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Abstract WO;-modified carbon-supported bi-component
ruthenium—selenium, RuSe, (Ru, 20; Se, 1 wt%), nano-
particles were dispersed in the form of Nafion-containing
inks on glassy carbon electrodes to produce electrocatalytic
interfaces reactive towards electroreduction of dioxygen in
acid medium (0.5 mol dm™ H,S0,). It was apparent from
the rotating disk voltammetric experiments that the
reduction of oxygen proceeded at WO3-modified electro-
catalyst at more than 100 mV more positive potential when
compared to bare (WOj3-free) RuSe, system (that had been
prepared under analogous conditions and deposited at the
same loading of 156 pg cm™). The ring-disk rotating
voltammetric measurements show that, while the produc-
tion of hydrogen peroxide intermediate was significantly
lower, the kinetic parameter (heterogeneous rate constant)
for the oxygen reduction was higher for WO;-modified
RuSe, (relative to bare RuSe,). Comparison was also made
to highly-efficient Vulcan-supported Pt or Pt/Co nano-
particles: while the half-wave potential for the
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oxygen reduction at WOjz-modified carbon-supported
RuSe, was still more negative relative to the potentials
characteristic of Pt-based electrocatalysts, the oxygen
reduction rotating disk voltammetric current densities
(measured at 1600 rpm) were almost identical.

Keywords Oxygen reduction - Rotating disk
voltammetry - Acid electrolyte - Ruthenium—selenium
nanoparticles - Tungsten oxide

1 Introduction

Fuel cells are becoming an important subject of intense
applied and fundamental research. The direct methanol fuel
cells (DMFC) have recently attracted interest with respect
to possible application as alternative power sources for
portable electronic devices [1-4] and vehicles [2, 5]. One
of the fundamental problems related to the operation of
methanol-oxygen fuel cells is methanol crossover through
the polymer membrane from the anode to the cathode
compartment where it can be oxidized at potentials also
suited for oxygen reduction. The co-existence of both
reactions (the reduction of oxygen and the oxidation of
methanol) leads to the concomitant depolarization of the
platinum cathode. There is a need to search for highly
reactive but methanol-tolerant (i.e. selective for the oxygen
reduction reaction) electrocatalysts as potential electrode
materials for DMFC cathodes.

Although platinum based electrocatalysts are still the
most commonly used systems for the reduction of oxygen
in acid media, there have been many attempts to synthesize
different catalytic materials [3, 4, 6, 7]. Bi-component
ruthenium—selenium (RuSe,) nanoparticles can be viewed
as a promising alternative to Pt and Pt-alloy based cathode
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materials. Contrary to Pt type systems, the catalysts uti-
lizing RuSe, have been reported to be fully methanol tol-
erant [8§—17]. While bare Ru metal itself is a poor oxygen
reduction catalyst, the addition of Se exhibits a profound
activating effect. Although there is no unequivocal expla-
nation of the phenomenon of enhancement, a reasonable
possibility takes into account chemical stabilization of
metallic Ru centers against oxidative degradation through
“coordination” of Ru by Se atoms [17].

In terms of current densities, the reactivity of RuSe, is
pretty high because the system is capable to drive the
reduction of oxygen to water as the predominant final
product, i.e. with the involvement of almost four electrons
and with the formation of only small amounts of hydrogen
peroxide intermediate (<5-6%) [15, 18-20, G. Zehl et al.
(2006, submitted)]. On the other hand, to make the system
competitive to Pt based catalysts, one would have to
develop means of activating RuSe, catalytic centers to
carry out the oxygen reduction reaction at effectively more
positive potentials.

In our recent preliminary communication [22], we have
reported that modification of carbon-supported RuSey
nanoparticles with ultra-thin films of tungsten oxide tends
to shift the oxygen reduction potential towards more
positive values. Historically, WO3; was found to exhibit
powerful catalytic properties towards electroreduction of
hydrogen peroxide [23, 24]. In the present work, using
rotating ring-disk electrode (RRDE) voltammetry, we
address the problem of the formation of H,O, intermediate
at bare and WO3-modified RuSe, when a moderate loading
(ca. 156 pg cm™) of the binary electrocatalyst was elec-
trodeposited on glassy carbon disk. The observed lower
percent production of hydrogen peroxide, the positive
shift of the half-wave potential and the increase in the
kinetic parameter (heterogeneous rate constant) clearly
imply that modification of RuSe, with WO3 films results in
enhancement of the electrocatalytic properties towards
electroreduction of oxygen in acid medium (0.5 mol dm™
H,SO,4). Finally, the activity of the WOj3-modified
RuSe, has also been compared to the performance of well-
established Vulcan-supported Pt and Pt/Co electrocatalysts
for the oxygen reduction.

2 Experimental

The electrochemical experiments were performed with CH
Instruments (Austin, TX, USA) Model 750A workstation.
A mercury/mercury sulfate electrode (Hg/Hg,SO,), the
potential of which was 640 mV more positive relative to
the reversible hydrogen electrode (RHE), was used as a
reference electrode. This electrode was placed in the sec-
ond compartment and connected to the main cell through a
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Lugging capillary. All potentials are expressed against the
RHE.

Rotating disk electrode (RDE) and RRDE voltammetric
measurements were accomplished using a variable speed
rotator (Pine Instruments, USA). The electrode assembly
utilized a glassy carbon disk and a Pt ring. The electrodes
were polished with successively finer grade aqueous alu-
mina slurries (grain size, 5-0.05 pm) on a Buehler polish-
ing cloth. In the RRDE measurements, the radius of the
disk electrode was 2.3 mm, and the inner and outer radii of
the ring electrode were 2.46 and 2.7 mm, respectively. The
collection efficiency of the RRDE assembly was deter-
mined from the ratio of ring and disk currents (at various
rotation rates) using the argon-saturated 0.005 mol dm™
K;[Fe(CN)g] + 0.01 mol dm™ K,SO, solution [G. Zehl
et al. (2006, submitted), 25]. Based on five independent
experiments, it was found that, within the potential range
considered here, and at rotation rates up to 2500 rpm, the
experimental collection efficiency (N) remained unchanged
and was equal to 0.23. During the RRDE measurements in
oxygen saturated solutions, the potential of the ring elec-
trode was kept at 1.2 V. At this potential, the generated
H,0, is readily oxidized under diffusional-convective
control. All RDE and RRDE polarization curves were
recorded at a scan rate of 10 mV s™'.

All chemicals were commercial materials of the highest
available purity (ACS reagent grade) and were used as
received. Solutions were prepared from triply distilled
subsequently deionized water. They were deaerated (using
prepurified argon) or saturated with oxygen for at least
10 min prior to the electrochemical experiment. Experi-
ments were conducted at room temperature (20 + 0.5 °C).

Carbon (Vulcan) supported RuSe, (RuSe,/C) clusters
were fabricated at HMI, Berlin, using the procedure anal-
ogous to that described earlier [G. Zehl et al. (2006, sub-
mitted)]. In brief, a commercially available Vulcan (XC72)
supported Ru (20 wt%) catalyst from ETEK was modified
with selenium by its impregnation with an acetonic solu-
tion of selenium tetrachloride (SeCly) followed by reduc-
tive annealing under forming gas. Their composition of
the final material was as follows: Ru, 20; Se, 1; and C
79% (by mass). The diameters of carbon supports and
RuSe, particles were approximately 20 and 2 nm, respec-
tively. To produce a suspension of bare RuSe,/C nano-
particles, a known amount (25 mg) of the catalyst was
dispersed in 2 cm® of water and subjected to sonication for
10 min. The suspension of WOs-modified RuSe,/C was
produced as follows. A known amount (25 mg) of RuSe,/C
was dispersed in 2 cm® solution of tungstic acid (that had
been obtained by passing an aqueous 0.1 mol dm™
Na, WO, solution through a proton exchange resin, Dowex
50 WX2-200). Formation of ultra-thin WO3 films on
RuSe,/C occurred through the sol-gel aggregation aging
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process. As a rule, 10 udm® aliquot of the appropriate
suspension was dropped onto the surface of a glassy carbon
disk electrode (geometric area, 0.16 cm?), and the sus-
pension was air-dried at room temperature. The catalyst
layer (bare or modified with WO3) was subsequently over-
coated with Nafion film by adding 3 udm? of the ethanolic
Nafion solution (from Aldrich). As a rule the catalytic films
were activated by performing 20-30 full voltammetric
potential cycles in the potential range from 0 V to 0.9 V (at
50 mV s™') until steady-state currents were observed.
While the morphology of catalytic films was examined
using scanning electron microscopy (SEM), the bare and
WO;-modified carbon (Vulcan)-supported RuSe, nano-
particles were first monitored using Philips CM 10 trans-
mission electron microscopy (TEM) operating at 100 kV.

Nanoparticles of carbon (Vulcan XC-72) supported
platinum (from ZSW, Ulm Germany) and of carbon (Black
Pearl) supported platinum—cobalt (Pt;Co) alloy (from
Forschungszentrum Karslruhe, Germany), with the relative
metal loadings on the level 40 wt%, were used as com-
parative catalysts for the oxygen electroreduction.
According to the manufacturers’ information, the sizes of
Pt and Pt;Co particles were approximately 2-3 nm. They
were deposited on glassy carbon disks in a manner analo-
gous to that described for RuSe,/C nanoparticles.

3 Results and discussion

Typical TEM images of carbon-supported RuSe, nano-
particles RuSe,/C, (A) bare and (B) modified with ultra-
thin layers of tungsten oxide, are illustrated in Fig. 1. The
dark dots represent RuSe, nanoparticles (Fig. 1A). They
have diameters ranging from 2 nm to 3 nm (for brevity, a
TEM with larger magnification is not shown here). The
lighter areas in Fig. 1A should be attributed to relatively
larger (bulk) carbon (Vulcan) supports; they are approxi-
mately spherical and tend to form agglomerates (Fig. 1A).
But the grayish portions (existing within the lighter areas of
Fig. 1B) should reflect the presence of metal oxide (WO3)
structures in addition to carbon supports. Tungsten oxides
seem to be amorphous or polycrystalline, and they overcoat
the RuSe,/C agglomerates of Fig. 1A. Thickness of WO;
overlayers is roughly on the level of tens of nm, and it
exceeds the size of RuSe, nanoparticles.

Figure 2 shows SEM images of RuSe,/C nanoparticles,
(A) bare and (B) modified tungsten oxide, following
deposition in a form of Nafion-containing inks on glassy
carbon substrates. In both cases, the catalytic particles form
agglomerates on a micrometer scale. But morphology of
the WO3-modifed system (Fig. 2B) seems to be much
denser when compared to WO;-free material (Fig. 2A). It
is likely that tungsten oxide and/or the mixed Nafion/oxide

Fig. 1 Transmission electron micrographs of (A) bare and (B) WO3-
modified RuSe,/C nanoparticles. While the dark dots represent RuSe,
nanoparticles, the grayish and light areas stand for carbon supports
and tungsten oxide structures, respectively

deposits are filling the void spaces between the RuSe,/C
nanoparticles.

Figure 3 shows cyclic voltammetric responses of (A)
bare, and (B) and WOs-modified RuSe,/C nanoparticles
deposited on glassy carbon electrode and investigated in
the deaerated 0.5 mol dm™ H,SO, solution. The main
differences between cyclic voltammograms of bare and
WO;-modified RuSe,/C catalysts are as follows. While the
bare RuSe,/C catalyst is characterized by a fairly flat
background response (Fig. 3A), the latter system shows
much higher voltammetric currents, particularly below
0.4 V (Fig. 3B), originating from the existence of WO;
overlayers. Indeed, tungsten oxides undergo reversible
reduction to non-stoichiometric oxides, such as sub-
stoichiometric hydrogen tungsten oxide bronzes (H,WO;,
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Fig. 2 Scanning electron micrographs of Nafion-treated inks of (A)
bare and (B) WOj;-modified RuSe,/C nanoparticles deposited on
glassy carbon substrate

0 <x < 1) or lower tungsten oxides (WO3_,, 0 <y < 1)
[23, 24] at potentials mentioned above. Finally, the current
increases at potentials higher than 0.75 V observed for both
bare and WOj3-modified RuSe,/C catalysts (Fig. 3A, B)
most likely reflect some oxidation of the Se-covered
metallic Ru nanoparticles.

Rotating ring-disk electrode voltammetry was used to
study the electrocatalytic properties of the Nafion-treated
inks (deposited on glassy carbon disks) of RuSe,/C nano-
particles towards the oxygen reduction reaction in the
0,-saturated 0.5 mol dm™ H,SO, solution (Fig. 4). While
current — potential Curves a and b describe disk responses
for WO;3-free and WOs-modified catalytic nanoparticles,
the Curves a” and b’ refer to the respective ring responses.
The results are consistent with the view that the modifi-
cation of RuSe,/C nanoparticles with ultra-thin films of
tungsten oxide shifts the half-wave potential of the RDE
oxygen reduction voltammogram (Curve b) ca. 100 mV
towards more positive values when compared to the
potential characteristic of the bare RuSe,/C nanoparticles
(Curve a). This potential effect is almost perfectly repro-
ducible within +5 mV. Based on numerous experiments
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Fig. 3 Comparison of cyclic voltammetric responses of Nafion-
treated inks of (A) bare and (B) WOj3-modified RuSe,/C nanoparticles

deposited on glassy carbon. Scan rate: 50 mV s™'. Electrolyte:

0.5 mol dm™ H,SO,

done on various samples, the disk currents, when measured
at 0.2 V upon application 1600 rpm rotation rate, are
reproducible within 5%. The value of disk current density
determined for the WOj3-modified system (Curve b) has
been found to be statistically only slightly higher in com-
parison to the system utilizing bare catalytic nanoparticles
(Curve a). But ring currents differ much more significantly,
clearly implying much more pronounced formation of
hydrogen peroxide intermediate (particularly at potentials
lower than 0.5 V) in the case of the system containing bare
RuSe,/C nanoparticles (Curve a’) relative to the system
with WOs;-modified ones (Curve b”"). It is apparent from the
comparison of the data of Figs. 3B and 4 (Curve b’) that
the relative decrease of the hydrogen peroxide formation
starts to occur at potentials where tungsten oxide is
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Fig. 4 RRDE voltammetric diagnostic experiments performed in
0.5 mol dm™ H,SO,, at 1600 rpm, and at 10 mV s~! scan rate. While
a and b refer to disk current-potential curves, the ring (Pt) responses
are marked as a” and b’ for the measurements done at catalytic layers
(deposited on glassy carbon disks) containing bare and WO5-modified
RuSe,/C nanoparticles, respectively. Ring potential, 1.2 V

becoming electroactive, namely where it is reduced to
hydrogen bronzes (that are known to be catalytic towards
reduction of H,O, [24]). This result implies direct
involvement of tungsten oxide overlays (on RuSe,/C) in
the oxygen electroreduction reaction. It should be
remembered that partially reduced tungsten oxides should
also act as good mediators facilitating electron transfers to
dispersed RuSe, sites. Further, the mixed deposits of WO3
and Nafion presumably serve as sources of interfacial
mobile protons (improved H* mobility) that are necessary
to support the four-electron reduction of oxygen to water.
The latter phenomena may also explain the positive shift in
the potential for the electroreduction of oxygen in the
system containing WO;3; (compare Curves a and b in
Fig. 4).

To obtain more quantitative information about the
relative formation of hydrogen peroxide during RRDE
measurements at glassy carbon disk electrodes covered

with bare and WO;-modified RuSe, catalytic centers, the
% amounts of HO, (X¢p,0,) have been calculated from
the data of Fig. 4 by using the following relationship
[G. Zehl et al. (2006, submitted), 25]:

Xamo2 = (200L/N)/(14/(I;/N)) (1)

where I, is ring current, I stands for disk current, and N is
the collection efficiency. The approach is based on the
assumption that oxygen undergoes reduction according to
two parallel mechanisms: 4-electron reaction to water and
2-electron to hydrogen peroxide. Typical results of calcu-
lations are displayed in Fig. 5. In the case of both bare and
WO;-modified RuSe, nanoparticles, the production of
H,0, is sizeable at potentials higher than 0.6 V. Under
such conditions, the oxygen reduction RDE currents are not
well developed yet (refer to Curves a and b in Fig. 4)
because the potentials are not sufficiently negative to
effectively drive the oxygen reduction reaction. Neverthe-
less, the relative formation of hydrogen peroxide is much
higher at the catalyst containing WOs-free (bare) RuSe,/C.
At potentials not exceeding 0.6 V, the values of (Xyp,0,)
are fairly low, as apparent from Fig. 5, and they are below
2 and 1% for the systems utilizing bare (Curve a) and
WO;-modified (Curve b) catalytic RuSe,/C nanoparticles.
On the whole, the data of Fig. 5 are consistent with the
view that, in the all potential ranges considered here,
the relative formation of hydrogen peroxide is lower in the
presence of tungsten oxide.

The representative RDE voltammograms recorded at
different rotation rates (ranging from 200 rpm to
2500 rpm) for the oxygen reduction at catalytic layers
containing (A) WOs-free and (B) WO3-modified RuSe,/C

16 T T T T T T T T

12 ; -

0.0 0.2 0.4 0.6 0.8
E/V vs RHE

Fig. 5 Fraction of hydrogen peroxide (Xu,0,) produced during

electroreduction of oxygen under the condition of RRDE voltammetric
experiment of Fig. 4
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nanoparticles are illustrated in Fig. 6. In both cases, the
RDE responses are fairly well-defined at any rotation rate
studied. Further, half-wave potentials for the reduction of
oxygen at the system containing WO3z-modified RuSe,/C
(Fig. 6B) are shifted at least 100 mV in the positive
direction when compared to those characteristic of the
WOs;-free system (Fig. 6A). The voltammograms of Fig. 6
have been analyzed by the usual means. When the
dependencies (Levich type plots) of the RDE current
densities (measured at 0.45 V) is plotted versus square root
of rotation rates) for electrodes covered with (a) WO5-free
and (b) WO;s-modified RuSe,/C (Insets to Fig. 5a, b),
respectively, deviation from linearity (i.e. from the ideal

j/ mA cm?

0 20 40 60

9 | | | m':zl(rpm)"2 ]
0.0 0.2 0.4 0.6 0.8
E/V vs RHE
0
2k
o
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81 0 30 a0 60
1 " 1 " 1 " 1 m1,2/(nrpm)1,7
0.0 0.2 0.4 0.6 0.8

E/V vs RHE

Fig. 6 RDE voltammograms for the oxygen reduction at catalytic
layers (deposited on glassy carbon disks) containing (A) bare and (B)
WO;-modified RuSe,/C nanoparticles. The respective Levich plots of
current densities versus square root of rotation rate (') for the
electroreduction of oxygen (at 0. 45 V) are shown in Insets. Rotation
rates: (a) 200, (b) 400, (c) 600, (d) 900, (e) 1200, (f) 1600, (g) 2100,
and (h) 2500 rpm. Other conditions as for Fig. 4
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Fig. 7 Koutecky-Levich reciprocal plots (prepared using the data of
Fig. 6) for the electroreduction of oxygen (at 0. 45 V) at catalytic
layers (deposited on glassy carbon disks) containing (a) bare and (b)
WOs-modified RuSe,/C nanoparticles. For comparison, the analogous
plots are provided for (¢) Vulcan supported Pt nanoparticles (40 wt%)
and (d) Vulcan supported Pt/Co nanoparticles. In all cases, the
loadings of metallic (bimetallic) catalysts were approximately
150 pg cm™

behavior characteristic of systems limited solely by
convective diffusion of oxygen in solution) is observed,
and seems to be more pronounced at bare rather than
WO3-modified system. Apparently, the kinetic control is
more pronounced, i.e. the catalytic reaction is slower (or
less effective) in the case of bare RuSe,/C nanoparticles.
We have further analyzed the results by means of so called
Koutecky-Levich reciprocal plots [24, 25, 27]. Such diag-
nosis (Fig. 7) is justified because charge (electron, proton)
propagation within the catalytic film should be fast, and the
oxygen reactant is expected to have easy access to the
dispersed active sites (bare or WOjz-modified RuSe,/C
nanoparticles). With low amounts of Nafion added to form
the inks, any possible limitations related to mass transport
through mixed WO;-Nafion layers (which may affect the
measured current densities) will be considered relatively
negligible. We assume that only such factors as transport of
oxygen in solution or, at higher rotation rates, the dynamics
of the chemical (catalytic) step (reaction) are rate deter-
mining. The reciprocal plots (Curves a and b in Fig. 7)
have yielded non-zero intercepts clearly indicating kinetic
limitations associated with the electrocatalytic film.

The RDE voltammetric limiting-current densities (jy;,,,)
can be expressed as follows [24, 25]:
jim = ("FkCrnCo) "+ (2)
where j; is given by the Levich equation (in which the
convective diffusion component is proportional to square
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root of rotation rate), k is the rate constant for the catalytic
reaction in homogeneous units, Cp,, is the surface con-
centration of the electrocatalyst, and Cy, is the bulk con-
centration of oxygen (1.1 mmol dm™ [26]). The symbols n
and F stand for the number of electrons involved in the
process (n =4) and the Faraday constant. The kinetic
parameters can be found from intercepts of the reciprocal
plots (Fig. 7). The estimated value of kCp,,, which is
equivalent to the intrinsic rate of heterogeneous charge
transfer, is 7 X 1072 cm s~! for the catalytic electroreduc-
tion (at 0.45 V) of oxygen at glassy carbon disks covered
with WO;-modified RuSe,/C nanoparticles (Fig. 7, Curve
b). When we performed the analogous determination for
bare RuSe,/C (Fig. 7, Curve a), the heterogeneous rate
constant was found to be 2 x 102 cm s'. The above re-
sults are reproducible within 5-10% in different experi-
ments. The data simply imply that modification of RuSe,/C
with ultra-thin layers of WO; to the ink results in statisti-
cally some (more than three times) increase in the heter-
ogeneous rate constant for oxygen reduction.

Finally, we compared the electrocatalytic performance
of WOs-modified RuSe,/C to the behavior of carbon
(Vulcan) supported Pt nanoparticles and carbon (Black
Pearl) supported Pt/Co (namely Pt;Co) bimetallic nano-
particles deposited on glassy carbon in the form of inks
prepared in the analogous manner to those containing
RuSe,/C. Figure 8 shows the respective RDE voltammo-
grams recorded at 1600 rpm. Although the limiting cur-
rents are comparable in all three cases, the half-wave
potentials for the electroreduction of oxygen are still ca.

j/mA cm?

L L Il L Il L L
0.0 0.2 0.4 0.6 0.8 1.0
E/V vs RHE

Fig. 8 RDE voltammetric diagnostic (comparative) measurements
performed in 0.5 mol dm™ H,SO,, at 1600 rpm, and at 10 mV s
scan rate. Curves a, b, and ¢ refer to current-potential responses
obtained at catalytic layers (deposited on glassy carbon disks) of
WOj3;-modified RuSe,/C, Vulcan supported Pt (40 wt%), and Vulcan
supported Pt/Co nanoparticles

180 or 230 mV more negative in the case of WO3-modified
RuSe,/C (Fig. 8, Curve a) when compared to the behavior
at Pt (Fig. 8, Curve b) or Pt/Co (Fig. 8, Curve ¢). When the
kCjy, parameters (for the electroreduction of oxygen) were
estimated from the intercepts of Koutecky-Levich plots (at
0.6 V) for Vulcan-supported Pt (Fig. 7, curve ¢) and Black
Pearl supported Pt/Co (Fig. 7, curve d) nanoparticles
(deposited on glassy carbon disks), the following values,
2x 107" and 3 x 10" cm s~ were obtained, respectively.
These values are obviously somewhat higher than those
determined by us for WO3-modified RuSe,/C.

In conclusion, the performance of our WO;3-modified
RuSe,/C electrocatalyst is lower, in comparison to Pt-based
systems, and further research is necessary to find means of
further activation of RuSe, nanoparticles to shift the oxy-
gen reduction potential towards more positive values. On
the other hand, the results clearly show that, by application
of such reactive (towards hydrogen peroxide) and proton-
ically/electronically conducting matrix as tungsten oxide
[22-24, 28], some enhancement of the oxygen electrore-
duction at RuSe,/C is feasible. There are still possibilities
to manipulate the WO; thickness and its morphology, as
well as to utilize RuSe, nanoparticles of different compo-
sitions. The related results will be a subject of a future
publication.
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