to hydrogen.?

*e-mail: mauro.santos @ufabc.edu.br

Ethanol is a more attractive fuel alcohol for PEMFC
applications when compared with methanol because it is
much less toxic, can be produced at a large scale from
agricultural products or biomass,** and is more energetic
(8 kWh kg™! vs. 6.1 kWh kg™).¢ For these reasons,
direct ethanol fuel cells (DEFCs) should achieve similar
performance levels as direct methanol fuel cells.

However, the complete electrooxidation of ethanol is a
12-electron process, which is a practical challenge for the
effectiveness of the catalysts. Pt is the most used metal for
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the oxidation of this alcohol, and its electrocatalytic activity
can be improved by the addition of other metals such as
Ru,”!% Sp 81013 Rh!'*1 and Ce.'®!” However, these metals
need to break the C—C bond at low temperatures,>'® and
generate CO,.%" Thus, the investigation of the catalytic
capacity of these materials in the ethanol oxidation process
has become a priority.

Metallic iridium and IrO, are used as catalysts for
oxygen evolution and reduction reactions in regenerative
polymer electrolyte fuel cells.?*?' The authors described
that IrO, has high activity towards CO, electrooxidation.
Moreover, these catalysts also exhibit excellent performance
in the electrocatalysis of methanol in direct methanol fuel
cells (DMFCs).?>? Chen et al.** showed that a thin layer of
IrO, on Ti/IrO,/Pt improved the activity of these electrodes
for methanol electrooxidation. They demonstrated
that the current density increased and that the onset
potential for methanol electrooxidation also shifted over
200 mV downward compared to the Ti/Pt nanoparticles.
Additionally, iridium oxide exhibits good corrosion
resistance in acid medium toward oxygen evolution.

Other studies have shown that the incorporating IrO,
into Pt/C or PtRu/C can reduce the potential values for
ethanol electrooxidation.” Ribeiro et al.! found out that the
addition of iridium to Pt/C and PtSn/C catalysts can lead
to higher electrocatalytic activity for ethanol oxidation.
Cao et al.*® demonstrated the high activity of Ir/C and
Ir,Sn/C for ethanol electrooxidation. In DEFC experiments,
the Ir/C catalyst displayed performance similar to Pt/C, and
Ir,Sn/C showed activity similar to Pt,Sn/C. This finding
indicates that Ir is an excellent candidate to substitute or
reduce the amount of Pt in electrocatalysts. Nevertheless,
IrO, is extensively used in the preparation of mixed oxide
electrodes, and numerous reports have suggested the
application of Ir and its oxides in fuel cell systems.?>?7-%°

Indeed, results obtained through in situ Fourier transform
infrared (FTIR) studies for ethanol electrooxidation on
Ir electrodes® (Pt electrodes containing some Ir or its
oxides and quaternary electrocatalysts) showed that these
systems perform well for ethanol oxidation in a direct
ethanol fuel cell.

Considering these results, it is evident that the
presence of Ir in the electrocatalyst has a synergetic effect
(generally with Pt) for both ethanol oxidation and direct
ethanol fuel cell performance. Therefore, the aim of this
work is to produce an optimized PtSnlr/C electrocatalyst,
prepared by polymeric precursor method, to be used for
both ethanol oxidation and as anode in a direct ethanol
fuel cell. The main goals are to reduce the Pt content and
to better understand the role of Ir in the ethanol oxidation
reaction.
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Experimental
Preparation of PtSnlir/C electrocatalysts

The PtSnlr/C electrocatalyst with a Pt:Sn:Ir atomic ratio
of 1:1:1 was prepared by the polymeric precursor method
reported by De Souza et al.'*!%*!, For this purpose, a mass
ratio of 1:50:400 (metallic precursor:citric acid (CA):ethylene
glycol (EG)) was used to prepare the polymeric resin.
Chloroplatinic acid (H,PtCl;-6H,0, Sigma-Aldrich), tin
chloride (SnCL,-2H,0, Merck) and iridium chloride were
used as metallic precursors. The prepared polymeric resin
was stored under refrigeration. The catalyst was prepared by
placing a pre-determined volume of resin in an appropriate
amount of carbon Vulcan XC-72 (Cabot Corporation) to give
a total metal loading of 20 wt.%, followed by the addition
of a sufficient amount of EG to cover the carbon powder.
The pre-determined volume of resin was chosen to yield a
final product containing equal atomic contents of Pt, Sn and
Ir. The mixture was homogenized in an ultrasonic bath for
60 min and then thermally treated at 400 °C for2hin a N,
atmosphere.

Material characterization

The catalyst morphology and particle sizes were
obtained using JEOL 3010 HR-TEM (high resolution
transmission electron microscopy) and JEOL JSM-5900LV
microscopes. X-ray diffraction (XRD) patterns of the
catalyst samples were recorded in a Rigaku Miniflex
diffractometer using Cu K radiation (1.5406 A, 30kV and
15 mA). XPS measurements were carried out using a
commercial spectrometer (UNI-SPECS UHV). The
Mg K, line was used (hv = 1253.6 eV), and the analyzer
pass energy was set to 10 eV. The inelastic background of
the C 1s, O 1s, Ir 4f, Pt 4f and Sn 3d electron core-level
spectra was subtracted using Shirley’s method. The
binding energies of the spectra were corrected using the
hydrocarbon component of adventitious carbon, fixed at
285.0 eV. The composition of the carbon-supported catalyst
was determined from the ratios of the relative peak areas,
corrected by sensitivity factors for the corresponding
elements. The spectra were fitted without placing
constraints using multiple Voigt profiles. The width at half
maximum (FWHM) varied between 1.2 and 2.0 eV, and the
accuracy of the peak positions was + 0.1 eV.

Electrocatalyst activity characterization

In a single direct ethanol cell, the tested electrocatalyst
anodes were PtSnlr/C and PtSn/C E-tek 20 wt.%, whereas
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Pt/C E-tek 20 wt.% was used as cathode in the gas diffusion
electrodes. The electrocatalyst was painted over the GDL
(carbon cloth Teflon treated Electrochem ECCC1-060T)
in the form of a homogeneous dispersion prepared using
Nafion® solution (5 wt.%, Aldrich) and isopropanol
(J. T. Baker). All electrodes contained 1 mg of Pt per cm?
in the anode or in the cathode, except for PtSnlr/C,
which contained 1 mg of Pt and Ir per cm?. After the
preparation, the electrodes were hot pressed on both sides
of a Nafion® 117 membrane at 100 °C for 2 min under
a pressure of 225 kgf cm™. Prior to use, the membranes
were exposed to 3 wt.% H,O,, thoroughly washed with
distilled water and treated with 0.5 mol L' H,SO,. The
performance of the ethanol fuel cell containing each catalyst
was determined in a single cell with an area of 5 cm? The
temperature was set to 100 °C for the fuel cell and 80 °C for
the oxygen humidifier. The fuel (2 mol L' ethanol aqueous
solutions) was delivered at approximately 2 mL min™, the
oxygen flow was set to 500 mL min’, and the pressure
was kept at 2 bar. Polarization curves were obtained using
a TDI RBL 488 electronic load. The polarization curves
were plotted using the data obtained with the potential
measured in function of the current collected by the
dynamic load, each polarization curve was performed
under constant condition of aqueous ethanol and O, flow.
The potential was measured using a system consisting of a
single cell connected to a dynamic load, that after a period
of stabilization of the system running (approximately 2 h)
it was turned on to dynamic load at maximum current. The
potential and current were measured every 10 s by reducing
the current of 0.1 A per step until the open circuit potential.
These conditions are standard to single cell experiments.
Additionally, the cell mechanism was studied by
electrochemical experiments with a Solartron SI 1287 in
acid media using an aqueous solution of 0.1 mol L' HCIO,
plus ethanol at three concentrations (0.5, 1 and 2 mol L!).
The preparation of the electrocatalyst film on the gold
substrate was as follows. First, an electrocatalyst solution
was prepared by dispersing 4 mg of electrocatalyst powder
in 1 ml of water and mixing for 5 min in an ultrasonic bath.
Then, 20 pl of Nafion® solution (5%) were added to the
suspension and mixed again in an ultrasonic bath for 15 min.
Aliquots of 60 uL of the dispersion fluid were pipetted on
the surface (0.78 cm?) of the gold support. Finally, the
electrode was dried at 60 °C for 20 min and hydrated for
5 min in water. The electrochemical cell was purged for
15 min with N, before each experiment. The experiments
were monitored using a Nexus 670 spectrometer (Nicolet)
with an MCT (mercury cadmium telluride) detector. The
experiments were carried out at controlled temperature
(25 = 1.0 °C). Reflectance spectra were collected as the
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ratio of R/R,, where R represents a spectrum at a given
potential and R, is the spectrum collected at 0.05 V.
Positive and negative bands represent the consumption and
production of substances, respectively. The spectra were
recorded from the average of 128 interferograms.

Results and Discussion

Figure 1 shows a representative TEM image of the
PtSnlr/C electrocatalyst and a particle size histogram.
The size distributions were obtained measuring more than
300 particles. The micrograph reveals that the nanometric
metal particles have a relatively straight size distribution
(Table 1) and are uniformly dispersed on the support. It is
important to note that 100% of the particles are between
1 and 10 nm. The determined particle sizes are in agreement
with those reported in the literature for the frequently used
platinum-tin electrocatalysts.?>

I PtSnIrC

Relative abundance /%

1] 1 2 3 4 ] 6 7 8 9 10
Particle diameter/nm

Figure 1. (a) TEM image of the PtSnlr/C electrocatalyst and (b) histogram
of the catalyst mean particle diameter distribution over a size range of
0-10 nm.

Figure 2 displays the XRD patterns of the carbon-
supported PtSnlr (1:1:1) ternary catalysts with a metal
loading of 20 wt.%. For reference, the Pt (solid line), Ir
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Table 1. Morphological information obtained from TEM images of the investigated catalysts

Electrocatalyst Mean diameter / nm

Standard deviation / nm

Maximum diameter / nm Minimum diameter / nm

PtSnlr/C 4.1

9.8 1.5

(dotted line) and IrO, (dashed line) peak patterns from cards
JCPDF # 04-802, JCPDF # 87-715 and JCPDS # 06-0598,
respectively, were inserted. Compared to the reflections in
bulk Pt (220) with 26 / 67.53°, the diffraction peak for the
ternary catalyst is shifted to a lower 26 value (66.93°). In
fact, the peak pattern at 20/ 66.93° is asymmetric, indicating
the presence of more than one component, similar to the
behavior already reported for PtSn,* PtCo*” and PtRulrSn'®
catalysts. In this work, Lorentzian lineforms* were used to
deconvolute the four Bragg peaks located at 20 / 39.44°,
45.85°, 66.93° and 80.03°.
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Figure 2. X-ray diffraction patterns of PtSnlr/C with the indicated peak
patterns of Pt, Ir and IrO,.

The peak at 26 / 66.93° was decomposed into three
main peaks centered at 66.28°, 67.08° and 67.58°, as
shown in Figure 2. The lattice parameters of these three
components are 0.39853, 0.39433 and 0.39175 nm,
respectively. All three peaks displayed lattice parameter
expansion due to lower 20 values than those associated with
Pt (0.39075 nm) and Ir (0.38977 nm). This suggests that Sn
might be inserted into the Pt and/or Ir crystal structures as
an alloy, as reported in several studies.!'*!81%26 The third
component at 20 /67.58° (0.39175 nm) is close to Pt (220)
reflection (20 / 67.53° and 0.39075 nm), suggesting the
possible segregation of a fraction of Pt. This is supported
by the presence of components at 26 / 46.28° and 81.78°
of the other two reflections at 20 / 45.85° and 80.69° (Pt,
20 / 46.27° and 81.37°). The possible segregation of a
fraction of iridium (26 / 81.09°) could be responsible for
the component observed at 80.98° of the (311) reflection
(26 / 80.69°). There was no evidence for the presence of

crystalline SnO, and IrO,, even though the existence of an
amorphous phase cannot be ruled out.

The results obtained using X-ray diffraction analysis
suggest a change in the electronic structure of PtSnlr
compared to the pure metallic alloy constituents and
a surface segregation of Pt and possibly also Ir.* Both
phenomena could contribute to the electrocatalyst effects
of our material discussed in the following sections.

To obtain further information of the characteristics of
catalyst material, high resolution XPS spectra of Pt 4f,
Ir 4f, Sn 3d, C 1s and O1ls core levels were recorded. The
results of the quantitative analysis indicate an equal atomic
concentration of Pt and Sn. However, a lower Ir content
than expected was obtained. The obtained element ratio of
Pt:Sn:Ir was 1.0:1.0:0.3. This result indicates that the first
mono-layers of the particle surface primarily consist of
Pt and Sn phases. As shown in Figure 3a, the deconvoluted
Pt 4f spectrum is formed by three spin-orbit doublets with
the Pt 4f,,, components at 71.6, 72.3 and 74.3 eV, attributed
to metallic Pt, Pt(OH), and PtO, phases, respectively.*’ The
lower intensity of the Ir 4f spectrum (Figure 3a) overlaps with
the X-ray o, Pt 4f satellites (peaks marked with black lines)
making more difficulty the determination of the structural
components for Ir. Consequently, despite the fact that binding
energy of the fitted Ir 4f,,, component is 61.8 eV, close to the
position expected for IrO,, the presence of metallic iridium
in the particles cannot be excluded. The Sn 3d,, spectrum
(Figure 3b) can be fitted with just one component, centered
at 486.7 eV, indicating the coordination of tin with oxygen
in the form of SnO,.*” The corresponding component was
identified in the O Is spectrum at 530.5 eV (not shown).
Evidence of the formation of a Pt/Sn or Ir/Sn alloy could not
be obtained due to the weak second neighbor interaction of
Sn with Pt or Ir. The XPS results suggest the structure of the
particles with a metallic core formed by Pt and Ir (or IrO,)
decorated by PtSnO, phase. The XPS results are key to the
discussion of the electrocatalytical effect described in the
next sections.

The performance in a real fuel cell is crucial for practical
application. In Figure 4, an experiment with a single DEFC
at 100 °C and with O, as the cathodic oxidant is presented.
The performance obtained could effectively reflect the
catalytic effect of the anode catalysts. The open-circuit
voltage (OCV) of the DEFC is about 754 mV using the
PtSnlr/C electrocatalysts as the anode, which is 18 mV
lower than that obtained for the PtSn/C E-tek anode.
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Figure 3. Fitted XPS core level spectra (a) Pt 4f and (b) Sn 3d,, of the
PtSnlr/C catalyst.

However, the maximum power obtained using PtSnlr/C
with half content of Pt is only slightly lower than that of
the commercial material (31.5 mW cm™ vs. 32.0 mW cm??,
respectively). To the best of our knowledge, these results
have not been reported for a catalyst with reduced Pt
content, as proposed here. Some promising results have
been already discussed in the literature using PtSn/C,
PtIr/C and PtSnlr/C."*' However, these results were
obtained using 40% metal loading on carbon. In fact, the
high power density found here for a catalyst with half
content of Pt, comparable to that obtained using a PtSn/C
E-Tek anode, can be related to the presence of the main
products generated during ethanol oxidation, as will be
shown in the discussion of the FTIR results.

Figures 5a, 5b and Sc present the FTIR spectra of
ethanol oxidation for three different ethanol concentrations
(0.5, 1 and 2 mol L") with increasing potential. They
show the evolution of the bands associated with acetic
acid (1280 cm™),* acetaldehyde (933 cm™)” and CO,
(2343 cm™).*? The presence of CO at lower potentials was
reported for ethanol oxidation using in situ FTIR for PtSnlr/C
electrocatalyts, though with 0.2 mol L™ ethanol and 40% of
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Figure 4. Polarization and power density curves in a 5 cm? DEFC at
100 °C using (a) PtSnlr/C (1 mg, , , cm?) or 20 wt.% PtSnlr/C and
(b) PtSn/C E-tek as anode catalysts (1 mg, cm™) and 20 wt.% Pt/C E-tek
as cathode catalyst (1 mg, cm™). Nafion® 117 was used as membrane.

metal loading. In this work, it was not possible to observe
the presence of CO, this is probably because of high ethanol
concentration, when the ethanol concentration is increased
the CO, decreased.*>* The absence of adsorbed CO could be
indicating its easy removal from the surface of the catalysts
through CO, formation.' Another aspect that must be taken
into account is that the reflection-absorption theory of IR
was developed to smooth surface and there are experimental
evidences that heterogeneous surfaces can cause a noticeable
reduction of the band intensities referent to adsorbed
species and consequently, important information concerning
CO is often lost when investigating such surfaces.* The
results in this work may be indicative of the high conversion
of ethanol to acetic acid and acetaldehyde for the ethanol
concentrations used in this work, as found in a study using
gas chromatography.*’ In Figures 5a, 5b and 5c¢, it can also be
observed the interfacial water band close to 1600 cm!,'® and
the carbonyl band close to 1720 cm™.* It is important to stress
that from a potential of 0.2 V, the formation of the products
from ethanol oxidation can be verified.

To associate the changes with increasing or decreasing
concentrations of specific species produced during
the ethanol oxidation, all bands were deconvoluted by
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Figure 5. In situ FTIR spectra for a PtSnlr/C electrocatalyst in 0.1 mol L' HCIO, in the presence of ethanol at concentrations of (a) 0.5, (b) 1 and
(c) 2 mol L. Reference spectra were taken at 0.05 V. Sample spectra measured after applying successive potential steps of 0.1 V, as indicated in the figure.
Spectra were averaged from 128 scans. The spectral resolution was 8 cm™ using a SeZn prismatic window.

Lorentzian lineforms. Thus, in this study, the intensity and
alignment of each band were individually analyzed as a
function of the potential (Figure 6), an approach that has
not been previously applied for in situ FTIR analysis during
ethanol oxidation using PtSnlr/C electrocatalysts.
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Figure 6. Integrated bands of the spectra set in Figure Sc, indicating the
main products of ethanol oxidation.

The in situ FTIR integrated intensities for acetic acid,
acetaldehyde and CO, on PtSnlt/C electrocatalyst (in
2 mol L™ CH,COOH and 0.1 mol L™" HCIO, solution)

are shown in Figure 6. It can be observed that the quantity
of acetic acid, acetaldehyde and CO, increases with
increasing electrocatalyst electrode potential. The acetic
acid formation begins at about 0.4 V, whereas the CO,
formation starts at 0.5 V.

Further investigations (presented in Figure 7) were
performed examining the CO,/acetic acid intensity ratio
as a function of the electrode potential. The results
show that the best efficiency related to the highest
CO,/acetic acid ratio was achieved in experiments using
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Figure 7. The ratio of integrated intensities of CO, and acetic acid as a
function of potential for the three ethanol concentrations in the solutions.
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2 mol L' of ethanol. For 2 mol L of ethanol, the PtSnIr/C
electrocatalyst facilitates the production of CO, at low
potentials. However, CO, formation rapidly decreases due
to the faster formation of acetic acid, which agrees with the
preferential oxidation route: ethanol to acetic acid rather
than to CO,. In contrast, for Pt/C,* this ratio is smaller at
low potentials and reaches a maximum at about 650 mV.
Additionally, when comparing the results obtained here
for ethanol oxidation using PtSnlr/C with those using
PtSn/C E-tek for the same process,* the latter catalyst
displays a lower production of acetic acid in all potential
regions and a higher production of CO,.*

The interesting point here is the role of iridium as an
electrocatalyst. Some authors®** reported that iridium
content in the electrocatalyst could favor acetaldehyde
at low potentials when the surface was partially covered
by CO,,, and H,,. Furthermore, Gyenge et al.*’ revealed
the favorable thermodynamics of OH,  dissociation on
Ir compared to Pt by the weak binding of H,O to the Ir
surface,?*® which also favors a bifunctional mechanism.
Furthermore, the detection of a larger quantity of acetic
acid (more oxidized species) in the product of the DEFC
using a PtIrSn/C (20:5:15) anode is a further indication of
the efficiency of the catalyst.* Consequently, the PtSnlr/C
catalyst supports a mechanism in which the surface oxides
facilitate the CO stripping of Pt atoms by providing
oxygenated species for the CO (IrO, phase was identified
using XPS). These oxygenated species can also react with
ethanol or acetaldehyde adsorbed on the electrocatalyst
producing acetic acid, i.e., a bifunctional mechanism.*
However, an electronic effect cannot be excluded for
two main reasons: (i) X-ray diffraction patterns indicated
a change in the lattice parameter of Pt and/or Ir in the
presence of Sn and (ii) because using XPS, the formation
of a core-decorated with metal structure was suggested, and
there are domains in which the electronic effect should
be operating. Additionally, the core-decorated with metal
structure evidenced by XPS can be an opened structure
in which SnO, and IrO, are exposed and join with Pt,
increasing the bifunctional mechanism.

Based on the reported data and the results discussed
above, it can be concluded that IrO, facilitates a
bifunctional mechanism incorporating both SnO, and
Pt. In contrast, it is not possible to exclude an electronic
effect either by the modification of the lattice parameters
of Pt and Ir by the presence of Sn or the effect of a core-
decorated with metal structure, as evidenced by XPS
measurements. The presence of Ir helps to produce CO,
at low potentials and also produces more acetic acid than
CO, at higher potentials. Hence, it is possible to reduce
the Pt content to half of that commonly used for the
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commercial PtSn/C material without any loss of power
density of the fuel cell.

Conclusions

The PtSnlr/C electrocatalyst prepared by the polymeric
precursor method presents a mixed system of different
pure alloy phases or even a core-shell structure, such as
shown from the results of XRD and XPS experiments.
It was demonstrated that, in DEFC, the electrocatalyst
displays performance similar to PtSn/C E-tek, however,
with half content of platinum. The FTIR analysis of
the ethanol oxidation showed that at lower potentials,
acetaldehyde, acetic acid and CO, were the main reaction
products involving very limited CO production. Based on
the obtained results, it is evident that the utilization of Ir
can considerably reduce Pt usage in the electrocatalyst,
providing an equal power density compared to the
commercial PtSn/C material.
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