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Abstract

The effect of variations in the composition for ternary catalysts of the type Pt,(Ru-Ir),_,/C on the methanol oxidation reaction in acid media
for x values of 0.25, 0.50 and 0.75 is reported. The catalysts were prepared by the sol-gel method and characterized by X-ray diffraction (XRD),
transmission electron microscopy (TEM), atomic absorption spectroscopy (AAS) and energy dispersive X-ray (EDX) analyses. The nanometric
character (2.8-3.2 nm) of the sol—gel deposits was demonstrated by XRD and TEM while EDX and AAS analyses showed that the metallic ratio
in the compounds was very near to the expected one. Cyclic voltammograms for methanol oxidation revealed that the reaction onset occur at
less positive potentials in all the ternary catalysts tested here when compared to a Pty75—Rug»5/C (E-Tek) commercial composite. Steady-state
polarization experiments (Tafel plots) showed that the Pt;,s(Ru-Ir)75/C catalyst is the more active one for methanol oxidation as revealed by the
shift of the reaction onset towards lower potentials. In addition, constant potential electrolyses suggest that the addition of Ru and Ir to Pt decreases
the poisoning effect of the strongly adsorbed species generated during methanol oxidation. Consequently, the Pty »5(Ru-Ir)q 75/C composite catalyst

is a very promising one for practical applications.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The need for more efficient energy conversion systems is
a strong reality for two important reasons, namely, the future
shortage of fossil fuel sources as well as the urgency in reduc-
ing the contamination levels produced by the use of those fuels
in urban centers. In this sense, fuel cells are very promising
energy sources due to the high efficiency of the electrochem-
ical combustion in comparison with the chemical combustion
thus minimizing the formation of by-products that pollute our
planet. Among the different systems under investigation, the use
of methanol as the fuel has been the subject of numerous stud-
ies since considerable advances have been achieved using that
material [1-9].

Although the use of methanol as a fuel is attractive in terms
of its theoretical energy density (6.09kWhkg™!) and theoret-
ical efficiency (96.7%), high overpotentials at both the anode
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and the cathode reduce the cell potential to 0.51 V and the over-
all efficiency to ~41%. Moreover, the formation of CO poisons
the Pt-based anode and further reduces the overall efficiency to
~27%, thereby making CO poisoning one of the major limita-
tions for the technological development of direct methanol fuel
cells (DMFCs) [10].

Among the precious metals, Pt shows the highest activ-
ity for the electro-oxidation of methanol but the performance
of pure Pt electrodes is not very satisfactory due to the for-
mation of strongly adsorbed intermediates. Efforts to reduce
the amount of adsorbed CO are centered on the use of co-
catalysts and, to date, the addition of ruthenium into the
platinum catalyst has yielded the best reported results [11-13].
When binary catalysts are used in DMFCs, the beneficial
effect of the second metal M in Pt-M is attributed to a bi-
functional mechanism originally proposed by Watanabe and
Motoo [2]. There, Pt sites serve to adsorb and dehydrogenate
the methanol molecules while M provides nucleation sites
for OH,gs formation, but the Pt sites become blocked by
adsorbed CO making the overall reaction fairly slow. Then,
the reaction between CO,gspry and OHygsm accelerates again
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the oxidation of methanol by removing the poisoning carbon
monoxide.

The bi-functional mechanism is widely accepted at present
[6,8,14—17] but an alternative or complementary explanation is
the so-called “ligand effect” [18] where M has an influence in
the Pt—CO interaction by affecting the electronic structure of the
binding site. The latter mechanism has also been supported by
electrochemical experiments [19-21], and it has been suggested
that the bi-functional mechanism should be modified to account
also for electronic effects [20].

Gurau et al. [22] reported that the Ir—O bond is relatively
weak and similar in strength to Pt—O while the Ir—C bond is
quite strong and close in strength to Pt—C. These authors studied
the methanol oxidation on Pt—-Ru—Os-Ir alloys and concluded
that the addition of Ir appears to accelerate the activation of
the C—H bonds in methanol and this behavior is consistent with
the substantial literature on C—H activation by Ir and Rh com-
pounds [23-25]. Liang et al. [26] prepared carbon-supported
PtRulr catalyst using a microwave-irradiated polyol plus an
annealing synthesis strategy. The PtRulr/C catalyst displayed
a greatly enhanced activity for CO,q4s electro-oxidation, even
higher than that observed on a PtRu/C commercial catalyst (E-
Tek). These authors suggested that the superior performance of
the PtRulr/C catalyst must result from the iridium additives, par-
ticularly IrO,. It was also observed an excellent electrocatalytic
activity of the carbon-supported PtRulr nanocomposite for the
hydrogen oxidation reaction in the presence of CO [26].

Sivakumar and Tricoli [27] prepared Pt—Ru-Ir nanoparti-
cle catalysts on carbon black using a vapor deposition method.
The electrocatalytic activity of the particles towards methanol
oxidation was investigated by cyclic voltammetry, chronoamper-
ometry and adsorbed CO-stripping voltammetry and was found
that these catalysts possess outstanding activity for methanol
oxidation when compared to a Pt—Ru catalyst. CO-stripping
voltammetry showed that the superior activity comes partly
from a larger active surface area and partly from a higher cata-
lyst resistance to CO poisoning due, in turn, to the presence of
iridium.

Besides the chemical nature of the components, the prepara-
tion method is another essential parameter in the development
of catalysts. Catalysts to be used in fuel cells are normally pre-
pared in the form of particles dispersed onto a high surface
area carbon. Several methods have been used to anchor the
catalyst particles to the substrate, including the chemical reduc-
tion of inorganic salts containing the metals of interest with
formic acid [28] and the Bonnemann’s method [29]. This latter
method involves the reduction of an appropriate inorganic metal
salt, by an organic reductive medium (alkali hydrotriorganobo-
rates). The Bonnemann’s method appears to be very attractive
since it allows the production of nanostructured particles having
well-controlled sizes, an essential feature in the production of
catalysts. However, the method is rather complicated, involving
several steps and the use of sophisticated apparatus.

An attractive alternative to produce catalysts with the desired
features is the sol—gel method that has been recently reported as
an efficient, simple and low cost way to synthesize very active
catalysts for the oxidation of methanol [7,9,30,31]. The sol—gel

method is very suitable to prepare pure and homogeneous metals
and/or metal oxides [7] with high surface area. Moreover, the
sol-gel method allows the production of materials with com-
plex compositions in a very simple and straightforward way.
Investigations on a variety of binary and tertiary catalysts for
methanol oxidation prepared by sol-gel are being carried out in
this laboratory.

The aim of this work is to report the effect of composi-
tion in the catalyst system Pt.(Ru-Ir);_,/C on the methanol
electro-oxidation in acid media since its behavior is much
superior than other binary and/or tertiary systems under inves-
tigation. The experimental techniques used for this purpose
were cyclic voltammetry, quasi-steady-state polarization curves
(Tafel plots) and controlled potential electrolysis. The devel-
oped Pt/C catalysts modified by the incorporation of different
quantities of other metals such as Ru and/or Ir using the sol-gel
method were initially characterized by X-ray diffraction (XRD),
energy dispersive X-ray (EDX) analysis, atomic absorption
spectroscopy (AAS), transmission electron microscopy (TEM)
and cyclic voltammetry (CV). Additionally, the catalytic perfor-
mance of the composite electrodes prepared in this work was
compared with that obtained for commercially available Pt/C
and Pty 75—Rug 25/C catalytic powders using the electrochemical
experiments and total organic carbon (TOC) analyses.

2. Experimental

The catalysts were prepared by the sol-gel method using a
commercial Pt/C (E-Tek Inc., USA) powder containing 10%
of platinum as substrate. Ir and Ru and their mixtures were
deposited by dissolving the metallic precursors (ruthenium and
iridium acetylacetonates) in a solvent containing isopropanol
and acetic acid 3:2 (v/v). After that, an appropriate amount
of Pt/C was added to the resulting sol and the mixture was
homogenized by ultrasonic irradiation (20 kHz) produced by a
Heat System Ultrasonic W85 Sonicator by 30 min. The solvent
was then slowly evaporated and the resulting powder submit-
ted to a thermal treatment at 400 °C in an inert Ar atmosphere
for 60 min. The desired amount of modifiers was calculated
in relation to the amount of platinum in the powder. Binary
composites having either Ru or Ir deposited onto Pt/C were pre-
pared using a 1:1 atomic ratio. The ternary composites were
prepared having a fixed atomic relationship between the metals
Ru and Ir (50:50) and varying the atomic relationship between
Pt and the mixture of the metals Ru and Ir. Thus, the cata-
lysts prepared in this work were Pty 50—Rug 50/C, Pty s0—Iro.50/C,
Ptg.25(Ru-Ir)g 75/C, Pty 50(Ru—Ir)q 50/C and Pty 75(Ru—Ir)q 25/C.
For comparison, some experiments were also carried out using
Pt/C and Pt 75—Rug 25/C from E-Tek.

The physical characterization of the catalysts was initially
performed by XRD in a universal diffractometer Carl Zeiss-
Jena, URD-6, operating with Cu Ka radiation (A =0.15406 nm)
generated at 50kV and 100 mA. The scans were carried out at
1° min~! for 26 values between 5° and 100°. This was followed
by EDX measurements in a LEO Mod. 440 spectrophotometer
with a silicon-lithium detector having a Be window and apply-
ing 113 eV and by AAS in a Hitachi Z-8100 spectrophotometer.
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The XRD patterns were also analyzed by the software Winfit
1.2 [32] to determine the mean size of the catalysts crystallites.
In addition, TEM images were taken using a Philips CM200
microscope operating at 200kV, coupled to a high-resolution
energy dispersive X-ray analysis spectrometer: detector EDX
Princeton Gamma Tech PGT Prism. The samples for the TEM
and high-resolution EDX analyses were prepared by ultrasoni-
cally dispersing the catalyst powders in ethanol. A drop of the
suspension was applied onto a carbon-coated copper grid and
was dried in air. Samples studied by EDX coupled to a MEV
apparatus were prepared by fixing a proper amount of the cat-
alysts powders onto an aluminum substrate using a conducting
tape and scanning a ~0.5 cm? area every time.

The working electrodes were constructed using the thin
porous coating (TPC) configuration [33]. A pyrolitic graphite
rod (¢ =5 mm) inserted in a Teflon cylinder and leaving a small
cavity (0.3 mm) at the end was used to support the catalysts.
The working electrodes were prepared by mixing the catalyst
powders with a dilute suspension (2%, w/w) of a Teflon
emulsion (Du Pont TM30) and then following the procedures
described elsewhere [33]. All electrochemical measurements
were carried out using the TPC electrode configuration. A three-
electrode two-compartment Pyrex® glass cell was used for the
electrochemical measurements. The counter electrode was a
2 cm? platinum foil and the reference electrode was a hydrogen
electrode in the same solution (HESS) that was connected by a
Luggin capillary. All the experiments were carried out at room
temperature in a HySOq4 (Merck®) 0.5 mol L~ aqueous solu-
tions also containing methanol (J.T. Baker®) 0.5mol L~!. The
solutions were prepared with analytical grade reagents without
further purification and water supplied by a Milli-Q system from
Millipore Inc. and were N»-saturated prior to the measurements.

The electrochemical experiments were carried out using an
Autolab Model PGSTAT 30 potentiostat/galvanostat coupled to
an IBM-PC compatible microcomputer. All cyclic voltammet-
ric curves reported here correspond to the stationary responses
obtained for electrodes cycled between 50 and 1100 mV versus
HESS. The quasi-steady-state polarization curves were carried
out in the potentiostatic mode with all data points obtained after
300s of polarization at each potential. The products resulting
from the electrochemical oxidation of methanol were analyzed
by measuring the total organic carbon using a Shimadzu TOC-
Vcph Analyzer.

3. Results and discussion
3.1. Characterization of the composites

Fig. 1 shows the XRD patterns of the commercial com-
posite Pt/C from E-Tek and of Pty 50—Irg.50/C, Pty 50—Rug 50/C,
Pty 25(Ru~Ir)o.75/C, Ptg.50(Ru~Ir)o.50/C and Pty 75(Ru-Ir)g 25/C,
prepared here by the sol-gel route. As expected, the presence of
polycrystalline Pt (JCPDS # 04-0802) is revealed by the peaks in
26 values at 39.9°, 46.2°, 67.9° and 81.0°, corresponding to the
reflection planes (11 1), (200), (220) and (3 1 1), respectively.

In the diffractograms of the composites containing Ru and/or
Ir no peaks corresponding to the metals Ir and Ru were observed.
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Fig. 1. XRD patterns recorded on catalyst (a) Pt/C from E-Tek,
(b)  Ptoso-Iros0/C, (c) Ptoso—Rugso/C, (d) Ptoas(Ru-Ir)g75/C, (e)
Ptos0(Ru-Ir)ps0/C and (f) Pty75(Ru-Ir)g25/C. Vertical lines represent
positions of the 26 values of the peaks of pure Pt.

However, a displacement of the peaks referred to the polycrys-
talline Pt towards more positive values of 26 is observed. This
can be due to the existence of alloys between the metals Pt,
Ru and Ir [27], with a contraction of the crystalline lattice of
Pt due to the substitution of some atoms of Pt for the atoms
of Ir and/or Ru, that have smaller sizes [34]: (rry =0.134 nm)
(r1r =0.136 nm) when compared with Pt (rp;=0.138 nm) [35].

The XRD patterns (Fig. 1) were also used to estimate the
mean crystallite size of the deposited particles on the differ-
ent materials using the Winfit 1.2 software [32] and the results
are presented in Table 1. As previously reported [9,31,36,37],
these results show that the sol-gel method is an efficient and
very appropriate technique to produce nanometric catalysts with
crystallite sizes varying between 2.8 and 3.2 nm.

EDX and AAS analyses were used to determine the
composition of the materials prepared by the sol—gel
method. Table 1 summarizes the results obtained for the
prepared Pt .50—Rug.50/C, Pto.50-Ir0.50/C, Pto.25(Ru-Ir)g.75/C,
Pto 50(Ru-Ir)o.50/C and Pty 75(Ru—Ir)g25/C composites. These
results show a good agreement between the experimental and
the expected theoretical values. Besides high-resolution EDX
analysis (Table 1) taken together with the TEM measurements
(Fig. 2) and performed in a small area (100 nm?) have shown
that for the Pty 75(Ru-Ir)g25/C composite, the small and ran-
domly dispersed particles observed (Fig. 2¢) are composed by
small quantities of Pt (~32%). This deviation from the expected
values can be due to the formation of some small Pt agglomer-
ates (~10nm) also observed in Fig. 2c. This phenomenon was
demonstrated by EDX measurements performed only on these
agglomerates which are composed preferentially by Pt (~85%).
Therefore, the Pt agglomeration could be probably caused by the
small quantity of Ru and Ir compounds in the sol-gel solutions.
In contrast, the particle segregation observed in the other cata-
lysts should be due to the deposition of Ir and/or Ru compounds
on Pt nanoparticles during the sol—gel process thus preventing
Pt agglomeration.

Fig. 2 also shows TEM images and their corresponding
particle size distribution histograms for the Pt/C (E-Tek),
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Chemical analysis of the sol-gel prepared catalysts from EDX and AAS measurements, crystallite size calculated from XRD analysis using the Winfit 1.2 program
and particle size from TEM

Composite EDX composition EDX, high-resolution AAS composition Expected composition Crystallite Particle size
(atomic %) (atomic %) (atomic %) (atomic %) size (nm) (nm), TEM
Pty 50—Rug 50/C 54:46 40:60 53:47 50:50 2.8 29+ 0.814
Pto.s0—Iro.50/C 52:48 54:46 51:49 50:50 3.0 3.5 £ 1.130
Ptg.25(Ru-Ir)g 75/C 24:40:36 24:44:32 23:39:38 25:37.5:37.5 3.0 2.8 £0.772
Pto.s0(Ru-Ir)g 50/C 48:27:25 47:28:25 51:26:23 50:25:25 32 3.0 £0.923
Pto.75(Ru-Ir)g 25/C 72:15:13 32:45:23 73:14:13 75:12.5:12.5 32 3.0 £ 0.852

Fig. 2. TEM micrographs and particle size distributions for (a) Pt/C from E-Tek, (b) Pty 25(Ru—Ir)o75/C and (c) Pty 75(Ru—Ir)g 25/C.
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Ptg.25(Ru-Ir)g.75/C and Ptg75(Ru—Ir)g25/C composites. TEM
images of the other samples studied here do not show great
differences neither in particle size nor in appearance and, there-
fore, they are not presented. Thus, as it can be seen in that figure,
metal nanoparticles are homogeneously dispersed on the surface
of the carbon support.

The values of the particle sizes determined from the TEM
images and their corresponding standard deviations are also
included in Table 1. It is clear from this table that particle sizes
observed for the ternary catalyst are small and well-controlled in
the range between 2.8 and 3.0 nm. Since the particle sizes of the
ternary catalysts are very similar for the different compositions
it can be stated that the differences observed for the catalytic
activity of these materials (see later) could only be due to their
compositions thus revealing a real catalytic effect.

3.2. Electrochemical results

Cyclic voltammograms of electrodes prepared in the thin
porous layer configuration and using the different catalysts under
investigation were initially recorded at SmVs~! in a HySO4
0.5mol L™! aqueous solution and are presented in Fig. 3. In
the absence of methanol, the typical surface processes for poly-
crystalline Pt such as adsorption/desorption of hydrogen and,
to a lower extent, the oxide formation and reduction can be
observed in the cyclic voltammogram recorded on the elec-
trode prepared with the Pt/C (E-Tek) composite. The slow
scan rate prevented distortions caused by capacitive currents.
Thus, using the hydrogen adsorption/desorption charges in the
potential range from 0.0 to 300mV [38], the approximate Pt
electroactive surface area was calculated yielding a value of
38.46 cm?. As the geometric areais 0.19 cm?, a roughness factor
of 196.25 was estimated showing the high active area presented
by this electrode, similar to the conditions of an electrode used
in a membrane electrode assembly in fuel cells. Meanwhile,
the voltammograms corresponding to the Ptg25(Ru—Ir)g 75/C,
Pto.50(Ru—Ir)g 50/C and Pty 75(Ru—Ir) 25/C composites show an
inhibition of the hydrogen adsorption/desorption peaks due to

24 T T T T T T T
16} .
-— 8 B T
£
=2 o T
<C
= 8f 1
Pt ,s(Ru-1Ir), ../ C
i --- Pt, (Ru-IN, ., /C |
vvvvv Pty (Ru- 1),/ C |
o4l —-=+ Pt C (E-Tek) ]

0 200 400 600 800 1000 1200
E/mV vs HESS

Fig. 3. Steady-state cyclic voltammograms recorded on Pt 25(Ru—Ir)y75/C
(solid line), Ptg s0(Ru—Ir)g 50/C (dashed line), Pty 75(Ru-Ir)g25/C (dotted line)
and Pt/C from E-Tek (dash-dotted line), electrodes in 0.5 mol L' H,SO4 aque-
ous solution (v=5mVs~1).

the presence of ruthenium [36] and iridium [39] as well as larger
currents in the double layer region due to an increase of the
capacitive currents and also to Ru and Ir redox processes [39].
Itis clear from Fig. 3 that the increase in the currents observed
in the double layer region is almost proportional to the increase
of the amount of Ru and Ir in the composite. Particularly, the cur-
rents are larger on the Pty 25(Ru-Ir)g 75/C composite indicating
an area effect for this material. Moreover, it is worth mentioning
that no important features could be observed in the CV response
of the commercial composite Ptg 75—Rug 25/C (curve not shown),
that presents a similar shape to that of the ternary composites
shown in Fig. 3 and current values in the same range of those
measured for the Pty 75(Ru—Ir)g25/C (home made) composite.
Methanol oxidation in acid medium on the different elec-
trode materials was initially studied by CV (Fig. 4). The solid
curve in Fig. 4 shows that methanol oxidation presents an
onset potential of ~335mV versus HESS on the electrode
prepared with the Pty »5(Ru—Ir)g75/C composite while for the
Ptg 50(Ru—Ir)g.50/C (dashed line), the Ptg 75(Ru-Ir)g.25/C (dotted
line) and the Ptg 75—Rug »5/C from E-Tek (dash-dotted line) com-
posites the corresponding potentials are ca. 460, 495 and 600 mV
versus HESS, respectively (all onset potentials were measured
forj=10A (gPt)™ 1) 1t can be also observed that methanol oxi-
dation begins at less positive potentials on the ternary catalysts
when compared with the Pty 75—Rug25/C (E-Tek) composite,
clearly indicating an enhancement of the catalytic activity of the
platinum deposit in the presence of both ruthenium and iridium.
Additionally, since the peak current observed for the
Pty.75—Rug25/C commercial composite (Fig. 4) is somewhat
higher than that presented by the Ptg25(Ru-Ir)g75/C catalyst
prepared by the sol-gel method, an area effect cannot be used to
explain the superior catalytic activity shown by this sol-gel pre-
pared composite and reflected by the negative shift in the onset
potential.
As a result of the different onset potential values for the
methanol oxidation reaction (Fig. 4), the pseudo-current den-
sity values observed at low potentials on the Pty 25(Ru—Ir)g 75/C
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Fig. 4. Cyclic voltammograms (second cycle) for the electrochemical oxi-
dation of methanol 0.5molL~! in H,SO; 0.5molL"! aqueous solution,
recorded on Pty 25(Ru-Ir)g 75/C (solid line), Pty 50(Ru-Ir)g 50/C (dashed line),
Pty 75(Ru-Ir)g »5/C (dotted line) and Pty 75—Rug25/C from E-Tek (dash-dotted
line) electrodes (v=5mV s~ ).
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composite electrode are higher than those presented by the other
catalysts. Therefore, at 500 mV versus HESS, the current den-
sity measured for this catalyst is 20 times higher than that
observed on the Pty 75—Rug 25/C (E-Tek) composite electrode. In
this context, Sivakumar and Tricoli [27] recently reported that
the presence of Ir in the catalyst increase the catalytic activity of
Pt—Ru-Ir composites towards the methanol oxidation process.
These authors observed higher current densities on the catalysts
containing Pt—Ru-Ir when compared with a Pt—Ru electrode,
particularly for potentials higher than 400 mV versus SHE (stan-
dard hydrogen electrode). Likewise, Aramata et al. [40] showed
that the species corresponding to suitably oxidized Ir surface
states promotes the catalytic activity toward methanol oxidation
on Ir electrodes, contributing to the water activation at low poten-
tials (bi-functional mechanism). Furthermore, Gurau et al. [22]
concluded that the addition of Ir in Pt—Ru—Os-Ir alloys appears
to accelerate the activation of the C—H bonds in methanol, which
is consistent with the literature on C-H activation by Ir and
Rh compounds [23-25]. Thus, these effects, i.e. a bi-functional
mechanism provably presented on Pt—Ir materials added to the
activation of the C—H bonds in methanol could explain the results
in Fig. 4.

However, due to the different capacitive currents observed
for the catalysts by CV (Fig. 4), the use of Tafel plots fur-
nishes a comparison of onset potentials and electrochemical
activities in a straightforward manner. Fig. 5 collects the
data corresponding to the materials under investigation taken
from steady-state polarization curves obtained in the poten-
tiostatic mode after 300s stabilization at each potential. The
onset potentials for methanol oxidation were determined using
a fixed pseudo-current density value of 0.2A (gPt)~! and
are 230, 276, 282, 405, 417, 484 and 514 mV versus HESS
on Ptg25(Ru-Ir)o.75/C, Pto.50(Ru-Ir)o.50/C, Ptg.75(Ru-Ir)o 25/C,
Ptg 50—Rug.50/C, Pty s0—Irg.50/C, Ptg75—Rugos5/C (E-Tek) and
Pt/C (E-Tek), respectively. The onset potential values obtained
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Fig. 5. Tafel plots of the potentiostatic polarization curves performed in quasi-
stationary-state for the electrochemical oxidation of methanol 0.5 molL~!
in H,SO4 0.5 mol L™! aqueous solution, recorded on the Pt 25(Ru—Ir)y75/C
(@), Ptos0(Ru-Ir)o50/C (M), Pto75(Ru-Ir)o25/C (A), Ptos0—Rugs0/C (D),
Pto.50—Ito.50/C (O), Pty.75-Rug25/C from E-Tek (V) and Pt/C from E-Tek (x)
electrodes. All data were obtained from the potentiostatic current decays after
300s.

for the ternary catalysts are considerably lower than those
reported for the binary ones or even that measured for acommer-
cial Pt—-Ru/C catalyst with 40% metal charge [34] in a HC1O4
0.1 mol L~! + CH30H 1 mol L~! aqueous solution at 32 °C that
yielded ~300mV versus the reversible hydrogen electrode.
These potential values are also lower than the potential reported
by Sivakumar and Tricoli [27] on a Pt—Ru-Ir catalyst prepared
by the vapor deposition method (i.e. ~380 mV versus SHE).

The enhancement in the catalytic activity for methanol oxi-
dation presented by the ternary catalysts is clearly observed in
Fig. 5. The composite catalyst Ptg 25(Ru—Ir)g 75/C shows a shift
in the onset potential of about 284 and 187 mV towards less posi-
tive potentials when compared with the Pt/C and Pty 75—Rug 25/C
commercial composites, respectively. As a consequence, the
stationary pseudo-current density determined at a fixed poten-
tial of 500mV is approximately 93 and 13 times higher on
Pto.25(Ru-Ir)g 75/C than on the commercial composites, a very
important feature for catalysts to be used in practical applica-
tions.

Furthermore, it can be observed in Fig. 5 that the sol-gel
prepared Ptg 50—Rug 50/C composite exhibits a catalytic perfor-
mance slightly better than that presented by the Ptg 75—Rug 25/C
from E-Tek, particularly at low potentials (from ~350 to
~450mV). In view of the fact that the sol-gel method mainly
produces ruthenium oxides [9,30], the enhanced catalytic activ-
ity observed on the Pt 50—Rug 50/C composite can be probably
due to the presence of amorphous ruthenium oxides or hydrous
ruthenium oxides which were not detected by the XRD tech-
nique. This phenomenon was previously observed on Pt—-RuO»,
binary coatings that presented an activity several orders of mag-
nitude larger than the observed on metallic Pt—Ru alloys towards
the methanol oxidation reaction [41-43].

On the other hand, the Ptg 50—Irg.50/C composite showed a
catalytic activity higher than the commercial composite Pt/C
proving the synergic effect of the addition of Ir to the Pt, as
previously explained in the discussion in Fig. 4. However, its
performance is lower than that exhibited by binary catalysts con-
taining Pt and Ru (home prepared and commercial), indicating
that the Ru is a better ad-atom for methanol oxidation as recently
reported [44].

The Tafel plots shown in Fig. 5 for the methanol oxidation
reaction have slopes values between 120 and 140 mV dec™! for
all the binary and ternary composites studied. From the kinetic
theory of electrode reaction, a Tafel slope of about 118 mV dec™!
means that the reaction involving the first electron transfer is
the rate-determining step (rds) [45]. Therefore, it can be con-
cluded that the breaking of one of the C—H bonds in the CH3;OH
molecule with the first electron transfer is the rate-determining
step of methanol electro-oxidation on all catalysts (Eq. (1) in
the scheme below) [45]. Meanwhile, the Pt/C (E-Tek) compos-
ite presents a Tafel slope of 95mV dec™! indicating a change
in the reaction mechanism for the binary and the ternary cata-
lysts. A Tafel slope of 90 mV dec™! has been already reported
on a Pt catalyst and it was suggested that the most likely rds for
the methanol oxidation reaction on this material should be the
oxidative removal of CO,q4s by adsorbed intermediates coming
from water molecules (Eq. (4)) [46—49]. The overall mechanism
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could be represented by

Pt—(CH30H),gs — Pt—(CH30),qs +H" +¢~ 6]
Pt—(CH30),4s — Pt—(CO),qs +3H" + 3¢~ 2)
M + H;0 — M—(OH),gs +H" +¢~ 3)
Pt—(CO)ags + M—~(OH)ygs > CO2 +HT +e” “4)

where M represents any ad-atom onto the Pt catalyst. Thus, as
already demonstrate using spectroscopic techniques [49], the
methanol adsorption and dehydrogenation to form CO adsorbed
is commonly observed at low potentials for pure Pt. So, the rds
for the methanol oxidation on the Pt/C composite is the oxi-
dation of this strongly adsorbed specie (Tafel slope of about
90 mV dec™! ). However, the addition of ad-atoms as Ru and/or
Ir facilitate the formation of oxygenated species at low poten-
tials (Eq. (3)) [49] and, as a consequence, the oxidation of the
CO adsorbed with those species (Eq. (4)) is favored and occurs
at lower potentials when compared with pure Pt (bi-functional
mechanism) [2]. Consequently, on the binary and ternary cat-
alysts, as the rate of reaction of Eq. (4) is high, the rds of the
reaction becomes the methanol adsorption and dehydrogenation
represented by Eq. (1) (Tafel slope of about 118 mV dec™!).
Note that all the catalysts that contain Pt and Ru and/or Ir in
their composition present similar Tafel slopes and so, it is prob-
ably that all they work following the bi-functional mechanism
but to different extents because of the different onset potentials.
These phenomena can be also due to electronic effects on the d-
band of the Pt due to the presence of these neighboring ad-atoms
[18].

Another important technique for the study of the catalytic
activity and surface stability of this kind of electrocatalysts
is the use of constant potential electrolysis. The current—time
curves presented in Fig. 6 were recorded at a fixed poten-
tial of 700mV versus HESS. As it can be seen in this figure,
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! 1 Pty s(Ru-1r)y 45/ C
60 | 2 Pty g(Ru-Ir), g/ C |
50 3 Ptys(Ru-Ir)g .6/ C ]
,. 4 Pty Rug,l C (E-Tek) |
—
- 2
2
e i
-
= i\ ]
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Fig. 6. Current density—time dependence measured at 700mV vs. HESS
fixed potential during 8h at rotation of 1000rpm, for the electrochemical
oxidation of methanol 0.5molL~! in H,SO4 0.5 molL~! aqueous solution,
recorded on the Pty 25(Ru—Ir)g 75/C (solid line), Pty s0(Ru-Ir)g 50/C (dashed line),
Pty.75(Ru-Ir)g25/C (dotted line) and Pty 75—Rug25/C from E-Tek (dash-dotted
line) electrodes.

the slow decrease of the density current observed for the
Ptg.25(Ru-Ir)g 75 catalyst indicates that this material is poison-
ing to a lower extend than the others, even for large polarization
times (8h). As a result of that, the stationary pseudo-current
density (at 700 mV) at the end of the electrolysis is ~6 times
higher on this catalyst than on Ptg 75Rug 25/C (E-Tek), ~5 times
higher than on Pty 75(Ru—Ir)g25/C and ~2 times higher than
on Pty 50(Ru-Ir)g 50/C composites. These results suggest that
the addition of Ru and Ir to a Pt catalyst decreases the poi-
soning effect of the strongly adsorbed species generated during
methanol oxidation.

Furthermore, during the electrolyses an aliquot of 1 mL was
taken from the solution every 2 h for further analysis by TOC.
As it can be observed in Fig. 7, after 8 h of electrolysis the
composite Ptg 25(Ru-Ir)g.75/C presents a drop in the TOC value
of 26% which is greater than those for the other composite
electrodes (i.e. 18% for the second catalyst in performance,
Pto.s0(Ru-Ir)g 50). These results could be due to a higher rate
in the oxidation of methanol and of the reaction intermedi-
aries occurring on that catalyst thus producing more gaseous
COy. It is worth noticing that the lowest diminution of the TOC
(~10%) was observed for the Pty 75—Rug 25/C (E-Tek) compos-
ite showing that all ternary catalyst prepared in this work present
a higher yield for the production of CO; than the commercial
catalyst. Consequently, they have a better catalytic performance
as already observed on the other electrochemical experiments
(Figs. 4-6).

It is important to observe that the Pty 5(Ru—Ir)g 75/C catalyst
showed the best catalytic performance in the cyclic voltammo-
grams, the Tafel plots and the current—time experiments as well
as the highest diminution of TOC (Figs. 4-7). This enhanced
catalytic activity could be explained considering that the Ir pro-
duces both an acceleration on the activation of the C—H bonds
in methanol [22] and a water activation a low potentials (oxides
formation) [40]. These effects will be added to the bi-functional
mechanism and/or electronic synergic effects presented by the
Pt—Ru catalysts. Consequently, this material is a very promising
one to be used as catalyst in direct alcohol fuel cell anodes.
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Fig. 7. TOC variation during the electrolyses of Fig. 6 for the catalysts:
Pty 25(Ru-Ir)g 75/C (.), Pty.s0(Ru-Ir)g 50/C (A), Ptg75(Ru-Ir)g25/C (x) and
Ptp.75—Rug 25/C from E-Tek (H).
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4. Conclusions

The physical characterization carried out on the
Pty(Ru-Ir);_,/C ternary catalysts prepared by the sol-gel
method showed that this method is a simple and efficient way
to produce nanometric deposits with similar particles sizes
(between 2.8 and 3.0nm), homogeneously dispersed on the
surface of the carbon supports and with the desired composition.

Cyclic voltammetry and steady-state polarization curves
have shown that the composite Ptyas5(Ru-Ir)g75/C has the
higher catalytic activity towards methanol oxidation in acid
media in comparison to all the other materials studied here.
As a consequence, the stationary pseudo-current density mea-
sured at a fixed potential of 500 mV is approximately 93
and 13 times higher on that catalyst than on the Pt/C and
Ptg.75—Rug 25/C commercial composites, respectively. Further-
more, constant potential electrolyses experiments indicate that
the Pty »5(Ru—Ir)g 75 catalyst is poisoning to a lower extend than
the other catalysts studied, even for long polarization times (8 h).
These results suggest that the addition of Ru and Ir to a Pt catalyst
decreases the poisoning effect of the strongly adsorbed species
generated during methanol oxidation.

Furthermore, the increase in the load of Ru and Ir apparently
improves the catalytic performance of those composites. This
synergic behavior could be presumably due to the activation of
the C—H bonds in methanol and/or the contribution to the water
activation at low potentials displayed by Ir compounds plus
the bi-functional mechanism and/or electronic effects acting in
Pt—Ru catalysts. Consequently, ternary catalysts containing large
concentrations of ruthenium and iridium are very promising to
be used in anodes of direct methanol fuel cells.
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