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Abstract

The present paper presents a study of the Ru,Cr,Se, chalcogenide electrocatalyst based on physical-chemical characterization through scanning
electron (SEM), atomic force (AFM) microscopy and energy dispersion elemental analysis (EDS), thermal stability using differential scanning
calorimeter (DSC), electrochemical kinetics towards the oxygen reduction reaction (ORR) in acid media by rotating ring-disk electrode (RRDE)
and single and three-stack membrane-electrode assembly (MEA) performance as a function of catalyst loading (10%, 20% and 40% W from
0.2 to 2mgcm~2). Results indicate an electrocatalyst with chemical composition of RusCr;Ses. AFM images showed 80-160 nm nanoparticle
agglomerates. Good thermal stability of the cathode RusCrySes was established after 100 h of continuous operation. The electrochemical kinetics
study (RRDE) resulted in a electrocatalyst with high activity towards the ORR, preferentially proceeding via 4e~ charge transfer pathway towards
water formation (i.e., O,+4H"+4e~—2H,0), with a maximum of 2.8% H,0, formation at 25 °C. Finally, MEA tests revealed a maximum power
density of 220 mW cm™2 with a catalyst loading of 20 wt% at 1.6 mg cm 2.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Polymer electrolyte membrane fuel cell (PEMFC) is becom-
ing an interesting power source for many applications varying
from small size portable units to large stationary systems. One
of the actual challenges of the PEMFC technology resides in
the loading reduction of the expensive Pt electrocatalyst and/or
its replacement with a less expensive material with comparable
activity [1]. Several metallic and bimetallic selective electro-
catalysts in the form of nanoclusters have been investigated for
the cathodic reaction in PEMFCs. The oxygen reduction reac-
tion (ORR) has been the focus of extensive research aimed to
find novel materials with high activity and stability in extended
operation regimes. Recent studies also are being focused to
reduce the high overpotential present during this reaction to over-
come the inherent cathode slow kinetics. The techniques used
in the preparation of these novel electrocatalysts included micro
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dispersion [2], colloidal adsorption [3], ion-exchange and chem-
ical routes [4,5]. Transition-metal carbonyl compounds have
been extensively studied in our group through organo-metallic
chemistry due to their good balance between reactivity and
stability. Previous communications has shown that the decar-
bonylation of transition-metal cluster compounds in organic
solvent produced highly dispersed and supported-cluster cat-
alyst on different substrates. The reaction of these clusters with
an elemental chalcogenide generates a variety of mono- and
polynuclear compounds with coordination center of d-states
[6-8]. It has been reported that ruthenium-based electrocat-
alyst presents reasonable stability and good activity towards
the ORR in acid medium [9-12]. The interest in ruthenium
as chalcogenide electrode bearing chromium atoms has leaded
this research group to investigate the feasibility of using this
material as cathode in fuel cells. The rationale for incorporating
chromium into ruthenium selenide is to improve the stability
of the new compound as well as to enhance the electrocat-
alytic activity through the synergistic effects of the two metals
included in this chalcogenide electrocatalyst (Ru,CrySe;). The
synthesis methodology, physicochemical and electrochemical
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characterization of Ru,CrySe; catalyst was reported previously
[8]. In this work the study of the kinetics pathway, the amount
of hydrogen peroxide production in the ORR on Ru,Cr,Se, cat-
alyst (thin-film rotating ring-disk electrode) and a comparative
behavior with respect to 10 wt% Pt/C (E-TEK) disk is reported.
After electrochemical analysis, the study of the electrocatalyst
as cathode was performed. In addition of its optimum perfor-
mance in a membrane—electrode assembly (MEA) of a single
polymer electrolyte fuel cell, research presents the performance
of a three home-made MEAs fuel cell stack. The performance
achieved at different temperatures and catalyst loadings sug-
gests that Ru,Cr,Se, electrocatalyst could be considered to
be a suitable candidate to be used as cathode in Hy/O, — air
PEMEFC.

2. Experimental
2.1. Physical characterization

Elemental analysis was obtained with an EDS connected to an
electronic scanning microscope SEM, FEI Sirion XL.30 operated
at 20kV. Atomic force microscopy images were obtained in a
JEOL scanning probe microscope JSPM-4210 in tapping mode,
with a resonant frequency at 150 kHz and an Ultra-Sharp silicon
cantilever NSC 12 was used to analyze the topography and pro-
files of the electrocatalyst samples. Finally, a Perkin Elmer DCS7
differential scanning calorimeter was used to obtain thermo-
grams between 30 and 200 °C at 5.0°C min~! scanning speed.
The calorimeter was calibrated with metallic Zn and operated
by Pyris Software.

2.2. Electrochemical characterization

RRDE experiments were performed in a Pine AFCBP1 bipo-
tentiostat. The working electrode employed in all samples was
a commercial MT28 Pine glassy carbon disk (diam =4.57 mm),
covered with a thin-film catalytic suspension (ink) and Au ring
with 4.93 mm inner and 5.38 mm outer diameters, with 0.22
of nominal collection efficiency. The Ru,Cr,Se; catalyst was
synthesized in 1,6-hexanediol at 220 °C for 2h, as previously
reported [8]. The catalytic ink or suspension was prepared
with 1mg of Ru,Cr,Se; catalyst, 14 uL of 5wt% Nafion®
(Du Pont, 1100 EW), 100 nL water and 96 pL ethyl alco-
hol (spectrum grade). Six microlitters of this ink containing
~0.17 mg/cm? of catalyst, was deposited onto the glassy car-
bon electrode surface (geometric area=0.164 cm?) and dried
at room temperature. The reference electrode used was an
Hg/Hg>S04/0.5M HySO4 (MSE =0.68 V/NHE) and a Pt mesh
as a counter electrode. The potentials in the electrochemi-
cal experiments were referred to NHE. The electrolyte was
a 0.5M H,SOy4 solution prepared from double-distilled water
which was degassed with nitrogen for the working electrode
activation and saturated with oxygen for 10 min before each
ORR electrochemical measurement. The rotation speed of the
working electrode was varied between 200 and 2500 rpm,
maintaining a scan rate of 5SmVs~!. The ring potential was
kept at +1.40 V (NHE) during all the electrochemical experi-

ments. The collection efficiency, N, was obtained experimentally
from the slope of an iR versus ip plot at different rotation
speeds using as electrolyte a 5 x 1073 M K3Fe(CN)g solution
in 0.1 M K5SOy4. A value of N=0.13 was found for this arrange-
ment.

2.3. Membrane—electrode assembly (MEA) preparation
and characterization

Membrane electrode assemblies were prepared using
Nafion® 112 membranes. An anodic loading of 0.8 mgcm™>
of 10 wt% Pt/C (E-TEK) was used in all MEAs prepared. Cath-
ode catalyst loading was varied between 0.2 and 2.0 mg cm ™2
at 10, 20 and 40wt% of Ru,CrySe, dispersed carbon Vul-
can XC-72. The catalytic suspension was prepared by mixing
50 wL of Nafion® 5wt% (Du Pont, 1100 EW) and 1.5mL
of ethyl alcohol per each 3.6mg of carbon Vulcan XC.72.
The gas diffusion medium at cathode and anode sides were
Teflon treated carbon papers (ElectroChem). The catalytic sus-
pension was sprayed onto a Nafion® 112 membrane using a
lab-made electronic automatic device. The membrane was pre-
viously treated with HyO, and H>SOj as reported in literature
[8]. In order to prevent ohmic resistance and to form good
contact between the electrodes and the polymer membrane,
the MEAs were hot pressed at 120°C and 4.4kgcm™2 for
1.5 min, resulting in a active area of the anode and cathode of
5cm?. PEMFC performance experiments were carried out in
an Electrochem Fuel Cell Test System 890B. High purity H»
and O, were fed to the single fuel cell at 50ccmin™!. The
fuel cell performance was measured between 40 and 80°C
at 30 psi for both gases. The fuel cell station was equipped
with a humidifying system for the reactant gases; humidifier
temperatures were fixed at 5°C higher than cell tempera-
ture.

2.4. Fuel cell stack fabrication

A small fuel cell stack was designed and fabricated using
Nafion® 112 polymer membranes. Three MEAs of 9.61 cm?
geometric surface area per side were prepared by using car-
bon cloths as gas diffusion medium and 10 wt% Pt/C (E-TEK)
as anodes with a catalyst loading of 0.5mgcm~2. The cat-
alyst loading of 20wt% Ru,Cr,Se; dispersed on Vulcan on
the cathode sides was 1.6 mgcm™2. The catalytic ink was pre-
pared as described above and it was sprayed over a membrane
by means of a lab-made electronic automatic device. The gas
diffusion medium at cathode side was Teflon treated carbon
paper (ElectroChem). The MEA was hot pressed at 120°C
and 4.4 kg/cm? between two metallic heating plates without the
anode carbon cloth. The carbon cloths were then fixed only
by pressing the bipolar plates during the stack construction.
Gaskets and seals of the stack were home-molded with high tem-
perature resistant silicone. Bipolar plates were home-machined
and made of high-density graphite (POCO) and end plates were
aluminum-machined. All stack elements were home designed.
Stack PEMFC performance was carried out in an Electrochem
Fuel Cell Test System 890B. The performance was measured at
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80 °C and 10 psi pressure for both gases. High purity humidified
H, and O3 (50 cc min~!) were fed to the stack.

3. Results and discussion
3.1. Physical characterization

Fig. 1 shows a DCS curve obtained from the thermal response
in the 30-200°C range of the as synthesized powder cata-
lyst. There is an exothermic peak at 125.5 °C probably due to
a rearrangement reaction within the catalyst clusters. Despite
this peak, it was found that the electrocatalyst presents a good
thermal stability above the operation limits when it is used as
cathode in a PEMFC operational range. From EDS results, the
estimated elemental analysis gave an atomic composition of the
catalyst as RugCrsSes. However, because the synthesis method
is not selective, it cannot be concluded that this corresponds to
a real composition. AFM was used to obtain the surface mor-
phology which images are shown in Fig. 2. Results suggest that
the catalyst is composed of nanoparticles agglomerates in the
range of 80—-160nm size. The surface appears to be a highly
rough a fractal-like type. The catalyst morphology of the sur-
face at 2 pm (Fig. 2a) is highly rough and it is also maintained
at approximately 100nm (Fig. 2b). It can be considered that
the particle size is somewhat huge compared with typical par-
ticle sizes (5—-10nm) synthesized by this method, and can be
attributed to the sintering process which could play an impor-
tant role in the stability of the catalyst during long periods of
time.

3.2. Electrochemical characterization

In a previous work [8] we have shown that Ru,Cr,Se; films
deposited on glassy carbon electrodes efficiently catalyzed the
reduction of oxygen in acid medium. In this study RRDE tech-
nique is used to study the kinetics of the molecular oxygen
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Fig. 1. Differential scanning calorimetry curves of Ru,CrySe; catalyst.
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Fig.2. AFM surface morphology of Ru,Cr, Se; as-synthesized in1,6-hexanediol
at 220 °C. (a) Cluster catalyst at 2 wm and (b) cluster catalyst at 100 nm.

reduction reaction in order to determine the amount of hydrogen
peroxide produced and the pathway of the electrochemical reac-
tion. Steady state polarization curves obtained for the ORR in the
disk electrode and the currents for the hydrogen peroxide oxi-
dation in the ring are shown in Fig. 3. In the out-gassed solution
with N» only a small residual nonfaradaic current is observed in
the disk electrode, while in the O, saturated solution an increase
in the diffusion current in the disk is observed as a function of
rotation speed. The disk currents did not reach a perfect plateau
of the diffusion limited currents, and this is due to the small
amount of catalyst (0.17 mg/cm?) on the thin film formed on the
glassy carbon electrode with the catalytic ink, but it is clearly
defined its dependency with the rotating speed. The ring cur-
rents reached a maximum value near 0.25 V (NHE), similar to
the electrochemical behavior of some ruthenium-based catalysts
reported previously [5,13]. A comparison of the electrochemical
response with a 10 wt% Pt/C disk at 1600 rpm is depicted in the
same Fig 3. In this Figure, a shift of 0.1 V of the open circuit
potential towards more cathodic values and an increase of the
current disk in all the wide range of the potential is observed.
Also a small amount of hydrogen peroxide on the ring electrode
is detected. Fig. 4 presents the average percentage of hydrogen
peroxide formed as a by-product of the oxygen reduction reac-
tion on the Ru,Cr,Se; film in acid medium. The percentage of
peroxide was evaluated from the following equation [14,15]:

%Hy0p = ——— ey
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Fig. 3. Steady state polarization curves at different rotation speeds as a function
of disk potentials for ORR in 0.5 M H;SOy4. Ru,CrySe, disk and Au ring held
at 1.4 V/NHE. 10 wt% Pt/C disk at 1600 rpm was used for comparison.

For potentials lower than 0.65 V there is a strong voltage depen-
dence on the hydrogen peroxide formation. The amount of
H,0; produced with the electrode potential in the electro-
chemical process of the ORR reached a maximum of 2.8% on
the Ru,Cr,Se; catalyst as determined at 0.35 V/NHE (Fig. 4),
while the HyO, produced on Pt disk was less than 1%. The
small amount of intermediate produced in both cases suggests
that the molecular oxygen was predominantly reduced to H,O
(i.e., %H,0=100-%H>03,). Kinetic analysis of the ring-disk
data was carried out using the model of Damjanovic et al.
[16,17] for the ORR in acidic media proposed as described
bellow:

Oy+4H+4e~ 252H,0 )
+ — ko

O+2H"+2e™ —H,0, 3)

Hy0,+2H+2¢~ —252H,0 &)
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Fig. 4. Percentage of HyO, produced of the molecular oxygen reduction on
Ru,Cr,Se; electrocatalyst.

The first mechanism is a direct reduction path of oxygen
to water, that is, the four-electron charge transfer process. The
second mechanism is a serial one in which the reduction of
oxygen to hydrogen peroxide is further reduced to water.

Fig. 5 shows the rate constants evaluated over the entire poten-
tial range taking into account equations derived for ki, k> and
k3 described in ref [13,18]. Since k is much larger than k> over
the explored potential range, the molecular oxygen is mainly
reduced to water via the direct four-electron transfer path. From
the kinetic results we propose to test Ru,Cr,Se; catalyst as a
cathode in a single PEMFC.
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Fig. 5. Rate constants calculated for oxygen reduction reaction on Ru,Cr,Se,
catalysts based on Damjanovic’s Model [16].
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Fig. 6. Cathode catalyst loading study of Ru,Cr,Se; catalysts versus the maxi-
mum power density obtained from each assembly.

3.3. Membrane—electrode assembly (MEA)
characterization

Fig. 6 shows the MEA performance results for the study
of cathode-catalyst loading variation (mgcm~2) at 10, 20 and
40wt% of RuyCrySe, versus the maximum power density
obtained in each assembly. In this figure it is observed that
Ru,Cr,Se; at 20 wt% shows the maximum performance, while
Ru,Cr,Se; 10 wt% presents an acceptable performance, whereas
in Ru,CrySe; 40 wt% the performance decreases with respect to
the cathode catalyst loading. This behavior is attributed to the
amount of catalyst per geometric area available to be reached
by reactant gases and thus electrochemically active in each dis-
persion. This means that there should be an optimum catalyst
loading where the catalyst utilization would be the best. After
that, any extra particle present in the MEA could block catalyst
active sites.

For any specific application, an analysis should be carried
out in order to choose the best dispersion/loading arrangement
(10 wt% versus 20 wt% catalyst). Fig. 7 presents the perfor-
mance of 1.6 mg cm™2 and 20 wt% Ru,Cr,Se; MEA, which
up to now was the best assembly obtained during the cata-
lyst loading study. The maximum in power density was about
220mW cm™2 and it was reached at 0.3 V. As expected, the
performance of the assembly increases as the temperature and
pressure of operation increase. As observed during experimen-
tation with this particular catalyst, the gas pressure has a greater
effect on the cell performance than the cell temperature. Fig. 7
also compares the performance of the Ru,Cr,Se; cathode cata-
lyst with respect to a commercial ElectroChem membrane using
Pt at I mgcm~2 (20 wt% Pt/C). Under the same operational and
experimental conditions the Ru,Cr,Se, performance is about
50% lower than that obtained with platinum. This output per-
formance is attributed basically to the intrinsic properties of the
cathodic reaction of the ruthenium-based catalyst on the poly-
meric membrane. However, there are still other options available
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Fig. 7. Performance curves of Ru,Cr,Se; at 20 wt%, corresponding to the best
MEA response.

to test with other transition metals in order to enhance the per-
formance of the ruthenium-based catalyst or to use significantly
more catalyst than the amount required for the initial kinetic
activity study.

The stability curve of the MEA with 1.6 mg cm™2 Ru,Cr,Se,
20 wt% as cathode is presented in Fig. 8. The MEA was kept at
0.4V of cell voltage, 80 °C and 10 psi for 100 h of continuous
operation. Operation pressure of 10 psi was chosen because of
security reasons. The reached performance was roughly in aver-
age of 70 mW cm 2. There were small variations in the achieved
performance. Fig. 8 shows a decrease in activity from 0 to 70 h
of operation. After this time the cell was purged and the activ-
ity was recuperated. A possible explanation of this behavior is
the cell flooding. Cathode flooding caused by excessive liquid
water has been recognized as the main reason of poor PEMFC
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Fig. 8. Stability curve of a MEA with RuxCrySe, catalyst as cathode polarized
at 0.4V of cell voltage.
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Fig. 9. PEFC stack performance at 80 °C and 10 psi.

performance [19]. This situation can be eliminated by an appro-
priate flow field design. This experimental result suggest that
Ru,Cr,Se; catalyst is stable for at least 100h of continuous
operation and this can be interpreted as a first indication for
this material to be a suitable candidate as a cathode in Hy/O; —
air PEMFC.

3.4. Stack characterization

Physically, the stack is a 7 cm-side cube. As described above
all components were designed and manufactured in our own
facilities. Fig. 9 shows the stack performance at 80 °C and 10 psi.
The working pressure of 10psi was the maximum level that
bipolar plates could withstand without leaks and crossover. The
open circuit potential was near 2.3 V. The observed activation
overpotential is related to the intrinsic properties of ruthenium-
based catalysts such as electronic and geometric configuration,
which is quite different to Pt-based alloys. The maximum power
reached by the stack was 0.4 W. This value is somewhat low
compared with those obtained in the loading optimization study.
However, a design and choice of materials optimization could
improve the obtained values. In order to expand the size of tested
MEAs, the preparation methodology should also be improved.
An optimal operation condition study is in progress using an
approach based on fuel cell simulations [20-22].

4. Conclusions

The synthesized Ru,Cr,Se; material in organic solvent has
demonstrated catalytic activity for oxygen reduction in acid
medium. The electrocatalyst morphology consisted of a highly
rough fractal-type nanometric material with an average of
80-160 nm in size. The estimated composition of the catalyst
was of RugCrsSes deduced from EDS analysis. Chemical and
physical analysis has shown that this material presents chemical
stability above the temperature range of the PEMFC operation.

The oxygen reduction reaction on Ru,Cr,Se; proceeds
mostly via the four-electron transfer process to water formation
with a maximum of 2.8% of hydrogen peroxide as by-product.

MEA best performance was reached with a cathode catalyst
loading of 1.6mgcm™2 of 20 wt% Ru,Cr,Se,/CarbonVulcan
XC-72 and anodic loading of 0.8 mgcm™2 of 10 wt% Pt/C (E-
ETEK). Catalyst at 10 wt% presented a reasonable performance
whereas catalyst at 40 wt% performance was not acceptable.
For any specific application, an economic-performance analy-
sis should be carried out in order to choose the best catalyst
loading between 10 and 20 wt%. Under the same of temperature
and pressure conditions the Ru,Cr,Se; performance is near a
half of the value reported for Pt. Ru,Cr,Se; catalyst was stable
for at least 100 h of continuous operation and its electrochemi-
cal behavior suggests that it could be a suitable candidate to be
used as cathode in Hy/O, — air PEMFC. The stack performance
obtained is a step in the optimum design and manufacturing
know-how.
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