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bstract

The synthesis, characterization and utilization of lead oxide-based catalysts, deposited by the sol–gel method on carbon powder to be used
s anode in direct ethanol fuel cells (DEFC) is described. For comparison, other materials, based on Ru and Ir (and mixtures of Ru, Ir or Pb)
ere tested in the same experimental conditions. X-ray diffraction analysis showed that the Pb was deposited on carbon powder as a mixture of
bO and PbO2 molecular structures. The catalysts Pt-(RuO2-PbOx) and Pt-(RuO2-IrO2) exhibited significantly enhanced catalytic activity for the
thanol oxidation as compared to Pt/C commercial powder. Quasi-steady-state polarization curves showed that the composites Pt-(RuO2-PbOx)/C
nd Pt-(RuO -IrO )/C started the oxidation process in very low potentials (155 and 178 mV, respectively). So, the addition of metallic oxides by
2 2

he sol–gel route to Pt is presented as a very interesting way to prepare materials with high catalytic activity for direct ethanol fuel cell systems.
urrent–time studies also showed the good performance of the Pt-(RuO2-PbOx) catalyst due to smaller poisoning of the material as the process
dvances.

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

Fuel cells are very promising devices for the production of
lectrical energy due to the high efficiency of the electrochemical
ombustion in comparison with the chemical one, minimizing
he formation of unwanted by-products that contaminate the
tmosphere. In addition, the use of hydrogen as the fuel has
llowed the development of several systems that are very conve-
ient for a variety of applications. However, the production and
andling of this material is a complex and expensive task and
lternative fuels have been investigated in recent years, particu-
arly methanol and ethanol, the latter being the best choice from
he environmental viewpoint.
In the meantime, the anode material of this kind of device
onstitutes a major technological problem. Platinum shows the
ighest activity for the electro-oxidation of ethanol; but the

∗ Corresponding author. Tel.: +55 11 4437 1600x434;
ax: +55 11 4437 1600x804.
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bon electrodes

erformance of pure Pt electrodes is not sufficient due to the
ormation of strongly adsorbed intermediates which block the
node surface. At the moment, efforts are centered in the reduc-
ion of the amount of adsorbed intermediates by the addition of
o-catalysts. Watanabe and Motoo [1] described a bi-functional
echanism for methanol oxidation which is related to the for-
ation of OH• by ruthenium atoms at low potentials which

ransform the CO adsorbed on platinum into CO2. Other authors
2,3] have also proposed that Ru enhances methanol oxidation
hrough an electronic effect on neighboring Pt atoms (the lig-
nd effect). In those mechanisms, it has been proposed that Ru
ay accelerate the adsorption and dehydrogenation of methanol

n Pt sites at low potentials or it may weaken the Pt–CO bond
llowing the oxidation of CO at lower potentials.

Following these mechanisms, several techniques of deposi-
ion have been proposed to fix Pt and Ru on different substrates.
ne that is largely used was proposed by Bönnemann [4] and
ecent reports have demonstrated that the sol–gel [5–7] method
s an efficient and simple technique to produce carbon powder
omposites containing Pt and Ru with the desired composition
or both methanol and ethanol oxidation in acidic medium and

mailto:hugo.suffredini@ufabc.edu.br
dx.doi.org/10.1016/j.jpowsour.2007.06.048
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or the deposition of nanoparticles with different but controlled
ompositions on powder substrates for fuel cell applications
8,9].

PtRu-based materials have shown promising results for the
lectrochemical oxidation of alcohols in acidic media [10–12].
ome authors studied the effect of the catalyst composition on

he ethanol oxidation reaction [13,14] as well as the influence of
he deposition method on the catalytic activity of these compos-
tes toward methanol oxidation [15,16]. Nevertheless, the use
f some other metal or metallic oxide is still needed for further
mprovement of the catalytic activity of these anodes.

In this sense, using the molecular orbital theory, Shiller and
nderson [17] studied the effects of chemisorbed and substi-

utional Ge, Sn and Pb on CO adsorption on Pt(1 1 1). The
ubstitutional bonding of M, M–OH and M–O, where M = Ge,
n and Pb, in the Pt(1 1 1) surface is predicted to cause small
eakening or slight strengthening of the CO adsorption energies.
dsorbed Ge, Sn and Pb atoms, on the other hand, have a marked

ffect, weakening the CO adsorption energy at neighboring sites
y ∼0.09–0.13 eV. Later, Biswas et al. [18] observed that a
raphite-based Pt electrode modified with In + Pb mixed oxide
xhibited a considerable level of electrocatalytic activity toward
ethanol electro-oxidation in a H2SO4 0.5 mol L−1 + CH3OH
mol L−1 mixed solution. Also, El-Shafei et al. [19] showed

hat the addition of Pb and Tl ad-atoms to a Pt sheet increases
he oxidation rate of ethanol in alkaline medium by a factor of
bout 15 compared with pure Pt.

Recently, Golikand et al. [20] studied the oxidation of
ethanol in acidic media at a lead electrode modified by Pt,
t–Ru or Pt–Sn microparticles dispersed into a electropolymer-

zated poly(o-phenylenediamine) (PoPD) film. The reactivity of
he electrodes was greatly enhanced when an optimized mix-
ure of Pt–Sn and Pt–Ru microparticles were electrochemically
eposited inside the PoPD film. However, the influence of the
b substrate on the catalytic activity of the electrodes was not

nvestigated.
Furthermore, Casado-Rivera et al. [21] studied the elec-

rocatalytic activity of a wide range of ordered intermetallic
hases for a variety of potential fuels (i.e. methanol, ethanol,
thylene glycol and acetic acid). The PtBi, PtIn and PtPb
rdered intermetallic phases appeared to be the most promising
lectrocatalysts tested for fuel cell applications. In particular,
tPb showed an onset potential that was 240 mV less posi-

ive and a peak current density ∼20 times higher than those
bserved for Pt in the case of ethanol oxidation. More recently,
ntermetallic PtPb unsupported nanoparticles (∼16 nm) were
ynthesized by the chemical reduction of dimethyl(1,5-
yclooctadiene)platinum and lead(II) 2-ethylhexanoate by
odium naphthalide in tetrahydrofuran or diglyme [22]. The PtPb
anoparticles exhibited a remarkable ability to oxidize formic
cid, with a high mass activity and onset potentials similar to
hose reported previously for bulk PtPb electrodes [21].

Also, Li and Pickup [23] have recently reported the prepa-

ation of a composite by the incorporation of Pb to commercial
t or Pt/Ru powder catalysts. The initial addition of Pb(NO3)2
issolved in water to the commercial catalysts dispersed in water
nd under stirring was followed by an excess of a NaBH4 aque-

t
m

T
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us solution. The product was collected by filtration, washed
nd then dried at room temperature in a vacuum oven. These
atalysts exhibited significantly enhanced catalytic activity for
thanol oxidation relative to their parent Pt and Pt/Ru powders.
he authors suggested that the primary mode of action of the
b ad-atoms in promoting ethanol oxidation is presumably the
emoval of adsorbed CO by the bi-functional mechanism that
perates for many different Pt alloys.

On the other hand, several works have reported the advan-
ages of using boron-doped diamond (BDD) electrodes in
lectrochemistry. The BDD electrodes possess electrochemical
roperties significantly different from other allotropic forms of
arbon that are used as electrode materials, such as pyrolytic
arbon, graphite and/or vitreous carbon. Thus, BDD shows a
ery large electrochemical potential window in either aqueous
r non-aqueous media [24,25], enhanced chemical and mechan-
cal stability and high corrosion resistance [26]. Salazar-Banda
nd co-workers [28,29] and González-González et al. [30] used
he BDD electrode as substrate to produce composite anodes
or alcohol oxidation demonstrating the good performance of
hese materials. Moreover, the sol–gel method has proved to
e a simple, efficient and very appropriate technique to pro-
uce nanometric catalytic deposits with the desired composition
n BDD film electrodes [27–29], on BDD powder [31] and on
arbon powder surfaces [5,6,32] at a low cost.

Thus, the aim of this work is to report for the first time the
eposition of lead oxide-based catalyst by the sol–gel method on
arbon powder and fixed on a BDD substrate to produce anodes
ontaining Pt, Ru, Ir, Pb and carbon with 10% of total catalyst
oad. The characterization of the powders was performed by
-ray diffraction (XRD) and energy dispersive X-ray (EDX)

nalysis and the study of the electrochemical ethanol oxidation
eaction was carried out by cyclic voltammetry, quasi-stationary
olarization experiments (Tafel plots) and chronoamperometry
or the prepared composite materials fixed on a BDD substrate.

. Experimental

.1. Reagents and apparatus

The electrochemical experiments were performed in a one-
ompartment Pyrex® glass cell provided with three electrodes.
he reference system was a hydrogen electrode in the same solu-

ion (HESS) and the auxiliary one was a 2 cm2 Pt foil. The BDD
lectrodes used as substrate were produced by the Center Suisse
’Electronique et de Microtechnique SA (CSEM), Neuchâtel,
witzerland, on Si wafers using the hot filament chemical vapor
eposition technique. The final boron content of the electrodes
as of the order of 4500–5000 ppm. The supporting electrolyte
as a H2SO4 0.5 mol L−1 solution (Merck®) also containing

thanol 1.0 mol L−1 (Synth®). All electrochemical measure-
ents were carried out using an EG&G Princeton Applied
esearch (PAR) Potentiostat/Galvanostat model 273A coupled
o an IBM-PC compatible microcomputer and the EG&G PAR
odel 270 Research Electrochemistry Software.
The preparation of the sol–gel solutions is described below.

he platinum solution (as an example) was prepared adding
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.0099 g of the Pt(II) acetylacetonate (Aldrich®) to 25 cm3

f a liquid mixture constituted by ethanol (Synth® 98◦) and
cetic acid (Merck® P.A.) 3:2 (v/v) while the ruthenium, irid-
um and lead solutions were prepared using the same procedure
ut adding the necessary acetylacetonates quantities (Aldrich®).
he sol–gel solutions were subjected to ultrasonic treatment

Thorniton® Sonicator) for 5 min (homogenization step). The
nal concentration of each one of these organometallic solu-

ions was 1.0 × 10−3 mol L−1. The carbon black powder used
as a Vulcan® XC72R while a 5% commercial Nafion® solution

DuPont) was purchased from Aldrich®.

.2. Composite preparation

The composites containing Pt, Ru, Ir, Pb and C were pre-
ared using a fixed mass proportion of metals Pt:Ru (50:50), Pt:Ir
50:50), Pt:Pb (50:50), Pt:Ru:Ir (50:25:25), Pt:Ru:Pb (50:25:25)
nd Pt:Pb:Ir (50:25:25) and carbon powder as support. The cat-
lyst mass load was fixed in 10%, with respect to the carbon
owder.
The depositions were carried out according to a procedure
eported elsewhere [5], by putting the dry carbon powder (0.13 g)
nto a beaker and covering this powder with small amounts of the
ixed organometallic solutions (1–2 cm3 by step), producing a

i
e
w
t

ig. 1. X-ray diffraction spectra taken at 2◦ min−1 of scan rate for: (a) Pt-RuO2/C, (b
f) Pt-(IrO2-PbOx)/C. The graph (a) also shows the different Pt polycrystalline faces
er Sources 171 (2007) 355–362 357

black mud” without excess of liquid. After the quasi-total evap-
ration of the liquid from the “black mud” (at room temperature)
urther amounts of 1 cm3 were added. This procedure (polymer-
zation step) was repeated until a load of 10% of catalysts was
ttained. The carbon powder impregnated with the organometal-
ic compounds was then subjected to a thermal treatment at
00 ◦C for 1 h under argon atmosphere.

.3. The use of diamond as substrate

The synthesized composites were fixed onto a BDD electrode
ollowing the procedure described by Schmidt et al. [33]. Firstly,
5 wt% Nafion solution was diluted ten times in deionised water.
hen, 0.008 g of the composite was added to 1 cm3 of water and
.20 cm3 of the diluted Nafion® solution. The resulting system
as placed in an ultrasonic bath for 3 min to disperse the pow-
er in the solution. Finally, 0.02 cm3 of the obtained dispersion
ere transferred onto a diamond electrode with geometric area of
.125 cm2. The deposited suspension was then dried for 60 min

◦

ng a thin layer of the powder catalyst sticking to the diamond
lectrode surface. Also, a Pt/C commercial powder (E-TEK)
ith 10% catalyst mass loading was used for comparison with

he composites prepared in this work.

) Pt-IrO2/C, (c) Pt-PbOx/C, (d) Pt-(RuO2-IrO2)/C, (e) Pt-(RuO2-PbOx)/C and
(1 1 1), (2 0 0) and (2 2 0), that are the same to all composites.
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. Results and discussion

.1. Physical characterization

Fig. 1 shows the XRD patterns obtained for all composites
repared in this work together with the corresponding indication
f the main peaks and their identification by comparison with
he Joint Committee of Power Diffraction Standards (JCPDS)
ards. It can be observed from that figure that in all cases Pt
as deposited as a metal in the polycrystalline form (JCPDS
04-0802) showing the peaks corresponding to the main three
rystallographic planes (1 1 1), (2 0 0) and (2 2 0). This is in
greement with previous reports on the sol–gel deposition of Pt
n carbon powder [29,31,32] and on Pt–Ru alloys synthesized in
wo ways: on the one hand, polycrystalline Pt–Ru reference sam-
les prepared by arc melting starting from appropriate mixtures
f Pt and Ru powders and on the other hand, nanocrystalline
t–Ru particles of about 8 nm electrochemically deposited in
arbon/NafionTM layers on glassy carbon discs [34].

On the other hand, the composites containing Ru and Ir show
everal peaks corresponding to RuO2 (JCPDS #43-1027) and
rO2 (JCPDS #43-1019), respectively, which are the expected
tructures when the deposition process is the sol–gel method
35]. In addition, Pb was deposited as a mixture of PbO (JCPDS
38-1477) and PbO2 (JCPDS #37-1517). Thus, the nomencla-
ure of all Pb-containing compounds is designed by “PbOx”.

EDX measurements were also used to calculate the atomic
roportions of the elements present in the composites. The pro-
edure adopted here for those calculations consisted in selecting
hree points in different regions of the sample to minimize the
omposition deviations and to determine the composition in each
ne to obtain a mean value. EDX analyses is presented in Fig. 2
nd revealed that Pb is preferentially deposited as compared
o Pt, as indicated by the compositions collected in Table 1.

hile for the other composites that were studied, a very good
greement between the experimental and the expected theoreti-
al values is observed, showing a negligible surface segregation
uring preparation, as already reported for sol–gel prepared cata-
ysts containing Pt, Ru and/or Ir in their composition [29,31,32].

The values of the crystallite dimensions obtained by using
he software WinFit version 1.2 [36] and the Scherrer relation-
hip on the XRD spectra are included in Table 1. These values

onfirm the nanometric character of the composites. In fact, the
haracteristic dimension of metal clusters employed in fuel cells
s in the size range of a few nanometers. In this sense, it was
bserved that small Pt particles (from 3.5 to 4.0 nm) have higher

o
c
m

able 1
xpected and EDX measured compositions and crystallite dimensions for the differe

omposite Expected composition

t-RuO2/C 50% Pt–50% Ru
t-IrO2/C 50% Pt–50% Ir
t-PbOx/C 50% Pt–50% Pb
t-(RuO2-IrO2)/C 50% Pt–25% Ru–25% Ir
t-(RuO2-PbOx)/C 50% Pt–25% Pb–25% Ru
t-(IrO2-PbOx)/C 50% Pt–25% Pb–25% Ir

a Mean EDX value at three different points of the sample.
er Sources 171 (2007) 355–362

ntrinsic activity for methanol oxidation due to their high activity
or methanol dehydrogenation step [37]. However, a lower tol-
rance to CO poisoning was confirmed by FTIR spectroscopy
or very small particles (ca. 1.7 nm), evidencing that the CO2
roduction is shifted toward positive potentials compared to
arge particles [38]. Also, the model for perfect cubooctahedral
articles suggested restricted CO mobility (reduced activity) at
t nanoparticles below ca. 2 nm size and a transition toward
ast diffusion (enhanced activity) when the particle size exceeds
nm [39]. Consequently, as the size of the prepared catalysts

s in the range between 3.3 and 6.9 nm, this small size (but
ot smaller than 2 nm) could probably be responsible for the
nhanced catalytic activity toward ethanol oxidation presented
y these materials.

.2. Electrochemical studies

Fig. 3 shows the cyclic voltammetric studies carried out in
2SO4 0.5 mol L−1 solution (dotted lines) and in the same acidic

olution but, in the presence of CH3CH2OH 1.0 mol L−1 (full
ines). The blank responses show the presence of Pt due to the
nhibited signals of the adsorption–desorption of hydrogen on
he exposed Pt in each catalyst.

Meanwhile, in the presence of ethanol, higher current den-
ities are observed on the Pt-PbOx/C, Pt-(RuO2-IrO2)/C and
t-(RuO2-PbOx)/C composites (i.e. ∼80 A (g Pt)−1 taken at
00 mV). On the contrary, the Pt-(IrO2-PbOx) catalyst showed
he lowest current density (i.e. ∼10 A (g Pt)−1 taken at 400 mV),
hile a middle catalytic performance is observed on the Pt-
uO2 and Pt-IrO2 binary catalysts with current density values
f ∼50 A (g Pt)−1 (taken at 400 mV). It can also be observed in
ig. 3 that the ethanol oxidation has onset potentials (taken at
= 0.1 mA cm−1) in the range of 150–200 mV versus HESS in
lmost all the prepared catalysts except on the Pt-(IrO2-PbOx)/C
omposite, which presents an onset potential of about 500 mV
ersus HESS. So, in view of these results, it is important to
otice that the preparation of composites containing simultane-
usly platinum, lead and iridium compounds leads to a very bad
atalyst and this mixture must be avoided. However, this effect
ould be due to the lack of oxygenated species at the electrode
urface provided by the Ru at low potentials, but it is not clear
nd further studies are required for better understanding.
Otherwise, the good catalytic performance for the ethanol
xidation presented by binary and other ternary catalytic
ompositions observed in the cyclic voltammetric experi-
ents encouraged the study in quasi-stationary conditions.

nt composites

Measured compositiona Crystallite dimension (nm)

49% Pt–51% Ru 4.8
56% Pt–44% Ir 5.7
40% Pt–60% Pb 3.4
52% Pt–22% Ru–26% Ir 6.9
38% Pt–40% Pb–22% Ru 6.8
33% Pt–40% Pb–27% Ir 3.3
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ig. 2. EDX spectra for: (a) Pt-RuO2/C, (b) Pt-IrO2/C, (c) Pt-PbOx/C, (d) Pt-(R
as omitted due to the very intense signal if compared to the metallic compoun

o, aiming to compare the catalytic effect of the composites
n the kinetic controlled process, Fig. 4 shows the quasi-
teady-state polarization curves presented as Tafel plots that
ere carried out in potentiostatic mode, at 20 ◦C in H2SO4
.5 mol L−1 + CH3CH2OH 1.0 mol L−1 aqueous solution using
he potentiostatic current values measured after 300 s of polar-
zation at each selected potential value (each 20 mV) in the range
rom 50 to 900 mV. This kind of measurement is a very useful
ool for the study of the electrochemical oxidation of ethanol
nd was successfully used for this purpose in recent papers
6,29,31]. It can be observe that the Pt/C commercial composite
howed a response with the “quasi-instantaneous” intermediates
ormation during the oxidation, causing low oxidation activity
ith an onset potential of 622 mV. Again, the Pt-(IrO2-PbOx)

atalyst showed a low catalytic activity if compared with the
ther materials prepared in this study with an onset potential
f the oxidation reaction of 439 mV, yet, this activity is some-
hat better than the one presented by catalyst containing only
t in their composition with an onset potential more negative in
180 mV. So, apparently, the combination of IrO2 with PbOx

isfavors the catalytic activity for the ethanol oxidation showing
non-synergic behavior.

On the other hand, the composites Pt-(RuO2-PbOx)/C and
t-(RuO2-IrO2)/C started the oxidation process in very low

otentials (155 and 178 mV, respectively), presenting good per-
ormance to promote the ethanol oxidation. Comparing the
erformance of the catalysts, the composite Pt-(RuO2-PbOx)/C
resented a gain of about 467 mV in the onset potential as

(
m
a
i

rO2)/C, (e) Pt-(RuO2-PbOx)/C and (f) Pt-(IrO2-PbOx)/C. The carbon response

ompared to the Pt/C composite and as a consequence, very
igh currents can be obtained on this catalyst at low poten-
ials. This elevated gain in the onset potential (467 mV) is
igher than the recently reported on the Pt/Pb catalysts pre-
ared by deposition of Pb on commercial Pt [23] and on
t-CeO2/C, composites prepared by a solid-state reaction under
icrowave irradiation [40,41], which were lower than that

btained on the Pt catalyst in approximately 100 mV. These
nset potentials (155 and 178 mV) are also more negative than
hose recently reported on ternary Pt-Sn-Ru/C (1:1:0.3 and
:1:1) catalysts synthesized by reduction of precursors with
ormic acid (i.e. in the range of 250–280 mV versus RHE)
42].

Likewise, the binary composites showed a middle catalytic
ctivity for the studied reaction with onset potentials in the range
f 200–240 mV. Consequently, as the catalyst containing lead
xide showed the best performance between the binary cata-
ysts, the utilization of this oxides mixture (PbOx) points out the
mportance of their utilization in studies about alcohols oxida-
ion. The lower onset potentials and enhanced catalytic activities
f the binary and ternary catalysts containing Pb as compared to
t could be in part due to the oxidation of adsorbed intermediates
y water that must be activated by Pb oxides, but, in view of the
on-synergic behavior presented by the catalyst Pt-(IrO2-PbOx)

absence of Ru, known as water activator at low potentials), it is
ore probably due to a weakening of the CO adsorption bond

t neighboring sites of Pt as already calculated for Pb bonding
n the Pt(1 1 1) surface [17].
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ig. 3. Cyclic voltammetric responses of the composites: (a) Pt-RuO2/C, (b
t-(IrO2-PbOx)/C in H2SO4 0.5 mol L−1 (dotted lines) and in a mixture of H2S

It is worth to mention that a minimum value of current was
xed to properly determine and compare the onset potential val-
es for the ethanol oxidation reaction at the different catalysts.
hus, all onset potential values discussed and obtained from
ig. 4 were taken at I = 2E−5 A.

The catalysts Pt-(RuO2-PbOx), Pt-(RuO2-IrO2), Pt-PbOx/C,
t-RuO2/C and Pt-IrO2 exhibited significantly enhanced cat-
lytic activity for the ethanol oxidation relative to the observed
n a Pt commercial catalyst. As a matter of fact, the addition of
he metallic oxides by the sol–gel route to Pt showed to be a very
nteresting way to prepare materials with high catalytic activity
or direct ethanol fuel cell systems.

The succession of the catalytic activity for the ethanol oxida-

ion of all materials studied was:

t-(RuO2-PbOx)/C ≥ Pt-(RuO2-IrO2)/C > Pt-PbOx/C

> Pt-IrO2/C > Pt-RuO2/C > Pt-(IrO2-PbOx)/C > Pt/C

P
t
w
o

rO2/C, (c) Pt-PbOx/C, (d) Pt-(RuO2-IrO2)/C, (e) Pt-(RuO2-PbOx)/C and (f)
5 mol L−1 + CH3CH2OH 1.0 mol L−1 (solid lines).

The materials prepared were also submitted to an ethanol
xidation process in a fixed potential of 550 mV versus HESS
or 2600 s. The results are presented in Fig. 5 and show that
he composites Pt-(RuO2-IrO2)/C and Pt-(RuO2-PbOx)/C, rep-
esented in this graph by “1” and “2”, respectively, exhibit higher
urrent densities for the same applied potential for the studied
ime. Notwithstanding, a slower and continuous current decay
s observed in the Pt-(RuO2-PbOx) catalyst due to a smaller poi-
oning of the material as the process advances. On the contrary,
he curve related to the Pt/C composite tends to zero. Moreover,
he synergic effect of the addition of lead oxides to Pt is observed
gain in Fig. 5 (curve 3), which presents pseudo-current density
igher than the presented by the other two binary catalysts (i.e.

t-IrO2 and Pt-RuO2). In view of the excellent catalytic activi-

ies observed on the lead oxide-based composites, further studies
ill be carry out to understand the oxidation mechanism and
ther fuels must be tested to determine their catalytic activity.
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Fig. 4. Tafel Plots recorded in potentiostatic mode in H2SO4

0.5 mol L−1 + CH3CH2OH 1.0 mol L−1 for: Pt/C E-Tek (�), Pt-(IrO2-
PbOx)/C (�), Pt-RuO2/C (�), Pt-IrO2/C (�), Pt-PbOx/C (�), Pt-(RuO2-IrO2)/C
(�) and Pt-(RuO2-PbOx)/C ( ). T = 20 ◦C.

Fig. 5. Current–time responses measured at 550 mV vs. HESS for: (1) Pt-(RuO2-
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rO2)/C, (2) Pt-(RuO2-PbOx)/C, (3) Pt-PbOx/C, (4) Pt-RuO2/C, (5) Pt-IrO2/C,
6) Pt-(IrO2-PbO2)/C and (7) Pt/C E-Tek in a H2SO4 0.5 mol L−1 + CH3CH2OH
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. Conclusions

The physical characterization of the composites demonstrates
hat the preferential deposits are the polycrystalline Pt, IrO2,
uO2 and a mixture of PbO and PbO2. The crystallite dimen-

ions are about 5 nm, showing the nanometric character of the
omposites. The relative compositions were different from the
heoretical values when the composite have Pb in the compo-
ition, due to the preferential deposition of Pb if compared to
t.

The electrochemical oxidation of ethanol in acidic media
nvestigated by cyclic voltammetry showed higher current
ensities on the Pt-PbOx/C, Pt-(RuO2-IrO2)/C and Pt-(RuO2-
bOx)/C composites while the Pt-(IrO2-PbOx) catalyst showed

he lowest current density. Moreover, quasi-steady-state polar-

zation curves showed that the composites Pt-(RuO2-PbOx)/C
nd Pt-(RuO2-IrO2)/C started the oxidation process in very low
otentials (155 and 178 mV, respectively), presenting good per-
ormance to promote the ethanol oxidation. On the contrary, the
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ombination of IrO2 with PbOx disfavors the catalytic activ-
ty for the ethanol oxidation, showing a non-synergic behavior.
hus, the order of reactivity was determined as being:

Pt-(RuO2-PbOx)/C ≈ Pt-(RuO2-IrO2)/C > Pt-PbOx/C

> Pt-IrO2/C > Pt-RuO2/C > Pt-(IrO2-PbOx)/C > Pt/C′′

Consequently, the catalysts Pt-(RuO2-PbOx), Pt-(RuO2-
rO2), Pt-PbOx/C, Pt-RuO2/C and Pt-IrO2 exhibited signifi-
antly enhanced catalytic activity for the ethanol oxidation
observed as higher current activities and less positive reaction
nset potentials) when compared to the observed on a Pt com-
ercial catalyst. In this work, the oxidation products were not

nalyzed and the results have considered only the catalytic activ-
ties. As a matter of fact, the addition of metallic oxides by the
ol–gel route to Pt showed to be a very interesting way to pre-
are materials with high catalytic activity for direct ethanol fuel
ell systems. Thus, the good results observed on the lead oxide-
ased catalysts are in good agreement with the continuity of the
esearch.
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