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Abstract

Powder of nanosized particles of Ru-based,(Rw,Se, and RyFe Se) clusters were prepared as catalysts for oxygen reduction in 0.5 M
H.SO, and for fuel cells prepared by pyrolysis in organic solvent. These electrocatalysts show a high uniformity of agglomerated nanometric
particles. The reaction kinetics were studied using rotating disk electrodes and an enhanced catalytic activity for the powders containing
selenium and iron was observed. The Ru-based electrocatalysts were used as the cathode in a single prototype PEM fuel cell, which was
prepared by spray deposition of the catalyst on the surface of Nafiti@ membranes. The electrochemical performance of each single
fuel cell was compared to that of a platinum/platinum conventional membrane electrode assembly (MEA), using hydrogen and oxygen feed
streams. A maximum power density of 140 mWemat 80°C with 460 mA cnt? was obtained for the REe,Se catalysts; approximately
55% lower power density than that obtained with platinum.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction molecular compounds, which are supported on different sub-
strates[11], where the reaction of these clusters with ele-
Fuel cells are becoming a subject of intense applied mental chalcogenide generates a variety of polynuclear com-
research. The polymer electrolyte membrane fuel cell pounds with coordination center of d-stafg8—14] Oxygen
(PEMFC) is regarded as a promising high efficiency, low reduction catalysts, which are based on ruthenium molybde-
pollution power source for transportation and residential ap- num chalcogenides, were synthesized in xilgite-17]and
plicationg1-6]. A considerable effort has been devoted to the dichlorobenzengl8,19] by decacarbonylates of the cluster
development of fuel cell cathode electrocatalysts to improve carbonyls under refluxing conditions for 20 h. Results showed
their activity and to promote alternatives for reducing the use the ability of this type of catalyst to reduce molecular oxy-
of noble metal catalysts. Platinum nanopatrticles and its alloys gen by a multi-electron charge transfer procass4e ) with
are the most common catalysts for polymer electrolyte mem- water formation. Recently, we have reported the prepara-
brane fuel cells. Electrocatalysis on novel materials for oxy- tion of ruthenium nanoparticles by pyrolysis of dodecarbonyl
gen reduction is an area of interest for electrochemists due toruthenium at 220C in 1,6-hexanediol under refluxing con-
their increasing relevance as cathodic materials in fuel cells, ditions for 2 h[20]. This synthesized ruthenium catalyst ac-
air batteries and industrial electrolytic technolo@10]. complished the direct reduction of molecular oxygen to water
The chemistry of transition metal carbonyl clusters has al- in an acid medium, however its catalytic activity is still low
ready been developed in order to prepare highly dispersedcompared to that of platinum, the best known electrocatalyst
for oxygen reduction.
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and RuyFeg,Se) cluster compounds as cathode electrodes is scope JEOL, JSPM-4210 under normal pressure conditions,

presented. For electrochemical evaluation, each catalyst wasn tapping mode, with a resonant frequency in the range

mixed with Nafioff ionomer and Vulcan carbon (VC). The 120-190kHz, and Ultra-Sharp silicon cantilevers NSC 12,

VC and the catalyst were mixed mechanically and impreg- was used to study the topography and profiles of the Ru-based

nated onto an electrode substrate. The oxygen reduction resamples.

action rates were measured using the rotating disk electrode

technique. The measured current was corrected for diffusion2.3. Electrode preparations and electrochemical set-up

effects and used to calculate the activity of each catalyst.

Electrodes for an MEA were prepared by spraying the cat-  The oxygen reduction reaction (ORR) on the Ru-based

alyst onto the membrane and hot-pressing the gas diffusioncluster electrocatalyst was studied using a rotating disk elec-

electrodes to the polymer membrane. Electrochemical per-trode. Working electrodes were prepared by mixing Vulcan

formances involved the study of the temperature effect on carbon supported catalyst with a Naffomonomer solution

the fuel cell. (5wt%, Dupont). The mixture was sonicated before a small
volume (4-8u.1) applied onto the glassy carbon disk with a
sectional area of 0.07 énand then mounted on a concentric

2. Experimental Nylamid holder. After drying the ink droplet, at room temper-
ature, a smooth film on the electrode surface was observed.
2.1. Synthesis of the catalyst The experimental setup involved a three-electrode arrange-

ment connected to a potentiostat/galvanostat (EG&G model
Previous studies in aprotic solvents have reported the 273A). The reference electrode was HgiS3¢y, 0.5M

synthesis of nanometric particles by descarboxilation of H,SOy (MSE =0.67 V/INHE) and the counter-electrode was
organometallic compoundi®80—22] The nature ofthe precur-  a platinum mesh. The potentials were referred to NHE. The
sor and the solvents in which the chemical reaction is carried electrochemical reduction reactions were performed by rotat-
out, produce either a high nuclearity carbonyl cluster com- ing the catalyst-loaded electrodes at 100-1600 rpm at a scan
pound, i.e. OgCO), [21], or nanocluster of transition metal  rate of 5mVs? in a 100ml of 0.5M HSQO; (pH 0.3) at
chalcogenides, i.e. YRu,Se [22]. Nanoparticles of ruthe-  25°C.
nium were synthesized by reacting 0.135 mM3f0O);2 Solutions of 0.5M HSO, were prepared from double-
(Aldrich) in a chemical reactor containing 150 ml of 1,6- distilled water and 97.8% $8$0, (Baker analyzed). Prior
hexanediol (bpz 220°C at 585 mmHg), under refluxingcon-  to electrochemical measurements, the solution was purged
ditions for 2 h. The time was enough to descarboxilate the with nitrogen for the working electrode activation. During
cluster precursor. Then, the system was cooled down to roomthe current—potential measurements, a constant oxygen flux
temperature and a black powder was precipitated, which was maintained on the solution surface. The current density
was recovered by following a traditional chemical method was calculated using the geometric surface area of the glassy
of separation by adding 50 ml of deionized water to the re- carbon substrate (0.07 &n
actor and 30 ml of ethyl acetate to form two phases which
were then separated. The powder was washed with diethyl2.4. Preparation of membrane electrode assembly
ether to eliminate the organic reagents and then dried for(MEA)
20h at air; afterwards, it was placed in a closed recipi-
ent prior to utilization. The same procedure was followed Athree layered structure, diffusion, catalyst and monomer
for the preparation of Ribg, and RuFe,Se nanoparticles  layers, was used to prepare the electrodes. Each MEA was
where 0.407 mM of elemental Se (Strem) and 0.407 mM prepared by spraying catalyst ink, which contained the clus-
Fe(CO} (Aldrich) were reacted under refluxing conditions ter catalyst and Nafidhmonomer in methanol, on the mem-

for 2h. brane. 10wt% Pt/C from E-TEK (Electrochem) was used
for the anode catalyst, and synthesized Ru-based catalyst
2.2. Physical characterization was used for the cathode. The amount of catalyst at the

anode was about 0.60 mg cfhwhilst for the cathode was

To identify the phases present in the synthesized prod-about 0.40 mgcrm?, mixed with 0.6 mgcm? of carbon
ucts, powdered samples were analyzed by XRD techniquepowder (Vulcan XC-72, Cabot). After spraying the cata-
using a Diffrac Brucker AXS, D8 Advanced Plus Diffrac- lyst onto the membrane, the MEA was heated at “ID0
tometer. X-ray diffraction patterns were obtained with a for 1.5min. The active area for the anode and cathode was
step scan of 0.0220 and 9s per step, between°3and 5 cn?. The polymer electrolyte membrane was Nafidrl7
90° 20, at 35kV and 30mA, using Cu K radiation, (Dupont Fluoro Products), which was treated by consecu-
1.54056A. Particle size was determined from transmission tive boiling processes for 1 h in 3%,8,, 2M H,SO; and
electron microscopy (TEM) analyses, with a Jeol JEM 1200 deionized water, according to the procedure previously de-
EX microscope, operating at 120kV and ZA. Atomic scribed[23]. Before spraying, membranes were dried and
force microscopy (AFM), using a scanning probe micro- flattened.
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2.5. Performance evaluation in the PEMFC 1400 ,'\
The performance of the single cell was evaluated by 1300 :

measuring the—E characteristics of each MEA using an 1

electronic load (Electrochem). The MEA with an active elec- 1200

trode area of 10 chwas coupled with gas-sealing gaskets 1

in a single cell test fixture. Hand G (high purity gases) 1100

were fed to the single cell under controlled flow rate, humid-
ity, temperature and pressure. Humidification of the reactant 10007
gases was carried out by bubbling the gases through water, ]
which was contained in bottles and heated t€%&bove the
temperature of the cell. The fuel cell performance was mea-
sured between 40 and 8G, at pressures of 30 psi fortdnd

34 psi for @, maintaining a flow rate of 400 ctmin~1 in

both gases. Measurements were carried out under steady-state
conditions.

©

o

o
1

Ru Fe Se,

Relative intensity (counts)

3. Results and discussion
3.1. Physical characterization

XRD patterns of Ry Ru.Sg, and RyFeg,Se powdered
catalysts as-synthesized by pyrolysis of chemical reagents
in 1,6-hexanediol are shown iRig. 1 For all the sam-
ples, broad diffraction peaks, which indicate the presence ]
of nanocrystalline powders were observed. Broad humps at I T s T . T —— .
the low angle scattering region of XRD patterns suggest 40 50 60 70 80 90

. . 2 Theta scale
that nanosized crystals may be embedded in an amorphous
phase product. When only RCO) 2 is pyrolized, the ruthe-  Fig. 1. XRD patterns of Ry Ru,S¢, and RyFe,Se nanostructured cata-
nium powdered catalyst matches well théPDS standard lysts synthesized by a chemical precipitation reaction in 1,6-hexanediol at
card 6-663, which corresponds to hexagonal rutherj20h 220°C.
With the addition of Se and Fe(C§))additional peaks ap-
pear in the XRD patterns maintaining the hexagonal struc- not only the surface mc')rphollogy of samplesﬂbut also accurate
ture of ruthenium as the main structure. No characteristic 2@99lomerate and particle sizes, as showfrig 3 Results
peaks of Ru, Fe or Se oxides were detected, however thesshowed th_at agglomerates are in the range 50—250 nm, whilst
oxides may be present in very small amounts below the de-Small particles are-1nm.
tection limit of the equipment or even in an amorphous form.
It was observed that the preparation of cluster electrocata-3.2. Electrochemical characterization
lysts by this technique involves complex processes which
may led to the formation of low and high-nuclearity cluster Polarization curves for oxygen reduction on ruthenium-
compounds. based carbon supported cluster electrocatalysts were

Fig. 2 shows TEM images of nanosized Ru-based cata- recorded by the linear sweep technique with a sweep rate
lysts as-synthesized. These micrographs show a network ofof 5mV s1 from the potential of 0.85-0.0V versus NHE,
spherical and uniformly well-distributed clusters, which are over a range of rotation rates of 100-1600 rpm. The depen-
actually composed of agglomerated nanosized particles. Ondence of the reduction reaction as a function of the potential
selected areas, the electron diffraction patterns of catalystsand rotation rate on R#eg,Se cluster catalysts is shown in
show the nanosized particles contain of amorphous and crys+ig. 4 Results showed a similar behavior for,Rund RySe,
talline phases. The TEM image of Rshows particleswitha  electrocatalysts, which were reported elsewl&re20] The
nearly uniform size with an average diameter of about 5 nm. electrochemical reaction seems to be under kinetic and dif-
TEMimages of RuSg, and RyFe,Se show thatthe agglom-  fusion control in the range of 0.85-0.40V. A limiting dif-
erated particle size ranges from 50 to 200 nm and consist offusion current is reached at a higher cathodic potential of
fine particles. The electron diffraction patterns of both ruthe- 0.40 V/NHE.
nium chalcogenide catalysts were composed of concentric  Fig. 5shows typical Tafel plots, which were obtained for
rings showing that the diffractions consists of a large num- the supported Ru-based electrodes in 0.5 36, solution,
ber of ultra fine crystalline particles. AFM was used to obtain under saturated oxygen concentration. Data were corrected
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Ru,Fe Se,

M18T9
28.1 X 28.1 X 1.90 nm

Fig. 3. Surface morphology of REg,Se. samples obtained by AFM: (a)
cluster catalysts and (b) nanometric particles.
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Fig. 2. TEMimages and SAD electron diffraction patterns of nanostructured <E( ]
Ru-based catalysts as-synthesized in 1,6-hexanediol &220 = '2": — 100 rpm‘:‘
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whereiy, i andi are the kinetic, the limiting and the measured
currents, respectively. Limiting currents were obtained from a Fig. 4. Oxygen reduction reaction on Fig,Se electrode at different rota-
Levich—Koutecky plot, and following a procedure which was tion rates. Oxygen saturated 0.5 M$Dy, sweep rate 5mV's, at 25°C.
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the membrane, MEAs were prepared by spraying the catalyst
Fig. 5. Mass-transfer corre_cted Tafel plot for oxygen reduction reaction on directly onto the NafioR membrane to obtain a Iayer of an
Ru-based electrocatalysts in 0.5 M$D. estimated thickness of 20 nm. Then, the catalyzed membrane
i ) was sandwiched between two pieces of porous carbon paper
described in referend@1]. It may be observed thatthe pres-  gjgctrodes. The MEAs were inserted into the fuel cell for test-

ence of selenium and iron stro.n.gly enhances the catalytic.ac-ing processes. To study the temperature effect on the MEA
tivities in terms of current densities, compared to those which performance, curves of the cell voltage and power density

were obtained with nanometric ruthenium. Tafel slopes were against current density were recorded at 40, 60 an€84ith
determined inthe region where the measured currentdensitie§_|2/02 under 30/34 psi pressuiféig. 6shows tﬁe fuel cell per-
were essentially due to a mixed diffusion-kinetic control for ¢ mance at different temperatures for the MEA, which was
the oxygen rgduction reactior_l. The values of the k?petic Pa- tabricated with a cathode of REe,Se cluster catalyst. An
rameters, which were determined from data showR@®1 5, jmprovement of the MEA performance with an increase in
are summarized iffable 1 The exchange current densities e gperating temperature was observed. Open circuit volt-
were determined by extrapolation from the linear Tafel re- ages,Eqc, were around 0.90V at the operating temperature.
gion to the reversible potential. A significant improvement in Clearly, the measured maximum power densitay, Was

the electrocatalytic behavior in the direction from the nano- gg mw ent2 at 40°C. and it increased to 138 mW cra at
sized Ry to Ru:Sg and RyFe;Se cluster compounds was  ggoc, almost 50% higher than the starting current. This fact
observed. The ;/alues of potentlm,, WhICh were obt.alned confirms that the oxygen reduction reaction on.ReySe
fori=0.1Acnr?, are also included ifiable 3 where itcan o ster catalyst is activated by temperature, therefore a work-
be observed that platinum remains as the cathode electrod(?ng temperature higher than 8G is needed to enhance the

material with the lowest overvoltage for oxygen reduction. c4ihqdic electrode kinetics and thus the performance of the
These experimental results are in agreement to the kineticpppec.

studies reported on ruthenium-based chalcogenides synthe- \yhen compared with the single PEMFC performance of

sized in organic solvents for 207,19} three cathodes with the same platinum anode catalyst, one
may observe the kinetics of the cathode catalyst at the same
3.3. Performance testing of membrane electrode temperature. Interesting results were obtained when compar-
assemblies ing the performance of the Rite,Sg cluster catalyst with
those obtained with Ruand RySe, as cathodes and plat-
Since the performance of fuel cells depends on the thick- inum as the anode in single fuel cellsig. 7 and Table 2
ness of the spraying catalyst layer, and to avoid a damage toshow the performances and the parameters determined from

Table 1

Kinetic parameters for ORR in Ru-based cluster catalyst in 0.58

Electrocatalysts Eoc (VINHE) —b (Vdec?) o io (MAcm2) Potential (V) ati=0.1 mA cn2
Ru, 0.80 0.110 0.53 42910 0.49

Ru,Se, 0.87 0.111 0.52 2.22 10°° 0.43

Ru.Fg Se 0.85 0.111 0.51 4.4%10°° 0.41

Pt (10 wt%, E-Tek) 0.96 0.077 0.70 8.4710°° 0.29
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Table 2
Performance of Ru-based cluster cathode catalyst in a PEMFC? &, 89/0, under 30/34 psi pressure
Cathodic electrocatalyst \oltage (V) Winax (MW cmi2) i at Wmax (MA cm™2) Cell voltage atWmax (V)
Ru, 0.86 70 226 0.31
Ru,Se 0.89 112 329 0.34
Ru,Fe Se 0.88 140 460 0.33
Pt (10 wt%, E-Tek) 0.99 315 656 0.48
1 f—r——+——+—t———tr4——7350 Fe and Se into the nanometric Ruexagonal phase. In this
—®—RUSe ] 500 work, the best performance was obtained with,RySe
08 —YRyFeSe, | Y cluster catalyst with approximately a 55% lower power den-
—¢— Pt (E-Tek . . .
! “--250 z sity than that with platinum.
> 1 o
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