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Abstract Supported PtSnl/C, PtSn/C, and IrSn/C catalysts
with potential application in a direct alcohol fuel cell were
prepared by chemical reduction employing Pechini methodolo-
gy. The catalyst particles were characterized by high-resolution
transmission electron microscopy, energy-dispersive X-ray spec-
troscopy, and X-ray photoelectron spectroscopy (XPS). Linear
sweep voltammetry (LV), chronoamperometry, and electro-
chemical impedance spectroscopy (EIS) measurements were
performed by using a glassy carbon working electrode covered
with the catalyst in a 1 M ethanol+0.5 M H,SO, solution at
60 °C. It was demonstrated through XPS that PtSnlr/C and
IrSn/C contain both IrO, and SnO,. LV and chronoamperometry
show a better catalytic behavior for ethanol oxidation on
PtSnlr/C in the low-potential region and the improvement is
attributed to the presence of both Sn and Ir oxides. The EIS
accurately established that PtSnlr/C improved ethanol oxidation
at lower potentials than PtSn/C.
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Introduction

Fuel cells that employ liquid alcohols such as a direct ethanol
fuel cell (DEFC) are attractive to power portable devices
because their theoretical cell voltage is similar to that
obtained when hydrogen is oxidized [1-3] and in the case
of ethanol, its complete electro-oxidation involves a 12-
electron process. Unlike hydrogen, ethanol is easy to handle,
transport, and store and no previous reformer system is
necessary. Nevertheless, DEFC undergoes slow kinetics of
alcohol oxidation on electrode surfaces. Efficiency is cur-
rently quite low for that cell [4]. To achieve the maximum
chemical energy from an alcohol molecule, it should be
completely oxidized to CO,. Research into alcohol fuel cell
catalysis is focused primarily on increasing the catalytic
efficiency of the electrode materials [S]. Platinum is consid-
ered as the most active catalyst for ethanol oxidation at low
temperature. However, the main problem in achieving an
efficient conversion is that ethanol oxidation can be
conducted through different paths. Thus, large amounts of
partially oxidized products such as acetaldehyde and acetic
acid have been detected at low temperature as the main
products in ethanol oxidation (EO) [5, 6]. Moreover, strong-
ly adsorbed species such as CO and CH,, which are difficult
to convert to CO,, block the surface and hinder further
alcohol adsorption causing low-power densities at DEFC.
A good ethanol catalyst should have a great capacity to
electro-oxidize ethanol to CO, and water, but Pt alone shows
a low capability to sufficiently favor the C—C rupture of the
ethanol molecule. Therefore, the electrocatalytic concern is
to cope with a material that facilitates ethanol complete
oxidation and shifts the onset oxidation potential to lower
values.

It appears that an improvement in EO electrocatalysis is
possible with multifunctional Pt-based combinations. The
superior performance of binary or ternary Pt-based catalysts
relative to a pure Pt catalyst has been explained in terms of
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two models: the bifunctional mechanism and the ligand
effect. In the bifunctional mechanism model, the added com-
ponents to Pt provide the oxygen-containing species required
for the oxidative removal of adsorbed CO-like species. The
ligand effect is considered as a modification of the Pt elec-
tronic structure by the presence of the added atoms, therefore
the adsorbed residues are less strongly bonded to Pt and
consequently easier to remove [5]. In case of PtM alloy
formation, the alien atom M, can go into the Pt crystal net
modifying the Pt-Pt distance and favoring adsorption and
breaking of the ethanol molecule [7]. Thus, it is well known
that the addition of Sn to Pt enhances the activity for EO
particularly at lower potentials as compared to that obtained
with Pt catalyst. Jiang et al. [8] established a correlation
between the structures of PtSn alloy and PtSnO, prepared
by the polyol method and postulated that SnO, in the vicinity
of Pt has the ability to promote the oxidation of CO-like
species resulting from alcohol oxidative adsorption. On the
other hand, the addition of a fourth metal (Ir) in the ternary
PtMnCu/C and PtMnMo/C leads to quaternary alloys with
better catalytic activity towards EO according to Amman
et al. [9]. It has also been claimed by Chen et al. that the
presence of IrO, improves methanol oxidation [10]. More-
over, Cao et al. claimed that the combination Ir;Sn is a
promising alternative choice of anode catalyst for DEFC
[11]. Furthermore, a significant improvement in ethylene
glycol electro-oxidation with multilayer Ptlr catalysts has
been reported [12]. The addition of Ir seems to speed up
the activation of the C—H bonds in methanol electrooxidation
[13]. In order to get a deeper knowledge of the ethanol
oxidation reaction, it is important to determine the role of
the catalyst components and what are their beneficial contri-
butions to EO catalysis.

The aim of this work has been to synthesize and charac-
terize Pt-based materials such as binary PtSn/C, IrSn/C, and
ternary PtSnlr/C alloys and to determine the catalyst with the
best activity for ethanol oxidation.

Experimental

Catalysts containing Pt, Sn, and Ir with a fixed total metal
loading on carbon of 40 wt% were synthesized employing
ethylene glycol (EG) as a reactant and reducing agent to-
gether with citric acid (CA) in line with the Pechini method-
ology [14, 15]. Briefly, Pt, I, and Sn polymeric precursors
were prepared separately by employing metallic salts, name-
ly, H,PtClg, IrCl3-xH,0, and Sn citrate, dissolved in a mix-
ture of EG and CA at 90 °C and the mixture was kept under
vigorous stirring for 2-3 h composing a polyester network
that contains the metallic ions homogeneously distributed.
The CA/EG/metal molar ratio is 4:16:1 for all the polymeric
precursors. It appears that the citric chelate helps to prevent
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particle aggregation in a certain extent and induce
nanoparticles to get high dispersion.

To obtain the supported catalysts, appropriate amounts of
the polymeric precursors were dissolved in ethanol and a
calculated amount of the functionalized carbon black support
was added. Finally, the mixture precursor solution/carbon
was homogenized in an ultrasonic bath and then calcinated
at different temperatures under an air atmosphere, using a
temperature program reaching 350 °C to get rid of organic
residues [14]. Additionally, the functionalization of the sup-
port was achieved after an oxidative treatment in 70 % HNO;
solution at 140 °C for 2 h according to [16].

The physical characterization of the materials was accom-
plished by high-resolution transmission electron microscopy
(HRTEM), energy dispersive spectroscopy (EDS), and X-ray
photoelectron spectroscopy (XPS).

For the electrochemical characterization, a conventional
three-electrode cell was employed. The working electrode
consisted of a glassy carbon disk (0.071 cm? geometric area)
covered by a thin layer of catalyst (28 g cm 2 Pt loading)
embedded in a Nafion polymer electrolyte film (0.1 pm
thick) [17]. A Pt foil of ca 1 cm? geometric area was used
as counter electrode and a saturated calomel electrode as
reference electrode. In this work, the potentials are referred
to that of the reversible hydrogen electrode.

The supporting electrolyte was 0.5 M H,SO4 and the
working solutions were 1 M C,HsOH+0.5 M H,SO, solu-
tions. After assembling, the composite catalytic disk elec-
trode was cycled in 0.5 M H,SO, for 5 min at 0.10 V s !
between 0.05 and 1.24 V to clean the surface. Real areas
were determined by considering the anodic charge corre-
sponding to the CO-stripping peak and assuming that CO
is linearly adsorbed on one Pt site and taking into account
that 420 uC is equivalent to 1 cm?.

To determine the catalytic activity of the synthesized
materials, current—potential curves for EO were recorded at
0.01 V s™'. Alcohol was added to the supporting electro-
lyte at 0.05 V and its oxidation was measured. The tem-
poral stability of the electrode at 0.5 V was determined by
chronoamperometry. The current densities are referred to
the CO calculated real area. Electrochemical impedance
spectroscopy (EIS) was also employed to identify the
materials with the best EO performance. The impedance
spectra were recorded by polarizing in a constant voltage
mode from 0.4 to 0.85 V at frequencies from 100 kHz to
10 mHz. The amplitude of the applied potential perturba-
tion was 0.010 V. All electrochemical measurements were
performed at 60 °C.

Prior to each EIS measurement, the electrolyte was re-
placed by fresh solution and the electrode was cycled to get a
clean and reproducible surface. A 30-min holding time was
applied at each potential to approach a near steady state
before the data were collected.
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Results and discussion
Physicochemical characterization
HRTEM and SEM-EDS analysis

HRTEM images of (a) PtSn/C, (b) IrSn/C, and (c) PtSnlr/C
catalysts together with the corresponding histograms are
shown in Fig. 1. All catalysts have a good dispersion on
the carbon support and from the histograms it is inferred that
the nanoparticles are well-dispersed on carbon support. The
average particle size for PtSn/C was ca 4.5 nm, for IrSn/C
was around 6.5 nm, and for PtSnlr/C was 5.12 nm. It is
possible that the Pechini methodology tends to produce
agglomeration of particles during the calcination treatment
at 350 °C. One of the causes of bad performance of a catalyst
is related to activity loss due to the particle agglomeration.

Fig. 1 TEM micrographs and
histograms for a PtSn/C, b IrSn/
C, and ¢ PtSnlr/C catalysts

The atomic percentages of the component in the binary
and ternary catalysts, which are listed in Table 1, have been
determined by EDS and XPS. It can be highlighted that EDS
is a surface technique that goes through less than 10 pm,
whereas XPS measures the elemental composition of the
surface from the top to 10 nm depth. From Table 1, it can
be noted that a significant surface Sn enrichment by segre-
gation of Sn onto the surface, due to the great affinity of Sn
for oxygen the migration of Sn of the catalyst towards the
surface, occurs [18].

XPS analysis
The XPS analysis for the catalysts PtSnlr/C and IrSn/C are
shown in different binding energy regions. Thus, for

PtSnlr/C, the sets of peaks with binding energies ranging
from 70 to 80 eV correspond to Pt 4f core level and those
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Table 1 EDX composition of the synthesized catalysts and CO strip-
ping active area

Catalyst ~ XPS % at EDX % at real active surface area
composition composition (COstripping)/ cm?

PtSnlr Pt1A4ZSnIIr0 Pt3SH0A4glr0A64 1.21

IrSn Ir1 Snl‘Gg - 0.7

PtSn - Pt3Sn1‘07 1.18

between 60 and 68 eV are attributed to Ir 4f core level
(Fig. 2a); both complex peaks can be deconvoluted into
two peaks. Thus, for Ir the peak at around 61.1 eV is ascribed
to Ir (0), and the peak at ca. 63 eV to IrO,. The relative
intensities of the components were 48 and 52 %, respective-
ly. The deconvoluted spectra for Pt with binding energy at
71.6 and ca 74.3 eV were assigned to Pt (0) and PtO,,

Fig. 2 XPS spectra for PtSnlr
a in the Pt 4f and Ir4f energy S

respectively. The relative intensities of the Pt components
were 85 and 15 %, respectively. The metallic component Pt
(0) is the major component in the ternary catalyst.

In Fig. 2b, the Sn 3ds/,, XPS spectrum of PtSnlr/C sample,
in the binding energy region between 480 and 490 eV, con-
firms that Sn is mostly in an oxidized state as SnO,,
according with the well-known oxophilicity of Sn [19].

For the catalyst IrSn/C, the Ir 4f core level binding energy
region is shown in Fig. 2c. Again, the original signal for Ir 4f
core level is deconvoluted into two peaks; one at 61.1 eV,
attributed to Ir (0), and the other at 63.2 ¢V, assigned to Ir
(IV). The relative intensities of the components were 70 and
30 %, respectively. The Sn 3ds,, core level binding energy
region is depicted in Fig. 2d and also confirmed that Sn is
mostly in an oxidized state SnO,. Previous reports have
shown that the electronegativity of Sn was lower than that
of Ir, which indicates that SnO, should be less acidic than
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IrO, [20]. Consequently, the addition of SnO, can effectively
remove adsorbed hydroxyl species and increase the utiliza-
tion ratio of the other active elements.

Electrochemical characterization
Linear sweep voltammetry

In Table 1, the real area values for all the studied catalysts
obtained from de CO stripping experiences are shown. The
areas determined for PtSnlr/C and PtSn/C are higher than
corresponding to IrSn/C. It can be inferred from the compo-
sition of the catalysts that the increase on the electroactive
area can be attributed to the presence of Pt. The CO stripping
curves show an onset potential shift to lower values on the
Pt-based catalysts. It can be highlighted that Stamenkovic
etal. [21] claim that Sn atoms located near Pt sites may affect
the adsorption characteristic of Pt atoms due to changes in
the local potential of zero charge of Pt atoms near the Sn
atoms, promoting OH adsorption at Pt sites at a lower elec-
trode potential than pure Pt and therefore the onset of CO
oxidation starts at lower potentials.

Chen et al. found that the presence of IrO, thin film in
Ti/IrO2/Pt nanoparticles promotes CO oxidation at a much
lower electrode potential than Pt [10]. The analysis of meth-
anol oxidation on PtRuOslr alloys revealed that the addition
of Ir appears to accelerate the activation of the C—H bonds of
the alcohol [20].

The linear sweep voltammograms at 0.010 V s and
60 °C for EO, employing PtSn/C, IrSn/C, and PtSnlr/C as
catalysts are shown in Fig. 3a. It can be seen that PtSnlr/C
catalyst shows the highest performance for EO. The higher
catalytic activity follows the order PtSnlr/C>PtSn/C>
IrSn/C. At first glance, it is supposed that there is a synergic
effect between Pt, Ir, and Sn to carry out the EO reaction.
Besides, straightforward participation of the oxide—metal
interface in the catalytic alcohol oxidation process has been
recognized by different researchers [13, 22] It has been also
demonstrated that metal oxides can help in the dissociation

1

of water [23]. Thus, the higher activity for EO employing the
PtSnlr/C catalyst can be attributed to a synergetic effect of Sn
(or SnOy,) and Ir (or IrO;) on the surface causing the disso-
ciation of water and providing the extra oxygen required for
the oxidative removal of species adsorbed on adjacent Pt-
active sites. It is important to stress that many O-adsorbing
metals can produce negative effects, e.g., inhibit alcohol
adsorption or may be not sufficiently stable for long-term
use in acid media [24].

Chronoamperometry

In Fig. 3b, the chronoamperograms at 0.50 V for EO show
highest currents for PtSnlr/C catalyst. The current values,
which are very high at the beginning, decrease rapid before
reaching quasistabilization. A soft decrease is observed at
longer times. The temporal stabilization of the oxidation
ethanol current is an important factor for employing the
catalysts in a DEFC [2].

Electrochemical impedance spectroscopy

The electrochemical impedance spectra carried out at 0.50 V
for PtSnlr/C and PtSn/C (Fig. 4a) and at 0.55 V for PtSnlr/C
and IrSn/C (Fig. 4b) are shown as Nyquist plots. In both
plots, it can be observed that the smaller semicircle fitted the
PtSnlr/C data. It is generally predicted that the lower the
charge transfer resistance, the better the catalyst. Some re-
searchers claimed that Sn and Ir activate water dissociation at
lower potentials than on platinum, leading to the formation
of OH species and promoting EO according to the bifunc-
tional mechanism [25].

Impedance spectra of EO for PtSnlr/C at 60 °C and
different applied potentials varying from 0.40 to 0.850 V
are shown in Fig. 4c. At 0.40 V, a semicircle in the complex
plane with impedance values in the fourth quadrant at low
frequency is observed. It is assumed that ethanol is adsorbed
and dehydrogenated on Pt sites to produce intermediate
species, which are difficult to oxidize. At 0.45 V, the

Fig. 3 a Linear sweep a b
voltammetry at 0.010 V s~ for .
EO at 60 °C for PtSnlr/C, 020} 0.40 b
PtSn/C and IrSn/C; —==PiSnir 035 XY —v— PtSnlir
b chronoamperograms at E= 0.15 =o=IrSn i | \ —a—1IrSn
0.50 Vand 60 °C for PtSnlr/C, o PtSn 03017 1M CH,OH
v
PtSn/C and IrSn/C ‘e 0.10 1MCH.OH NE 025}, ¥, 205
5 T 60°C 5 v, T=60 °C
8 - ) < o.20f v, E=05V
E 0.05} v=0.010 Vs L € o015} v,
= ) § . Vvy VY
0.00] e od0f % v—vy
‘ 0.05F "tean.
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@ Springer



1828 J Solid State Electrochem (2013) 17:1823-1829
Fig. 4 EIS spectra for EO at a b
60 °C for a PtSn/C and PtSnlr/C 60000 30000
at £=0.50 Vand b PtSnlr/C and 25000 |
IrSn/C at E=0.55 V and (¢) 50000 —=—PtSn —=—PtSnir
PtSnlt/C at E=0.40 V (blue), 40000 o PSnir 20000 IrSn
0.45 V (moss green), 0.50 V NE NE 1MC.H,OH
(cyan), 0.55 V (green), 0.65 V © 30000 © 15000 | E= O.Siv
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diameter of the semicircle decreases indicating that the
charge transfer rate increases with increasing potential. In
addition, the inductive loop at low frequencies can be attrib-
uted to changes in the rate-determining step. Thus, the oxi-
dation of adsorbed intermediates is expected [13, 15, 23, 24].
Liang et al. claimed that the microwave-irradiated polyol
plus annealing prepared PtRulr/C catalyst displayed an en-
hanced activity for CO,4s electro-oxidation [26]. The reac-
tion rate increases with potential and there is a competition
between fresh ethanol and water molecules for the liberated
Pt sites and thus as the oxidation reaction progresses, the Pt
catalytic sites are occupied either by new ethanol molecules
or water molecules. It is well established that to accomplish
the oxidation of ethanol, the reactants and adsorbed interme-
diates need to assemble M—OH species produced by disso-
ciative adsorption of H,O on the catalyst surface. When the
potential increases over 0.65 V, a sudden change in the
impedance pattern happens with the arcs reversing to the
second and third quadrants, and subsequent potential incre-
ments from 0.65 to 0.85 V show smaller arcs diameter [27].
A similar observation has already been reported by Melnick
et al. [28] for methanol electro-oxidation on Pt, which was
related to the formation of oxygen species through water
activation on the Pt surface. It is concluded that at higher
potentials, the strong adsorption of O-species on the catalyst
surface, inhibits further EO. The role of cocatalysts as oxy-
gen suppliers is an important factor to consider in the cata-
lytic activity determination and it is strongly dependant on
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the nature of the cocatalysts as it has been shown in previous
work [16].

Conclusions
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