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Abstract A ruthenium-sulfur carbonyl cluster electro-
catalyst, Ru,S,(CO),, was synthesized by pyrolysis of
Ru;(CO);, and elemental sulfur in a sealed ampoule at
300 °C. The pyrolyzed compound was characterized by
DSC, FT-IR, XRD and SEM (EDX) techniques. The
electrocatalytic activity and kinetic parameters for the
molecular oxygen reduction were determined by a ro-
tating ring-disk electrode (RRDE) in a 0.5 M H,SO,
solution at 25 °C. The cathodic polarization indicates
two Tafel slopes: —0.124 + 0.002 V dec™' at low and
—-0.254 + 0.003 V dec™' at high overpotentials, and
first-order kinetics with respect to O, concentration.
From the analysis of Levich plots and RRDE results,
the oxygen reduction on Ru,S,(CO), was determined to
proceed mostly via a multielectron transfer path (4e7) to
water formation (>94%).
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Introduction

Transition-metal carbonyl clusters are an important area
in organometallic chemistry research. In particular,
ruthenium and osmium clusters have been extensively
studied because of their good balance between reactivity
and stability [1-5]. The preparation of supported metal
clusters by decarboxylation of metal carbonyl clusters is
exemplified by the removal of the -CO ligands, although
the chemistry is still unknown. The reaction of carbonyl
clusters with an elemental chalcogenide generates a
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variety of polynuclear compounds with a d-state coor-
dination center [6-8]. It has been reported that polynu-
clear clusters such as Pt,, (where n is about 6) are small
enough to be considered as quasi molecular metal clus-
ters rather than metallic. Their catalytic properties are
distinct from those of metallic particles. The chemi-
sorption of small molecules on the surface and the fol-
lowing interface reaction are topics of considerable
interest in catalysis and electrocatalysis. Transition-metal
chalcogenide cluster compounds are of primary interest
owing to the coordination of the oxygen to the transition
metal complexes [9, 10] and to the bimetallic interactions
giving rise to catalytic processes in the development of
hydrodesulfurization reactions [11-13] and cathodes in
batteries and fuel cells [14-16]. However, it has been re-
ported that dichalcogenides of ruthenium have very low
electrocatalytic activity for oxygen reduction in acid
media [7]. The aim of this work is to investigate a
ruthenium-sulfur-carbonyl cluster electrocatalyst, pre-
pared by pyrolysis in a sealed ampoule at 300 °C, which
presented good stability and electrocatalytic activity for
molecular oxygen reduction in an acidic medium.

Experimental

Material synthesis

The syntheses of the Ru,S,(CO), electrocatalysts were performed
by mixing Ru3(CO);, (Strem) and elemental sulfur (Aldrich) in a
sealed glass ampoule. The mixture was then pyrolyzed at 300 °C for
24 h. The resulting powder was rinsed twice with a mixture of
hexane, chloroform, and ethyl acetate in order to eliminate the
non-reacting compound. Afterwards the compound was dried at
120 °C overnight. The resulting material was ground to a fine
powder and used for electrochemical measurements and optical
and structural characterizations.

Electrode preparation and electrochemical set-up

Oxygen reduction on Ru,S (CO), was studied using a rotating Pt
ring-Ru,S (CO),, disk electrode (RRDE). The disks were prepared



from five different syntheses, all the samples giving similar results.
Thus 3 mg of the electrocatalyst was mixed with 3 mg of carbon
paste (graphite from Aldrich and paraffin from Merck, mixed in a
ratio of 2 : 1 w/w [17, 18]). The mixtures were back contacted with
carbon paste and mounted on a Nylamid holder to obtain the disk
electrode. The electrode surface was polished and rinsed with de-
ionized water before used. To make the RRDE the disk holder was
mounted on a concentric platinum ring electrode. A conventional
three-compartment glass cell was used. The electrochemical mea-
surements were performed with an EG&G bi-potentiostat and a
Pine MSRX rotation speed controller. The collection efficiency, N,
was determined to be 0.26 from the slope of Ir versus I at different
rotation rates using 5 x 107> M K3Fe(CN)g in 107" M K,SO,. The
RRDE measurements for O, reduction were performed in a 0.5 M
H,SO,4 (pH 0.3) electrolyte. The reference electrode was a mercury
sulfate electrode (MSE), Hg/Hg,SO,4 in 0.5 M H,SO4 (MSE=
0.67 V/NHE). A platinum mesh was used as a counter electrode.
All chemicals were used without further purification. The electro-
chemical experiments were done at room temperature (25 °C). The
electrodes were activated in the oxygen purged electrolyte with
argon, by scanning the potential in the region between 0.40 V/NHE
and 0.10 V/NHE at 50 mV/s for 20 min. Thereafter, the electrolyte
was saturated with pure oxygen and maintained on the electrolyte
surface during the measurements. Hydrodynamic experiments were
recorded in the rotation rate range of 100-1600 rpm at 5 mV/s. The
ring potential was kept at 1.4 V/NHE, at wich all the H,O, mol-
ecules that reached the ring were oxidized to O, [19, 20]. The ring
current (/g) was recorded simultaneously with the disk current (/p).

Material characterization

Differential scanning calorimetry (DSC) was performed on an au-
tomated Perkin-Elmer DSC-7 calorimeter. Infrared spectra were
obtained on a FT-IR Perkin-Elmer 16F spectrometer under PC
control. X-ray diffraction (XRD) analysis was performed on a
Siemens DS5000 wusing Cu Ka monochromated radiation
(24=0.115478 nm). Micrographs were recorded with a Jeol JSM-
35CF electron microscope operating at 20 kV. The powder was
fixed on an adhesive carbon tape.

Results and discussion

Figure 1 shows DSC curves obtained with the mixed re-
agents and the pure dodecacarbonyl triruthenium. The
thermal response of Ru3(CO);, (curve a), gave endo-
thermic peaks at 162 °C, 255 °C and 290 °C. The peak
observed at 162 °C is attributed to the Rus(CO);, fusion
and the other two peaks are attributed to the decompo-
sition of Ru3(CO);, and its transformation to metallic
ruthenium [23, 24]. Curve b in Fig. 1 depicts the calori-
metric behavior of Ru3(CO),, + elemental sulfur, yield-
ingendothermic peaks at 130 °Cand 165 °C, respectively,
an exothermic peak at 230 °C and two more exothermic
peaks around 450 °C. At 130 °C the sulfur is fused and at
165 °C the peak of the fusion with the Ru3(CO),, is ob-
served. The exothermic peak observed at 230 °C is at-
tributed to the chemical reaction for the formation of the
pyrolyzed product. The syntheses have been carried out at
300 °C and the thermal response of the pyrolysis product
is shown in curve c. The prepared compound is stable
below 380 °C but above this an exothermic peak appears,
attributed to degradation of the product.

The XRD patterns of the ruthenium carbonyl used as
the reagent, metallic ruthenium powder, ruthenium di-
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Fig. 1 Differential scanning calorimetry curves for a Rus3(CO),, b
Ru3(CO);» + S, and ¢ Ru,S,(CO), powder synthesized by pyrolysis
of Ru3(CO);, and elemental sulfur at 300 °C

sulfide powder and the powders obtained from pyrolysis
are presented in Fig. 2. In the 20 range 0-60° no peaks
are detected, indicating that the synthesized compound
is either amorphous or poorly crystallized. Similar be-
havior was observed for transition metal chalcogenide
compounds synthesized from a chemical precipitation
reaction [21, 22].

SEM photographs of the synthesized product are
shown in Fig. 3. The surface appears as small, near-
spherical nodules, partially fused together with sizes
particles between 1-10 um. This type of morphology is
typical of poorly crystallized chalcogenides prepared at
low temperature. The energy dispersive X-ray (EDX)
analyzer of the scanning electron microscope give a Ru/S
atomic ratio of 1.65. The precise structure and real com-
position have not yet been determined owing to the
insolubility and the amorphous character of the synthe-
sized compound.

Figure 4 shows a FT-IR spectrum of a KBr pellet of
the synthesized Ru,S,(CO), electrocatalyst after
(Fig. 4A) and before (Fig. 4B) washing with the mixture
of solvents described above. In the region of 2100—
1400 cm™" appear two bands near 2000 cm™", attributed
to terminal carbonyls. This result confirms that the -CO
bonds to the metal centers are maintained and incor-
porated into the cluster compound [25].

RRDE experiments were performed on the Ru,S,-
(CO),, electrocatalyst in order to measure the amount of
hydrogen peroxide produced in the electrochemical oxy-
gen reduction process. The current-potential curves of the
RRDE experiments as a function of potential and rotating
rate are depicted in Fig. 5. The equilibrium potential is
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Fig. 2 X-ray diffraction patterns of 4 Ru (metallic powder), B
Ru3(CO);», C RuS, powder and D Ru,S,(CO),

about —0.82 V/NHE, from which the oxygen reduction
current at the disk, /p, begins. The hydrogen peroxide
produced during the oxygen reduction could be detected
and collected at the ring electrode. The ring current, Iy,
observedin Fig. 5showsadependence onthe rotationrate
and a poor bell shape. It has been pointed out that the
shape of the Iz curves depends strongly on the electro-
catalyst properties and the kinetic mechanism [26, 27]; thus
for some materials the classical bell shape can be absent
[28,29], and the curves as shown in Fig. 5can be related to
non-further-peroxide-reduction behavior [30, 31].

Fig. 3 Scanning electron mic-
rography of Ru,S,(CO), syn-
thesized at 300 °C
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The percentage of hydrogen peroxide, %H,O0, =|Ir/
N|/([Ir/N|+ Ip) x 100, produced as an intermediate in
the oxygen reduction as a function of the electrode po-
tential, is depicted in Fig. 6. A maximum of 5.5 + 0.2%
is observed at 0.31 V/NHE. This result demonstrated
that the multi-electron charge transfer (4e”) of oxygen
reduction on the Ru,S,(CO), electrocatalyst has a yield
of more than 94% to water formation in 0.5 M H>SO,.

The reaction at the disk electrode seems to be under
combined kinetic and diffusion control. The disk cur-
rents, covering the 0.82-0.55 V range, become indepen-
dent of the angular frequency of rotation, w. The range
of the slowly increasing currents is broader as  is
increased, as expected for an electrochemical reaction
under mixed control. At about 0.30 V, mass transport
kinetic contributions become significant. The height of
the cathodic current between 0.05 and 0.30 V increases
with the rotation rate. The O, reduction kinetics are
often assumed to be first order with respect to the re-
actant in all reaction steps. To prove this condition, the
linearity of /™' against ™'/ is established. For a first
reaction order with respect to dissolved oxygen the disk
current density ip is related to w by the expression [32]:
1 1 1

(1)

ip i Bol?
where i is the kinetic current density for O, reduction,
o = 2xf, with f being the frequency of electrode rotation,
and B, which is related to diffusion limiting current iq by
the expression ig = Bw'’?, is given by [32]:

B = 0.62nFD*3v71/0Cp, (2)

where n is the number of transferred electrons in the
overall reduction process, F is the Faraday constant (a
value of 96 490 C mol™' was taken in calculations), D is
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Fig. 4 Fourier transform infrared spectra of Ru,S,(CO), in a KBr
pellet in the 2100-1400 cm™" region

the diffusion coefficient of the molecular O, in 0.5 M
sulfuric acid (1.4 x 107 cm? s7' [33]), v is the kinematic
viscosity (0.01 cm? s™'), and Co, is the concentration of
molecular oxygen (1.1 x 107 mol cm™ [33]). A typical
! against @~ "/? plot is shown in Fig. 7. At high polar-
izations, the slopes over the wide frequency intervals can
be fitted with that calculated for behavior with n=4.
This confirmed the results assessed with RRDE, where
the oxygen reduction proceeded by an overall four-
electron transfer process, i.e. O» +4H" + 4e~ — 2H,0.

Figure 8 shows the mass-transfer-corrected Tafel plot
of the disk current of Fig. 5. At low polarization a linear
region is determined with a Tafel slope, by, of
—-0.124 + 0.002 V dec™!, ranging from 0.80 to 0.68 V.
Meanwhile, at high polarization a Tafel slope, by, of
—0.254 + 0.003 V is determined. This means a transfer
coefficient value of «=0.48 for the O, reduction in
0.5 M H,SO, at 25 °C, at the low potential range.

Although it is difficult to determine the reaction
mechanism by means of only Tafel parameters, the slope
here obtained is close to the value of 2RT/F found for a
slow discharge of an electron step [34]. At low overpo-
tentials it is possible to assume that the rate determining
step in the O, reduction must be the electroreduction of
adsorbed oxygen, (02)ags, 1.€. (02),4s + € — (03 ),qs» S
has been described before for transition metals in acid
medium [35, 36].

Slopes with values larger than —0.120 V dec™' are
attributed to mixed carbonyl compounds with low and
high nuclearity formed during the pyrolysis, which in-
teract on the surface with the adsorbed oxygen and
change the kinetics in the region of high polarization.
Another explanation of the high value of by, could be
that the many O, adsorbed ions and H,O molecules
around the electrical double layer hinder the oxygen
adsorption/electron transfer and possibly change the
oxygen reduction pathway.
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Fig. 5 Current-potential curves for Ru,S (CO), disk and Pt ring
electrodes in a 0.5 M H,SO, solution saturated with oxygen at
different rotating rates. The disk potential was swept from —0.82 to
—0.05 V vs. NHE and the ring potential was set at 1.4 V/NHE. Scan
rate: 5 mV s
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Fig. 6 Percentage of H,O, produced on the reduction of O, on
Ru,S,(CO), electrocatalyst
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Fig. 7 Koutecky-Levich plots for the Ru,S,(CO), electrocatalyzed
reduction of molecular oxygen
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Fig. 8 Mass transfer corrected Tafel plot for the molecular reduction
of oxygen in 0.5 M H,SO;, at 25 °C

Conclusions

A ruthenium-sulfur-carbonyl cluster = compound,
Ru,S (CO),, has been prepared by pyrolysis at 300 °C
for 24 h, although additional work is needed to deter-
mine the chemical composition, structure and properties
with precision. The morphology of the produced
electrocatalyst is typical of a poorly -crystallized
chalcogenide prepared at low temperature, with particle
sizes of the order of micrometers. The electrochemical
study showed reactions having first-order kinetics with
respect to dissolved O, and a multi-electron charge
reaction for the reduction of oxygen to water (i.e.,
0, +4H' + 4e~ — 2H,0).
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