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Abstract The oxygen reduction reaction in sulphuric acid
on commercial carbon supported platinum and ruthenium
catalysts as well as on a home-made carbon supported
ruthenium selenide catalysts (RuSe,/C) was investigated.
The RuSe,/C catalysts were synthesised using similar
procedures to those found in the literature. A dependency
of H,O, formation on the selenium content was found
using the thin-film rotating ring disc electrode technique,
namely that the H,O, formation in the typical operation
range of a Direct Methanol Fuel Cell (0.7-0.4 V) on Pt/C is
below 1% and 1-4% on Ru/C and RuSe,/C catalysts.
Finally for comparing the intrinsic activities of the catalysts
the electrochemically active surface areas were determined
in-situ by means of copper underpotential deposition. Our
results indicate a comparable activity of the present RuSe,/
C catalyst to commercial Pt/C if the activities are related to
the electrochemical active areas.
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1 Introduction

Direct Methanol Fuel Cells (DMFC) are a promising power
source, especially for portable applications, having
numerous advantages, e.g. the high energy density of
methanol [1]. However, the performance of a DMFC is
limited by a number of problems including (1) sluggish
kinetics of the anodic methanol oxidation, (2) sluggish
kinetics of the cathodic oxygen reduction reaction (ORR)
and (3) methanol cross-over from the anode side to the
cathode side, resulting in a mixed potential at non-selective
Pt-based cathodes [2]. Up to now carbon-supported plati-
num is generally used as the cathode catalyst. But in order
to avoid the formation of a mixed potential either novel
membranes with much reduced methanol permeation have
to be developed or methanol-tolerant catalysts have to be
used at the cathode. Ruthenium modified with Selenium
has proven to be a stable and highly selective catalyst
towards the ORR in the presence of methanol [3, 4]. In
earlier results of our group RuSe, nanoparticles were
synthesized on a carbon support (Vulcan XC72), but the
particles were coarse in nature and substantial agglomera-
tion occurred [5]. The aim of this work was to further
improve the dispersion of the catalyst and to yield a high
electrochemical active area of RuSe,/C catalysts. There-
fore, the synthesis procedures described in the literature,
e.g. [6], were modified as reported in our previous publi-
cation [7] and the so prepared home-made RuSe,/C
catalysts were electrochemically tested. Comparisons
concerning the electrochemical activity with respect to the
ORR to commercial Pt/C and Ru/C catalysts are made.
For a true comparison of different catalysts the intrinsic
activities of the catalysts are important and therefore the real
surface area, i.e. the electrochemically active area (ECA), has
to be known. Thus in this study the electrochemical active
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areas of all catalysts were determined by Cu underpotential
deposition (Cu-UPD) and the intrinsic activities are
compared.

2 Experimental details

Solutions were prepared from 98% H,SO, (Merck) and
deionized water (18 MQ cm™', Millipore Milli-Q system).
The 40 wt% Ru/C and 40 wt% Pt/C used were commer-
cially available (ETEK).

2.1 Catalyst preparation

The 32 wt% RuSe,/C as well as the 40 wt% RuSe,/C
catalyst were synthesised by thermolysis of a ruthenium
precursor Ru;(CO);, (Alfa Aesar) and elemental selenium
powder (Alfa Aesar, 200 mesh) in o-xylene (Merck, b.p.
~142°C), which was dried using molecular sieves. The
synthesis was carried out as described previously [7]. In
short the selenium was dissolved under reflux conditions in
dried o-xylene, Ru3(CO);, and milled Vulcan XC72R
together were ultrasonically dispersed in dried o-xylene
and this dispersion was slowly added to the boiling
Se-containing solution. After 20 h of synthesis under reflux
conditions and vigorous stirring a black powder was
obtained, which was filtered, washed with diethylether and
dried in air.

2.2 Analytical techniques
2.2.1 Transmission electron microscopy analysis

One additional point in this work is to demonstrate a
combination of advanced electron microscopy techniques
that can be efficiently used to identify and characterize the
individual catalysts. Therefore, we used different tech-
niques including conventional bright-field TEM, energy-
filtered TEM (EF-TEM), high-angle annular dark field
scanning transmission electron microscopy (HAADF-
STEM) and energy dispersive X-ray spectrometry (EDX).
These techniques enable information on the size, size
distribution, morphology, crystalline structure and ele-
mental composition of individual nano-scale particles of
the catalyst.

To obtain information about the mean particle diameter
and particle distribution, conventional bright-field TEM
imaging was used together with advanced image process-
ing [8]. Measurements were carried out on a JEOL 2010
microscope with LaBg cathode working at 120 keV. A
magnification of 150,000 was chosen for all images
involved in the data analysis and the focus was set around
the Scherzer defocus of the microscope to receive the best

@ Springer

point resolution. This setting ensures that one can always
directly compare images and results for different samples.
An additional point is that it makes the image processing
faster due to the fact that the new advanced image pro-
cessing can be used on a more or less basic set-up routine.

To efficiently characterize the metal composition of the
catalysts EF-TEM and HAADF-STEM were used and the
detailed identification of the composition was achieved
through EDX measurements on single particles.

Whereas bright-field TEM images were formed by
phase contrast, the HAADF detector detects electrons that
are scattered to higher angles and almost only incoherent
Rutherford scattering contributes to the image. Thereby,
Z-contrast is achieved. The strong Coulomb interaction of
the electrons with the potential of the atom core, which
leads to high angle scattering (designated as Rutherford
scattering), is employed by Z-contrast imaging in STEM
mode. By this method, small clusters (or even single
atoms) of heavy atoms can be imaged in a matrix of light
atoms since the contrast is proportional to Z*> (Z: atomic
number).

In addition, the contrast in HAADF-STEM is focus
independent, due to the above mentioned fact that the
image is formed by incoherent scattering.

The dark-field measurements were preformed at a
TECNAI G2 F20 microscope with a 200 keV FEG (field
emission gun). In this mode it was also possible to perform
EDX measurements on single nanoparticles using an
additional EDX detector.

2.3 Electrochemical techniques
2.3.1 Rotating ring disc electrode measurements

The electrochemical activities and the H,O, formation of
the home-made RuSe,/C catalysts as well as a commercial
40 wt% Ru/C and 40 wt% Pt/C catalyst were measured
using the thin-film rotating ring disc electrode (RRDE)
technique [8]. The experiments were carried out in 0.5 M
H,SO,4 under continuous Ar-purging using a home-made
glass cell with a three electrode setup. Potentials were
determined using a Hg/Hg,S0,/0.5 M H,SO, reference
electrode connected to the cell through a Luggin capillary.
However, all potentials in this paper are referred to the
normal hydrogen electrode (NHE). RRDE measurements
were performed at room temperature using a rotating Au
disc/Pt ring electrode tip (Pine Instruments), Autolab
PGSTAT 30 potentiostat and an analytical rotator with
speed control (AFMSRX from Pine Instruments).

Thin catalyst layers were prepared by depositing the
catalyst on the freshly polished Au disc. A suspension of
the catalyst powder in a 0.05 wt% Nafion/ethanol mixture
was obtained by ultrasonification of about 15 min. An
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aliquot of the suspension was pipetted on the Au substrate,
leading to a catalyst loading of 177 pg cm™. After evap-
orating the ethanol in air the electrode was carefully rinsed
with deionized water and used for experiments.

2.3.2 Determination of the electrochemical active area

A conventional glass cell with a three electrode setup,
namely a polished glassy carbon (GC) working electrode
(7 mm diameter, 0.385 cm” geometric surface area) which
served as a substrate for the powder catalysts, a Pt sheet as
counter electrode and a Hg/Hg,S04/0.5 M H,SO, reference
electrode, was used to determine the electrochemical active
area of the catalysts. All potentials refer to NHE. A PGSTAT
20 from Autolab was used as potentiostat. The catalyst layer
preparation and the catalyst loading on the GC substrate were
the same as described in Sect. “Rotating ring disc electrode
measurements”. Surface area measurements were carried
out under continuous Ar-purging in 0.5 M H,SO,4 and 0.5 M
H,SO4 with 2 mM CuSO, (Merck) respectively.

3 Results
3.1 Structural characterization

3.1.1 Commercial 40 wt% Ru/C and 40 wt% Pt/C
catalysts

The precise characterization and evaluation of carbon-
supported catalysts using TEM is problematic due to the
sample/support material and the imaging procedure itself
[9]. The support material with its local thickness change
results in a variation of the image contrast. In terms of the
image detection it is possible that similar particles can
appear with different intensities in the images, based on the
diffraction contrast. An additional difficulty is to distin-
guish particles in the sub-nanometer scale from the matrix,
due to the weak signal-to-noise ratio. Also an overlap
between different particles can occur when imaged in
projection. This leads to difficulties in distinguishing
nanometer particles correctly from the matrix in some areas
of the image. Therefore, we developed an advanced image
processing routine to overcome those problems and to
receive a reliable and reproducible characterization of the
catalyst [9].

Figure 1 shows a typical TEM image of the commercial
40 wt% Pt/C catalyst. A non-homogeneous particle distri-
bution is observed. Due to the high loading of platinum
and/or the synthesis procedure large agglomerations of
nanoparticles occur making a reliable analysis of the par-
ticle size and a calculation of the geometric particle surface
area very difficult.

Fig. 1 Transmission electron microscopy bright-field image (raw
data) taken at 120 keV of a commercial 40 wt% Pt/C (ETEK)

The same is true for Ru/C; a typical TEM image is
shown in Fig. 2. The lower atomic number of Ru compared
to Pt decreases the signal-to-noise ratio, which makes the
distinction between small nanoparticles and the back-
ground with standard image processing even more difficult.

3.1.2 32 wt% RuSe,/C and 40 wt% RuSe,/C synthesised in
xylene

Typical TEM images of Ru(26 wt%)Se(13 wt%)/C were
already published in a previous publication (cf. Fig. 2 in
Ref. [7]). The Ru(26 wt%)Se(6 wt%)/C (xyl) catalyst was
investigated using conventional bright-field TEM and

Fig. 2 Transmission electron microscopy bright-field image (raw
data) taken at 120 keV of a commercial 40 wt% Ru/C (ETEK)
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Fig. 3 High-angle annular dark
field STEM image of a home-
made Ru(26 wt%)Se(6 wt%)/C
catalyst, synthesised in o-
xylene. Image was taken with
200 keV. Below the
corresponding EDX spectrum of
the marked particle (red cycle)
is depicted

I [l EDX HAADF Delector Pairt 1 1

Counts

HAADF-STEM measurements. Figure 3 shows a typical
image taken at high magnification (450 k). The catalyst
particles can be distinguished easily, but there is still some
image contrast from the support material visible. This
image contrast is due to the multiple scattering of the
electrons in the thicker areas of the support material. The
technique also allowed analysis of the composition of small
particles using the EDX measurement (EDAX detector).
Measurements were performed on a single particle
(<10 nm) as shown in Fig. 3. The EDX data showed that
the lower amount of selenium used in the synthesis resulted
in ruthenium-rich nanoparticles, e.g. “RuysSe.”

3.2 Electrochemical characterization
3.2.1 Collection efficiency

The electrochemical activity and the pathway of the ORR,
i.e. the relative formation rates of H,O (four electron
pathway) and H,O, (two electron pathway), can be deter-
mined using the thin-film RRDE technique. First, in order
to calculate the fraction of H,O, formation, the collection
efficiency N has to be known, where N is defined as [10]:

N=-F (1)

where Iz denotes the ring current and Iy, is the disc current.
This was done using the thin-film RRDE with a loading of
177 pg cm™ Ru(26 wt%)Se(6 wt%)/C on the Au disc,
prepared as described above. The electrolyte was deaerated
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0.1 M NaOH with 10 mM Kj;[Fe(CN)¢]. A Ag/AgCl/
KClg, reference electrode was used. The measurements
were performed at room temperature at a sweep rate
v =20 mV s~'. Within the potential range investigated the
collection efficiency N was N = 0.22, in exact agreement
with the manufacturer’s data (Pine Instruments). Further-
more the collection efficiency N was found to be inde-
pendent of rotation rate (up to 2,500 rpm), (see Fig. 4).

Thus the fraction of H,O, formation (Xp,0,) can be
calculated [11]:

21z /N

Ip+Ix/N @)

XHzOg =

3.2.2 Oxygen reduction reaction

Figure 5a shows the oxygen reduction current densities,
related to the geometric area of the electrode, in the posi-
tive and negative sweep for the 40 wt% Pt/C at room
temperature in oxygen saturated 0.5 M H,SO,. Below
0.6 V a diffusion limited current for all rotation rates is
observed. In the region between 0.6 V and the open circuit
voltage (OCV, 1V vs. NHE) the ORR is under mixed
kinetic-diffusion control, similar to other results on carbon-
supported Pt catalysts. Figure 5b shows the simultaneously
recorded ring currents at 2,500 rpm. The ring was held at a
constant potential of 1.24 V NHE, i.e. the region where the
oxidation of H,O, is diffusion limited. The ring currents
are negligible in the region above 0.6 V, but increase sig-
nificantly below 0.2 V due to adsorption of a hydrogen
layer, which blocks sites for oxygen dissociation [11].
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Fig. 4 Disc current ip, and ring current Iz on a 177 pg cm™> RuSe,/C

catalyst thin-film RRDE in 0.1 M NaOH with 10 mM K;[Fe(CN)s]

at room temperature, sweep rate v =20 mV s ring potential

Ur =0.698 V

Comparing the commercial Pt/C catalyst under the same
conditions with the home-made RuSe,/C catalyst, the OCV
is about 150 mV lower on RuSe,/C, (see Fig. 6a). How-
ever, below ca. 0.4 V a well defined diffusion limited
current is observed. Figure 7b shows the ring currents at a
rotation rate of 2500 rpm. This current is roughly one order
of magnitude higher than on Pt/C.

The kinetic currents ix were extracted using Koutecky-
Levich plots by extrapolating to infinite rotation rate [10].
The calculated mass transport corrected currents for the
positive and negative sweep were related to the mass of
noble metal used and plotted vs. potential on a Tafel plot
(Fig. 7). For clarity the commercial Ru/C and Pt/C, as well
as the electrochemically most active home-made RuSe,/C
catalyst is shown. The RuSe,/C catalyst has an overpo-
tential approximately 100 mV higher than the Pt/C cata-
lyst, but exhibits a higher activity than the Ru/C catalyst.

3.2.3 Influence of selenium on the pathway of the oxygen
reduction reaction

Using Eq. (2) the fraction of H,0O, formation (Xpm,o0,)
during the ORR can be calculated. The data were calcu-
lated from the RRDE measurements performed at
2,500 rpm in the positive sweep at four potentials in the

Fig. 5 Disc (ip) and ring (/g) currents during the oxygen reduction
reaction on a 177 pg cm 2 40 wt% Pt/C catalyst thin-film RRDE in
oxygen saturated 0.5 M H,SO, at a sweep rate of 5mV s at
different rotation rates as indicated. Collection efficiency N = 0.22,
ring potential Ug = 1.24 V, ring currents recorded at 2,500 rpm

typical operating range of a DMFC (0.7-0.4 V). A plot of
the fraction of H,O, formation as a function of selenium
content of the ruthenium-based catalysts is shown in Fig. 8.
Obviously the H,O, formation depends on the Se content.
The (Se-free) Pt/C and Ru/C catalysts are included as
references. In this potential range the H,O, formation on
the Pt/C catalyst is negligible (below 1%), whereas on the
Ru-based catalysts about 2—4% H,0, are formed, similar to
findings in [12].

3.2.4 Determination of the electrochemical active surface
area

In order to compare the intrinsic activities of carbon-
supported catalysts the ECA have to be known. For
(carbon-supported) platinum and other platinum group
metals like Ir and Rh the standard in-situ method is to use
hydrogen adsorption [13], since on those surfaces hydrogen
is adsorbed by UPD and the charge for adsorption (and
likewise desorption) in this region is used to calculate the
real surface area. However, on ruthenium the hydrogen
adsorption method is not suitable because of (1) the overlap
between regions of hydrogen adsorption and surface oxide
reduction and (2) the overlap between hydrogen desorption
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5 mV s~ at different rotation rates as indicated. Collection efficiency
N =0.22, ring potential Ugr = 1.24 V, ring currents recorded at
2,500 rpm
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Fig. 7 Mass transport corrected mass-specific current densities for
the oxygen reduction reaction at room temperature in oxygen
saturated 0.5 M H,SO, for three catalysts as indicated, obtained
from the positive and negative sweeps

and ruthenium oxide formation and (3) absorption of
hydrogen in the metal [14]. Thus, another technique to
determine the real surface area of (carbon-supported)
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Fig. 8 Dependency of the H,O, formation (%) on Se content (wt%)
for Ru-based catalysts during oxygen reduction reaction in 0.5 M
H,SO, saturated with O,. Pt/C is included as reference. The data was
calculated from the positive sweeps at various potentials as indicated
using Eq. 2

Ru-based catalysts has to be applied; a suitable one is the
Cu-UPD [15]. With the assumption of an adsorption ratio of
one Cu* ion to one surface metal atom, the UPD stripping
charge (Qcyupp, 420 uC cm™) allows calculating the
electrochemically available surface area. For this in-situ
surface area determination an optimised deposition poten-
tial Uyep, is required so that (1) no Cu is deposited either on
the substrate (GC) or on the carbon support (Vulcan) and (2)
only one monolayer of Cu is deposited on the electro-
chemical active sites, i.e. no bulk formation of copper. In a
series of experiments with a thin film of Vulcan deposited
on the GC substrate we found a deposition potential

T T T T T T T T T T T T T
20r 109ug cm” Vulcan XC72 on GC; 10mV's™, 0.5M H,8O, |
16 | -
L tdep
121 ---60s |
I ----300s
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o U,,, = 244mV NHE
x af | -
ol .
4 .
i 1 1 1 1 1 1 1 ]

0,0 0,2 0.4 0,6 0.8 1,0 1.2 1.4
U/Vvs NHE

Fig. 9 Background and Cu-UPD stripping voltammograms of
109 pg em™ Vulcan XC72 thin-film on glassy carbon, sweep rate
v =10 mV s™'. Copper deposition potential Ugep = 244 mV, deposi-
tion time fg4ep, as indicated
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Fig. 10 Background and Cu-UPD stripping voltammograms of
177 ug cm™ 40 wt% Pt/C catalyst thin-film on glassy carbon, sweep

rate v =10 mV s~'. Copper deposition potential Ugep = 244 mV,

deposition time #4e, as indicated

Ugep = 244 mV NHE, which fulfils the above mentioned
first requirement, (see Fig. 9).

Figure 10 shows the determination of the active area of
a commercial 40 wt% Pt/C catalyst using the Cu-UPD
technique. The background voltammogram was recorded in
deaerated 0.5 M H,SO, at a sweep rate of 10 mV s
(black line). The stripping voltammograms were recorded
in deaerated 0.5 M H,SO4 with 2 mM CuSOQy, after holding
the potential at Ugep, = 244 mV NHE for a certain time #4ep
followed by a linear potential sweep from Uge, to 0.9 V
NHE at 10 mV s™'. Similarly the active area of Ru/C was
determined as shown in Fig. 11.
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Fig. 11 Background and Cu-UPD stripping voltammograms of
177 pg cm™ 40 wt% Ru/C catalyst thin-film on glassy carbon, sweep
rate v =10 mV s~'. Copper deposition potential Ugep = 244 mV,

deposition time #4e, as indicated
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Fig. 12 Cu-UPD stripping charge (Qcy,.upp) for 40 wt% Ru/C and
40 wt% Pt/C in 0.5 M H,SO, as a function of deposition time (Zgep)-
A saturation coverage is reached after 20 min which reflects the true
active area

The electrochemical active area was calculated for both
catalysts by integrating the area between the stripping and
the background voltammogram. By varying the deposition
time 74, a saturation effect is observed in both cases after
f4ep = 20 min, confirming that no bulk deposition of copper
occurred (see Fig. 12).

The same procedure was used to determine the elec-
trochemical active area of the Ru(26 wt%)Se(6 wt%)/C
catalyst, and again a saturation coverage is reached after
20 min. Therefore, the kinetic currents can be normalized
to the active surface area and plotted as a function of the
potential as shown in Fig. 13. This results, in comparison
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Fig. 13 Active surface area-normalized kinetic current densities for
the oxygen reduction reaction at room temperature in oxygen
saturated 0.5 M H,SO, for three catalysts as indicated, obtained
from the positive and negative sweeps. The black triangles indicate
the lower limit of the active surface area-normalized activity of
RuSe,/C (see text)
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to the mass-related activity (see Fig. 7), in a large increase
in the electrochemical activity of the RuSe,/C catalyst,
exhibiting a comparable performance to Pt/C and a supe-
rior performance to a Se-free Ru/C catalyst.

However, due to the formation of Cu,Se [16] the strip-
ping charge of 420 uC cm™> does not correctly reflect the
real surface area [17]. Since the Se surface composition of
the catalyst is unknown so far our preliminary calculations
(by using 420 uC cm™ as the stripping charge) indicate
that the active area of the RuSe,/C catalyst is roughly an
order of magnitude lower compared to Pt/C. However, if
the catalyst surface is saturated with Se then the minimum
value of 105 uC cm™2 might be used as discussed in [17].
This would mean that the surface area is underestimated
and the maximum error in the surface area calculation is a
factor of four. Consequently, the surface area-normalized
activity of RuSe,/C will be lowered by a factor of four at
most (see black triangles for cathodic and anodic sweep in
Fig. 12). But since this is considered to be the lower limit
of the active surface area-normalized activity of RuSe,/C
and the true stripping charge will probably lie somewhere
between 105 and 420 uC cm™ RuSe,/C may be regarded
as an adequate alternative to Pt/C. A further increase in
activity of RuSe,/C may be achieved by even higher par-
ticle dispersion and lower peroxide formation. In order to
better quantify the electrochemical active surface area
(ECA), experiments with CO-Stripping on RuSe,/C are
planned. Due to the large anion contribution in the Faradic
currents, we intend to perform DEMS (differential elec-
trochemical mass spectrometry) experiments, similar to
[17]. The relation of the Cu-UPD charge on a smooth
surface studied in [17] may not be absolutely comparable
to that of our nanoscopic RuSe,/C particles.

Furthermore, it should be noted that the active areas
were determined at a potential of 244 mV, a range where
the majority of the ruthenium is reduced [15], and thus the
active area may change at higher potentials due to the
formation of oxides.

4 Conclusions
Home-made RuSe,/C and commercial Ru/C and Pt/C cat-
alysts were investigated and compared. Structural analysis

via TEM and electrochemical characterisation via RRDE
of the catalysts were performed. Due to agglomeration of
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nanoparticles a reliable analysis of the particle size and a
calculation of the geometric particle surface area was not
feasible.

It was possible to estimate the ECA of the catalysts by
copper UPD deposition and the results indicate comparable
activity of RuSe,/C to Pt/C towards oxygen reduction in
0.5 M H,SO, if the activities are related to the electro-
chemical active areas. It seems fact that the lower mass
specific activity is due to a small active surface area of the
RuSe,/C. However, the relatively large peroxide yields of
up to 4% on RuSe,/C is a drawback which has to be
overcome.
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