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bstract

Pt-RuO2 catalysts in the form of pure powder or supported on carbon powder (Vulcan XC72) substrate were prepared by thermal decomposition of
olymeric precursors. Catalysts displaying different metal compositions were prepared in order to investigate the influence of catalyst composition.
RD and EDX analyses were employed to determine the composition and crystallinity of the materials. Catalyst morphology was investigated
y SEM and TEM. Evaluation of the catalytic activity of the materials toward methanol oxidation was performed in half-cell experiments by
yclic voltammetry and in a single direct methanol fuel cell (DMFC). Electrochemical experiments showed that the catalytic activity of the mixed

lectrodes toward methanol oxidation is higher than that of Pt alone. Particle dispersion on the carbon substrate and catalyst composition influences
heir performance toward methanol oxidation. Results indicated a low power density, but the thermal decomposition of polymeric precursors seems
o be a promising method to prepare catalysts supported on carbon powder that can be applied to DMFC.

2005 Elsevier B.V. All rights reserved.
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. Introduction

The electrocatalytic oxidation of methanol has been widely
nvestigated not only because methanol is considered to be a

odel molecule, but also because of the technological interest
n its applications in direct methanol fuel cells (DMFC) [1,2].

Energy production from DMFC is very interesting because
hese fuel cells operate silently and cleanly, which enables their
se in electric vehicles, stationary power plants and portable
evices [3]. Because of these features, DMFCs are promis-
ng candidates to replace H2 as fuel, mainly in applications
here difficulties in handling, transportation, and storage are
oncerned.
Although the thermodynamic reversible potential for the

verall methanol cell reaction (1.214 V) is close to that of the

∗ Corresponding author. Tel.: +55 16 602 3869; fax: +55 16 633 8151.
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ydrogen fuel cell (1.23 V), DMFC achieves high anodic poten-
ial values under operational conditions, yielding lower power
ensity values than those obtained with the H2 fuel cell [2,4].

The low energy provided by DMFC comes from the slow
inetics of methanol oxidation on the anode, which leads to
ecreased cell potential [2]. Platinum is the catalyst generally
sed in the anode. However, when used alone, Pt is poisoned by
dsorbed CO species formed in the reaction and its activity is
educed. In order to improve the fuel cell performance, Pt can be
ombined with other metals, mainly Ru, either as an alloy [5–7]
r as ad atoms [8–10]. It is believed that CO species are oxidized
y OH species generated at lower potentials on the Ru surface
toms than on Pt [9]. Electronic effects [11] due to the presence
f Ru; i.e. changes in the platinum electronic states leading to
he weakening of the CO Pt bond, are also suggested as being

n effect due to addition of Ru.

It has been reported that hydrous ruthenium oxides are
equired for electrodes to achieve high activity toward methanol
xidation. This is because these species can adsorb large
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uantities of OH species at low potentials, besides displaying
ixed proton–electron conductivity [12–14]. Such properties

ould give hydrous ruthenium oxide interesting properties, such
s the ability to function as a co-catalyst for methanol oxidation
15–17].

The role of ruthenium atoms when combined with Pt on
ethanol oxidation is well established [5,9,18–20]. However,

he role of hydrous oxide species still has to be investigated,
o that more efficient materials can be obtained. Some works
bout the electrooxidation of organic molecules on Pt associ-
ted with metal oxides can be found in the literature [21–28],
ut the application of these materials as catalysts in DMFC is
carce [12,13,23,29,30].

In this work, Pt–RuO2/C electrodes have been prepared
y thermal decomposition of polymeric precursors and char-
cterized by X-ray diffraction (XRD), transmission electron
icroscopy (TEM), and cyclic voltammetry (CV). Their electro-

atalytic activity towards methanol oxidation has been verified
n a single DMFC working with methanol solution.

. Experimental

Several Pt–RuO2 catalysts of different compositions (50, 60,
0, 80, and 100% Pt content) were prepared, by thermal decom-
osition of polymeric precursors [31]. The precursor solutions
ere prepared by dissolution of citric acid in ethyleneglycol,
nder stirring at 60 ◦C. The temperature was increased to 90 ◦C,
fter the full dissolution of citric acid, and either the H2PtCl6 or
uCl3 solution (both 1:1, v/v HC1) was added. These solutions
ere prepared in a metal (Pt or Ru):citric acid:ethyleneglycol
olar ratio of 1:4:16.
In order to obtain the catalyst supported on carbon powder

or DMFC, the precursor solutions were mixed to high surface
rea carbon powder (Vulcan XC-72) in the desired proportion.
hey were sonicated for 1 h and further calcinated at 400 ◦C for
h. The final metal loading was 40 wt.%. In order to obtain non-

upported catalysts for comparative studies, another catalyst was
btained without adding the carbon powder to the precursor solu-
ion. The solutions were mixed in an adequate proportion and
alcinated at 400 ◦C. In this way, two kinds of catalysts were
btained: supported on carbon powder and non-supported.

The crystalline structures of the catalyst were studied by XRD
erformed on a SIEMENS D5005 diffractometer using a Cu K�
ource. The X-ray diffractograms were obtained for 2θ values
arying between 20◦ and 70◦.

The mean sizes of the oxide particles were determined from
he X-ray diffractograms, using the Scherer equation and assum-
ng that the particles are spherical

= 0.9λ/B2θ cos θmax

here λ is the X-ray wavelength (1.54056 Å for the Cu K�
adiation), B2θ is the width of the diffraction peak at half-height,
nd θmax is the angle at the peak maximum position.
TEM analysis was performed on a Philips CM 120 equip-
ent. Catalyst samples were suspended in alcohol, homogenized

nd deposited on a standard Cu grid covered with a carbon film.
atalyst morphology and chemical composition were investi-
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o
t
t
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ated by scanning electronic microscopy (SEM) and energy
ispersive X-ray (EDX) analysis, using a Zeiss DSM 940 micro-
cope linked to a Link Analytical QX 2000 microanalyzer, with
he samples immobilized on an Al support.

The surface features of the catalyst and their catalytic
ctivity toward methanol oxidation were evaluated in half-cell
xperiments by cyclic voltammetry, using an Ecochemie Auto-
ab PGSTAT20 potentiostat/galvanostat. All measurements were
arried out at room temperature (22 ◦C), in a 0.5 mol L−1 H2SO4
olution, at 20 mV s−1, using with a reversible hydrogen elec-
rode (RHE) as reference and a Pt wire as the counter-electrode.
he working electrode was prepared by ultrasonically mixing

he catalyst with a solution containing Nafion® ionomer and iso-
ropanol. After the suspension had been homogenized, a given
olume of the catalyst solution was deposited onto a freshly-
olished Au substrate, and the solvent was evaporated at room
emperature. The metal loading on the formed catalyst layer was
lose to 0.07 mg cm−2. The concentration of the methanol solu-
ion was 0.1 mol L−1.

Preliminary tests were carried out in a single DMFC.
lectrodes were prepared by applying the suspension on a
TFE/Vulcan XC-72 diffusion layer deposited onto a carbon
loth, followed by solvent evaporation at 50 ◦C. The final metal
oading was 2.0 mg cm−2. The cathode used in all DMFC mea-
urements was 20% Pt/C from E-TEK.

Electrodes were hot pressed onto a purified Nafion® 117
embrane, at 130 ◦C, for 3 min. The electrode-membrane

ssembly with a 5 cm2 geometric surface area was placed into a
ingle cell, between carbon plates with channels to allow the
ow of both oxygen/air and the methanol solution. The cell

emperature at both the anode and cathode compartments was
onitored by thermocouples. The cell was operated at 90 ◦C,
ith a 2.0 mol L−1 methanol solution flowing at 1.0 mL min−1,

nd oxygen flowing at a 2.5 bar pressure controlled by a Globe
ech station.

. Results and discussion

.1. XRD analyses

Fig. 1 shows the X-ray diffractograms for Pt–RuO2 catalysts
upported on carbon (Fig. 1A) or non-supported (Fig. 1B). The
eaks at 2θ = 40◦, 47◦, and 67◦ are associated to the (1 1 1),
2 0 0), and (2 2 0) planes of the fcc platinum structure, respec-
ively. The peaks at 2θ = 28◦, 35◦, and 54◦ correspond to a crys-
alline material with rutile phase, attributed to RuO2. Another
eak at 2θ = 44◦ can also be seen and may be associated to
he presence of metallic Ru [15,32]. No peak due to Pt oxides
pecies can be observed; only the formation of metallic Pt occurs.
omninellis and Vercesi [33,34] have shown that the formation
f Pt with a high degree of crystallinity is favoured instead of
ts oxide, and this fact can be noted from the presence of high
nd narrow Pt peaks in the diffractograms. The ratio between

he Pt and RuO2 diffraction peaks is proportional to the contents
f Pt and Ru. This can be attributed to the low amount of Ru in
he oxide and to the low crystallinity of RuO2. The calcination
emperature used to prepare the catalysts (400 ◦C) favoured the
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ig. 1. X-ray diffraction patterns for Pt–RuO2 catalysts: (A) non-supported and
B) supported on carbon powder substrate.

ormation of a hydrous RuO2 phase with low cristallinity, and
nly temperatures of ca. 500 ◦C yielded phases with high degree
f crystallinity [15]. This hydration water within the RuO2 struc-
ure gives the catalyst protonic conductivity properties as well as
lectronic conductivity, and such properties could increase the

atalyst efficiency towards methanol oxidation [12,13].

The average particle size was calculated from X-ray diffrac-
ograms using the Pt diffraction peak at 2θ = 40◦. Table 1 shows
hat values vary between 13 and 25 nm, with both the supported

able 1
verage Pt particle size determined by the Scherrer equation

omposition Average particle size (nm)

PtxRu(1−x)Oy PtxRu(1−x)Oy/C

t0.5Ru0.5Oy 15.6 13.4
t0.6Ru0.4Oy 15.9 24.2
t0.7Ru0.3Oy 18.0 25.6
t0.8Ru0.2Oy 16.2 13.8
t1.0Oy 19.1 25.7
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nd non-supported catalysts. These values are high if compared
o those obtained through other preparation methods described in
he literature [15,16]. In this case, the thermal treatment provokes
rystallization and crystal growth, thus increasing the particle
ize.

.2. Morphology

Fig. 2 shows representative micrographs obtained by TEM
or both the supported and non-supported catalysts. The non-
upported catalysts (Fig. 2A) clearly form large agglomerates,
hereas the metal particles are anchored on carbon and homo-
eneously distributed in the supported catalysts (Fig. 2B).

The morphological features were also investigated by SEM
nd there was substantial agreement with the TEM results. Fig. 3
hows a micrograph of the 80% Pt non-supported catalyst, where
he presence of large agglomerates can be observed. Taking
his catalyst as an example, the EDX analysis confirms that
he overall composition (Pt = 76 and Ru = 24) is close to the
ominal one. It is noteworthy that only the whole composi-
ion and not the surface one, can be known from EDX anal-
sis. This homogeneous composition is due to the preparation
ethod used in this work, which keeps the metal inside a poly-
eric chain, avoiding metal loss during the calcination processes

35]. Similar behavior had been observed in a previous work,
here the catalysts were prepared on a Ti plate substrate using

he same method above, ensuring that the polymeric precursor
ethod led to uniform and homogeneous films with controlled

toichiometry, as well as high chemical and physical stability
36].

.3. Electrochemical characterization of the catalysts

The electrocatalytic properties of the catalysts were investi-
ated by cyclic voltammetry in a 0.5 mol L−1 H2SO4 solution, at
0 mV s−1. Fig. 4 shows representative voltammograms of the
on-supported mixed catalysts, which present a similar behav-
or to that of polycrystalline Pt with well-defined hydrogen
dsorption/desorption peaks and Pt oxidation/reduction regions.
dditionally, there is some process occurring in the double-layer

egion. This increase in current has been previously observed
ith Pt–RuO2 catalysts [36,37], and it can be attributed to the

ransition between the Ru(III) and Ru(IV) oxidation states. Due
o the existence of different Ru oxidation states in this poten-
ial range, ruthenium oxides are able to adsorb large amounts of
H species during the polarization process. They achieve var-

ed metal oxidation states through a mechanism involving proton
xchange with solution [38]

uOx(OH)y + δe− + δH+ � RuOx−δ(OH)y+δ

he voltammetric behavior depends on the Pt content. As
xpected, better definition of the hydrogen peaks and smaller
urrents in the double-layer region are observed for a higher

t content. In contrast, hydrogen peaks are not well-defined and
urrents in the double-layer region are higher in the case of lower
mounts of Pt. Such increase in the double-layer currents indi-
ates that the Ru sites are exposed to the solution, contributing to
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Fig. 2. TEM images of Pt0.8Ru0.2Oy electrode containing: (A) non-supported catalysts and (B) catalysts supported on carbon powder.

Fig. 3. SEM micrographs of Pt0.8Ru0.2Oy electrode. (A) Amplification: 500× and (B) amplification: 2000×.
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Table 2
Maximum power density obtained for each catalyst at the respective current
density

Electrode
composition

PtxRu(1−x)Oy PtxRu(1−x)Oy/C

mW cm−2 mA cm−2 mW cm−2 mA cm−2

Pt1.0Oy 7.1 60 7.2 60
Pt0.5Ru0.5Oy 16.4 120 16.1 100
Pt0.6Ru0.4Oy 15.4 100 32.8 200
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ig. 4. Representative voltammograms at 20 mV s−1 of Pt–RuO2 electrodes in
0.5 mol L−1 H2SO4 solution.

he surface electrochemical behavior and to its ability to adsorb
arge quantities of OH species.

.4. Methanol oxidation

In order to determine whether the catalyst is active toward
ethanol oxidation or not, cyclic voltammetry experiments were

erformed in a 0.1 mol L−1 methanol solution.
Fig. 5 shows the voltammetric behavior of the non-supported

t0.8Ru0.2Oy catalyst. For all the electrocatalysts tested, the cur-
ent values in the hydrogen region decrease due to methanol
dsorption. At potential values slightly more positive than the
ydrogen desorption process, the oxidation currents increase
ntil a maximum is reached at about 0.7 V. No peak due to

ethanol oxidation appears in the cyclic voltammogram of pure
uO2 (without Pt).

Although electrode composition and particle dispersion have
significant electrocatalytic influence on the behavior toward

ig. 5. Cyclic voltammogram of the Pt0.8Ru0.2Oy electrode at 20 mV s−1

n a (—) 0.5 mol L−1 H2SO4 solution, and in a (- - -) 0.5 mol L−1

2SO4 + 0.1 mol L−1 methanol solution.
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t0.7Ru0.3Oy 13.0 80 5.3 40
t0.8Ru0.2Oy 18.8 140 23.1 140

ethanol oxidation, the general features of the voltammetric
urves are similar for all catalysts, either non-supported or
upported on carbon powder. This fact is better confirmed by
reliminary experiments performed in a complete fuel cell.

Fig. 6 reports the cell voltage versus current density curves for
oth the non-supported (Fig. 6A) catalysts and the carbon sup-
orted catalysts (Fig. 6B), for various electrode compositions.
able 2 gives the maximum values of power density obtained at

he respective current density for each catalyst.
Comparing the electrocatalytic activities of electrodes of dif-

erent compositions, higher power densities are obtained for
atalysts dispersed on carbon powder, mainly Pt0.6Ru0.4Oy/C,
hich leads to the highest value (∼33 mW cm−2 at
00 mA cm−2). Moreover, all mixed catalysts present better per-
ormance than that of the Pt electrode alone, indicating that
uO2 has a crucial contribution toward methanol oxidation.
ifferences in the performance of the electrodes with different

ompositions are a consequence of several factors. It is impor-
ant to remember that the current values are not normalized to
he real surface area, but to the geometric area. This implies that
he observed maximum may be due to (i) a better distribution
f Ru in adjacent sites of Pt particles, which may increase the
ifunctional mechanism, (ii) an enhancement in the Pt activity
ue to electronic effects, and (iii) an increase in the surface area
vailable for occurrence of the adsorption process. The observed
atalytic activity must be analyzed as an overall activity and not
nly as an intrinsic activity.

As expected, the catalytic activity is also dependent on par-
icle dispersion. The performance of the catalysts prepared by
ispersion on carbon powder is higher than that oft the non-
upported materials, which can be attributed to better parti-
le distribution on the carbon support. Despite the lower per-
ormance of the non-supported catalyst, a higher activity is
bserved for mixed catalysts when compared to Pt alone, sug-
esting that RuO2 is necessary to achieve better electroactivity,
s proposed by Rolison and co-workers [12,13].

Although a density value of 33 mW cm−2 was obtained with
t0.6Ru0.4Oy/C, such value is considered to be too low for a
MFC [1,2]. Indeed, the low efficiency of the catalyst is due

o the preparation method, which led to poor dispersion of the
etallic particles on the carbon substrate, as seen in the previous

icrographs (Figs. 2 and 3). Knowing that the electrocatalytic

fficiency is related to the preparation conditions, the choice of
he synthetic method must aim at good particle dispersion on
he support, decreasing the particle size and thus increasing the
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ig. 6. E vs. i curves recorded in a single DMFC operating with a 2.0 mol L−1

arbon powder.

eal surface area and the number of catalytic sites necessary for
he adsorption of OH species.

Further studies will be carried out by modifying the syn-
hetic conditions, such as the annealing temperature and reagent
oncentration, in order to improve the method toward smaller
article sizes and better particle dispersion on the carbon pow-
er.

. Conclusion

In this work, the preparation and characterization of Pt–RuO2
owder catalysts prepared by thermal decomposition of poly-
eric precursors has been reported. The synthetic method

mployed herein allowed the easy preparation of materials appli-
able to DMFC anodes.

Two kinds of catalysts were prepared, non-supported and
upported on a carbon powder substrate. Both types presented
tructures recognized as being due to Pt and RuO2 by XRD anal-
sis, and controlled stoichiometry was confirmed by EDX anal-
sis. Micrographs showed that the non-supported catalysts are
rranged in large agglomerates, whereas the metallic particles
re anchored on the carbon powder substrate in the supported
atalysts.

Electrochemical measurements in half-cell and in a com-
lete fuel cell showed the contribution of RuO2 toward methanol
xidation. Different electrode performance as a function of cat-
lyst composition and dispersion was observed. The best power
ensity (33 mW cm−2 at 200 mA cm−2) was obtained with the
t0.6Ru0.4Oy/C electrode.

Even though the synthetic method proposed in this prelimi-
ary study did not greatly improve the catalytic activity, results
ndicate that the thermal decomposition of polymeric precursors
s a promising route for the production of catalysts supported on

arbon powder applicable to DMFC. The improvement of the
atalytic activity may be obtained by changing the calcination
arameters like temperature and calcination time. Another way
o improve material performance is to optimize the composi-

[

[
[

nol solution using: (A) non-supported catalysts and (B) catalysts supported on

ion of the precursor solution. These investigations are currently
eing carried out in our laboratory.
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