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Abstract

A detailed description of the preparation, characterization and electrochemical performance towards methanol and ethanol oxidation in acid
medium of a platinum–ruthenium oxide carbon powder composite is presented here. The composite was prepared by the sol–gel technique
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nd fixed on the surface of a boron-doped diamond (BDD) electrode. The physical characterization by XRD and EDX revealed the crystalline
ature of the catalysts particles having an average size of 7.2 nm and a mass ratio of practically 1:1 for Pt and Ru, in accordance with the
reparation conditions. Initial electrochemical experiments using also glassy carbon as the substrate for the composite showed that BDD has a
uperior performance, probably related to the very low capacitive currents of that material. The oxidation of methanol and ethanol in H2SO4

olutions was studied by cyclic voltammetry, Tafel plots and chronoamperometry and the results were compared to those obtained using a
ommercial Pt/C powder composite under the same conditions. In all cases, the Pt–RuO2/C composite showed larger anodic current densities
nd increased stability than the other material thus confirming the suitability of the simple and straightforward preparation technique for the
atalysts.

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

Platinum–ruthenium carbon powder composites with differ-
nt compositions have received attention in the last years as high
pecific surface anodes to be used in direct alcohol fuel cells
1–10]. Different techniques have been proposed to effectively
isperse such catalysts on the carbon black powder substrate,
uch as the use of specific organo-metallic precursors [11], ultra-
onic dispersion [12] or the preparation and deposition of special
olloidal solutions [13,14].

The sol–gel coating technique, mainly used for flat surface
ubstrates [15–17], has been recently adapted by Suffredini et
l. [18] to easily prepare electrochemically active Pt–RuO2/C
lectrodes. The experimental results obtained with these com-
osites supported on glassy carbon (GC) have shown a higher
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activity toward methanol electro-oxidation than the commercial
state-of-art catalysts with similar Pt–Ru loading. It should be
stressed here than glassy carbon (GC) substrates exhibit good
stability, as opposed to other electrode materials like titanium
and gold that form oxides at high anodic potentials.

Meanwhile, an innovative material, the boron-doped dia-
mond (BDD), has been recently proposed as support for the
electrochemical characterization of the chemically and electro-
chemically deposited platinum particles [19]. The BBD specific
properties are due to its allotropic form respect to the pyrolytic
graphite and vitreous carbon [20]. It shows a very large elec-
trochemical potential window [21–23] and consequently a low
background current is expected when BBD is used as support of
the prepared Pt–RuO2 composite. This characteristic is accom-
panied by enhanced mechanical stability and high corrosion
resistance even when the electrode is subjected to high current
density [24,25]. Moreover, a considerable reduction of its charge
transfer resistance can be obtained by a cathodic polarization
pre-treatment [26].
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Thus, the aims of this work are: (i) to use BDD as the substrate
of a Pt–RuO2/C composite electrode prepared by the sol–gel
technique for the oxidation of methanol and ethanol in acid
solution and to compare its performance with a commercial
Pt/C powder; (ii) to extend the electrochemical characteriza-
tion thereof using cyclic voltammetry, chronoamperometry and
Tafel plots and (iii) to further characterize the physical struc-
ture of the Pt–RuO2/C composite catalyst using XRD and EDX
techniques.

2. Experimental

2.1. Reagents and apparatus

All electrochemical experiments were performed at room
temperature in a Pyrex® glass cell provided with three elec-
trodes. The reference electrode was a hydrogen system in the
same solution (HESS) and the auxiliary was a 2 cm2 Pt foil. The
boron-doped diamond substrate was purchased from the Cen-
tre Suisse d’Electronique et de Microtechnique SA (CSEM),
Neuchâtel, Switzerland. This material was prepared using the
hot filament chemical vapor deposition (HF-CVD) technique
with a filament temperature in the range 2440–2560 ◦C and a
gaseous mixture containing methane, H2 and trimethylboron.
The final boron content was of the order of 4500–5000 ppm. The
preparation procedure of the working electrode is explained in
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catalyst load was fixed in 10% w/w, with respect to the carbon
powder. These deposits were made by a sol–gel technique using
the organo-metallic solutions described in the previous section.

The deposits were made according to Ref. [18]. Thus, the
dry carbon powder (0.13 g) was placed in a beaker and a small
amounts of the mixed organo-metallic solutions (1–2 cm3), was
added to the powder, thereby producing a “black mud” without
excess of liquid. After the quasi-total evaporation of the liquid
in the “black mud” (at room temperature) further amounts of
1 cm3 were added. This procedure (polymerization step) was
repeated until reaching 10% of total catalysts load. The carbon
powder impregnated with the organo-metallic compounds was
then subjected to a thermal treatment at 400 ◦C for 1 h under
argon atmosphere. The final system was a composite containing
Pt, Ru and C.

2.3. Anchoring of the composite on the BDD substrate

Both, the composite containing Pt, Ru and C and the commer-
cial Pt/C powder were fixed onto the surface of a BDD electrode
following the procedure of Schmidt et al. [27]. Firstly, the 5 wt%
Nafion solution was diluted 10 times in deionized water. Then,
0.008 g of the powder was added to 1 cm3 of water and 0.20 cm3

of the diluted Nafion® solution. The resulting system was placed
in an ultrasonic bath for 3 min to disperse the powder in the
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he next two subsections (Sections 2.2 and 2.3). The support-
ng electrolyte was a 0.5 mol dm−3 H2SO4 solution (Merck®)
lso containing 1.0 mol dm−3 methanol or ethanol (Synth®). The
lectrochemical measurements were carried out using an EG&G
rinceton PAR Potentiostat/Galvanostat model 273A. The X-ray
iffraction (XRD) analysis of the composite was performed on
Rigaku Rotoflex RU 200B with the Cu K� radiation. A Link
nalytical QX-2000 microanalyzer was used to perform energy
ispersive X-ray (EDX) analysis of the composite.

Two organo-metallic sol–gel solutions of Pt(II) and Ru(III)
nd carbon black powder are required for the production of
he Pt–RuO2/C composite. The platinum solution was pre-
ared adding 0.0099 g of the Pt(II) acetylacetonate (Aldrich®) to
5 cm3 of a liquid mixture constituted by ethanol (Synth® 98◦)
nd acetic acid (Merck® P.A.) 3:2 (v/v) while the ruthenium solu-
ion was prepared using the same procedure but adding 0.0098 g
f the Ru(III) acetylacetonate (Aldrich®). The sol–gel solutions
ere subjected to an ultrasonic treatment (Thorniton® Sonica-

or) for 5 min (homogenization step). The final concentration of
hese two organo-metallic solutions was 1.0 × 10−3 mol dm−3.
he carbon black powder was a Vulcan® XC72R. A 5% com-
ercial Nafion® solution (5 wt% in low aliphatic alcohols) was

urchased from Aldrich®. For comparative experiments, a com-
ercial Pt/C (Etek Inc., USA) powder containing 10% of plat-

num was also used.

.2. Composite preparation

The composite containing Pt, Ru and C was prepared using
fixed proportion of metals (50% Pt–50% Ru, w/w) and the
ulcan® XC72R carbon powder as the substrate. The total
olution. Finally, 0.02 cm of the obtained dispersion were trans-
erred onto a BDD electrode with geometric area of 0.125 cm2.
he deposited suspension was then dried for 60 min at 80 ◦C to
omplete evaporation of the solvents, thereby obtaining a thin
ayer of the catalyst powder fixed onto the diamond electrode.

. Results and discussion

.1. Structure and composition of the Pt–RuO2/C composite

Fig. 1 shows the X-ray diffraction (XRD) pattern for the
omposite containing Pt, Ru and C and prepared by the sol–gel
echnique. The presence of polycrystalline Pt (JCPDS #04-0802)
s revealed by the peaks in 2θ values at around 39, 46 and 67◦.
he corresponding crystal planes are (1 1 1), (2 0 0) and (2 2 0),

espectively, and are in agreement with previous results for the

ig. 1. XRD pattern taken at 2◦ min−1 for the Pt–RuO2/C composite. The peaks
arked with (�) reveal the RuO2 presence in the sample. The different peaks for

olycrystalline Pt and the carbon presence are directly indicated in the graph.
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Fig. 2. EDX spectrum for the Pt–RuO2/C composite. The carbon response was
omitted, due to the very intense signal if compared to the metals. The quantitative
analysis revealed that the proportion of metals on the sample was approximately
50–50% of Pt and Ru.

synthesis of similar powder composites using different deposi-
tion techniques [28,29].

The Bragg angles marked with (�) in Fig. 1 are related to
RuO2 [30] (JCPDS #43-1027) but the experimental results show
a small shift of Bragg angles toward higher values with respect to
the expected ones. These shifts are a consequence of some degree
of Pt–RuO2 alloying [31], which is probably resulting from the
sol–gel deposition technique. The average size of crystallites has
been calculated as being 7.2 nm using the WinFit 1.2 software
and the Scherrer relationship. Although the calculated value is
just an approximation, it has been shown in previous studies
that the present estimate is in good agreement with the particle
size determined by Transmission Electron Microscopy (TEM)
[32,33]. Moreover, such small value indicates that the sol–gel
technique is very adequate for producing nano-structured cata-
lysts.

Fig. 2 shows the EDX spectrum of the Pt–RuO2/C compos-
ite after suppressing the signal due to carbon. The platinum and
ruthenium values taken as an average of three different points
of the sample are 50.4 and 49.6% (w/w), respectively. The mea-
sured Pt/Ru ratio is in very close agreement with that used in the
sol–gel preparation of the composite.

3.2. Catalytic properties of the Pt–RuO2/C composite
supported on BDD
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Fig. 3. Cyclic voltammetric responses of the Pt–RuO2/C composite fixed
on boron-doped diamond (full line) and on glassy carbon (dotted line) for
the oxidation of 1.0 mol dm−3 methanol in 0.5 mol dm−3 H2SO4. The insert
shows the region of capacitive responses for both electrode configurations,
ν = 10 mV s−1.

coincident while a large difference is observed for the GC case.
Since both tests used the same Pt–RuO2/C catalyst, the differ-
ences should be attributed to the substrate and probably reflect
the larger capacitive effect of the GC already discussed. There-
fore, in addition to the larger oxidation currents, the use of BDD
practically eliminates the substrate contribution and the response
of the electrode is only dependent on the catalyst.

Methanol and ethanol oxidation responses for the Pt–RuO2/C
catalyst on BDD can be observed in the cyclic voltammetric
studies at 10 mV s−1 presented in Fig. 4(a and b), respectively.
Also included in those figures are the responses of a commer-
cial 10% Pt/C catalyst on BDD, for comparison. The electro-
chemical responses of the blank solution are also included in
those figures and show that in the potential range from 0.05 to
100 mV versus HESS a small signal for the Pt–H desorption
and adsorption process is observed. This is probably due to the
inhibitory presence of ruthenium on the platinum surface while
no other faradaic processes can be detected outside that potential
range.

The oxidation of methanol (Fig. 4(a)) starts at approximately
380 mV versus HESS for both materials and these results are in
close agreement with previous ones obtained using a Pt–Ru/C
composite synthesized using carbon nanotube as substrate [34].
It is also worth noticing that the current density values in
the forward and backward scans of the voltammogram for the
Pt–RuO /C composite are larger than those of the Pt/C com-
m
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Initial electrochemical tests were carried out to compare the
esponse of the Pt–RuO2/C composite fixed on either BDD
r glassy carbon (GC). The cyclic voltammetric responses for
oth configurations recorded at 10 mV s−1 in a 1.0 mol dm3

H3OH + 0.5 mol dm3 H2SO4 solution are presented in Fig. 3.
o allow a proper comparison with literature values, current
ensities were calculated in terms of the amount of Pt in the
atalyst sample. The insert of Fig. 3 clearly shows that the
apacity in the potential range 100–400 mV versus HESS for
C (1.26 × 10−5 C) is considerably larger than that of BDD

2.69 × 10−6 C) thus partially justifying the better performance
hen using the BDD substrate. In the potential region of
ethanol oxidation, Fig. 3 shows that the Pt–RuO2/C com-

osite on the BDD substrate presents a higher current density
han the same system on GC for both the forward and reverse
cans as well as for the peak. Thus, at the specific potential
f 720 mV versus HESS, this value is 16% higher for the first
onfiguration.

On the other hand, an interesting difference is observed
etween the two complete voltammograms of Fig. 3 since for
he BDD substrate the forward and backward lines are almost
2
ercial powder and very close to each other. This suggests the

bsence of an inhibitory or poisoning effect by adsorbed CO in
he former case possibly due to the effective incorporation of
uO2 by the sol–gel technique. Meanwhile, these assumptions
ill require further investigations.
In the case of ethanol oxidation (Fig. 4(b)), the responses for

oth materials are quite different and more complex than in the
revious case. Thus, both materials revealed the presence of a re-
ctivation process on the catalyst surface but for the Pt–RuO2/C
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Fig. 4. Voltammetric oxidation of methanol (a) and ethanol (b) 1.0 mol dm−3 in
0.5 mol dm−3 H2SO4 on Pt–RuO2/C (full lines) and Pt/C (traced lines) compos-
ites fixed on BDD. The baselines (dotted lines) are also included for comparison,
ν = 10 mV s−1.

composite the oxidation of ethanol starts at much lower poten-
tials than for the Pt/C powder. Moreover, the current density for
the composite remains fairly large for an extended potentials
interval indicating a multi-step process as well as an expressive
oxidation of the intermediates in the backward scan of the cyclic
voltammogram.

A very convenient way of comparing the performance of
different electrode materials for a given process is the use of
steady-state polarization curves and the corresponding Tafel
plots. This innovative procedure allows a clear and pictorial view
of two important parameters, namely the starting potential and
the current density value for the systems under investigation.
Thus, Fig. 5 shows the Tafel plots carried out in the potentio-
static mode for methanol and ethanol oxidation processes on
both materials (Pt–RuO2/C and Pt/C) fixed on BDD and using
the same electrolyte solutions as before.

It is clear from Fig. 5 that the Pt–RuO2/C composite has a bet-
ter performance than Pt/C regarding starting oxidation potentials
and current densities. For methanol oxidation on the compos-
ite, the Tafel plot has a slope (b) of ca. 120 mV dec−1. In a
recent investigation under similar experimental conditions but
using a commercial Pt–Ru/C powder, a value 124 mV dec−1 was

Fig. 5. Tafel plots recorded in the galvanostatic mode for 0.5 mol dm−3 CH3OH
(circles) and 0.5 mol dm−3 CH3CH2OH (stars) oxidation in 0.5 mol dm−3

H2SO4 on Pt/C (curves a and b) and Pt–RuO2/C (curves c and d) composites
fixed on BDD.

reported for methanol oxidation in acid medium and the follow-
ing mechanism was proposed [35]:

CH3OH → CO(ads.) + 4H+ + e− (1)

CO(ads.) + H2O → CO2 + 2H+ + 2e− (2)

Assuming that the first electron transfer (Eq. (1)) is the rate-
determining step, the expected theoretical value for b should be
118 mV dec−1 [35], in very close agreement with the experi-
mental value determined here.

For the oxidation of ethanol on the Pt–RuO2/C composite
electrode the b value is ca. 140 mV dec−1. However, in this
case the existing mechanism is extremely complex [36] and still
requires further experimental evidences to allow for the estab-
lishment of the rds thus allowing for theoretical calculations of
the Tafel slope value (b).

Chronoamperometric experiments were carried out to
observe the stability and possible poisoning of the cata-
lysts under short-time continuous operation. Fig. 6 shows the
current–time curves recorded for the two electrode systems
in 1.0 mol dm−3 CH3OH or CH3CH2OH and 0.5 mol dm−3

H2SO4 solutions at a fixed potential of 550 mV versus HESS.
As expected, a fast decay was observed at the beginning of
the oxidation process while a slower one was observed for
t
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he rest of the experiment. Meanwhile, that initial decay was
uch less pronounced in the case of ethanol for both the
t–RuO2/C composite and the Pt/C powder thus suggesting that
oisoning of the electrode surface is less important for ethanol
xidation.

Slow and continuous current decays have also been observed
y other authors when Pt–Ru systems were studied and different
echanisms were proposed [37]. It was assumed that either both

ecays are related to the presence of impurities in the solution or
hat the fast decay is related to the formation of superior oxides
hile the slow one is due to the poisoning of the material during

he advance of process [38].
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Fig. 6. Current–time responses measured at 550 mV vs. HESS for 0.5 mol dm−3

CH3OH (full lines) and 0.5 mol dm−3 CH3CH2OH (dotted lines) oxidation in
0.5 mol dm−3 H2SO4 on Pt/C (curves a and b) and Pt–RuO2/C (curves c and d)
composites fixed on BDD.

4. Conclusions

The preparation of the Pt–RuO2/C composite by the sol–gel
technique rendered a very efficient electrocatalyst for both
methanol and ethanol oxidation in acid medium when compared
to a commercially available Pt/C powder. This was reflected by
the initial potentials for the processes and the enhanced current
densities as well as by a lower degree of poisoning by undesired
intermediates, probably CO.

Moreover, the sol–gel technique produced homogeneous and
nanosized crystalline particles of the desired composition in a
rather simple and straightforward manner. These advantages of
the technique could become very important when the preparation
of large amounts of catalyst powders would be required for fuel
cells manufacturing.

On the other hand, the use of a boron-doped diamond elec-
trode as the substrate of the catalysts powders proved to be more
efficient than other materials such as glassy carbon, an effect
that could be attributed to the lower capacity currents shown by
the BDD and perhaps to a better distribution of the powder on
their surface.
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[7] E.V. Spinacè, A.O. Neto, T.R.R. Vasconcelos, M. Linardi, J. Power
Sources 137 (2004) 17–23.

[8] W. Zhou, Z. Zhou, S. Song, W. Li, G. Sun, P. Tsiakaras, Q. Xin, Appl.
Catal. B: Environ. 46 (2003) 273–285.

[9] L. Gao, H. Huang, C. Korzeniewski, Electrochim. Acta 49 (2004)
1281–1287.

[10] S.Lj. Gojkovic, T.R. Vidakovic, D.R. Durovic, Electrochim. Acta 48
(2003) 3607–3614.

[11] T. Okada, Y. Suzuki, T. Hirose, T. Ozawa, Electrochim. Acta 49 (2004)
385–395.

[12] M. Umeda, M. Kokubo, M. Mohamedi, I. Uchida, Electrochim. Acta 48
(2003) 1367–1374.

[13] A. Oliveira Neto, E.G. Franco, E. Aricó, M. Linardi, E.R. Gonzalez, J.
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