
A

o
w
c
e
©

K

1

o
r
r
a
t
l
t
c
e
s
w

p
p
t
g
a
b
t

0
d

Journal of Power Sources 159 (2006) 869–877

Preparation and characterization of supported Pt–Ru
catalysts with a high Ru content

Luciano dos Santos, Flavio Colmati, Ernesto R. Gonzalez ∗
Instituto de Quı́mica de São Carlos, USP, C.P. 780, 13560-970 São Carlos, SP, Brazil

Received 17 November 2005; accepted 15 December 2005
Available online 23 February 2006

bstract

Pt–Ru nanoparticles supported on high surface area carbon were synthesized by reduction of the precursors with sodium formate, a modification

f the reduction method with formic acid developed in this laboratory, which allows the incorporation of higher amounts of Ru. The catalysts
ere characterized by EDX and XRD. Electrochemical experiments involved cyclic voltammetry, linear sweep voltammetry and current–potential

urves for the oxidation of hydrogen and carbon monoxide using an ultrathin layer rotating disc electrode. Levich and Tafel plots were used to
xamine the mechanism of the reactions. The results were compared with those obtained using a commercial Pt–Ru catalyst.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Fuel cells are electrochemical energy converters that can
perate with high efficiencies without contaminating the envi-
onment. They operate by oxidizing a fuel at the anode and
educing atmospheric oxygen at the cathode, and the electrodes
re separated by an ion conducting medium [1]. Low tempera-
ure fuel cells (<200 ◦C) require the use of efficient electrocata-
ysts in order to accelerate the rate of the reactions and among
he different types [2], the proton exchange membrane fuel
ells (PEMFC) are the most promising for vehicles and portable
quipment because they are characterized by high power den-
ities. These fuel cells can oxidize hydrogen or low molecular
eight alcohols [3].
PEMFCs operating with pure hydrogen can deliver high

ower densities. However, the hydrogen fuel is expensive and
resents technological problems of production, storage and dis-
ribution. Additionally, the cheapest way of producing hydro-
en is the catalytic reforming of other fuels, which produces

hydrogen contaminated with unacceptable amounts of car-

on monoxide. Because of this, intensive research is devoted to
he direct use of methanol as a fuel (direct methanol fuel cell,

∗ Corresponding author. Tel.: +55 16 3373 9899; fax: +55 16 3373 9952.
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MFC). Methanol is much easier to handle, can be produced
rom renewable sources and the DMFC has a theoretical cell
otential of 1.21 V at room temperature, very near the value of
.23 V of the PEMFC. The two main problems of the DMFC are
he slow kinetics of the electro-oxidation of methanol and the
act that methanol can migrate across the proton exchange mem-
rane toward the cathode compartment where it can be oxidized,
educing the efficiency of the cell. Even with these restrictions,
MFCs are getting near the goal of delivering a power density
f 0.3 W cm−2.

The most widely used catalysts in low temperature fuel cells
re platinum and platinum-based alloys. However, the oxygen
eduction reaction and the oxidation of methanol are slow on
hose catalysts and efforts are being made to improve the kinetics
f the reactions. The main problem with anode catalysts based
n Pt is the strong adsorption of CO on Pt. As stated above,
O contaminates industrially produced hydrogen and it is also

ormed as an intermediate in the electro-oxidation of methanol
4]. Because of this, the oxidation of CO on platinum-based
aterials has been studied for many decades [5]. The effect of

he presence of CO is such that 5 ppm can reduce in 50% the
fficiency of a fuel cell operating with a fast reaction like the

xidation of hydrogen on platinum [6] (the exchange current
ensity is 3.16 mA cm−2 at pH 0.5).

One of the usual ways of improving the tolerance of platinum
o CO is to alloy it with transition metals. The most widely
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nvestigated material of this type is the Pt–Ru alloy [7–13] and
o a lesser extent Pt–Sn [12], Pt–Re [14], Pt–Mo [15,16] and also
ome ternary materials, like Pt–Ru–Sn [17]. One of the problems
ith these alloys is the instability under continuous operation.
Igarashi et al. [18], classified the transition metals into three

roups with Ru belonging to the group of the most active mate-
ials. More specifically, Hou et al. [16] showed that Pt–Ru/C
ith a metal atomic composition 50:50 and 20 wt.% on car-
on presents the highest activity for the oxidation of CO. This
as been attributed to the formation of hydrated oxides on the
u, which facilitate the oxidation of CO [17,19]. Several binary
lloys operate through a bifunctional mechanism. Oxygenated
pecies nucleate on the second metal, at lower potentials than on
latinum, and promote the oxidation of CO adsorbed on Pt sites,
eaving free sites for the anodic oxidation of the fuel [20,21].

It is well known that CO adsorbs on platinum in three main
onfigurations: the linear form, involving one platinum atom per
O molecule, the bridge form, involving two platinum atoms per
O molecule and the three-fold form, involving three platinum
toms per CO molecule [22].

Pt–Ru catalysts were synthesized previously in this labora-
ory by reduction of the precursors with formic acid [23], but
his resulted in materials with relatively low Ru contents (up
o 25 at.%). In this work, the method was modified in order to
btain Pt–Ru catalysts with higher Ru contents. These materials
ere characterized by physical methods and it was considered
f interest to characterize them electrochemically with respect
o the hydrogen and carbon monoxide oxidation reactions.

. Experimental

.1. Preparation of the Pt–Ru/C catalysts

A method to prepare Pt/C [23] and binary catalysts like
t–Sn/C [24] and Pt–Co/C [25] through the reduction of precur-
ors with formic acid was developed in this laboratory. However,
hen used to synthesize Pt–Ru/C it was not possible to prepare
aterials with Ru content greater than 25 at.%. One possible

xplanation for this limitation is that formic acid has a dissoci-
tion constant of 1.8 × 10−5, so there is a low concentration of
he reducing agent, the formate anion. Furthermore, the value
f the reduction potential and the oxidation state of any element
epends on the pH according to the Nernst equation [26]:

red = E◦
0 + 2.3RT

nF
log

(aA)a

(aB)b − 2.3RT

F

m

n
pH (1)

here a is the activity of the reactants, E◦
0 is the standard poten-

ial and m, n, a and b are the stoichiometric coefficients of a
eneral reaction as aA + mH+ + ne− → bB + cH2O, and the other
arameters have the usual meaning.

For the present case of reduction of Ru3+ (from the precursor
uCl3) to metallic Ru, at 25 ◦C and in aqueous solution, the

ependence of the reduction potential on the pH is given by
26]:

red = −0.738 + 0.0591 pH (2)

d
t
w
c
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nd the dependence of the oxidation potential on the pH for the
onversion of formic acid to carbon dioxide, under the same
xperimental conditions, is given by [27]:

ox = 0.249 + 0.0591 pH (3)

hus, in this work, the pH of the formic acid solutions was
ncreased to 14 by the addition of sodium hydroxide, converting
ll the undissociated formic acid into formate. This solution, in
constant-temperature bath at 80 ◦C, was used to impregnate

arbon powder (Vulcan XC-72, Cabot, 240 m2 g−1, thermically
reated in a tubular furnace at 850 ◦C, in an Argon Atmosphere
or 5 h). Then, solutions of RuCl3·xH2O and H2PtCl6·6H2O
n the chosen proportions were slowly added to the formate-
mpregnated carbon and the dispersion was maintained under
tirring until complete reduction of the metals. The resulting
upported catalyst was then filtered and washed.

Syntheses were done at different pH’s. The precursors con-
entration ratio was difficult to adjust quantitatively due to
nknown water contents in the salts but roughly the amounts
sed should produce theoretically a 50:50 atomic ratio of the
etals. Furthermore, the same amounts of precursors were used

or all syntheses. It was observed that at pH 10 the reduction
f Ru ions was not complete. By rising the pH to 14 then the
eduction of Ru ions was indeed complete. For the sake of sim-
licity this preparation procedure will be called sodium formate
ethod (SFM).
After filtering, part of each catalyst was submitted to a ther-

al treatment (TT) at 300 ◦C for 1 h, in a reducing hydrogen
tmosphere. The TT was designed to prevent a segregation of
u and to promote a possible alloy formation between the met-
ls.

.2. Characterization of the catalysts

The Pt and Ru contents of the catalysts were determined by
DX using a Zeiss Digital Scanning Electron Microscope DSM
60 with a microanalyser Link Analytical QX 2000 with an
lectron beam of 63 keV.

The average metal particle size and the lattice parame-
er were determined by XRD using an universal diffractome-
er Carl-Zeiss-Jena URD-6 operating with Cu K� radiation
λ = 0.15406 nm) generated with 40 kV and 20 mA. The scan-
ing was done at 3◦ min−1 for values of 2θ between 30◦ and
00◦.

.3. Preparation of the working electrode

The ultrathin layer working electrode was prepared by apply-
ng 30 �L from a suspension of the catalysts, dispersed ultra-
onically in ultrapure water, on a glassy carbon disk (0.374 cm2

eometrical surface area) embedded on a PTFE support [28]. In
ll cases the catalyst applied contained 28 �g Pt cm−2. A small

rop of 5% Nafion® solution was applied on the catalyst to fix
he powder and ensure ionic conductivity. Then, the electrode
as dried under vacuum and transferred to the electrochemi-

al cell covered with a drop of ultrapure water to protect the
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atalytic surface and immersed under potential control at 0.05 V
n a nitrogen-saturated 0.5 mol L−1 H2SO4 electrolyte. Using
his method, the catalyst layer has a thickness of only 0.5 �m,
hich according to Schmidt et al. [28] should not introduce mass

ransport effects.

.4. Electrochemical studies

The electrochemical studies were carried out in a three-
lectrode cell using a reversible hydrogen electrode as reference
nd a platinum grid electrode as secondary electrodes. The cell
as controlled with an Autolab potentiostat PGSTAT 30. In the
DE experiments the working electrode was rotated in the range
00–2500 rpm using a PINE Instruments AFCPRB rotator.

Cyclic voltammetry (CV) experiments were carried out in
0.5 mol L−1 H2SO4 electrolyte, in the absence of oxygen, at
scan rate of 20 mV s−1 to evaluate the state of the surface

29–31].
Linear sweep voltammetry (LSV) experiments were used to

tudy the oxidation of CO. Maintaining the electrode at 0.05 V,
he solution was saturated with CO by bubbling the gas for at
east 10 min for complete adsorption. The excess CO was elim-
nated by bubbling nitrogen and then the LSV was recorded.

Steady-state current–potential curves were recorded after sat-
rating the electrolyte with H2 or CO under potential control at
.05 and 0.60 V, respectively, and the reagent gas was passed
hrough the solution for the duration of the experiment.

. Results and discussion

.1. Characterization of the catalysts
The EDX analyses showed that with the same concentration
f the precursors the Pt:Ru atomic ratio of the catalyst synthe-
ized at pH 10 was 65:35, while at pH 14 the ratio was 40:60.
ig. 1 shows the EDX spectrum for this last material after the

Fig. 1. EDX spectrum of Pt40Ru60/C SFM TT.
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ig. 2. XRD diffractograms of the Pt–Ru/C SFM TT materials and of Pt–Ru/C
nd Pt/C E-TEK. (�) hexagonal structure refraction peaks of metalic Ru. (
Joint Committee on Powder Diffraction Data (JCPDS) card 6-633.

hermal treatment. The EDX spectrum shows the presence of
uorine, from the PTFE used in the preparation of the sample
nd sodium, probably coming from the NaOH used to rise the
H. One possible explanation for the lower Ru content of the
atalyst synthesized at the lower pH is the formation of Ru(III)
omplexes with formic acid that have been described in the lit-
rature [32]. So it is plausible that, apart from the beneficial
ffect on the reduction potential, the formation of complexes is
nhibited at higher pH’s. The metal content of the catalysts was
3.6 wt.% for Pt65Ru35/C and 25.8 wt.% for Pt40Ru60/C.

Fig. 2 shows the X-ray diffractograms for the two catalysts
ynthesized here and submitted to thermal treatment and also for
he materials Pt/C and Pt50Ru50/C E-TEK, used for comparison.
sing the peak (2 2 0) of the fcc structure, which is not influ-

nced by the broad peak of the carbon support, the particle sizes
ere estimated using Scherrer’s equation [33] and the lattice
arameters estimated using Bragg’s law [34]. Table 1 presents
he results for all the materials and also the lattice parameters of
ure Pt and Ru for reference. The results in Table 1 show that the

aterials submitted to thermal treatment have a larger particle

ize indicating that the thermal treatment induces sintering and
oalescence of the particles. They also show smaller values of

able 1
ean particle sizes, lattice parameters and electroactive areas for the different

upported catalysts

atalyst Mean particle
size (nm)

Lattice
parameter (Å)

Electroactive
area (m2 g−1)

t65Ru35/C SFM 5.1 3.9079 –
t65Ru35/C SFM TT 5.7 3.9005 87.6
t40Ru60/C SFM 4.6 3.9086 –
t40Ru60/C SFM TT 5.2 3.8969 62.8
t50Ru50/C E-TEK [35] 3.2 3.888 129.6
t/C E-TEK [35] 2.9 3.915 –
t metal [35] – 3.9239 –
u metal [35] – 2.7058 –
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The charge corresponding to the oxidation of CO, in the
potential interval between 0.40 and 0.80 V, was used to calcu-
late the electroactive area of the thermally treated SFM catalysts
72 L. dos Santos et al. / Journal of

he lattice parameter, which indicates a contraction of the lat-
ice due to the increase in the amount of Ru in the alloyed state
avored by the high temperature. The results in Table 1 show
hat the Pt40Ru60 material synthesized here has a value larger
han that of the Pt50Ru50 E-TEK. If it is assumed that in this
ast material the two metals are in the alloyed state, it must be
oncluded that in the Pt40Ru60 catalyst part of the Ru is present
ither as metal or in the form of oxides. The diffractogram of this
aterial in Fig. 2 shows clearly the presence of hexagonal Ru

eaks (JCPDS card 6-663), and the presence of oxides cannot
e discarded because they are amorphous and do not show in
he diffractogram.

Pourbaix and Franklin [26] concluded that RuCl3 (used here
s precursor of Ru) is converted into Ru(OH)3 by addition of
lkali in the solution, and this species is stable in water and aque-
us solutions of all pH’s when free from oxidizing or reducing
gents. In the presence of reducing agents, Ru(OH)3 can be eas-
ly reduced to elementary ruthenium, as deduced from Eq. (2).
n order to have a quantitative estimative of conditions during
he synthesis, the reaction potential for the reduction of Ru3+

o metallic Ru and for the oxidation of HCOO− to CO2 were
alculated using the concentrations of the precursors and pH 14
nto Eq. (1) for the following reactions:

Ru(OH)3 + 6 H+ + 6 e− � 2Ru + 6 H2O E = 0.09 V

HCOOH � 3 CO2 + 6 H+ + 6 e− E = 1.08 V

Ru(OH)3 + 3 HCOOH

� 2 Ru + 3 CO2 + 6 H2O E = 1.17 V

he resulting value of 1.17 V is positive enough to favor the
pontaneous reaction. On the other hand, at low pH’s the value
f potential of the overall reaction may reach negative values,
hich does not favor the reduction of Ru3+. So, considering

he conditions of preparation of the catalysts and the presence
f the hexagonal Ru peaks in the diffractogram, it is plausible
o conclude that part of the Ru in the catalyst is present in the

etallic form.

.2. Electrochemical experiments

Fig. 3 shows the cyclic voltammograms (CV) of the catalysts
repared with the SFM and submitted to thermal treatment, in
omparison with Pt–Ru E-TEK. The upper limit of the CVs was
.8 V to prevent any Ru dissolution. The profiles of the voltam-
ograms in the double layer region are similar for the three
aterials and the currents are larger for Pt40Ru60 because of the

ormation of oxygenated species on Ru. It is interesting to note
hat the hydrogen region is more suppressed on the Pt50Ru50/C
-TEK material, as a consequence of a higher degree of alloy

ormation than in Pt40Ru60/C SFM TT. The oxidation of hydro-
en would not be favored on an alloy because the exchange

urrent density on Ru (∼=0.003 A cm−2) is much smaller than
hat on Pt (∼=0.3 A cm−2) [9].

Fig. 4 shows the linear sweep voltammetries for the oxidation
f CO, previously adsorbed at 0.05 V. It is widely accepted that

F
t
H

ig. 3. Cyclic voltammograms of some of the catalysts, obtained with an ultra-
hin layer electrode at 25 ◦C in 0.5 mol L−1 H2SO4 solution.

n Pt–Ru the oxidation of CO to CO2 occurs mainly through a
angmuir–Hinshelwood mechanism [36]. On Pt–Ru the oxida-

ion starts at lower potentials than on Pt because the necessary
xygenated species are formed at lower potentials on Ru. This
s evidenced here by the fact that on Pt40Ru60 CO is oxidized
t lower potentials than on the other materials. Additionally,
t seems that thermal treatments increase the CO tolerance of
t–Ru catalysts [37,38]. Fig. 4 also shows the presence of a
mall second oxidation peak for the Pt40Ru60 material. This sec-
nd peak is near the potential value at which CO is oxidized on
ure Pt and it may indicate the presence of segregated Pt metal
ig. 4. Linear sweep voltammograms for the oxidation of COads on some of
he catalysts, obtained with an ultrathin layer electrode at 25 ◦C in 0.5 mol L−1

2SO4 solution. CO was previously adsorbed at 0.05 V (vs. RHE).
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ig. 5. Steady-state current–potential plots for the oxidation of hydrogen at
ifferent rotation speeds, at 25 ◦C in 0.5 mol L−1 H2SO4 solution.

nd the E-TEK catalyst, assuming a charge of 420 �C cm−2 for
he oxidation of a monolayer of CO. The results, normalized
y the Pt load, are presented in Table 1. It is interesting to note
hat the ratio between the electroactive areas of Pt65Ru35 and
t50Ru50 E-TEK (0.7) correlates well with the inverse ratio of

he corresponding particle sizes shown in Table 1 (0.6). The
ame relationship was observed for Pt40Ru60 and Pt50Ru50 E-
EK, where the ratio between the electroactive areas is 0.5 and

he inverse ratio of the corresponding particle sizes is 0.6. The
ifferences can easily be rationalized in terms of the uncertain-
ies in the values.

Fig. 5 shows the steady-state current–potential curves for the
xidation of hydrogen on the different materials and at differ-
nt rotation speeds. At low potentials the current is controlled
y the activation overpotential. As the potential increases, mass
ransport starts to influence the current until a limiting current,
avored by the low solubility of hydrogen (7.14 × 10−3 mol L−1

8]), is reached. Fig. 5 shows that the limiting current increases
ith the rotation speed and for a purely diffusion controlled

ystem the relationship is given by the well known Levich
quation:
L = 0.62nFAD2/3ν−1/6Cω1/2 (4)

here A is the geometric area of the electrode, D the diffusion
oefficient of the reacting species, ν the kinematic viscosity, and

s
t

a

ig. 6. Levich diagrams for the oxidation of hydrogen on different catalysts, at
5 ◦C in 0.5 mol L−1 H2SO4 solution.

is the rotation speed and the other symbols have their usual
eaning.
Fig. 6 presents the Levich plots for the oxidation of hydrogen,

hich confirm the predictions of Eq. (4), i.e., they are straight
ines going through the origin. This allows to conclude that the
afion® film on the catalyst does not interfere with the diffusion
rocess. According to Schmidt et al. [28] this should be the case
or Nafion® films thinner than 0.5 �m as those used in this work.
he only parameter in Eq. (4) that may depend on the catalyst

s the area A, but as can be observed in Fig. 6, the ratio among
he slopes of the curves has no mathematical relationship with
he ratio among the electroactive areas of the catalysts, indicat-
ng that the limiting current density of the hydrogen oxidation
eaction depends only on the geometric area of the electrode.
his is expected when the thickness of the hydrodynamic layer

s larger than the rugosity of the surface.
Fig. 7 shows the steady-state current–potential curves for the

xidation of CO in a saturated solution of this reactant. Here, the
xidation reaction requires much higher potentials than the oxi-
ation of hydrogen. Also, because the reaction is much slower,
he curves for the different materials and the different rota-
ion speeds are not so well resolved as the curves in Fig. 5.
ssuming that the main path for the oxidation of CO on Pt is a
angmuir–Hinshelwood mechanism, at high potentials and for

he range of rotation speeds used here the reaction is also diffu-
ion controlled and reaches a limiting current. As can be seen in
ig. 7, the potential for the onset of the reaction decreases as the
mount of Ru in the catalysts increases, following the sequence
t40Ru60 < Pt50Ru50 < Pt65Ru35. It can also be observed that for
igh rotation speeds (higher limiting currents) there is a slight
ecrease of the currents at high potentials. This may be a con-
equence of the reduction in available sites for CO oxidation as

he surface is progressively covered with oxygenated species.

Fig. 8 shows the corresponding Levich plots for CO oxidation
nd although they are reasonably linear the straight lines do not



874 L. dos Santos et al. / Journal of Power Sources 159 (2006) 869–877

F
r

g
d
r
f
t

F
i

ig. 7. Steady-state current–potential plots for the oxidation of CO at different
otation speeds, at 25 ◦C in 0.5 mol L−1 H2SO4 solution.

o through the origin as predicted by Eq. (4). Probably, this is
ue to the complexity of the mechanism of the reaction, which

equires the diffusion and adsorption of CO on Pt sites and the
ormation of oxygenated species on Ru sites. It must be reminded
hat Eq. (4) is valid for species that upon reaching the electrode

ig. 8. Levich diagrams for the oxidation of CO on different catalysts, at 25 ◦C
n 0.5 mol L−1 H2SO4 solution.

Fig. 9. (a) Mass transfer corrected Tafel plots assuming reversible kinetics for the
oxidation of hydrogen on Pt65Ru35/C SFM TT, at 25 ◦C in 0.5 mol L−1 H2SO4
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olution. (b) Mass transfer corrected Tafel plots assuming irreversible kinetics
or the oxidation of hydrogen on Pt65Ru35/C SFM TT, at 25 ◦C in 0.5 mol L−1

2SO4 solution.

urface by diffusion react immediately. Furthermore, Lima et al.
39] observed that for the oxygen reduction reaction in alkaline
olution the straight lines of the Levich plots do not go through
he origin. The authors attributed this to contributions to the
urrent not included in the derivation of Eq. (4). Alternatively,
eviations of the behavior predicted by Levich’s equation may
e due to the presence of turbulence in the electrode/electrolyte
nterface caused by the high roughness of the catalyst
ayer.

Using the steady-state current–potential values taken from
igs. 5 and 7 it is possible to construct mass transport corrected
afel plots. But in order to construct these diagrams it is nec-
ssary to assume a priori whether the reaction is reversible or

rreversible.

Fig. 9a and b shows the Tafel plots for the oxidation of
ydrogen at different rotation speeds assuming that the reac-
ion is reversible and irreversible, respectively. Only the plots
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Table 2
Tafel slope for the hydrogen (HOR) and carbon monoxide (COOR) oxidation reactions and the corresponding charge transfer and symmetry coefficients

Catalyst Tafel slope for reversible
HOR (mV dec−1)

Tafel slope for irreversible
COOR (mV dec−1)

Charge transfer coefficient
(α) for COOR

Symmetry coefficient (β)
for COOR

Pt65Ru35/C SFM TT 31.01 196.76 0.3003 0.537
Pt40Ru60/C SFM TT 30.14 136.69 0.4323 0.663
P
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α =
ν

− rβ (5)

for anodic reactions, where n is the number of electrons involved
in the overall reaction, γ the number of electrons transferred
t50Ru50/C E-TEK 30.56 147.41

or Pt65Ru35 are presented because they are representative of
he results for the three materials. Because the current rises very
ast only the values between 0 and 0.035 V could be used to
onstruct the Tafel plots. The plots which assume a reversible
inetics (Fig. 9a) are independent of the rotation speed show-
ng that, as expected, the reaction is fast. The values of the Tafel
lopes are presented in Table 2 and for the three materials they are
ery near 30 mV dec−1. From this value it may be concluded that
he most probable mechanism for the reaction is the reversible
irect discharge [40–42] for the three materials.

As expected, the results are markedly different for the oxi-
ation of CO. Here, current values for potentials between 0.35
nd 0.60 V were used to construct the Tafel plots of Fig. 10a
nd b for Pt65Ru35, which show that the reaction is irreversible.
he values of the Tafel slopes presented in Table 2 are much
igher than those observed for the oxidation of hydrogen and
re consistent with the irreversibility of the reaction. Addition-
lly, the high values of the Tafel slopes are not consistent with
ommon kinetic pathways under Langmuir adsorption condi-
ions. However, Flitt and Bockris [43] observed in their work
bout hydrogen evolution on ferrite with carbide inclusions that
or coverages (θ) between 0.1 and 0.9 the form of the isotherm
nfluences the relationship between current and potential. This

eans a different charge transfer coefficient (α) and hence a dif-
erent slope from those where the hydrogen evolution reaction
ccurs on surfaces constituted of only one element (between
0 and 120 mV dec−1). They observed a Tafel slope larger than
00 mV dec−1 in the presence of additives and a slope of about
80 mV dec−1 in the absence of additives and interpreted their
esults by applying Temkin isotherms, assuming that the hydro-
en evolution in the interface between carbide and ferrite phases
as the rate-determining step, with the mechanism being a cou-
led discharge-atomic recombination on the interfaces of the
eterogeneous surface [43].

The values of the Tafel slope for CO oxidation seem to
epend on the nature of the electrolyte. Arico et al. [44,45]
easured values of 136 mV dec−1 in sulphuric and phospho-

ungstic acids. In Nafion®, Aberdam et al. [46] measured values
s high as 320 mV dec−1, but more recent works [36,47] found,
y two different methods, 210 and 230 mV dec−1. This may
xplain the discrepant values of the Tafel slopes presented in
able 2. Because of the procedure used to make the working
lectrode, the Pt65Ru35 catalyst may have been more covered

y the Nafion® film, so the Tafel slope resulted higher than on
he other two catalysts.

From the Tafel slopes presented here, it is possible to obtain
inetic parameters like the charge transfer and the symmetry

F
t
s
f
s

0.4008 0.600

oefficients (α and β, respectively), which for a complex charge
ransfer reaction are correlated to each other by(

n − γ
)

ig. 10. (a) Mass transfer corrected Tafel plots assuming reversible kinetics for
he oxidation of CO on Pt65Ru35/C SFM TT, at 25 ◦C in 0.5 mol L−1 H2SO4

olution. (b) Mass transfer corrected Tafel plots assuming irreversible kinetics
or the oxidation of CO on Pt65Ru35/C SFM TT, at 25 ◦C in 0.5 mol L−1 H2SO4

olution.
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efore the rate-determining step, r the number of electrons
nvolved in the rate-determining step (0 or 1) and ν is the sto-
chiometric number (the number of times the rate-determining
tep occurs for one act of the overall reaction) [48].

Eq. (5) shows that the charge transfer coefficient depends
n the position of the maximum of the energy barrier of the
ransition state, i.e. the values of the symmetry coefficient, for
he reaction between CO and OH species, which in turn may
epend on the influence of the composition of the material on
he electronic structure of the electrocatalysts. Assuming that the
alues of n,γ ,ν and r are the same for all Pt–Ru compositions, the
nly parameter that may influence the value of α is the symmetry
oefficient.

For the catalyst Pt65Ru35, the Tafel slope of 196.76 mV dec−1

s very close to (2.3RT/0.3F) at 25 ◦C, which corresponds to
ne electron being transferred in the rate-determining step for
reaction occurring on the interphase between two different
aterials, as exemplified by the work of Flitt and Bockris [43].

f it is considered that the rate-determining step is the reaction
etween CO and OH, it is possible to obtain a value of 0.7 for
he symmetry coefficient, β, by using Eq. (5) with an exper-
mental value of 0.3 for α and considering ν equal to 1 turn
f OH adsorption on Ru sites for each turn of CO adsorption
n Pt sites. The values for all the materials are presented in
able 2.

The values of Tafel slope observed for the studied materi-
ls are consistent with the reaction occurring in the interface
etween two different metals or sites (in the present case, CO
n Pt sites and OH on Ru sites) as suggested in the work of Flitt
nd Bockris [43].

. Conclusions

In the synthesis of Pt–Ru alloys via reduction of precursors,
t was demonstrated in this work that an increase in the pH
f the formic acid solutions, forming larger amounts of for-
ate, increases the reducing power allowing the incorporation

f larger amounts of Ru in Pt–Ru materials.
A study of the hydrogen oxidation reaction on Pt–Ru mate-

ials shows that even with a high Ru contents the mechanism of
he reaction is a reversible direct discharge.

The oxidation of CO shows that the onset potential of the
eaction clearly decreases when the amount of Ru increases. The
eaction is irreversible, with high values of Tafel slope that were
nterpreted on the basis of the contribution of the two metals to
orm the reagents.

eferences

[1] V.C.H.K. Kordesch, G. Simader, Fuel cells and Their Applications, Wein-
heim, 1996.

[2] E.A. Ticianelli, G.A. Camara, L.G.R.A. Santos, Quı́m. Nova. 28 (4) (2005)
664.
[3] E.A. Ticianelli, E.R. Gonzalez, Quı́m. Nova. 12 (3) (1989) 168.
[4] M.P. Hogarth, G.A. Hards, Platinum Met. Rev. 40 (4) (1996) 150–159.
[5] S. Gilman, J. Phys. Chem. 68 (1) (1964) 70.
[6] X. Gang, L. Qingfeng, H. Aage, N. Djerrum, J. Electrochem. Soc. 142 (9)

(1995) 2890–2893.

[

[

r Sources 159 (2006) 869–877

[7] H.A. Gasteiger, N.M. Markovic, N.P. Ross Jr., E.J. Cairns, J. Phys. Chem.
98 (1994) 617–625.

[8] H.A. Gasteiger, N.M. Markovic, N.P. Ross Jr., J. Phys. Chem. 99 (1995)
8290–8301.

[9] H.A. Gasteiger, N.M. Markovic, N.P. Ross Jr., J. Phys. Chem. 99 (1995)
16757–16767.

10] S. Mukerjee, J. McBreen, J. Electrochem. Soc. 143 (7) (1996) 2285–2294.
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