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Introduction

Direct methanol fuel cells (DMFCs) have attracted considerable
interest for application in vehicles and as alternative power
sources for portable devices.[1] The commercialization of
DMFCs, however, has been restrained because of their prohibi-
tive cost and relatively poor performance.[2–4] Further progress
in DMFC technology is driven by the development of im-
proved materials for both fuel-cell anodes and cathodes as
well as improved membrane electrolytes. In particular, new
cathode catalysts must be developed in order to replace the
traditionally used Pt alloys and pure Pt, which are too expen-
sive and show relatively poor performance.[5] Cathodes with Pt
catalysts also suffer from performance degradation due to
some methanol diffusing from the anode to the cathode
through the polymer membrane.[6, 7] Therefore, alternative Pt-
free and methanol-tolerant cathode catalyst materials need to
be developed; these would ideally show high activities, perfor-
mance stability, and long lifetimes for the oxygen reduction.

As originally reported by Alonso-Vante and co-workers,[8, 9]

Ru-based chalcogenides (RuxSey) are excellent oxygen reduc-
tion reaction (ORR) cathode catalysts. These clusterlike RuxSey

materials were synthesized from Ru carbonyl (Ru3(CO)12) using
elemental Se in organic media,[8, 10] and they were shown to
reduce O2 to H2O predominantly via a four-electron process,
with less than 5 % of H2O2 produced. Other Se/Ru-based cata-
lysts for oxygen reduction have been reported.[11–13] Transition
metals, such as Fe,[14] W,[15] and Mo,[16] were incorporated into
the RuxSey-type materials. Except for the case of the Mo addi-
tive,[16] the ORR activity was not markedly improved. The effect
of transition metals on the chalcogenide catalyst activity still
remains a major focus of study. More recently, commercially
available Ru nanoparticles[17] and synthesized carbon-support-
ed Ru nanoparticles[18] were used as the catalyst precursors.

These novel catalysts displayed ORR activities on par with the
clusterlike materials.

To further enhance the catalytic activity and improve the sta-
bility, we synthesized carbon-supported Ru-based chalcoge-
nide catalysts of the Se/Ru/C type by an aqueous chemical re-
duction method.[19, 31] The catalysts produced in this manner
showed high ORR activities compared to other Ru-based chal-
cogenide catalysts. Furthermore, we found that incorporating
small amounts of elemental Mo into these catalysts considera-
bly increased their stability. Herein, we report on the synthesis ;
detailed structural characterization, using mostly transmission
electron microscopy; elemental analysis; and electrochemical
measurements of the carbon-supported chalcogenide cata-
lysts.

The stability and oxygen reduction activity of two carbon-sup-
ported catalyst materials are reported. The catalysts, Se/Ru and
Se/ ACHTUNGTRENNUNG(Ru–Mo), were prepared by using a chemical reduction
method. The catalyst nanoparticles were evenly dispersed onto
globular amorphous carbon supports, and their average size
was ca. 2.4 nm. Thermal treatment at 500 8C for 2 h in an inert
argon atmosphere resulted in coarsening of the nanoparticles,
and also in some decrease of their activity. A gradual reduction
of activity was also observed for Se/Ru during potential-cycle

experiments. However, the incorporation of small amounts of
Mo into the Se/Ru catalysts considerably improved the stability
of the catalyst against dissolution. The Mo-containing samples
showed excellent oxygen reduction activities even after cycling
the potential 1000 times between 0.7 and 0.9 V. Furthermore,
they showed excellent fuel-cell behavior. The performance of
the Se/Ru catalysts is greatly improved by the addition of
small amounts of elemental Mo. Possible mechanisms respon-
sible for the improvement of the activity are discussed.
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Results and Discussion

X-ray diffraction (XRD) patterns of the Se/Ru/C and Se/ ACHTUNGTRENNUNG(Ru–
Mo)/C catalyst materials are shown in Figure 1 a and b, respec-
tively. The XRD pattern of the heat-treated carbon substrate

(Figure 1 a) shows broad scattering around 218 and 438. For
the “as prepared” (i.e. , non-heat-treated) Se/Ru/C and Se/ ACHTUNGTRENNUNG(Ru–
Mo)/C materials, the presence of very broad Bragg peaks indi-
cates nanocrystalline (2 nm or smaller) grains, which may con-
sist of RuSe2 or RuO2. These diffraction patterns show that the
aqueous chemical reduction is able to produce nanoparticles.
Once heat-treated, both Se/Ru/C and Se/ACHTUNGTRENNUNG(Ru–Mo)/C crystallize
in a Ru-like hexagonal structure. The crystalline phase domi-
nates the XRD patterns; however, nanometer-sized RuSe2 and/
or RuO2 could still be present. The average grain size, estimat-
ed from the broadening of the Bragg peaks after heat treat-
ment, is ca. 8 nm.

X-ray energy-dispersive spectroscopy (XEDS) measurements
were acquired either from large volumes or in spot mode. The
“overall” measurements were carried out to determine the
global composition of the samples (the electron beam was
scanned in a window of at least 1 mm2). The elemental compo-
sitions of individual nanoparticles could be determined by
using the spot mode. The global composition was obtained by
averaging from at least 3 different areas, while local composi-

tions were determined from at least 10 particles. The measured
global compositions were in agreement with the nominal com-
positions of the catalysts. The mean ratio of Ru to Se was
found to be 1.7�0.3, which is very close to the mass of the
starting materials used. Spot-mode measurements, in contrast,
showed significant scatter. The mean value for the Se fraction
was found to be (30�5) at %. This value is, within the uncer-
tainty levels, in agreement with the Se level observed in “over-
all” mode (which mainly probes the carbon support between
the nanoparticles), indicating that the Se resides within the
catalyst nanoparticles and is not dispersed across the carbon
support.

A thermal treatment is considered an effective way to im-
prove the ORR activity of carbon-supported Ru-based cata-
lysts.[16] For example,[20] heating the carbon-supported RuxSey

catalysts at 900 8C increased their ORR activity despite the
mean size of the nanoparticles reaching 10 nm.

The morphology of the as-synthesized catalyst is shown in
Figure 2. All samples were found to agglomerate heavily into
brittle conglomerates, with lumps sometimes approaching

sizes of up to a millimeter. However, these broke down easily
when dispersed and sonicated in a solvent such as methanol.
The heat treatment (500 8C, 2 h, Ar) not only improved the cat-
alytic performances but also tended to result in coalescence of
the catalytic materials themselves, as illustrated in Figure 2 b
and c. It was confirmed that the large agglomerates pictured
in Figure 2 a were actual conglomerates of much-smaller nano-
particles; several cross-sections deep into these agglomerates
were made by using focused ion beam (FIB) milling, and a typi-
cal scanning electron microscopy (SEM) image is shown in Fig-
ure 2 d. Note that most of the material consisted of the globu-
lar amorphous carbon support and that the phases containing

Figure 1. XRD patterns of as-prepared and heat-treated samples of a) Se/Ru/
C and b) Se/ ACHTUNGTRENNUNG(Ru–Mo)/C. The corresponding reflection peaks from Ru, RuO2,
and RuSe2 are also shown.

Figure 2. Scanning electron microscopy images, showing the morphology of
the materials. a) In all cases, the nanoparticles tended to agglomerate heavi-
ly into large lumps. The material is shown b) before and c) after heat treat-
ment. d) Cross-section, obtained by focused ion beam milling of one large
agglomerate of a heat-treated sample.
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Ru, Se, and Mo were much smaller and decorated its surface.
The nanoparticles were less than 10 nm in size, as shown later
in the transmission electron microscopy (TEM) images, and
could therefore not be resolved using our SEM instrument.

Numerous XEDS measurements were recorded, and the ma-
terials were found to consist only of Ru, Se, Mo, and C. No im-
purities were detected. Moreover, the heat treatment had no
effect on the elemental composition of the samples. Ru, Se,
and Mo were present in concentrations of approximately 56,
40, and 3 at %, respectively. XEDS spectra were also collected
by using the transmission electron microscope, and the ob-
tained results were in accordance with those collected by
using the scanning electron microscope. This shows that the
sampling technique used for the TEM analyses does not alter
the composition of the samples. However, we note that when
an XEDS spectrum is collected by SEM the surface of these ag-
glomerates is sampled, while when the spectrum is recorded
by TEM it is more likely that the material originating from the
bulk of the agglomerates is probed because they are dis-
persed; this may explain the slight variations in elemental
composition between the two measurements. Two XEDS spec-
tra, of non-heat-treated and heat-treated Se/ACHTUNGTRENNUNG(Ru–Mo)/C sam-
ples, respectively, are shown in Figure 3 a and b. The magnifica-
tion was set at a low value so that the collected signal would
originate from a large volume of material and be more uniform
and representative of the full sample. The peaks for Ru (La~

2.56 keV, Lb~2.71 keV), Se (La~1.39 keV), and Mo (La~2.29 keV,
Lb~2.41 keV) are indicated on the figures. The elemental com-
positions were found to be similar for both samples: approxi-
mately 67–70 at % Ru, 27–31 at % Se, and 2 at % Mo. This clear-
ly indicates that heat-treatment would only be responsible for
a rearrangement of the elements initially present in the materi-
al.

Figure 4 shows electron diffraction patterns of the as-pre-
pared and heat-treated Se/ACHTUNGTRENNUNG(Ru–Mo)/C samples. The as-pre-
pared Se/ ACHTUNGTRENNUNG(Ru–Mo)/C material, Figure 4 a, showed broad rings,

indicating an amorphous-like structure. After heat treatment,
however, the width of the diffuse rings in the diffraction pat-
tern decreased and became more characteristic of a polycrys-
talline material, indicating crystallization of the catalyst metals.
Figure 4 b shows a ring pattern typical of a polycrystalline ma-
terial, which could be indexed to the hexagonal close-packed
(HCP) structure of Ru. Figure 4 c shows the single-crystal dif-
fraction pattern obtained from a grain, and is indexed to the
hexagonal lattice of Ru (space group P63/mmc) on the [0001]
zone axis, with lattice parameters a = 0.275 nm and c =

0.428 nm. These electron diffraction patterns are in agreement
with the powder XRD data shown in Figure 1.

Figure 5 shows a typical high-resolution (HR)TEM image ob-
tained from the heat-treated sample. Three Ru particles are
pointed out, including one faceted on the {1̄100} planes and
viewed along the [2̄113] direction. The grains are typically ca. 8
to 10 nm in size. Single grains were generally agglomerated,
however, individual crystallites could also be observed, as illus-
trated in the inset of Figure 5. This particle is viewed along its
[01̄11] zone axis, and also measures approximately 8 nm in di-
ameter, but is not faceted.

A more careful examination of the heat-treated samples re-
vealed the presence of additional phases in some minor quan-
tities, more precisely, MoSe2, RuSe2, and Se. This is clearly illus-
trated in Figure 6. MoSe2, like Ru, crystallizes in a hexagonal
unit cell with cell parameters a = 0.329 nm and c = 1.293 nm.
RuSe2 is cubic with the space group Pa-3 and a lattice parame-
ter a = 0.593 nm. The Se crystal shown in Figure 6 e is rhombo-
hedral with the space group R-3 and a = 1.141 nm and c =

Figure 4. Electron diffraction patterns obtained from a) non-heat-treated
and b, c) heat-treated Se/ ACHTUNGTRENNUNG(Ru–Mo)/C samples. Heat treatment apparently re-
sults in ordering of the elements present in the material. Samples which
have not undergone heat treatment appear as mostly amorphous, as shown
in (a). The polycrystalline ring pattern shown in (b) could be indexed to hex-
agonal Ru, and sometimes it was possible to record patterns of Ru nanopar-
ticles on low-index zone axes, as illustrated in (c) ; in this case, indexed to
hexagonal Ru on the [0001] zone axis. Additional spots or rings from neigh-
boring particles are also present.

Figure 3. XEDS spectra of a) non-heat-treated and b) heat-treated Se/Ru–
Mo/C samples, recorded by TEM. The Cu and Fe peaks originate from the
copper support grid and the pole pieces, respectively.
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0.444 nm. These phases are present in such small quantities
that they could not be detected by using either powder XRD
or electron diffraction. The samples did not show continuous
amorphous films of any of the Se- or Ru-containing phases
(e.g. , SeO2). The incorporation of a small amount of Mo (about
2 to 3 at %) in the Ru/Se samples was found to considerably
improve the stability of the catalyst materials against dissolu-
tion under potential cycling conditions, however, at this time
further work is required to understand the role of Mo as a sta-
bilizing agent. Zehl et al. have hypothesized a structural model
for Ru/Se particles assuming firmly interacting Se that only par-
tially decorates the surface of primary Ru core particles.[21] This
is not what was observed in any of the samples that were ex-
amined in this study.

The average half-wave potential, E1/2, of the heat-treated Se/
Ru/C samples was 0.74 V, which represents a 20 mV decrease
compared to the original Se/Ru/C sample (Figure 7). The degra-
dation may be caused by the loss of some Se upon heating,
which weakens the protection by Se against oxidation of met-
allic Ru.[17]

The exceptional methanol tolerance of chalcogenide Se/Ru
catalytic materials is well-established.[9, 17, 22, 23] However, the sta-
bility of the Ru-based chalcogenide catalysts is an issue that as
yet deserves consideration.[24, 25] In this work, we used a labora-
tory test to check the stability of the catalysts by applying vol-
tammetric potential sweeps in O2-saturated 0.1 m H2SO4 solu-
tions. The potential range was chosen from 0.7 to 0.9 V (at a
rate of 20 mV s�1), that is, around the potential for practical
ORR electrodes.[20] Figure 8 a shows a 70 mV loss in E1/2 after
1000 cycles. Potential cycling leads to a loss of Se and, hence,
loss of activity.[17, 26]

The Se/ ACHTUNGTRENNUNG(Ru–Mo)/C showed an activity (E1/2 = 0.76 V) similar to
that of Se/Ru/C (Figure 8 b). As can be seen from the figure,
the catalytic activity of Se/ ACHTUNGTRENNUNG(Ru–Mo)/C measured after potential
cycling showed almost no degradation in E1/2 over the cycling

Figure 5. HRTEM image of a heat-treated sample, consisting of mostly Ru
nanoparticles. The Ru particles were often found to agglomerate and some-
times facet along specific directions; one such hexagonal particle is shown
in this image and is facetted on its (0001) and (1̄100) planes and is viewed
along the [2̄113] direction. The inset shows an example of another type of
hexagonal Ru nanoparticles that were encountered in the samples, which
were isolated and attached on the globular amorphous carbon support. In
this case, the Ru particle is viewed along its [01̄11] zone axis.

Figure 6. a–e) HRTEM images obtained from heat-treated samples. The sam-
ples consist mostly of Ru nanoparticles with hexagonal crystal structure, but
this demonstrates that the samples do actually contain additional phases, in-
cluding MoSe2, RuSe2, and Se.

Figure 7. ORR hydrodynamic voltammograms using the as-prepared and
heat-treated Se/Ru/C nanoparticles. The measurements were carried out in a
O2-saturated 0.1 m H2SO4 solution at 20 mV s�1 and 1600 rpm.
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period, which indicates that the presence of Mo could improve
the stability of Se in the catalyst particles. The Se in the cata-
lyst could be more stable owing to an interaction with Mo,
and might therefore better protect Ru against oxidation. This
occurs despite the small amount of Mo present (about 2 to
3 at %). Further work is required to understand the role of Mo
as a stabilizing agent under the potential-cycling conditions.

Steady-state polarization data, shown in Figure 9 a and b,
correspond to a representative single fuel-cell test at 80 8C
with H2/O2, 0.4 MPa back pressure (anode and cathode), and
100 % relative humidity. The measurements showed very good
activity for the chalcogenide cathode electrodes (except for Pt)
and are the highest reported steady-state performances to
date.[27–29] Addition of about 2–3 at % Mo resulted in a three-

fold increase of the steady-state polarization of Se/Ru. Under
normal fuel-cell operating conditions, that is, at 0.6 V, remark-
able power density improvements are obtained. This indicates
a synergistic effect of Mo on the ORR active sites on the Ru
nanoparticles, in good agreement with the rotating disk elec-
trode (RDE) data reported above. Contrary to what was report-
ed by Christensen et al. ,[27] where improvement in only the
mass transport region of the polarization curve was observed,
these results indicate a beneficial effect of Mo in all regions of
the curve (activation, ohmic, and mass transport). Note, howev-
er, that the results of Christensen et al. were obtained in H2SO4

liquid-electrolyte cells, whereas our results reflect actual fuel-
cell operating conditions. Table 1 shows the kinetic parameters
obtained from the iR-corrected fuel cell polarization data in
comparison to standard Pt electrode. Note also that Tafel

Table 1. Kinetic parameters of polarization measurements reported in Figure 9 a and b.

Electrode Tafel slopeACHTUNGTRENNUNG[mV dec�1]
Eo

[mV]
Io � 103[a]ACHTUNGTRENNUNG[mA cm�2]

i at 0.8 VACHTUNGTRENNUNG[mA cm�2]
i at 0.7 V
[mA cm�2]

E at 10 mA cm�2

[mV]
Power density at 0.6 VACHTUNGTRENNUNG[mW cm�2]

30 %Pt/C 72.8 1038 15.9 310 920 949 806
Se/ACHTUNGTRENNUNG(Ru–Mo)/C 139.8 997 59.0 23 88 821 118
Se/Ru 118.1 963 18.0 – 30 762 45
RuxSey 146.9 943 29.1 4 38 771 56

[a] Equilibrium exchange current density.

Figure 8. ORR hydrodynamic voltammograms with a) Se/Ru/C and b) Se/ ACHTUNG-TRENNUNG(Ru–Mo)/C catalysts before and after 1000 potential cycles. The potential
cycles were taken from 0.7 to 0.9 V in O2-saturated 0.1 m H2SO4 solution at
20 V s�1 and 1600 rpm.

Figure 9. a) Steady-state polarization data measured in a polymer electrolyte
fuel cell using single-cell mode with a built-in RHE at the anode side for H2/
O2. b) Corresponding Tafel plots, showing the kinetic region of the polariza-
tion measurements.

662 www.chemsuschem.org � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemSusChem 2009, 2, 658 – 664

A. Wieckowski et al.

www.chemsuschem.org


slopes of ca. 70 mV dec�1 are in accordance with the litera-
ture.[30]

Fuel-cell data were obtained with no overpotential contribu-
tion from the hydrogen electrode. Therefore, the overpoten-
tials at the operating current density of 10 mA cm�2 shown in
Table 1 directly indicate the kinetic limitations of the ORR on
the cathode in fuel-cell configuration.

Conclusions

Se/Ru and Se/ ACHTUNGTRENNUNG(Ru–Mo) crystalline carbon-supported nano-elec-
trocatalysts were prepared using the aqueous chemical reduc-
tion method. Detailed structural and compositional analyses
were performed on the as-prepared and heat-treated materials,
where heat treatments resulted in grain growth. The addition
of small amounts (about 3 at %) of Mo improved the stability
of the electrocatalysts under potential-cycling conditions in O2-
saturated 0.1 m H2SO4 solutions. Fuel-cell polarization measure-
ments for Se/ ACHTUNGTRENNUNG(Ru–Mo)/C also showed better performance than
for the Se/Ru/C catalysts. The addition of Mo in Ru chalcoge-
nide materials for ORR electrocatalysis is promising because it
increases both their stability and their performance.

Experimental Section

Synthesis of Se/Ru/C and Se/ ACHTUNGTRENNUNG(Ru–Mo)/C

The catalyst materials were prepared by chemical reduction of the
appropriate salts using the aqueous route previously reported by
Campbell.[19] Details of the synthesis procedures have been report-
ed elsewhere;[31] herein, the key steps are briefly described. A
carbon suspension was obtained by sonicating 50 mg of Black
Pearls 2000 (Cabot Corp.) in 100 mL Millipore water for 1 h, after
which time about 160 mg of RuCl3·xH2O (ca. 10 wt % H2O, Aldrich
Chem. Co.) and 49 mg SeO2 (99.999 %, Johnson–Matthey Co.) were
added. The resulting suspension was heated at 80 8C under con-
stant stirring and bubbling of argon for 1 h. After cooling to room
temperature, a reducing agent, prepared by dissolving about
95 mg of NaBH4 (98 %, Aldrich Chem. Co.) and 200 mg of NaOH
(99.998 %, Aldrich Chem. Co.) in 25 mL of Millipore water, was
added dropwise over a period of approximately 2 h while sonicat-
ing the suspension. After the reduction process, the catalyst mate-
rial was filtered, washed several times with pure H2O, and dried in
air overnight. For the synthesis of Se/ ACHTUNGTRENNUNG(Ru–Mo)/C, about 54 mg
phosphomolybdic acid (SPI-Chem) was added to the suspension at
the beginning of the synthesis. The mass fractions of Ru in Se/Ru/C
and Se/ACHTUNGTRENNUNG(Ru–Mo)/C catalysts were 45 % and 37 %, respectively. The
mole ratio of Ru to Se was about 1.6 for the two materials and the
mole ratio of Ru to Mo in Se/ ACHTUNGTRENNUNG(Ru–Mo)/C was about 2.0. Heat treat-
ments were performed using a tube furnace and a steady argon
flow (10 mL min�1), at 500 8C for 2 h and a heating ramp of
10 8C min�1.

Physical Characterization

Powder XRD diffractograms were recorded (UIUC) using a Panalyti-
cal X’pert MRD system with a Cu Ka radiation (l= 0.15418 nm). The
secondary optics consisted of a parallel-plate collimator, a flat
graphite monochromator, and a proportional detector. Convention-

al 2q–q scans (where 2q is the Bragg angle) were recorded with
0.18 steps and 15 s per step counting time.
Elemental compositions were determined (UIUC) using X-ray
energy dispersive spectroscopy in a scanning transmission electron
microscope (VG HB501 TEM) operated at 100 kV and equipped
with an Oxford ISIS Si-Li detector with an ultrathin window (UTW).
The sample preparation procedure was the same for all TEM ex-
aminations. To prevent agglomerations, each catalyst sample
(which was in the form of a fine powder) was dispersed with ultra-
sound in methanol for about 10 min. The nanoparticles were col-
lected onto a thin carbon film supported by a copper grid by dip-
ping into the dispersed solutions. SEM images were acquired
(CWRU) using a dual-beam focused ion beam system (Nova, made
by FEI). The electron beam diameter was on the order of 5 nm.
TEM analyses were made using a 300 kV FEI Tecnai F30 Super-Twin
field-emission gun high resolution TEM; an instrument part of the
Swagelok Center for Surface Analysis of Materials (SCSAM) at
CWRU. It was equipped with a lithium-drifted silicon detector for
XEDS measurements. The electron diffraction patterns were record-
ed using a Philips CM20 conventional transmission electron micro-
scope operated at 200 kV (CWRU).

Electrochemical characterization

Electrochemical measurements were carried out using an RDE in a
three-electrode electrochemical cell equipped with a Luggin capil-
lary. The Au disk (A = 0.07 cm2) with the deposited catalyst, a Pt
gauze, and Ag/AgCl/NaCl (3.0 m) were used as the working, coun-
ter, and reference electrodes, respectively. All potentials are report-
ed versus the reversible hydrogen electrode (RHE). To prepare the
catalyst for deposition, a suspension of 2.5 mg mL�1 (either Se/Ru/
C or Se/ ACHTUNGTRENNUNG(Ru–Mo)/C) in Millipore water was obtained by sonication
for 30 min. A 4.2 mL aliquot of the suspension was placed onto the
gold RDE surface and dried in air at room temperature for 2 h.
After the electrode was voltammetrically “precycled” between
30 mV and 950 mV in a deaerated 0.1 m H2SO4 solution (with
argon), the ORR measurements were carried out in the O2-saturat-
ed 0.1 m H2SO4 solution at a scan rate of 20 mV s�1 while the RDE
was rotated at 1600 rpm.[17] The electrode potential was controlled
via the Autolab PG-STAT100 potentiostat (Eco Chemie) and the
data were analyzed using the General Purpose Electrochemical
Software (GPES) package.

Fuel Cell Testing

Fuel cell performance curves were measured (Northeastern Univer-
sity) from a single H2/O2 fuel cell with a reference electrode incor-
porated for simultaneous measurements of half-cell potentials. The
curves were obtained after conditioning the membrane electrode
assemblies (MEA) at cell potentials of 0.4 V (for 2 to 3 h) and 0.7 V
(for 2 h), that is, as long as the steady-state current was measured.
Typical polarization measurements took 4 to 6 h. The measure-
ments were carried out at 80 8C and at 0.4 MPa pressure for both
the H2 and O2 (air) sides. Tests were performed with Se/ ACHTUNGTRENNUNG(Ru–Mo)/C
and Se/Ru/C; a commercial Pt/C catalyst (30 wt % Pt on carbon,
BASF fuel cells, Somerset, NJ) was also used for comparison. The
loading was 0.5 mg cm�2 of Ru, and the electrodes were prepared
“in-house“ using the standard spray methodology, with the catalyst
deposited on a commercial gas-diffusion layer (GDL) obtained from
BASF fuel cells (LT-1400/W). Details of the electrode fabrication and
fuel cell tests are described elsewhere.[32] The anode was a plati-
nized commercial gas-diffusion electrode of 30 % Pt/C (0.5 mgPt/C).
The cathode electrode loading was also kept at 0.5 mg cm�2. MEAs
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were prepared by hot-pressing at 6.9 MPa and 130 8C for 4 min. All
polarization measurements were taken under steady-state condi-
tions using a constant-current source, an in-house computer pro-
gram using LabView package (National Instruments), and the elec-
tronic load module from an Agilent instrument (model HP 6050 A).
Data were logged when a steady-state potential was reached
within the range of �2 mV. No significant difference between the
forward and reverse scans was observed. Under these conditions,
the measured hysteresis was within 25 mV. For consistency, only
the anodic scan is reported. As mentioned above, the half-cell data
were measured using a built-in hydrogen reference electrode at
the anode side. This allowed us to measure the variations in the
anode electrode overpotentials between various single cell experi-
ments. All measurements showed negligible variations in the
anode polarization; thus, the data shown in the polarization and in
the Tafel curves represent the cathode polarization only.
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