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a  b  s  t  r  a  c  t

The  ethanol  oxidation  reaction  (EOR)  was investigated  using  PtSn/C  + Ce/C  electrocatalysts  in  different
mass  ratios  (58:42,  53:47, and  42:58)  prepared  using  the polymeric  precursor  method.  Transmission
electron  microscopy  (TEM)  experiments  showed  particles  sizes  in the range  of 3  to  7  nm. Changes  in
the  net  parameters  observed  for Pt suggest  the  incorporation  of  Sn  into  the  Pt crystalline  network  with
the  formation  of an alloy  mixture  with  the SnO2 phase.  Among  the  PtSn/C  +  Ce/C  catalysts  investigated,
the  53:47  composition  showed  the  highest  activity  towards  the  EOR.  In  this  case,  the  j versus  t curves
obtained  in  the  presence  of  ethanol  in acidic  media  exhibited  a  current  density  90%  higher  than  that
latinum tin alloys
eria
olymeric precursor method

observed  with  the  commercial  PtSn/C  (ETEK).  Correspondingly,  during  the  experiments  performed  on
single  direct  ethanol  fuel  cells,  the maximum  power  density  obtained  using  PtSn/C  + Ce/C  (53:47)  as
the  anode  was  approximately  60%  higher  than  that obtained  using  the  commercial  catalyst.  FTIR  data
showed  that  the  observed  behavior  for  ethanol  oxidation  may  be explained  in terms  of a  synergic  effect
of bifunctional  mechanism  with  electronic  effects,  in  addition  to  a chemical  effect  of  ceria  that  provides
oxygen-containing  species  to  oxidize  acetaldehyde  to  acetic  acid.
. Introduction

The ethanol oxidation reaction (EOR) has been recognized as
n important topic because of its role in direct ethanol fuel cells
DEFCs). The use of ethanol as a fuel provides certain advantages,
pecifically a high energy density, a liquid state at room temper-
ture, low toxicity and the ability to be produced from biomass
1–3].

Carbon-supported platinum is commonly used as an anode cat-
lyst in low-temperature fuel cells. However, pure platinum is not
he most efficient anodic catalyst because it is rapidly poisoned by
trongly adsorbed species generated from the dissociative adsorp-
ion of ethanol [4,5]. Binary Pt-based electrocatalysts with a second

etal have been found to circumvent this problem. The require-
ents for the second metal are as follows: it must have a greater

bility to form surface oxygen-containing species at potentials less
ositive than those required to form oxygen-containing species on
t (the bi-functional effect) [6–9], and it must modify the d-band

evels and thereby change the electron density of Pt (the electronic
ffect) [9–11].

∗ Corresponding author. Tel.: +55 11 4996 0163; fax: +55 11 4996 0090.
E-mail addresses: mauro.santos@ufabc.edu.br, drmcsa@gmail.com (M.C. Santos).
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Numerous studies have indicated that PtSn/C is the best binary
catalyst for the EOR [12–16]. However, discrepant viewpoints have
focused on whether the effects obtained with this electrocata-
lyst are obtained through the alloying of Pt with Sn or through
the combination of Pt with SnO2 [2,16–18]. According to Antolini
et al. [19,20], the maximum activity of a PtSn material for the EOR
depends on the ratio between alloyed and non-alloyed tin.

In contrast, CeO2 has been extensively used in three-way cata-
lysts, the water–gas-shift reaction, fuel cells, and solar cells [21–27].
CeO2 is a fluorite-structured oxide with a high oxygen storage
capacity (OSC) associated with its extensive oxygen vacancies, the
low redox potential between Ce3+ and Ce4+, and its electrical prop-
erties [21,28,29].

The synergic effect of ceria and tin has been studied by Neto
et al. [30–33]. When ceria was studied as a support with carbon,
PtSn/CeO2-C electrocatalysts were shown to be more active for the
EOR than the analogous PtSn/C catalysts, and the better perfor-
mance was  attributed to the oxygen-containing species generated
by ceria that assist PtSn in the EOR [30,31,33].

Recently, the effect of ceria as an catalyst in a ternary material
(PtSnCe/C) was investigated [32], and the results showed that the

optimal composition of PtSnCe/C (68:22:10) exhibited the high-
est activity toward the EOR—activity higher than that observed for
commercial PtSn/C (E-Tek), which was attributed to the oxygen-
containing species that oxidize ethanol to acetic acid.
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Fig. 1. Histogram of the catalyst particle mean diameter distribution and TE

Silva et al. [12] noted during their investigation of PtSn alloyed
nd non-alloyed materials for the EOR, that the electrocatalyst
ith largest lattice parameters for Pt produced more acetic acid
ith faster kinetics than did materials with smaller lattice param-

ters for Pt; these results agree with those of Colmati et al. [20].
onsequently, these lattice parameters can influence in the electro-
atalytic activity for the EOR and thereby prevent the elucidation
f the role of CeO2 in the electrocatalyst.

The oxygen atoms present in the lattice of CeO2 are expected to
e either directly or indirectly involved in promoting the removal
f the intermediary that is formed on Pt [29] and/or on PtSn during
he ethanol electrooxidation.

In this work, composites of PtSn(3:1)/C + Ce/C catalysts were
esigned for an EOR anode. Using this material, we expected that
he concomitant use of PtSn and ceria could produce a synergetic
ffect and result in high-activity electrocatalysts. Furthermore, we
ntended to discover the role of ceria in the EOR by maintaining
he PtSn fraction in terms of both constant composition and lattice
arameter; the only variable with respect to the electrocatalysts
nalyzed was the amount of CeO2. The materials were prepared

sing the polymeric precursor method, and the electrocatalytic
ctivity toward the EOR was examined through experiments using
hronoamperometry and single direct ethanol fuel cells. The path-
ays for ethanol oxidation on the Pt3Sn/C + CeO2/C electrocatalysts
rographs of the Pt3Sn/C and Ce/C electrocatalysts, as indicated in the figure.

were also investigated by in situ ATR-FTIR spectroscopy to obtain
information about intermediates, reaction products and the capa-
bility to produce a material with good catalytic activity compared
to that of PtSn/C.

2. Experimental

The Pt:Sn 3:1 (40% w/w) and Ce (5% w/w), both of which were
prepared on carbon XC-72, were prepared using a modified poly-
meric precursor method (PPM). For further details, see [2,12,26,32]
and references therein. 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 (H2PtCl6.6H2O,
Sigma-Aldrich), tin(II) chloride (SnCl2.2H2O, Merck) and cerium(III)
chloride (CeCl3, Merck) were used as precursors. After the pre-
cursors were calcined, the resulting powders were mixed in three
compositions, 58:42, 53:47, and 42:58, to obtain metal composi-
tions of 69:23:8, 68:22:10, and 64:21:15 (Pt:Sn:Ce) with 23 ± 2%
(w/w) metal/carbon loading.

All of the electrocatalysts were characterized by X-ray diffrac-

tion (XRD) performed on a Rigaku model Miniflex II diffractometer
equipped with a Cu K� radiation source (� = 0.15406 nm). The
diffractograms were recorded from 2� = 20◦ to 90◦ with a step size
of 0.05◦ and a scan time of 2 s per step. Transmission electron
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icroscopy (TEM) was performed on a JEOL JEM-2100 electron
icroscope operated at 200 kV, which was used to determine the
orphology, distribution, and size of the nanoparticles in the sup-

ort. The mean particle sizes were determined from more than 200
articles from different regions of each sample.

Electrochemical measurements were performed at room tem-
erature (T = 25 ◦C) using an Autolab PGSTAT 302 N potentiostat.
lassy carbon (GC) with a geometric area of 0.071 cm2 was used
s a support for the working electrodes. A Pt sheet and a reversible
ydrogen electrode were used as the counter electrode and refer-
nce electrode, respectively. For the construction of the working
lectrodes, 8 mg  of electrocatalyst powder was dispersed in 1 ml
ater and mixed for 5 min  in an ultrasonic bath. Afterwards, 20 �l

f Nafion® solution (5%) was added, and the suspension was again
ixed in an ultrasonic bath for 15 min. Aliquots of 5 �l of the dis-

ersion were pipetted onto the glassy carbon support surface. The
lectrode was subsequently dried at 60 ◦C for 20 min  and was  finally
ydrated for 5 min  in water. The chronoamperometric experiments
ere performed in 0.1 mol  L−1 HClO4 solution in the presence of

 mol  L−1 of ethanol. The electrochemical cell was purged for 15 min
ith N2 before each experiment.

Direct ethanol fuel cell tests were performed using
t3Sn/C + CeO2/C electrocatalysts as anodes and Pt/C electro-
atalysts as cathodes. For DEFC studies, Teflon-treated carbon
loth (Electrochem ECCC1-060 T) was used as a gas diffusion layer,
nd a Nafion ® 117 membrane was used as the electrolyte. The
lectrodes (anode or cathode) were hot pressed onto both sides
f a Nafion ®117 membrane at 100 ◦C for 2 min  under a pressure
f 225 kgf cm−2. The prepared electrodes contained 1 mg  Pt cm−2

n the anode and cathode. The 2 M ethanol aqueous solution was
elivered at approximately 2 mL  min−1, and the oxygen flow was
et to 500 mL  min−1 under 2 bar of pressure.

The spectroelectrochemical ATR-FTIR in situ measurements
ere performed using the same working electrodes used in the

hronoamperometry experiments. The measurements were per-
ormed on a Varian® 660 IR spectrometer equipped with a MCT
etector cooled with liquid N2, an ATR accessory (MIRacle with

 Diamond/ZnSe Crystal Plate Pike®) and a special cell [12] at
5 ◦C in presence of 0.1 mol  L−1 HClO4 in 1.0 mol  L−1 ethanol. The
bsorbance spectra were collected as the ratio R:R0, where R rep-
esents a spectrum at a given potential, and R0 is the spectrum
ollected at 0.05 V. The positive and negative directional bands
epresent the gain and loss of species at the sampling potential,
espectively. The spectra were computed from 128 interferograms
veraged from 2500 cm−1 to 850 cm−1 with the spectral resolution
et to 8 cm−1. Initially, a reference spectrum (R0) was  measured
t 0.05 V, and the sample spectra were collected after successive
otential steps from 0.2 V to 1.0 V were applied [3,12,34].

. Results and Discussion

.1. Characterization of Pt3Sn/C and Ce/C

Figure 1 presents TEM micrographs and histograms for the
articles of the PtSn/C and Ce/C electrocatalysts. Well-dispersed
articles in the support were observed in all of the electrocatalysts,
lthough some agglomerates were also observed. For the Pt3Sn/C
aterial, the average particle size was 4.0 ± 1.5 nm,  whereas for

e/C, the average particle size was 3.0 ± 1.0 nm. In addition, the
article sizes found for our catalysts are in agreement with those
reviously reported for platinum–tin [2,18,35–37].
Figure 2a shows the XRD patterns for the PtSn/C catalysts
the Pt peak positions were inserted for the reference standard).
he XRD patterns for PtSn/C indicate the presence of the face-
entered cubic (fcc) structure of platinum, with a slight shift in the
Fig. 2. X-ray diffraction patterns of the a) Pt3Sn/C and b) Ce/C materials.

positions of the peaks (to lower 2� values) caused by a change in
the lattice parameters due to the incorporation of Sn atoms. The
peak that corresponds to the plane 220 is asymmetric, and the
deconvolution process [9] revealed two components: one of them
(2� = 67.22◦ and 0.3933 nm)  exhibits parameters close to those of
bulk Pt (2� = 67.51◦ and 0.3911 nm), whereas the second suggests
a higher degree of alloying (2�  = 65.79◦ and 0.4001 nm). Addition-
ally, diffraction signals were observed at 2� values at approximately
33◦ and 51◦ for this material that were attributed to SnO2 (JCPDF
# 41-1445). Figure 2b shows the XRD patterns for the CeO2/C, and
this material contained two different phases: CeO2 and CeO2-x. The
characteristic diffraction peaks were attributed to CeO2 (2�  = 28.6◦)
and CeO2-x (2�  = 43.2◦) based on JCPDF #65-5923 and JCPDF #49-
1415, respectively. These two phases of cerium oxide were also
observed by Assumpç ão et al. [38,39] when they prepared Ce/C with
a low metal/carbon loading.

The mean crystallite sizes of PtSn/C and Ce/C based on the peak
associated to the (220) plane were 4 nm for PtSn/C and 2 nm for
Ce/C; these results are similar to the sizes obtained from the TEM
images. The Ce/C particle size was smaller than that obtained by
Yang et al. [23] (4 nm), who  preparing CeOx nanoparticles, and
smaller than that reported by Serrano-Ruiz el al. [40] (3 nm), who
studied ceria supported on active carbon.

To evaluate the electrocatalytic activity of PtSn/C + Ce/C
materials, current–time curves were obtained during ethanol elec-
trooxidation in an acidic medium; the results are shown in Fig. 3.
The result for PtSn/C E-TEK was also included for purposes of
comparison. All of the curves were normalized by the mass of

Pt. For PtSn/C + Ce/C (53:47), the decay of the current is slower
than that for the other catalysts. The current density measured
for the EOR using this material after 30 minutes is approximately
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F
a

atios as electrocatalysts in 0.1 mol  L−1 HClO4 with 1 mol  L−1 ethanol; E = 0.5 V vs.
HE.

9 mA  mgPt
−1, which is approximately 2 times higher than the

alue obtained for the commercial material (9 mA  mgPt
−1). The sec-

nd material that is more active than the commercial material is
tSn/C prepared via the polymeric precursor method; this material
xhibited a current density for the EOR approximately 60% higher
han that exhibited by the commercial material.

The PtSn material, which was the base for all of the electrocata-
ysts, exhibits characteristics of an alloy and of a segregated oxide,
s indicated by a change in the platinum electronic density associ-
ted with the formation Pt and Sn alloys [6,41,42]. This change in
lectronic density enables PtSn to modify the ethanol electrooxida-
ion pathways by diminishing the adsorption strength of poisoning
ntermediates (e.g., CO) on the Pt sites. Furthermore, by keeping
he surface free to promote new cycles of adsorption and elec-
rooxidation, PtSn promotes a bifunctional mechanism, where Pt
cts on ethanol adsorption and dissociation, while tin oxide and
eria provide oxygenated species at lower potentials for oxidative

emoval of the adsorbed intermediates formed during ethanol oxi-
ation [26,29,30]. This assumption is in agreement with the results
f Shibio et al. [28] and other authors [43–45], who claim that the
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bifunctional mechanism could be favored by a synergistic effect
between ceria and tin sites because cerium oxide is well known
in heterogeneous catalysis as a good source of oxygenated species
that may  favor ethanol oxidation [26]. This assumption is also in
agreement a synergic combination of both of the previously dis-
cussed effects, as a reported by De Souza et al. [32] in their study of
PtSnCe/C for the EOR.

These effects are attributed to an optimal composition between
the PtSn/C and Ce/C. The optimal composition is commonly
attributed, as required, to the bifunctional mechanism [46,47],
and the literature on this effect includes work on electrocata-
lysts that contain ceria for the electrooxidation of methanol or
ethanol [26,30,32]. These previously published results can explain
the results observed with other compositions. In this case, the
optimal composition cannot be attributed to the covering of sites
because of the nature of the material prepared; it can, however,
possibly be attributed to some other chemical or electrochemical
effect that is not completely present when the material is prepared
for only one step.

The performance of an electrocatalyst in a real fuel cell is of ulti-
mate importance for its practical application, and the experiment
with a single DEFC at 100 ◦C and with O2 as the cathodic oxidant can
effectively reflect the catalytic effect of the anode catalysts. Figure 4
shows the polarization and power density curves using, as anodes,
PtSn/C + Ce/C (53:47), the most active material in the potentiostatic
experiments; PtSn/C, which was the second-most active material
and is also the material that gave the composites PtSn/C + Ce/C;
and the commercial material PtSn/C ETEK as a reference
curve.

The results in Fig. 4 show that the open-circuit potentials (OCV)
of the two  materials prepared for these studies are very similar
(0.7 V and 0.71 V). When PtSn/C was  used as the anode, the obtained
maximum power density (35 mW cm−2) was close to that obtained
with the commercial material (33 mW cm−2), respectively. How-
ever, the material that included ceria, when used as the anode,
exhibited a maximum power density of 56 mW cm−2, which repre-
sents a 60% increase over that of the original material. These results
indicate that the inclusion of ceria–carbon on the electrocatalyst
makes it more active. The literature also contains reports of the
[29,31,32].
To correlate the activity of ethanol oxidation with the prefer-

ential pathway, we  also used the ATR-FTIR in situ spectroscopy
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echnique. The results these experiments are presented in Figure 5.
ith this technique, the appearance of bands related to acetic

cid (1280 cm−1), acetaldehyde (933 cm−1), CO2 (2343 cm−1),
dsorptions of perchlorate anions (1130 cm−1), carbonyl groups
1710 cm−1), HOH deformation from water [48–51] and the con-
umption band of �a(CCO) that corresponds to ethanol [52] can be

bserved.

The FTIR spectra obtained for all of the electrodes sug-
ested that different compositions of PtSn/C and Ce/C do not
nduce the occurrence of additional pathways of oxidation; the
s that contained PtSn in 0.1 mol  L−1 HClO4 + 1.0 mol  L−1 ethanol. The backgrounds

catalyst compositions therefore all result in the production of
CO2, acetic acid, and acetaldehyde. However, the potentials
at which the bands of these species appear differ for each
electrode.

To evaluate the effect of electrocatalysts on the product dis-
tribution during the EOR at different potentials, all of the bands

were deconvoluted to Lorentzian line forms [3,12,34] and normal-
ized using the band intensities at all potentials divided by the band
intensity obtained at 1 V for each electrode [53]. Thus, the intensity
and line width of each band could be individually analyzed. Figure 6
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resents the normalized intensities of the acetic acid, acetaldehyde
nd CO2 bands.

For all of the electrodes, acetaldehyde is the first product to
ppear, at 0.3 V, which is approximately 100 mV  before to the emer-
ence of the acetic acid and CO2 signals. The appearance of the
cetaldehyde band at an onset potential that was lower than that of

he other products has also been reported in other studies in which
ifferent electrodes were used [32,53]. These similarities may  indi-
ate that the oxidation of ethanol to aldehyde requires less energy
onsumption than that required for the formation of acetic acid
a Acta 117 (2014) 292– 298 297

or CO2. However, the formation of acetaldehyde at a low poten-
tial does not indicate that other products are formed only from it;
Giz and Camara [53] have reported that ethanol can be oxidized to
acetic acid on Pt (111) via parallel pathways.

When the formation of acetic acid is observed, the behavior of
the material PtSn/C + Ce/C 53:47 for the production of acetic acid is
distinct from that of the other materials. The production of acetic
acid is kinetically favored over CO2 production, which reflects the
current measured during the potentiostatic experiments [12]. In
this case, the incorporation of ceria into the catalysts increased the
local oxygen concentration and thereby acted as an oxygen buffer,
which resulting in the best electrocatalytic activity toward ethanol
oxidation at its optimal composition [38,54].

We can also observe from Figure 6 that, as the Ce loading is
increased, the amount of CO2 formed increases, and the onset
potential of this product shifts to less-positive potentials; these
results suggest that the Ce or CeO2 facilitates the breaking of the C-C
bond. The presence of Ce apparently favors the conversion of alco-
hol to CO2 compared to other electrocatalysts, which contradicts
the low current density obtained in the electrochemical experi-
ments. This contradiction can be explained by two  hypotheses: i)
the kinetics of C-C cleavage are slow, which results in low current
densities [12] and ii) some researchers [23,55,56] have claimed that
the oxidation of CO over ceria proceeds according to a radical mech-
anism through the interaction of CO molecules with adsorbed O2

−

radicals, and these radicals may  process the oxidation of alcohol
without the transfer of electrons to the electrochemical system.
Notably, these features differ substantially from those found using
the PtSnCe/C electrocatalysts prepared in one step [28]. In the
PtSnCe/C electrocatalysts, the lattice parameter of Pt is not con-
stant, and the CeO2-x phase is not present in equilibrium with the
CeO2 phase to provide oxygen for the oxidation of strongly bound
intermediates, such as COads, during ethanol oxidation.

4. Conclusions

In this study, the effect of ceria on the electrocatalytic activ-
ity of PtSn for the EOR was  investigated, and the results indicated
that the addition of Ce/C to the PtSn/C electrocatalyst increases the
EOR activity, probably because of oxygen provided by CeO2/CeO2-x.
The main product obtained for the EOR when PtSn/C:Ce/C (42:58)
was used was acetic acid. However, the PtSn/C:Ce/C mixture has
an optimal ratio (42:58), as does the mixture PtSnCe/C (68:22:10).
The increased amount of Ce/C in the electrocatalyst was observed to
shift the onset potential of CO2 production to less-positive poten-
tials than that obtained using pure PtSn/C.
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