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a b s t r a c t

This work presents the synthesis and the structural and electrochemical characterization of novel mixed
OsxRuy(CO)n electrocatalysts for oxygen reduction in 0.5 mol L−1 H2SO4; their monometallic Osx(CO)n

and Ruy(CO)n counterparts were synthesized as well, for comparison purposes. The catalysts were
obtained by thermolysis of Ru3(CO)12 and Os3(CO)12 (either alone or mixed) in three organic sol-
vents: 1,2-dichlorobenzene (b.p. 178–180 ◦C), n-nonane (b.p. 150–151 ◦C) and o-xylene (b.p. 143–145 ◦C),
under reflux conditions. The products were characterized by FT-IR spectroscopy and scanning electronic
microscopy, and their chemical composition obtained by energy-dispersive X-ray spectroscopy. The elec-
trocatalytic activity of the new materials was evaluated by room temperature RDE measurements, using
Electrocatalyst
Oxygen reduction
P
D

the cyclic and linear sweep voltammetry techniques; all of them are methanol tolerant ORR catalysts,
however, the bimetallic clusters, in general, show more favorable characteristics to perform this reac-
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. Introduction

Direct methanol fuel cells (DMFCs) are important energy
roduction devices with advantages over typical H2/air proton
xchange membrane fuel cells (PEMFCs) for certain applications;
hus, they do not require a reformer to operate and possess all the
dvantages of using a liquid, low cost and highly available fuel. How-
ver, DMFCs exhibit a relatively low performance when compared
o hydrogen fuel cells. This fact has been mainly attributed to two
easons: (1) the slower kinetics of the methanol oxidation reaction,
nd (2) the important degree of permeation of the methanol fuel to
he cathode compartment through the polymer membrane of the
MFC (crossover effect); the methanol molecules crossing the mem-
rane are oxidized on the Pt based catalysts usually employed on the
athode to perform the oxygen reduction reaction (ORR), and the
ompetition between such two electrochemical processes results
n an important performance loss of the cell [1–3]. Two solutions
re mainly envisaged for the second problem: the use of polymer
embranes less permeable to methanol between both electrodes
nd/or the use of methanol tolerant (inactive) cathode electrocat-
lysts. The first issue has been explored with limited satisfactory
esults [4,5]. As regards cathode catalysts for fuel cells, Pt based
aterials are the most widely used to date due to their relatively
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nalogues. On this basis, the novel catalysts can be considered as potential
des in PEMFCs and DMFCs.

© 2008 Elsevier B.V. All rights reserved.

high activity for the oxygen reduction reaction, however, as men-
tioned above, they are active to methanol as well [3,6]. Relatively
few cathode catalysts have been reported to show different degrees
of resistance to methanol, namely: Pt-Fe [3] and Pt-Se [7] systems;
Ru based materials, mostly containing Se and/or Mo atoms [8–11];
Os based clusters [12], as well as some mono- and bimetallic tran-
sition metal porphyrins [13–15]. Most of these materials, however,
have been reported to tolerate methanol concentrations not higher
than 1.0 mol L−1.

In this work, we present a new class of bimetallic
osmium–ruthenium carbonyl cluster compounds, i.e. OsxRuy(CO)n,
which are able to perform the oxygen reduction reaction in
0.5 mol L−1 H2SO4, even in the presence of 2.0 mol L−1 methanol
solutions. Such properties render the new materials potential
candidates to be used as cathodes in PEMFCs and as methanol
resistant cathodes in direct methanol fuel cells (DMFCs). For the
sake of comparison, the corresponding monometallic carbonyl
compounds (i.e. Osx(CO)n and Ruy(CO)n, respectively) have been
synthesized as well.

2. Experimental
2.1. Preparation and structural characterization of the catalysts

The novel OsxRuy(CO)n electrocatalysts were synthesized by
reaction of equal number of moles of triosmium dodecacarbonyl
[Os3(CO)12, Aldrich] and triruthenium dodecacarbonyl [Ru3(CO)12,

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:ojimenez@qro.cinvestav.mx
dx.doi.org/10.1016/j.jpowsour.2008.12.021
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ldrich] in three organic solvents (o-xylene, b.p. 143-145 ◦C; n-
onane, b.p. 150–151 ◦C; and 1,2-dichlorobenzene, b.p. 178–180 ◦C)
t their reflux temperatures (all from Aldrich and used as received).
wo different kinds of products were obtained from the syntheses
n 1,2-dichlorobenzene and o-xylene: (1) an insoluble material, sep-
rated by centrifuging the reaction mixture, and (2) a solid product
btained by evaporation of the latter; in contrast, only one kind of
roduct was obtained from the reaction in n-nonane, an insoluble
aterial, also recovered by centrifugation. In all cases, the black-

sh powders obtained were washed with diethyl ether (J.T. Baker)
nd dried at room temperature. The structural characterization of
he new materials was performed by means of diffuse reflectance
T-IR spectroscopy, on a PerkinElmer-GX3 spectrometer, with the
amples dissolved in FT-IR grade KBr. A Philips XL30ESEM micro-
cope was used to obtain scanning electron micrographs and
nergy-dispersive X-ray spectra (EDS) of the catalysts, for surface
orphology and chemical composition studies, respectively.
On the other hand, the corresponding monometallic carbonyl

lusters, i.e. Osx(CO)n and Ruy(CO)n, were synthesized under the
ame conditions employed for the bimetallic carbonyls, for compar-
son purposes. The syntheses with Os3(CO)12 yielded two kinds of
roducts, an insoluble material and a solid obtained by evaporation
f the reaction mixture; the syntheses with Ru3(CO)12, by contrast,
roduced only an insoluble material. All the monometallic prod-
cts were characterized by the same structural and electrochemical
echniques as their bimetallic counterparts.

.2. Electrode preparation

The working electrode for the rotating disk electrode (RDE) stud-
es was prepared by mixing 1.5 mg of Vulcan® XC-72 (Cabot) and
.5 mg of the catalyst with 10 �L of a 5% Nafion® solution (Elec-
roChem) in an ultrasonic bath; 1.5 �L of the resulting mixture were
eposited on a glassy carbon disk electrode and dried at room tem-
erature. The cross-section (geometrical) area of the disk electrode
as 0.072 cm2.

.3. Electrochemical experiments

.3.1. Equipment
The RDE studies were carried out at 25 ◦C in a conventional

lectrochemical cell with a water jacket, with three compartments
or the working, counter and reference electrode, respectively. A

ercury sulfate electrode (Hg/Hg2SO4/0.5 mol L−1 H2SO4; abbrevi-
ted as MSE) was used as reference (MSE = 0.680 V/NHE), however,
he potential values reported are referred to the normal hydrogen
lectrode (NHE); a salt bridge was used to avoid contamination of
he reference electrode due to the presence of methanol during
he electrochemical studies. A carbon cloth was used as counter
lectrode. The 0.5 mol L−1 H2SO4 electrolyte used in these stud-
es was prepared with 98% sulfuric acid (J.T. Baker) and deionized
ater (18.2 M�-cm). A potentiostat/galvanostat (Princeton Applied
esearch, model 263A) and a PC with Echem-M270 software were
sed for the electrochemical measurements. A Radiometer Analyti-
al BM-EDI101 glassy carbon rotating disk electrode (with a CTV101
peed control unit) was used for the voltammetry studies.

.3.2. Methods

.3.2.1. In the absence of methanol. Cyclic voltammetry (CV) exper-
ments were done to clean, activate and characterize the electrode
urface. Prior to each CV measurement, the electrolyte was purged

ith nitrogen (Infra; UHP) for 30 min. The electrode was subjected

o 35 potential sweeps between 0 and 0.98 V/NHE, at a 20 mV s−1

ate. In the case of the studies of 30%Pt/Vulcan® XC-72 electrodes,
erformed for reference, the potential sweeps were done in the 0-
.58 V/NHE range, at a 50 mV s−1 rate. The open circuit potential
Fig. 1. FT-IR spectra of: (a) Ru3(CO)12; (b) Os3(CO)12. Representative FT-IR spectra of:
(c) the monometallic osmium catalysts, Osx(CO)n; (d) the monometallic ruthenium
catalysts, Ruy(CO)n; (e) the bimetallic OsxRuy(CO)n electrocatalysts.

(EN2oc ) was measured at the end of each potential scan. The temper-
ature of the system was maintained at 25 ◦C.

Linear sweep voltammetry (LSV) measurements were per-
formed to study the oxygen reduction reaction on the new materials
and on 30%Pt/Vulcan® XC-72 as reference, at 25 ◦C. The electrolyte
was saturated with oxygen (Infra; UHP) for 15 min. The open circuit
potential (EO2oc ) was measured for each catalyst. Polarization curves
were obtained in the EO2oc to 0 V/NHE range for the new materials
and in the EO2oc to 0.2 V/NHE range for Pt, at a 5 mV s−1 rate. Rotation
rates ranged from 100 to 900 rpm. Measurements were performed
at least three times for each material.

2.3.2.2. In the presence of methanol. Once the ORR studies in the
absence of methanol were finished, the same electrolyte was
purged with pure N2 for 20 min and CV measurements were
performed: two potential sweeps between 0 and 0.98 V/NHE, at
a 20 mV s−1 rate for the novel materials, and between 0 and
1.58 V/NHE, at a 50 mV s−1 rate for Pt. Absolute methanol (J.T. Baker)
was then added to the electrolyte so as to reach a final CH3OH
concentration of 1.0 or 2.0 mol L−1; CV measurements (two poten-
tial scans under the above conditions) were subsequently made to
detect possible current peaks associated to methanol oxidation.

LSV curves were obtained in order to study the performance of
the new materials and Pt as ORR electrocatalysts in the presence of
methanol (1.0 and 2.0 mol L−1), under the same conditions as those
described in Section 2.3.2.1. Measurements were performed at least
three times for each material.

3. Results and discussion

3.1. Structural characterization

Fig. 1 shows representative FT-IR spectra of the novel
OsxRuy(CO)n electrocatalysts and their monometallic Os and Ru
counterparts, as well as those of the Os3(CO)12 and Ru3(CO)12
precursors as references. The spectra of the starting materials
(Fig. 1a and b) show strong carbonyl stretching vibration bands,
in the 1940–2130 cm−1 range, as well as a group of bands around
570 cm−1, which have been assigned to carbonyl deformation
modes, ıM-CO [16]. It is interesting to note that all the materi-

als synthesized in this work (both bi- and monometallic) show
carbonyl stretching bands around 2030 cm−1 (Fig. 1c–e), in con-
trast to, for example, ORR osmium electrocatalysts obtained in
n-octane [17] and ruthenium catalysts prepared in different atmo-
spheres (in the absence of solvents) [18], which virtually lose all the
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Table 1
Chemical composition of the OsxRuy(CO)n electrocatalysts determined by EDS.

Element (wt%) Synthesis solventa Synthesis solventb

1,2-Dichlorobenzene n-Nonane o-Xylene 1,2-Dichlorobenzene o-Xylene

C 14.53 16.78 20.25 36.96 27
O 12.21 19.07 17.52 14.36 16.44
Os 43.39 27.95 25.62 33.23 46.68
Ru 29.9 36.21 36.62 3.22 9.89
C

c
T
l
p
a
p
F
d

F
e

l

a Insoluble materials.
b Materials obtained by evaporation of the reaction mixture.

arbonyl groups present in the corresponding precursor reagent.
able 1 shows the chemical composition of the bimetallic cata-
ysts, in agreement with these observations. On the other hand,

articular features observed in some of the spectra are the bands
t ca. 2850 and 2920 cm−1 for both of the monometallic Osx(CO)n

roducts prepared in o-xylene (an example of which is shown in
ig. 1c), as well as the bimetallic material obtained from the 1,2-
ichlorobenzene solution (not shown); in addition, these materials

ig. 2. Scanning electron micrographs of the OsxRuy(CO)n electrocatalysts insoluble in th
lectron micrographs of the OsxRuy(CO)n electrocatalysts obtained by evaporation of the
12.24

show a weaker signal around 1450 cm−1; such two groups of bands,
which fall within the C–H stretching and C–C ring vibration ranges
of substituted benzenes, respectively [19], could be an indicative

of the � coordination of aromatic molecules from the solvent to
some metal centers of the complexes, considering the strong affin-
ity of aromatic rings for ruthenium and osmium carbonyl clusters
[20,21]. Another particular feature, in the case of the spectrum of the
OsxRuy(CO)n electrocatalyst obtained from the o-xylene reaction

e reaction mixture: (a) 1,2-dichlorobenzene; (b) n-nonane; (c) o-xylene. Scanning
reaction mixture: (d) 1,2-dichlorobenzene; (e) o-xylene.
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ig. 3. Cyclic voltammograms of the OsxRuy(CO)n electrocatalysts insoluble in the rea
f the OsxRuy(CO)n electrocatalysts obtained by evaporation of the reaction mixture:
n all cases, the corresponding voltammograms in the presence of 1.0 and 2.0 mol L−
ate 20 mV/s for the OsxRuy(CO)n electrocatalysts and 50 mV/s for Pt.

olution, is the small, but well defined band observed at 1816 cm−1

Fig. 1e); this band may probably be attributed to the presence
f bridge carbonyl groups (or a single group), which are usually
bserved at smaller frequencies than their terminal counterparts
22]; the presence of a bridging CO ligand in this material could be

nderstood in terms of the condensation/rearrangement reactions
hat clusters of the M3(CO)12 type used in this work usually undergo
n pyrolysis conditions [20–22].

Fig. 2 shows the SEM images of the OsxRuy(CO)n electrocata-
ysts obtained under different conditions. All the materials exhibit
mixture: (a) 1,2-dichlorobenzene; (b) n-nonane; (c) o-xylene. Cyclic voltammograms
-dichlorobenzene; (e) o-xylene. (f) Cyclic voltammograms of 30%Pt/Vulcan® XC-72.

hanol solutions are included. The electrolyte was 0.5 mol L−1 H2SO4 and the sweep

similar sponge-like surface morphologies, which can be an advan-
tageous property for their use as catalysts. The particle cluster size
is, however, somewhat larger for the materials recovered on evap-
orating the reaction mixture.
3.2. Electrochemical characterization

3.2.1. Cyclic voltammetry
Fig. 3 shows the cyclic voltammograms for the new bimetal-

lic ORR electrocatalysts, in the absence and presence of 1.0 and
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ig. 4. ORR current–potential curves for the OsxRuy(CO)n electrocatalysts insolu
urrent–potential curves for the OsxRuy(CO)n electrocatalysts obtained by evaporatio
urves for 30%Pt/Vulcan® XC-72. In all cases, the corresponding curves in the presen

2SO4 and the sweep rate 5 mV/s.

.0 mol L−1 methanol solutions, as well as for 30%Pt/Vulcan® XC-72
s reference. It can be observed that, in agreement with the chem-
cal compositions reported in Table 1, the cyclic voltammograms
f the catalysts deposited as solids from the reaction mixtures

how a cathodic peak at 0.15–0.3 V/NHE, as well as anodic–cathodic
eaks in the 0.5–0.85 V/NHE range (Fig. 3a–c), which indicate the
resence of ruthenium [18] and osmium [17], respectively; such
etals may have been formed during the syntheses, in amounts

mall enough to be undetected by X-ray diffraction measurements.
the reaction mixture: (a) 1,2-dichlorobenzene; (b) n-nonane; (c) o-xylene. ORR
e reaction mixture: (d) 1,2-dichlorobenzene; (e) o-xylene. (f) ORR current–potential
.0 and 2.0 mol L−1 methanol solutions are included. The electrolyte was 0.5 mol L−1

The Ru cathodic peak could be due to the presence of some
residual ruthenium oxides, RuOx [23,24], and, since no other Ru
peaks are observed, the carbonyl groups attached to the ruthe-
nium atoms are apparently protecting them from oxidation, at

least within the potential range studied. Similar considerations may
apply in the case of the Os metal centers of the clusters, since no
other peaks are observed apart from those in the 0.5–0.85 V/NHE
range mentioned above, attributed to redox processes exhibited
by osmium metal nanoparticles [17]. A similar protective effect
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Fig. 5. Experimental (at 0.4 V/NHE) and theoretical (2 and 4 electrons) Koutecky-Levich plots for the Os Ru (CO) electrocatalysts insoluble in the reaction mixture: (a)
1 heore
o ene. In
s trons)

o
t
f
g
a
c
1

r
c

,2-dichlorobenzene; (b) n-nonane; (c) o-xylene. Experimental (at 0.4 V/NHE) and t
btained by evaporation of the reaction mixture: (d) 1,2-dichlorobenzene; (e) o-xyl
olutions are included. (f) Experimental (at 0.4 V/NHE) and theoretical (2 and 4 elec

f carbonyl ligands on ruthenium based oxygen reduction elec-
rocatalysts has been discussed by Tributsch et al. [8]. Another
eature observed in these voltammograms is the presence of hydro-
en and oxygen evolution peaks, in the cathodic 0-0.1 V/NHE and
nodic 0.85–1.0 V/NHE region, respectively; such processes are spe-

ially favored on the insoluble bimetallic material obtained in
,2-dichlorobenzene (Fig. 3a).

As for the bimetallic materials obtained by evaporation of the
eaction mixture, their cyclic voltammograms (Fig. 3d and e), in
ontrast with those of the insoluble materials (Fig. 3a–c), practically
x y n

tical (2 and 4 electrons) Koutecky-Levich plots for the OsxRuy(CO)n electrocatalysts
all cases, the corresponding plots in the presence of 1.0 and 2.0 mol L−1 methanol
Koutecky-Levich plots for 30%Pt/Vulcan® XC-72.

show only osmium cathodic–anodic peaks, in the 0.55–0.85 V/NHE
range; no peaks that could be ascribed to ruthenium were observed.
This behavior is in agreement with the chemical composition of
these materials (Table 1), which exhibit a clear predominance of
osmium over ruthenium.
A remarkable feature of the cyclic voltammograms of both kinds
of bimetallic catalysts, soluble as well as insoluble in the reac-
tion solution, is that they remained practically unchanged in the
presence of 1.0 and 2.0 mol L−1 methanol aqueous solutions; in
neither case were the methanol oxidation peaks observed [25,26];
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ig. 6. ORR mass-corrected Tafel plots for the OsxRuy(CO)n electrocatalysts insolubl
orrected Tafel plots for the OsxRuy(CO)n electrocatalysts obtained by evaporation of
lots in the presence of 1.0 and 2.0 mol L−1 methanol solutions are included. f) ORR

his could be considered as a first sign of the important methanol
olerance degree exhibited by the new materials. In contrast,
he 30%Pt/Vulcan® catalyst shows very sharp methanol oxidation
eaks, indicating its high activity for this process.

.2.2. Linear sweep voltammetry: oxygen reduction reaction
Typical current–potential curves of the bimetallic electrocata-

ysts in the presence and absence of methanol aqueous solutions
re presented in Fig. 4, along with those of 30%Pt/Vulcan® XC-72

s reference. These curves show the three distinct regions char-
cteristic of ORR processes taking place on a catalyst’s surface:
I) the kinetic region, where the current, ik, is independent of
he rotation velocity; (II) the mixed control region, where the
ehavior is determined by kinetic as well as diffusion processes;
e reaction mixture: (a) 1,2-dichlorobenzene;(b) n-nonane; (c) o-xylene. ORR mass-
action mixture: (d) 1,2-dichlorobenzene; (e) o-xylene. In all cases, the corresponding
corrected Tafel plots for 30%Pt/Vulcan® XC-72.

and (III) the mass-transfer region, where the diffusion current,
id, is a function of the rotation velocity. However, in the latter
region, due to the presence of a peak at ∼0.3 V/NHE, the insol-
uble bimetallic materials do not show a well defined diffusion
plateau (Fig. 4a–c); such peak is not observed for the bimetal-
lic materials obtained by evaporation of the reaction mixture
(Fig. 4d and e). These features are in agreement with the corre-
sponding cyclic voltammograms (Fig. 3) and chemical compositions
(Table 1) of both kinds of materials, i.e. the peak at ∼0.3 V/NHE

(associated with the presence of ruthenium) is not evident in
the materials where osmium is clearly predominant. Furthermore,
the inclination of the curves with the rotation speed has been
previously observed for catalyzed irreversible electrode processes
[14].
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Table 2
Open circuit potential values and ORR kinetic parameters of the OsxRuy(CO)n electrocatalysts in O2-saturated 0.5 mol L−1 H2SO4, at 25 ◦C.

Synthesis solvent [CH3OH] (mol L−1) EO2
OC V/NHE b (mV decade−1) ˛ jo × 10−5 mA cm−2

1,2-Dichlorobenzenea
0 0.815 128.65 0.4601 2.02
1.0 0.815 130.66 0.4529 2.05
2.0 0.815 132.37 0.4475 2.00

n-Nonanea
0 0.814 215.05 0.2752 85.5
1.0 0.816 207.40 0.2853 68.9
2.0 0.814 206.66 0.2863 62.8

o-Xylenea
0 0.791 276.36 0.2143 276.5
1.0 0.796 267.99 0.2209 238
2.0 0.799 270.04 0.2192 238.5

1,2-Dichlorobenzeneb
0 0.704 219.02 0.2702 21.16
1.0 0.708 237.79 0.2489 33.20
2.0 0.702 250.86 0.2362 48.52

o-Xyleneb
0 0.737 365.17 0.1622 800
1.0 0.735 346.65 0.1708 700
2.0 0.735 350.72 0.1691 711.5
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0%Pt/C 0 0.990

a Insoluble materials.
b Materials obtained by evaporation of the reaction mixture.

For all cases, however, the most important feature of the polar-
zation curves is that they are practically unchanged by the presence
f 1.0 and 2.0 mol L−1 methanol solutions with both kinds of
imetallic materials, i.e. these materials are tolerant to the pres-
nce of this fuel cell contaminant to a very important extent. In
harp contrast, however, the Pt electrode exhibits a mixed potential
ue to the simultaneous methanol oxidation and oxygen reduction
eactions on its surface [27], which in turn caused the net cathodic
urrent onset to shift negatively by ca. 0.5 V/NHE (Fig. 4f).

It has been established that in order to obtain the total electro-
atalytic activity of a material for the ORR, the kinetic and diffusion
urrents must be known. The Koutecky-Levich equation at a given
otential is

1
i

= 1
ik

+ 1
id

(1)

here i is the measured disk current, ik the kinetic current, and
d the diffusion controlled current. This equation may be used to
eparate ik from id, and get the real electrocatalyst activity [28]. For
he rotating disk electrode experiment, in the laminar flow regime,
he diffusion current is a function of the rotation velocity and hence,
q. (1) may be written as

1
i

= 1
ik

+ B

ω1/2
(2)

here ω is the electrode rotation velocity in rpm and B is a constant
iven by [29]:

=
(

1

200nFAv−1/6D2/3
O2

CO2

)
(3)

here n is the number of electrons exchanged per mol of O2, F
he Faraday constant, A the catalytic effective surface area, � the
inematic viscosity of the electrolyte, DO2 the oxygen diffusion
oefficient and CO2 the bulk oxygen concentration in the elec-
rolyte; the values used in this work were 0.01 cm2 s−1 for the
inematic viscosity, 1.4 × 10−5 cm2 s−1 for the oxygen diffusion
oefficient and 1.1 × 10−6 mol cm−3 for the bulk oxygen concen-
ration [30]. According to Eq. (2), a plot of 1/i vs. 1/ω1/2 for various

otentials should yield straight and parallel lines with intercepts
orresponding to the inverse of the real kinetic current, ik, and
lopes yielding the values of B. The number of electrons transferred
n the oxygen reduction reaction can be assessed with the values
f B, according to Eq. (3). Fig. 5 shows the theoretical (with n = 2
78.12 0.7574 1.07

and 4; A = electrode geometric area, 0.072 cm2) and experimental
Koutecky-Levich plots at two different methanol concentrations,
at a given potential value (0.4 V/NHE). An important observation is
that, in general, the bimetallic catalysts show plots that resemble
closer the curves calculated for a n = 4 process, than those for a
two electron process (Fig. 5a–e); this suggests that O2 is most
likely reduced to H2O, following a direct, four electron pathway
at the solid electrode/solution interface. Similar results were
obtained for the 30%Pt/Vulcan® electrodes, but in the absence of
methanol (Fig. 5f).

On this basis, the effective catalytic surface area, Aeff, can be
calculated from Eq. (3), using the experimental Koutecky-Levich
slope, Bexp, and n = 4:

Aeff = 1

200nFBexpv−1/6D2/3
O2

CO2

(4)

All the currents measured (cyclic voltammograms, polarization
curves and Tafel plots) were normalized to this effective area.

All the materials synthesized showed linear 1/i vs. 1/ω1/2 plots,
which can be associated with a first order reaction with respect
to the oxygen dissolved in the electrolyte [30,31]; moreover, such
linearity is not affected by the presence of methanol.

Normally, the kinetic current values obtained from the inter-
ception of the Koutecky-Levich plots are used to generate the Tafel
curves (log ik vs. E); however, very precise results may not be
obtained due to inevitable variations in the experimental condi-
tions. For this reason, the current–potential curves were corrected
by a previously described procedure [29], in order to get the correct
kinetic current:

ik = i · id
id − i

(5)

The mass transport corrected Tafel plots (log[i·id/(id-i)] vs. E) for
the oxygen reduction reaction, obtained using Eq. (5), are shown in
Fig. 6. In agreement with the previous electrochemical results, the
form of the curves is basically the same, regardless of the pres-
ence of methanol (Fig. 6a–e). The Tafel plot obtained for the Pt
electrode in the absence of methanol is provided as reference as

well (Fig. 6f).

The kinetic parameters (obtained from the Tafel plots) and
open circuit potentials (EO2oc ) of the bimetallic electrocatalysts are
presented in Table 2, along with those of 30%Pt/Vulcan® XC-72.
The kinetic parameters and open circuit potentials (EO2oc ) of the
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Table 3
Open circuit potential values and ORR kinetic parameters of the Ruy(CO)n electrocatalysts in O2-saturated 0.5 mol L−1 H2SO4, at 25 ◦C.

Synthesis solvent [CH3OH] (mol L−1) EO2
OC V/NHE b (mV decade−1) ˛ jo × 10−5 mA cm−2

1,2-Dichlorobenzene
0 0.763 181.48 0.3264 20.75
1.0 0.763 183.22 0.3236 21.40
2.0 0.763 181.61 0.3259 17.20

n-Nonane
0 0.824 131.51 0.4505 2.47
1.0 0.824 131.03 0.4516 2.35
2.0 0.824 130.30 0.4544 2.30
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-Xylene
0 0.800
1.0 0.800
2.0 0.800

onometallic materials are shown in Tables 3 and 4 for comparison
urposes.

It can be observed that all the bimetallic catalysts show open
ircuit potentials (EO2oc ) above 0.7 V/NHE, however, the highest val-
es (≥ ca. 0.8 V/NHE) are exhibited by the insoluble materials, i.e.
hose where the weight percentages of ruthenium and osmium
re comparable; the catalysts obtained from the reaction solu-
ion, where osmium is predominant, show the lowest EO2oc values.
n agreement with these results, the monometallic Ruy(CO)n cata-
ysts show open circuit potentials (Table 3) higher than those of the
sx(CO)n materials (Table 4). The insoluble OsxRuy(CO)n materials,
oreover, show higher EO2oc values than all the osmium monometal-

ic catalysts and the ruthenium monometallic catalyst prepared
n 1,2-dichlorobenzene; the open circuit potentials, however, are
omparable in the case of the Ruy(CO)n catalysts synthesized in
-nonane and o-xylene.

On the other hand, Tafel slopes considerably different from that
f platinum are observed for most of the bi- and monometallic
aterials, which suggests that they follow different reaction path-
ays [32]; other authors consider that Tafel slopes higher than

20 mV decade−1 are related to the presence of some adsorbed
xides on the electrode surface [24]; this consideration is not likely
o apply to the present materials, at least not to an important extent,

ince their major components are the metal carbonyls, the metal
articles being present only in small amounts.

As for the charge transfer coefficient (˛), the bimetallic cat-
lyst with the highest value (0.46), i.e. that with the largest
ecrease of reaction free energy [33], was that synthesized in

able 4
pen circuit potential values and ORR kinetic parameters of the Osx(CO)n electrocatalysts

ynthesis solvent [CH3OH] (mol L−1) EO2
OC V/NHE

,2-Dichlorobenzenea
0 0.707
1.0 0.707
2.0 0.707

-Nonanea
0 0.642
1.0 0.642
2.0 0.642

-Xylenea
0 0.750
1.0 0.750
2.0 0.750

,2-Dichlorobenzeneb
0 0.777
1.0 0.777
2.0 0.777

-Nonaneb
0 0.670
1.0 0.670
2.0 0.660

-Xyleneb
0 0.752
1.0 0.752
2.0 0.752

a Insoluble materials.
b Materials obtained by evaporation of the reaction mixture.
176.91 0.3349 23.20
174.64 0.3392 17.70
174.65 0.3386 17.60

1,2-dichlorobenzene, close to the behavior exhibited by platinum.
Similar values were obtained for the monometallic Ruy(CO)n cata-
lyst prepared in n-nonane. Remarkably, the ˛ values exhibited by
these materials are not significantly modified by the presence of
methanol in the electrolyte.

The exchange current density (jo) is one of the most impor-
tant kinetic parameters of the ORR, since it is proportional to its
constant rate (k) [29]; the OsxRuy(CO)n catalysts recovered from
the reaction solution (soluble materials) exhibit higher exchange
current densities (∼10−4 mA cm−2) than their insoluble coun-
terparts (∼10−5–10−4 mA cm−2) and platinum (∼10−5 mA cm−2),
as expected from their Tafel slopes. The highest jo values
(∼10−3 mA cm−2) are exhibited by the two materials obtained in
o-xylene, which, accordingly, show the highest values of b. When
these materials are compared with the monometallic catalysts pre-
pared in the same solvent, the former show higher exchange current
densities, with the exception of the insoluble OsxRuy(CO)n cat-
alyst synthesized in 1,2-dichlorobenzene. When compared with
other monometallic Ru [9] and Os [12,34,35] carbonyl complexes
reported in the literature, the present bimetallic clusters also show
higher exchange current density values, in the 10−3–10−5 mA cm−2

range, in comparison with the jo values of the order of 10−5 and
10−6 mA cm−2 for the former. This fact is very significant, consid-

ering the direct relation of this parameter with the velocity of the
oxygen reduction reaction, i.e. the importance of the presence of
both types of metal atoms for the electrocatalytic activity of the
carbonyl cluster is clearly evidenced here. It is also interesting to
note that the exchange current densities of these materials are also

in O2-saturated 0.5 mol L−1 H2SO4, at 25 ◦C.

b (mV decade−1) ˛ jo × 10−5 mA cm−2

193.81 0.3060 12.52
206.97 0.2867 19.45
216.75 0.2736 25.20

209.84 0.2825 12.15
221.92 0.2670 19.65
242.64 0.2447 30.80

167.49 0.3552 11.08
176.33 0.3366 15.30
182.74 0.3242 17.95

193.32 0.3061 38.40
194.99 0.3035 30.70
187.88 0.3149 29.20

258.63 0.2288 45.30
266.75 0.2218 48.20
284.83 0.2077 65.90

245.48 0.2407 54.30
266.61 0.2217 72.70
281.46 0.2102 103
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igher than those of most methanol resistant and non-resistant ORR
lectrocatalysts reported in the literature [9,12,17,30,35–38].

. Conclusions

Novel bimetallic Os–Ru electrocatalysts for the oxygen reduc-
ion reaction have been prepared in this work, and their behavior
ompared with monometallic Os and Ru materials prepared and
tudied under the same conditions. All the materials contain car-
onyl ligands in their structure, which is a novelty in an area where
etal nanoparticles are the dominating materials; such ligands are

ikely to exert a protective effect on the metal centers of the com-
lexes against oxidation, a feature in favor of their electrocatalytic
ctivity. All the materials prepared, both bi- and monometallic,
erform the ORR reaction with an activity comparable or higher
han those exhibited by other catalysts reported in the literature.
n addition, all of them are tolerant even to 2.0 mol L−1 methanol
olutions, a concentration commonly used in DMFCs, in contrast to
ost methanol resistant catalysts reported to date, which exhibit
1.0 mol L−1 tolerance upper limit. Such characteristics render the
ew materials potential candidates to be used as cathodes in PEM-
Cs and DMFCs, without showing the negative effects of platinum
n the presence of methanol. The analysis of the open circuit poten-
ials and kinetic parameters, with special emphasis on the exchange
urrent density, indicates that the combination of Os and Ru is favor-
ble for the catalytic properties of the materials for the ORR, i.e. a
ynergistic effect of both metals is being observed.
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