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Abstract Electrocatalytic oxygen reduction was studied
on a Ru,Fe,Se,(CO), cluster catalyst with Vulcan carbon
powder dispersed into a Nafion film coated on a glassy
carbon electrode. The synthesis of the electrocatalyst as a
mixture of crystallites and amorphous nanoparticles was
carried out by refluxing the transition metal carbonyl
compounds in an organic solvent. Electrocatalysis by the
cluster compound is discussed, based on the results of
rotating disc electrode measurements in a 0.5 M H,SO4.
A Tafel slope of —80.00+4.72 mV dec”! and an ex-
change current density of 1.1+0.17x10™® mA cm™ was
calculated from the mass transfer-corrected curve. It was
found that the electrochemical reduction reaction follows
the kinetics of a multielectronic (n=4¢™) charge transfer
process producing water, i.e. O,+4H " +4e~ — 2H,0.

Keywords Cathode - Electrocatalysis - Oxygen
reduction

Introduction

Electrocatalysis of the molecular oxygen reduction
reaction (ORR) continues to command a great deal of
interest in modern electrochemistry owing to its tech-
nological importance in electrochemical devices such as
cathode electrodes in fuel cells [1, 2], for which the
four-electron oxygen reduction pathway is predominant
in acid media [3, 4]. In the development of fuel cells
operated at low temperature, small-size platinum and
its alloys are used as electrodes. Therefore, there is an
opportunity to develop novel active cathode catalysts
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in order to reduce the amount of precious metals used
without losing performance from the present level.
Clusters have different properties than the corre-
sponding bulk solids. Interest in bimetallic cluster
compounds as models for surface and catalytic reac-
tions has lead to extensive research in this area [5, 6, 7].
Heteronuclear clusters are of particular interest since
the differing reactivities of the metals may be explored
in chemical transformations [8]. Ruthenium compounds
synthesized at low temperature have been reported as
good electrocatalysts which are able to transfer elec-
trons via a ruthenium-centred mechanism for the ORR
[9, 10, 11].

Our interest in the ORR at a ruthenium chalco-
genide cluster electrode bearing iron atoms has lead us
to investigate the feasibility of using this material as
cathode electrodes in fuel cells [12]. The main reasons
for incorporating selenium into ruthenium and other
transition metal cluster compounds is to improve the
stability of the new compound as well as to obtain an
enhancement of the electrocatalytic activity due to
synergistic effects.

The aim of this work is to present the synthesis and
characterization of a bimetallic chalcogenide cluster
catalyst prepared by reacting the transition metal
carbonyl compounds with elemental selenium in 1,2-
dichlorobenzene for 20 h. The study of the electrocat-
alytic activity of the cluster compound supported on
Vulcan carbon and dispersed into a Nafion film also
constitutes part of this work.

Experimental

Catalyst preparation

The cluster catalyst was synthesized by reacting Rus(CO);,
(88.33 mg, 0.139 mmol) with Fe3(CO);, (70 mg, 0.139 mmol) and
elemental selenium (32.9 mg, 0.417 mmol) in 1,2-dichlorobenzene
(bp~180 °C). The preparation was performed under refluxing
conditions with continuous stirring in an inert atmosphere for
20 h. After cooling to room temperature, the reaction mixture
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was filtered and the resulting powder was washed with acetone
and methanol. Afterwards the powder was placed in a furnace at
120 °C for 1.5 h in order to dry it completely. The resulting dark
and fine powder was used for optical characterization and elec-
trochemical measurements.

Chemical and physical characterization

IR spectra were measured on a FTIR Perkin-Elmer 16F spec-
trometer. Samples for this technique were prepared by thoroughly
mixing the catalyst powder with dry KBr (Aldrich).

The surface morphology of the cluster catalyst was examined
using a scanning electron microscope (SEM, Jeol 3600), equipped
with an energy dispersive X-ray microanalysis unit (EDAX), to
determine the chemical composition at different points of the
sample. Catalyst particle size distribution was determined with a
transmission electron microscope (TEM, Jeol 2010), at 200 kV
accelerating voltage. The XRD technique was used for the deter-
mination of the average particle size. X-ray diffractions were re-
corded by a Siemens D5000 diffractometer for powders, equipped
with a Cu K, radiation source.

Electrochemical characterization

An alcoholic solution with 5 wt% Nafion was purchased from
Aldrich and the glassy carbon (GC) rod was purchased from Sy-
gradur. Discs with a cross-sectional area of 0.196 cm? and thickness
of 5 mm were used as a support for the thin films and used as
working electrodes. Each disc was placed in a cup of an electrode
holder made of Nylamid with a stainless-steel bottom. The GC
electrode surface was modified as follows: to an alcoholic solution
(0.22 mL) containing 8 uL of 5 wt% Nafion (Du Pont, 1100 EW),
1 mg of the catalyst and 0.2 mg of Vulcan carbon XC-72R (Cabot)
were added. The resulting mixture was sonicated for 2 min and
deposited onto the GC surface. A thin film of 0.4 um thickness was
estimated, taking into account the amount of electrocatalyst and the
density of the Nafion [13].

The electrochemical measurements were performed by using the
conventional single compartment of a three-electrode array. The
cyclic voltammetry and the rotating disc electrode (RDE) studies

were carried out at 25 °C. A platinum mesh was used as the counter
electrode and Hg/Hg,S0,4/0.5 M H,SO, (MSE=0.68 V/NHE) as
the reference electrode. All the potentials are referred to NHE. A
potentiostat (EG&G, model 273A) was used for the steady-state
experiments. Hydrodynamics experiments were recorded in the
rotation rate range 100-1600 rpm at 5 mV/s. At least three elec-
trodes were prepared from different syntheses. A 0.5 M H,SO,
(pH 0.3) aqueous solution was used as the electrolyte, prepared
from doubly distilled water. Prior to the electrochemical measure-
ments, the solution was degassed with nitrogen for the working
electrode activation. The electrode activation was carried out by
scanning the potential between 0.83 V and —0.03 V/NHE for 20
min. Afterwards, the electrolyte was saturated with oxygen whose
flux was maintained above the electrolyte during the measurements.

Results and discussion
Catalyst characterization

The preparation of the Ru,Fe,Se,(CO), cluster catalyst
by thermal condensation is not a selective synthesis,
and a mixture of lower- and higher-nuclearity clusters
by following this technique is formed [14]. The real
composition of the synthesized powder has not yet
been determined. Figure 1 shows the FTIR spectrum of
a KBr pellet of the synthesized Ru,Se,(CO),, Ru,.
Fe,(CO), and Ru,Fe,Se,(CO), cluster catalysts. Bands
observed at 2000 cm™' and 2070 cm™' in Ru,Se,(CO),
and Ru,Fey(CO), correspond to terminal carbonyls
and a broad band in the range 15501650 cm™' was
assigned to the face-bridging carbonyls [u3-(CO)], as
reported for similar clusters [14]. A band in the same
range of 1550-1650 cm™' was also observed in the
Ru,Fe,Se,(CO), cluster, while this cluster also showed
a band at 1780 cm™! which can be assigned to the edge-
bridging carbonyl [u,-(CO)]; a band at 1555 cm™ is
probably due to ¢/n-bridge carbonyls, and prominent

Fig. 1 FTIR spectra of the
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bands observed in the region 1150-1250 cm™' were

assigned to hydride bridges of the type M-H-M, as has
been reported [15, 16].

TEM of the synthesized RuyFe,Se,(CO), cluster
catalyst (Fig. 2) shows metallic nanoparticles of diam-
eter under 5 nm, incorporated into an amorphous layer
of the particle surface. Similar images were obtained
with the products from the thermal condensation
reaction between the Ru and Fe transition carbonyl
compounds in 1,6-hexanediol [17]. The particle sizes
suggest that the synthesized cluster compound could be
a suitable material for use in electrocatalysis. The
average EDAX microanalysis gave a ca. 1.4:1 Ru:Fe
atomic ratio and a 1.9:1 Ru:Se atomic ratio. The X-ray
diffraction pattern of the Ru.Fe,Se,(CO), cluster cat-
alyst is shown in Fig. 3. The lack of sharp peaks rules
out the presence of crystallites. From the extent of the
line broadening at 20 ~ 43°, the average crystallite size
of metallic ruthenium is estimated to be 3.5 nm with
the use of the Scherrer equation after background
subtraction. The broad signal observed at about 10-20°
is probably due to amorphous states of compounds
produced during the chemical condensation reaction.
The analytical results confirm that the chemical prep-
aration procedure is not a selective technique for the
preparation of only a nanocrystalline electrocatalyst,
because a nanocrystalline-amorphous compound is
produced. The precise structure and the real composi-
tion have not yet been determined owing to the poly-
nuclearity and to the amorphous portion of the
synthesized compound, which made separation by the
traditional technique of chemical quantification diffi-
cult. However, since carbonyls are contained in the
synthesized electrocatalyst, their estimated composition
should be Ru,Fe,Se,(CO),.
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Fig. 2 TEM picture of the as-synthesized RuyFe,Se,(CO), cluster
catalyst

Cyclic voltammetry and RDE study of the oxygen

Cyclic voltammograms of the RuyFe,Se,(CO), cluster
catalyst incorporated into a Nafion film were recorded in
a small potential region, 0.86-0.75 V vs. NHE (Fig. 4),
where a dependence of non-faradaic currents on the
sweep rate was obtained. These voltammograms were
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Fig. 4 Dependence of the 14 — b —tl
capacity current density on the ’

scan rate of a Nafion film

dispersing a RuyFe,Se,(CO), 12 * -

cluster catalyst coated on a GC
electrode in 0.5 M H,SO4 .
Insert: cyclic voltammograms of
the catalyst electrode at various
scan rates
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recorded after scanning the electrode potential between
0.8 V and 0.0 V vs. NHE at 50 mV/s for 10 min, in
order to eliminate impurities and oxides, until a defined
capacitive current was reached. A good linear relation-
ship was observed in the range 5-80 mV s~ '. From the
slope of the linear region of the double layer charging
current versus sweep rate measured at 0.80 V, the
capacitance of the electrode/solution interface (C=dg/
dE=di/dv) was calculated, normalizing the capacitance
to the geometrical surface area. An average value of
14.9240.53 uF cm™ was obtained.

Steady-state current-potential curves at six different
rotation rates produced by the molecular oxygen reduc-
tion at the RuyFe,Se,(CO), cluster catalyst incorporated
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into a Nafion film, corrected from the non-faradaic
current, are shown in Fig. 5. Oxygen diffuses into the
Nafion phase and reacts simultaneously at the catalyst
interfaces. As shown in this figure, in the region between
0.85 V and 0.73 V vs. NHE, no significant variation of
the currents with the rotation rates was observed, char-
acteristic of charge-transfer kinetics control. Mixed
control in the range 0.75-0.60 V vs. NHE and, at higher
cathodic potentials, a dependence of a well-defined lim-
iting current on rotation rate is observed. With increasing
rotation speed, limiting currents were increased due to
the increase of oxygen diffusion through the electrode
surface. The Koutecky-Levich plots corresponding to the
experimental values of Fig. 5 are shown in Fig. 6, using

Fig. 5 RDE measurements of 0
the oxygen reduction on a
Nafion film dispersing a
Ru,Fe,Se,(CO), cluster catalyst
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0.5 M H,SO,4
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the following first-order reaction kinetics and taking into
account the Nafion thin film [13, 18]:

I 1 1

i i Bal M)
where i is the measured current, i, the kinetic contri-
bution to the current and w is the electrode rotation rate.
The theoretical value of the Levich slope, B, is evaluated
from Eq. 2:

B = 0.2nFC,D>3y~1/6 (2)
where 0.2 is a constant used when  is expressed in
revolutions per minute, # is the number of electrons re-
lated to the oxygen reduction reaction, F the Faraday
constant (96,500 C molfl), C, is the concentration of
oxygen in 0.5 M H,SO, (1.1x107° mol cm™), D, is the
diffusion coefficient of oxygen in the solution
(1.4x107° ecm? s™') and v is the kinematic viscosity of the
sulfuric acid (1.7x1072 em™ s™') [19]. The theoretical
value of B was found to be 0.106 mA s'? with n=4.
From the slope of Fig. 6 the experimental value of B was
found to be 0.101 mA s'? and is close to the theoretical
value. The satisfactory agreement between these two
values suggests that the kinetics is favorable toward a
multielectron charge transfer process (n=4¢") leading to
water formation, i.e. O,+4H " +4e~ — 2H,0. Studies
in progress by the rotating ring-disk electrode technique
will give us more information about the kinetics.
Figure 7 shows the potential dependence of the kinetic
density currents corrected for diffusion effects (given as
Tafel plots) of the RuyFe,Se,(CO), cluster catalyst
incorporated into a Nafion film and that of the Ru,.
Se,(CO), and RuyFe/(CO), electrocacalysts analyzed
under the same experimental conditions. It is clear that
the electrocatalytic activity for oxygen reduction of the
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bimetallic combination improves with the addition of
selenium. The success of the enhanced electrocatalytic
activity could be associated with the synergistic effect of
the dispersed mixed amorphous phases of lower and
higher cluster materials whose electronic interactions
improve the electrode kinetic surface. The favorable
influence of selenium on the Ru-based catalysts for
oxygen reduction in acid electrolytes could also be
attributed to the modification of the catalytic active
centre by selenium taking the position of a CO group,
altering the electronic properties of the active centre and
facilitating the electron transfer [20]. It is clear that the
electrochemical ORR must depend on the coordinating
ability of the reactive centres of both the Ru and Fe
electrocatalysts which react interfacially with the ad-
sorbed oxygen via the transition metal d-states. This
statement and possible implications in the subsequent
electron transfer process have been discussed by Trib-
utsch and co-workers [20, 21]. The kinetic results
obtained from the Tafel slope deduced in the range 0.70—
0.82 V/NHE of Fig. 7 are collected in Table 1. The
Tafel slope of —0.117 V with the Ru,Fe,(CO), electro-
cacalyst corresponds to the transfer of the first electron
to the adsorbed oxygen as the rate-determining step:

(O2>ads +H" +e — (HO2>ads (3)

The Tafel slope is used as one of the most frequently
diagnostic criteria in the elucidation of the reaction
mechanism. In most cases, slope values such as —0.060
and —0.120 V can be easily explained. The existence of
these two slopes is explained in terms of the coverage of
the electrode surface by adsorbed oxygen, which follows
a Temkin isotherm (high coverage) at low overpotentials
and a Langmuir isotherm (low coverage) at higher
overpotentials [22, 23]. However, a Tafel slope value of
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Fig. 7 Mass-transfer-corrected
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Table 1 Kinetic parameters - N - B
deduced from the mass- Sample Tafel slope, —b Transfer iy (r{léA/cm ) i (mA/cm~) at
transfer-corrected Tafel plots of (mV/dec) coefficient, o x10 E=0.7V vs. NHE
the ORR in 0.5 M H,SO,4 )
Ru,Se,(CO), 87.73 (90.00)* 0.67 1.65 1.05
Ru,Fey(CO), 117.02+2.62 0.51+0.01 13.54+3.98 0.32
RuyFe,Se,(CO), 80.00+4.72 0.74+0.01 1.1+£0.17 2.28

“From [26]

—0.080 V, determined for the oxygen reduction on the
RuyFe,Se,(CO), cluster catalyst, suggests a rather com-
plex reaction mechanism which is very difficult to explain.

The values of the exchange current density presented
in Table 1 are similar for the Ru-based catalysts sup-
ported on Nafion-modified electrodes, and also are sim-
ilar to highly dispersed Pt on high-surface-area carbon
used in fuel cells [24, 25]. In Table 1 is also seen the
influence of iron in the current density at 0.7 V vs. NHE,
when it is incorporated in the ruthenium-selenium cata-
lyst compound. From the deduced electrochemical re-
sults, we suggest that the Ru,Fe,Se,(CO), cluster catalyst
could be considered in the fabrication of membrane
electrode assemblies and for testing as a cathode for the
ORR in a polymer electrolyte fuel cell.

Conclusions

The present study has shown that the incorporation of
Fe into the Ru,Sey(CO), cluster catalyst produces a
synergistic interaction enhancing the electron transfer
rate for the ORR. The performance of the RuyFe,.
Se,(CO), cluster electrocatalyst dispersed into a Nafion
film, and coated on a GC electrode, shows considerable
stability in sulfuric acid media and could be considered
as a cathode in a proton exchange membrane fuel cell.
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