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A series of Se-modified Ru/C (Se-Ru/C) samples were prepared from a carbon-supported ruthenium
precursor. Selenium was incorporated by two different methods; in the first case, Se was incorporated by
treating the Ru/C precursor in a selenious acid solution followed by reduction in H, atmosphere. In the
second case, Se was incorporated to Ru/C by means of thermal treatment in a selenium atmosphere. The
samples thus obtained were characterized by different techniques: X-ray diffraction, energy dispersive
X-ray spectroscopy, transmission electron microscopy and X-ray photoelectron spectroscopy. A detailed

Key WorqS: . . study has been made of the structural properties and chemical composition of the different Se-Ru/C
Ruthenium-selenium nanoparticles R ol . .
Microscopy samples. Microscopy results reveal that Se is incorporated homogeneously, being preferentially located

on the surface of the Ru atoms. These results agree well with XRD and XPS data. The incorporation of
Se in the lattice results in the formation of RuSe, only if RuO; already exists. On the contrary, if Ru
is in its metallic form, Se remains as an amorphous layer located on the surface of the Ru particles.
The performance of the catalysts on the oxygen reduction reaction was evaluated either in the absence
and presence of methanol. Se-containing samples develop more active and methanol tolerant catalysts,

X-ray diffraction

X-ray photoelectronic spectroscopy
Oxygen reduction reaction
Methanol tolerance

particularly when Se is located on the surface of the Ru particles.

Crown Copyright © 2009 Published by Elsevier B.V. All rights reserved.

1. Introduction

In recent years, vast amounts of resources have been invested
in fuel cell technology. Among the yet-to-be-resolved issues, the
design of noble-metal-free electrocatalysts with high ORR activity
and methanol tolerance is paramount for the commercialization of
direct methanol fuel cells (DMFCs) [1-3]. Ruthenium-based chalco-
genides have been proposed as potential candidates to fulfill the
requirements of methanol tolerant ORR electrocatalysts [4-8]. Elec-
trochemical investigations have proven that the presence of Se
strongly enhances the catalytic activity of Ruin the ORR by prevent-
ing the formation of ruthenium oxides [9-11]. Nevertheless, for
the purpose of a successful commercialization of Ru-based DMFCs,
a further improvement is required in the mass specific activity of
these catalysts. Prior papers have reported the potential to further
increase the oxygen reduction activity of Sex—Ru-based electrocat-
alysts, while maintaining their higher methanol tolerance [6,12].

Sex—Ru catalysts for the ORR were disclosed in 1988 by
Chatzitheodorou [13]. Since then, the preparation of these cat-
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alysts via thermolysis has been substantially improved [14-16].
Furthermore, other methods have been reported on their prepara-
tion, including precipitation [17,18], reduction [19], impregnation
[15], colloidal [20] and reverse micelles methods [21]. The struc-
tural characterization of the active material revealed the existence
of a Ru-core decorated with a Se-containing shell of complex struc-
ture [22,23]. It was established that the presence of Se is the decisive
factor for improving catalytic activity and stability compared to
unmodified Ru nanoparticles.

Particle aggregation during the synthesis of the Se-modified
Ru samples, along with the development of a shell of amorphous
Se-containing species, results in samples lacking catalytic activity.
Thermal annealing steps during the synthesis of the samples usu-
ally results in a more active catalyst due to the reduction of the
thickness of the amorphous Se shell; however, particle aggrega-
tion is not avoided. Therefore, for this type of solids, batch-to-batch
reproducibility is poor. As reported by Hilgendorff et al., the forma-
tion of Ru nanoparticles and the subsequent modification with Se
must be optimized separately [15]. According to the Bonnemann
synthesis route [24], highly dispersed Ru on a carbon black sup-
port can be obtained by reducing Ru-salts in solution followed by
depositing the colloidal Ru particles onto carbon black (e.g., Vulcan
XC-72R). The resultant Sex—Ru catalyst obtained by addition of Se to
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Ru/C recorded a significantly higher activity due to the improved
dispersion of the catalytically active particles [15]. Furthermore,
all these preparation techniques lead to a product in which Se is
firmly bound to Ru with thermal stability up to 850 °C under inert
conditions [23].

On the other hand, it was shown that the surface concentration
of Se in the catalyst does not increase linearly with the increasing
concentration of the H,SeO5 solution used in the adsorption step,
suggesting that the amount of Se deposited on the surface of the
solid could be governed by specific adsorption equilibriums.

In agreement with Zehl et al. [25], the performance of Se-Ru in
the ORR is related to the existence of an optimum concentration
of Se on the Ru surface. At such a concentration value, a particu-
lar chemical structure favourable for the ORR is generated. Above
such Se concentration, the catalytic activity of the samples in the
ORR decreases. This behaviour could be explained by the formation
of catalytically inactive species on the surface of the Ru particles,
thus leading to a drop in activity. A given degree of coverage by Se
appears to be optimal for designing very active ORR catalysts. In
addition, the partial formation of the inactive RuSe, phase might
also take place. Other important parameters for defining the opti-
mum Ru:Se ratio are size and surface structure of the Ru particles.

In this work, we have used two homemade carbon-supported
ruthenium samples; the first one was used as prepared and the sec-
ond one was subjected to thermal treatment at 300 °C in hydrogen,
being identified as Ru/C and Ru/C-300, respectively. Both samples
have been modified with selenium by two different routes: the first
one, as described by Hilgendorffet al.[15], consists in incorporating
selenium via the treatment of carbon-supported ruthenium (Ru/C-
300) with an aqueous solution of H,SeO3 and subsequent reduction
at 300 °C under H, flow. These latter samples have been used as ref-
erence materials. The second route (annealing route) involves the
treatment of carbon-supported ruthenium (Ru/C or Ru/C-300) with
selenium vapour at low pressure.

The performance of the samples in the oxygen reduction reac-
tion (ORR) has been tested by the thin film rotating disk electrode
method. Results show the importance of the presence of Se and its
actual nature in the electrode.

Irrespectively of the synthesis method, Se remains as an amor-
phous layer on the surface of Ru particles. Se incorporation to the
Ru lattice is possible only through RuO, species, yielding RuSe;.
The presence of Se increases the population of Ru® species in the
samples, resulting in more active catalysts for the oxygen reduction
reaction.

2. Experimental
2.1. Synthesis of ruthenium catalysts

Ru-based catalysts were prepared via the colloidal route from
RuCl3 (purchased from Johnson Matthey) as metal precursor and
carbon Vulcan XC-72R (purchased from Cabot) as carbonaceous
support. This method consists in preparing surfactant stabilized
colloids in an organic solvent by chemical reduction of metal salt. It
has been described by Bonnemann et al. [26]. An adequate amount
(0.82 g) of RuCl3 was dissolved in tetrahydrofuran (THF),and a0.4 M
solution of N(CgH17)4BEt3H in THF was added dropwise followed
by the addition of absolute ethanol (100 mL). The solid was filtered
off, washed with ethanol twice and dried in an argon atmosphere.
In order to impregnate the carbon substrate with the Ru nanopar-
ticles, the powder obtained was dissolved in THF and added to a
suspension of Vulcan carbon (1.6 g) under vigorous stirring. The
solvent was removed under reduced pressure, and the residue was
washed with H,O/EtOH (10/90 vol.%) and dried at 70 °C for 8 h. The
solid obtained was labelled Ru/C. An aliquot of this sample was
subjected to thermal treatment between 25 and 300°C at a rate

Table 1
Preparation method and chemical composition of the catalysts.
Name Ru precursor Treatment?® Ru Se
%Wt.
Annealing route
A100-Sego1Ru/C Ru/C 100(5%) 99.5 0.5
Ai150-Seg.10Ru/C Ru/C 150(5") 95.4 4.6
A150-Sep05Ru/C-300 Ru/C-300 150 (5%) 97.9 2.1
Aspo-Seo23Ru/C Ru/C 300(5) 90.1 9.9
Asg0-Seq.14Ru/C-300 Ru/C-300 300(5") 94.0 6.0
A350-S€0,n RU/C A300—SEU,23 RU/C 350 (5') 919 8.1
A350—SEU>07RU/C—3OO A;oo—SEg_mRU/C—BOO 350 (5') 96.9 3.1
Name Ru precursor [Se]P Ru Se
%wt.
Hilgendorff method
H-Seg.09Ru/C-300 Ru/C-300 6.00-103 95.8 4.2
H-Seq 11Ru/C-300 Ru/C-300 1.25.102 95.0 5.0
H-Seq27Ru/C-300 Ru/C-300 1.25.107" 88.8 11.2

»

Annealing temperature in °C and time of annealing in (min).
b [H,Se03] in mol L',

of 10°Cmin~! under a H, flow. The resulting solid was labelled
Ru/C-300 (Ru content determined from total reflection X-ray fluo-
rescence analysis: 15 wt%).

2.2. Synthesis of Se-Ru/C catalysts

In order to synthesize Se-modified Ru/C samples, Se and H,SeO5
(purchased from Merck) were used as metal precursors.

2.2.1. Hilgendorff route

For the preparation of the Se-modified samples, 100 mg of Ru/C-
300 were transferred to an aqueous solution of H,SeO3; and the
suspension was treated in an ultrasonic bath for 30 min. The result-
ing solid was filtered off, dried at 70 °C for 8 h, and exposed to a flow
of H, at 300°C. In order to increase the selenium content in the
electrocatalysts, the concentration of H,SeO3; was increased from
6 x 1073 to 1.25 x 1072 M and subsequently to 1.25 x 10~! M. The
samples were labelled as H-SexRu/C-300, with x being the actual
selenium molar ratio as determined by EDS analysis. See Table 1
for further details.

2.2.2. Annealing route

70 mg of Ru/C or Ru/C-300 and 6 mg of metallic selenium were
placed in a quartz tube at a pressure of 1 x 106 torr. The ruthenium
samples were exposed to a temperature of 300 °C for 5 min under
Se atmosphere. Metallic selenium is set at the same temperature
as Ru/C or Ru/C-300 during the treatment. Other annealing treat-
ments - 100, 150 and 300°C for 5min - were tested in order to
modify the composition and nature of the samples. Samples in this
series were labelled as Ar-SexRu/C and Ar-SexRu/C-300, where A
stands for annealing route, T denotes the temperature of the ther-
mal treatment and x the actual Se atomic loading as determined
by EDS. The conditions of the synthesis of the different samples are
showninTable 1. Samples A3gg-Seg.14Ru/C-300 and A3gg-Seg 23Ru/C
were further treated at 350 °C under vacuum.

The morphology and composition of the samples were exam-
ined by scanning electron microscopy and EDS in a SEM, Hitachi
S-3000N microscope equipped with an energy dispersive X-ray
microanalysis unit INCAx-sight (Oxford Inc.).

The X-ray photoelectron spectra (XPS) of the samples were
acquired with a VG Escalab 200R spectrometer fitted with a Mg
Ko (hv=1253.6eV) 120 W X-ray source. Samples were pressed into
small stainless-steel cylinders and then mounted on a sample rod,
placed in a pretreatment chamber, and degassed at room tempera-
ture and 10> mbar for 1 h prior to transfer to the analysis chamber.
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Residual pressure was maintained below 3.0 x 10~8 mbar. The
50 eV energy regions of the photoelectrons of interest were scanned
a number of times to obtain an acceptable signal-to-noise ratio.
Intensities were estimated by calculating the integral of each peak,
determined by subtraction of the Shirley-type background and
fitting of the experimental curve to a combination of Lorentzian
and Gaussian lines of variable proportions. Accurate binding ener-
gies (+£0.2 eV) were determined by referencing to the C 1s peak at
284.6eV.

The X-ray diffraction patterns of the samples were collected on a
Seifert 3000 powder diffractometer. Scans at 0.04° s~! with a mean
time per step of 20 s were recorded for 26 values between 10° and
90°.

Transmission electron microscopy, high resolution transmis-
sion electron microscopy (HRTEM) and high angle annular dark
field scanning transmission electron microscopy (HAADF-STEM)
images were taken with a 200kV JEOL JEM-2100F microscope,
coupled to an annular dark field detector and equipped with an
INCAx-Sight (Oxford Inc.) energy dispersive X-ray spectrometer
(EDS). Energy spectra were analyzed with the Microanalysis INCA-
EnergyTEM Suite v18.4.11 software package. Energy lines at 2.559
and 1.379 keV corresponding, respectively, to Ru-L and Se-L edges
were used for quantification, according to a Cliff-Lorimer routine
using the k factors included in the software package. Specimens for
TEM analyses were prepared by dispersing the powder samples in
ethanol. One drop of the resulting suspension was placed on a holey
carbon film supported by a copper grid.

The synthesized Se-Ru/C samples have been tested as elec-
trocatalysts for the oxygen reduction reaction (ORR). Their
performance was compared to that of Ru/C-300 and a commercial
(Johnson Matthey) 40 wt% Pt/C.

Rotating disk electrode (RDE) studies were carried out at 25°C
in a conventional three-compartment electrochemical glass cell. A
glassy carbon rotating disk electrode (0.071cm?2, GC-Typ zu628)
was used as a substrate for the catalyst. Prior to each test, the elec-
trode was polished with alumina 0.05 p.m to obtain a mirror finish,
being then rinsed with triple-distilled water in an ultrasonic bath. A
mercury/mercury sulphate electrode and a gold plate were used as
the reference and the counter electrodes. All potentials are referred
to the reversible hydrogen electrode (RHE).

The samples under study were deposited onto the working
electrode by means of an ink: 1 mg of the electrocatalyst, 100 L
of 0.2wt% of Nafion (alcoholic solution), and 100 pL of Milli-Q
water were dispersed in an ultrasonic bath for 45 min, obtaining
a homogenous ink. 5 L of the ink were dropped onto the electrode
and dried at room temperature for 15 min resulting in a homoge-
nous coating. A 0.5M H,S04 (Merck) was used as the electrolyte.
All solutions were prepared with Milli-Q water.

Electrochemical measurements were taken with a computer-
controlled potentiostat/galvanostat EG&G 273A. The electrode
rotation speed was regulated by a Metrohm 628-10 unit. The rota-
tion rate was 1500 rpm.

Cyclic voltammetry (CV) experiments were conducted to clean
and activate the electrode surface. Prior to each CV measurement,
the electrolyte was purged with nitrogen (Air Liquide) for 30 min
to deaerate the system. The samples were cycled at 100mVs~!
between —0.05 and 0.85 V until reproducible voltammograms were
obtained.

Linear sweep voltammetry (LSV) was used for the study of
the oxygen reduction reaction (ORR) both in the presence and in
the absence of methanol. The electrolyte was saturated with high
purity oxygen (Air Liquide) for 20 min. The polarization curves were
obtained at 2500 rpm at a scan rate of 5mVs~! between 0.05 and
0.85V at room temperature.

Current-time experiments were also used for the study of the
oxygen reduction reaction (ORR) in the presence of methanol. The

electrolyte was saturated with high purity oxygen (Air Liquide) for
20 min. The curves were recorded at 0.6 V vs. RHE at room temper-
ature during 90 min.

For the evaluation of the performance of selected catalysts in
DMFC, the membrane electrode assembly (MEA) was manufac-
tured as follows. The anode catalyst was a commercial PtRu/C
sample (Johnson Matthey, Pt 20 wt%) whereas the cathode cata-
lyst was H-Seg11Ru/C-300. The Pt and Ru loading in the anode
and cathode, respectively, was 1.0 mg cm](AZEA. The effective area
of the membranes was 4 cm?. Prior to assembly the membranes
were dried at 60 °C for 10 min. A three-layered structure was used
to prepare the MEA. Teflon-treated carbon cloth with a microp-
orous layer (GDL LT1200W, E-TEK) was used as the backing and
gas diffusion layer. The catalyst layer was sprayed on the micro-
porous layer of carbon cloth by means of an ink. Typically, the
ink was formed by isopropanol (Merck), Milli-Q water, Nafion
solution (5wt%, Aldrich) and powders of catalyst. Nafion con-
tent in the ink was 45 wt%. The suspension was dispersed in an
ultrasonic bath for 45min resulting in a homogenous coating.
Once the ink was sprayed onto the carbon cloth, the MEA was
obtained by hot pressing the anode-membrane-cathode assembly
at 100°C and residual press for 3 min. The DMFC was assem-
bled by mounting the MEA into a 5cm? single cell (Electrochem.
Inc.).

After fabrication, each MEA was tested using an Arbin Instru-
ments fuel cell test system by feeding 2 M methanol at a flow rate
of 5mLmin~! in the anode side, and oxygen using a constant flow
rate of 400 mL min~! and backpressure of 3 bar in the cathode side.
Operating cell temperature and fuel and oxidant supply tempera-
ture of 90°C was used in the current study.

3. Results and discussion

The selenization of carbon-supported ruthenium nanoparticles
is considered to be the crucial preparation step for defining the
morphology and final properties of Se-modified Ru/C samples. In
addition, the amount of Se used in this step informs the nature of
the samples, particularly at the surface level of the samples.

As described in Section 2, the incorporation of Se has been
carried out using two different carbon-supported ruthenium pre-
cursors, Ru/Cand Ru/C-300, and two different methods, Hilgendorff
and annealing routes. The samples obtained by the Hilgendorff
method were used as standards, and those obtained via anneal-
ing were compared against them. The composition and preparation
methods of Se-Ru/C samples, both Hilgendorff and annealing
routes, are shown in Table 1.

Ru/C and Ru/C-300 samples were annealed at different tem-
peratures in order to increase the amount of Se incorporated. The
influence of annealing temperature on the extent of Se incorpo-
ration was different for Ru/C than for Ru/C-300. As deduced from
the EDS analysis, the amount of Se incorporated is higher on Ru/C
than on Ru/C-300. As shown in Table 1, the Se content in the Ru/C
doubles that of Ru/C-300.

On the other hand, regarding the samples synthesized via the
Hilgendroff method, aliquots of Ru/C-300 were pretreated in an
aqueous solution containing H,SeO3. The Se concentration was
found to increase with the increasing acid concentration; recording
a maximum value of Se (Ru:Se 1:0.27) for 1.25 x 10~1 M H,SeO3 as
shown in Table 1. This behavior has been observed by other authors
[25].

Fig. 1a shows the X-ray diffraction patterns of Ru/C and Ru/C-
300. The diffractogram of Ru/C displays a single crystalline phase
ascribed to RuO, (pdf #04-009-7842), whereas the diffractogram of
Ru/C-300 displays reflections ascribed to the h.c.p. phase of metal-
lic ruthenium (pdf #00-006-0663) in line with previous results
[11,15].
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Fig. 1. X-ray diffraction pattern of representative samples: (a) Ru/C and Ru/C-300;
(b) H-SEO_11RU/C-3OO and A300-560_14RU/C-300; (C) A300-SE()_23RU/C and A350-
Sep.11Ru/C.

Fig. 1b compares representative diffractograms of samples of
similar composition prepared from Ru/C-300 obtained via the
Hilgendorff and annealing routes, H-Sey11Ru/C-300 and As3go-
Seg.14Ru/C-300, respectively. Reflections ascribed to the Ru h.c.p.
phase are the most intense ones observed in either diffractogram.
The diffractogram of A3gg-Seg.14Ru/C-300 also depicts faint diffrac-
tion lines at 30.1°,33.7° and 37.1°, suggesting the presence of RuSe;
traces. Although weak, diffraction lines at 28.1° and 40.1°, ascribed
to RuO,, are also visible. Se addition to Ru/C-300 results in a shift-
ing of the Ru® diffraction peaks to higher 26 values. In agreement
with Vegard’s law, this shifting would correspond to a contrac-
tion of the Ru lattice in line with the incorporation of Se into this
lattice. Moreover, the lattice parameters (see Table 2) of the Se-
modified Ru/C-300 samples are smaller than those of Ru/C-300,
2.705A vs. 2.714A. This trend is observed for all Ar-SexRu/C-300
samples, irrespectively of the annealing as depicted in Table 2.
This in turn indicates that such annealing treatment is not ulti-
mately responsible for the variation in the lattice parameter and
that such variation accounts solely for the incorporation of Se into
the Ru lattice. Remarkably, the value of the lattice parameter is not
affected by the actual amount of Se in the sample; a constant value
of 2.05 A (a-axis) is found for Ar-SeyRu/C-300 samples. This would
indicate that only a certain fraction of Se is actually incorporated
into the Ru lattice. Samples prepared via the Hilgendorff proce-
dure were also analyzed by XRD (Fig. 1b) and EDS. In line with the
results deduced for the annealed samples, reflections ascribed to
isolated Se, RuO, or RuSe;, phases are not observed. Unlike the Ar-
RuSex/C-300 counterparts, the lattice parameter value recorded for
the H-SexRu/C-300 samples varied with the amount of Se incorpo-

Table 2

Structural parameters of the samples.
Sample T/°C a®/A /A
RuP 2.706 4.282
Ru/C-300 2.714 4.339

Thermal Treatment

Ru/C
A]()()—SE()_(]] RU/C 100
A]SO-SEOJQRU/C 150
A300—S€o]3 RLI/C 300 2.703 4.291
Ass0-Sep11Ru/C 350 (vacuum) 2.703 4.291
Ru/C-300
Aq50-Sep05Ru/C-300 150 2.705 4.266
A3p0-Sep.14Ru/C-300 300 2.705 4.266
As350-Seg07Ru/C-300 350 (vacuum) 2.705 4.266
Hilgendorff method
H-Seg.09Ru/C-300 2.700 4.290
H-Sep.11Ru/C-300 2.696 4314
H-Seg27Ru/C-300 2.691 4.338

2 Lattice parameters for metallic Ru phase.
b pdf #00-006-0663.

rated; in fact, the higher the amount of Se, the lower the value of
the lattice parameter.

As discussed above, the diffractograms of the samples derived
from Ru/C-300 show no evidence of isolated Se crystalline phases,
with their presence being deduced only by the variations observed
on the lattice parameter values. Nevertheless, the presence of an
amorphous layer of Se is corroborated by STEM-EDS and XPS anal-
yses, as discussed below.

The samples obtained from Ru/C were annealed at 100,
150 and 300°C. The diffractograms recorded for Aigg-Sego1Ru/C
and A150-Seg.1Ru/C recorded similar diffraction patterns as Ru/C
(diffractograms not shown). Reflections ascribed to Se phases
are not detected in those diffractograms; however, selenium was
detected by EDS analysis. Noticeably, the diffractogram of A3gg-
Seg23Ru/C, see Fig. 1c, displays several crystalline phases: Ruf,
RuO, and RuSe;. The lattice parameters of the Ru® phase reveal a
shrinking of the Ru lattice probably due to the incorporation of Se.
In line with the observation for the annealed samples prepared with
Ru/C-300, the actual value of the lattice parameter was found to be
independent of the actual Se loading, see Table 2. In both samples,
diffraction lines from RuSe, and RuO, phases are observed. The
main difference between Ru/C and Ru/C-300 series is that RuSe;
and RuO, are the predominant crystalline phases in the Ru/C series.

Transmission electron micrographs of H-Seg 11Ru/C-300, A3go-
Sep.14Ru/C-300 and Asgp-Sep23Ru/C are shown in Fig. 2. It is seen
that a substantial part of the solids was deposited on the carbon
surface in the form of well-dispersed nanoparticles, and the particle
distribution is similar for both samples. TEM analysis revealed the
presence of nanoparticle agglomerates for both samples, which also
agrees well with literature findings [12,27-29]. The mean particle
diameter calculated from a population of around 450 particlesis 3.5,
4.1 and 5.5 nm, respectively, for H-Seq 11Ru/C-300, A309-Seg 14Ru/C-
300, and A300-Se0_23 RU/C.

Fig. 3 shows a HAADF image of H-Seg 11Ru/C-300. EDS analyses
of the several regions indicated in the figure were also collected.
Two types of regions are observed. Regions 1 and 2 correspond
to well-dispersed particles displaying a Se content of ca. 18 at%.
On the other hand, in regions 3 and 4 particles tend to agglom-
erate and Se content is ca. 9 at%. Fig. 4a-d shows EDS mappings of
selected regions of sample A3gg-Seg.14Ru/C-300 showing a homoge-
nous distribution of Ru and Se in the sample. By focusing the
beam on the space between the particles, only the energy lines
of C-Ka1 are observed, confirming that Se is deposited on Ru.
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Fig. 2. Representative TEM images of H-Sep11Ru/C-300 (a), A300-Sep.14Ru/C-300 (b) and Aspp-Seo23Ru/C (c) samples and their corresponding particle size distribution

histograms.

Although not shown, similar results were found for H-Seg 11Ru/C-
300. In fact, by comparing two HAADF images recorded under
different experimental conditions it is possible to discriminate the
atomic distribution of individual particles [30,31]. Thus, Fig. 5a
and b shows two STEM-ADF micrographs of an individual parti-
cle of H-Seg 11Ru/C-300 acquired under different collection angles.
Operating in this mode, the signal comes from the collection of
Rutherford-scattered electrons. This detector has an annular shape
and collects the electrons between an inner and an outer angle,
which can be set in the microscope. Contrast in the STEM-ADF
images is a function of the atomic number (~Z2), thickness (~t)
and inner collection angle. The higher the inner collection angle

Fig.3. HAADF-STEM image of H-Se( 11 Ru/C-300. The atomic composition of selected
regions (squared) 1-4 was analyzed by EDS. Point compositional analyses of the
carbon support were recorded on P-labelled spots.

is, the higher the weight of the Z contrast. The normalized inten-
sity profile of the particle for an inner collection angle of 59.5 and
148.9 mrad is shown in Fig. 5c. When recorded at 148.9 mrad the
intensity profile line is sharper (Fig. 5¢), suggesting a preferential
location of the element of the lower Z value, i.e., Se, on the surface
of the particles.

Fig. 6a shows an HAADF-STEM image of an individual particle
representative of the Se-Ru bimetallic particles found in sample
A3g0-Seg23Ru/C. An EDS profile of this particle is also shown in
the figure. Ru and Se atoms are homogeneously distributed in
the particle. Quantification of the sum spectrum indicates that the
atomic composition of this particle is 63 and 37 at% for Ru and Se,
respectively, in good agreement with the stoichiometry of RuSe,
particles observed in the XRD analysis. Although not shown, a
number of Se-free particles are also observed, in line with the pres-
ence of RuO, as observed in the diffractogram of this sample, see
Fig. 1c.

Fig. 6b shows a HRTEM image of sample A3gg-Seg23Ru/C. The
inset to the figure depicts an electron diffraction diagram obtained
by a fast Fourier transform (FFT) of the selected area in Fig. 5a.
The orientation of the particle is close to the [100] zone axis. The
particle displays a pyrite-like cubic structure as expected for the
RuSe, phase.

All in all, microscopy results reveal that Se is incorporated
homogenously on the samples of the Ru/C-300 series, being located
preferentially on the surface of the Ru atoms. However, Se incor-
poration on the samples of the Ru/C series results in the formation
of RuSe; crystals rather than an amorphous layer.

X-ray photoelectron spectroscopy (XPS) analysis of the Ru 3p
and Ru 3d, C 1s, 0 1s, and Se 3d core-levels was performed in order
to investigate both the chemical state and surface composition
of Ru/C-300, A3go-Sep.14Ru/C-300 and H-Seq 11Ru/C-300 samples.
These were also analyzed after being treated in a reducing atmo-
sphere (H,) to 300 °Cin the treatment chamber of the spectrometer.
Since the Ru 3d and C 1s energy regions extensively overlap, the
Ru 3p core-level spectrum was also recorded. Fig. 7 shows the
XPS spectra for Ru 3p3; and Se 3d core-levels of these samples
before reduction in H,. Table 3 compiles the binding energies of
core electrons for all the samples.
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Fig. 4. EDS mapping of A3pp-Sep14Ru/C-300 sample: (a) HAADF image, (b) C-Ka; map, (c) Ru-La; map and (d) Se-Lay map. Probe size is 1 nm.

The most intense Ru 3p3j, peak of the Ru 3p doublet was fit-
ted to two components at about 462.0 and 465.0 eV in the case of
A300-Seg.14Ru/C-300 and Ru/C-300 samples and about 462.0 and
463.0eV for H-Seg 11Ru/C-300. The peak at lower binding energy
could be attributed to the presence of Ru® [32,33]. Indeed, the rel-
ative abundance of this species is higher in A3pg9-Seg14Ru/C-300

Normalized intensity / a.u.

than in H-Seg 11Ru/C-300 sample. In addition, the signal at about
465.0eV is ascribed to upper oxidized ruthenium species, while
that close to 463.0 eV could be assigned to Ru(IV) type species [34].
A more precise assignment of this component is difficult since the
full weight at high medium value (FWHM) of the peak ascribed to
this species is rather large, close to 4 eV.

! Limits of the particle C)

—

Carbon support
1 i 1 i

0 2 4 [ 8

Distance / nm

Fig. 5. HAADF images of sample H-Seg 11Ru/C-300 recorded with inner collection angles of (a) 59.5 mrad and (b) 148.9 mrad, (c) Normalized intensity linescans; black line

59.5 mrad and grey line 148.9 mrad.
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RuSe, [100]

Fig. 6. (a) HAADF image of an individual particle of sample A3po-Sep23Ru/C with an
EDS linescan distribution of selected energy lines, Se La-1 (red) and Ru La-1 (blue)
(b) high resolution TEM image of the same particle. The inset to the figure is a FFT
processed image of the selected area. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of the article.)

Upon in situ Hy-treatment, A3gg-Seg 14Ru/C-300 sample exhib-
ited a binding energy of the Ru 3p3j, peak characteristic of Ru?,
indicating a complete reduction of ruthenium on the sample sur-
face. However, the Ru 3p3, spectrum of the sample prepared
according to Hilgendorff's methodology revealed two components
at similar binding energy and displaying a similar relative abun-
dance as that before H, treatment.

Table 3

On the other hand, the Se 3d spectra of either sample revealed
two components at binding energies of 55.3 and 58.9 eV. These
binding energies are ascribed to Se2~ (or Se%) and Se** species,
respectively [11,12]. After hydrogen treatment, the complete
reduction of oxidized species (Se%*) is observed.

XPS results confirm the presence of Se in all samples. As shown
in Table 3, the Se/Ru atomic ratio is higher when observed by XPS
(a surface analysis technique) than by EDS. This result is in good
agreement with a preferential location of Se on the surface of the
Ru atoms, Furthermore, the population of Ru® species increases and
that of upper Ru oxides decreases in the Se-containing samples.

For further discussion, samples will be divided as a function of
the Ru precursors. Scheme 1 depicts the synthesis paths described
here and summarizes the main Ru and Se phases detected. XRD
datareveal that Ru® is the only crystalline species obtained after Se-
treatment when using Ru/C-300 as precursor. XPS and microscopy
data confirm that Se is actually present in these samples, being
located on the surface of the Ru atoms. Remarkably, when synthe-
sized by the annealing route, even if RuC is still the predominant
phase, faint RuO, or RuSe, diffraction peaks are visible. This obser-
vation could indicate that Se incorporation to the Ru® lattice is
impeded and only proceeds through RuO,. It should be stressed that
unlike the annealing approach, Hilgendorff synthesis maintains a
reduction atmosphere during the synthesis of the Se-Ru particles
and this difference can be crucial for the formation of RuSe, via
RuO,.

To confirm this hypothesis, Ru/C was used as precursor. This Ru
precursor comprises RuO, phases only (see Fig. 1a and discussion
above). No Ru® phases are observed for this solid. First, the amount
of Se actually incorporated on the A7-SexRu/C solids doubles that of
Ar-SexRu/C-300 at every temperature studied. Furthermore, XRD
and microscopy analyses, see Fig. 1c and Fig. 6a and b, reveal the
preferential formation of RuSe, at the expense of RuO,. In fact,
it can be observed that the disappearance of RuO, results in the
preferential formation of RuSe, and only a minor amount of Ru? is
formed in spite of the severe reduction treatment (H,, 300 °C) that
proved to be sufficient for reducing RuO; to Ru® in the bare-Ru/C
solids.

These results indicate that RuSe;, formation upon Se treatment
of Ru-containing samples is favoured when the predominant phase
on the parent material is RuO, rather than Ru®. In fact, the formation
of RuSe, from Ru? is not straightforward and can only take place
through the previous oxidation of Ru® to RuO,.

Finally, the stability of the solids was studied by annealing
A300-Sep23Ru/C at 350°C under vacuum. Fig. 1c shows that the
intensity of the reflections ascribed to the RuO, phase decreased
after the vacuum annealing treatment, while those of the RuSe;
phase remained essentially unchanged. No reflections ascribed to
isolated Se crystals are observed. After thermal treatment, the
Se/Ru atomic ratio decreases from 0.23 (A3gp-Seg23Ru/C) to 0.07
(A350-Seq.11Ru/C). Furthermore, a clear decrease in the RuO, con-
centration is observed after the vacuum annealing treatment (see
Fig. 1c). The disappearance of the RuO; phase is not accompanied
by the appearance of other Ru species. Therefore, Ru should have
been transformed either as RuO,xH,0 or as RuO3 phase. The former

Binding energies in eV, and atomic percentage (in brackets) of H-Seg 11 Ru/C-300 and Asgp-Seo.14Ru/C-300 samples from XPS measurements.

Sample Ru 3p3p, Se 3d Se/Ru at. (XPS) Se/Ru at. (EDS)
Ruvpper Ru#* Ru® Sed* Sel/Se?~

Ru/C-300 465.2 (31) 462.0 (69)

As00-Seg.14Ru/C-300 465.2 (6) - 462.2 (94) 58.9(38) 55.3(62) 0.25 0.14

As00-Seg.14Ru/C-300 +300°C/H, - - 461.8 - 55.0 0.27

H-Seg.11Ru/C-300 - 463.1 (34) 461.6 (66) 58.6 (27) 55.2(72) 0.14 0.11

H-Seq.11Ru/C-300 +300 °C/H; - 463.2 (32) 461.5 (68) - 55.2 0.17
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Fig. 7. Ru 3ps); and Se 3d core level spectra of the H-Seq,11Ru/C-300 (up) and Asgo-Seo.14Ru/C-300 (down) samples.

species is known to be amorphous [35] showing no diffraction pat-
tern, whereas the latter is unstable in solid phase [36], with neither
species showing diffraction peaks.

It is well accepted that samples containing metallic Ru or
Se-decorated Ru particles will develop more active cathode electro-
catalysts than those containing Ru oxide or RuSe, phases [10,22].
Results obtained here suggest that by using Ru/C-300 as precursor,
the amount of Ru and Se-decorated Ru phase increases in the solids.

The oxygen reduction reaction (ORR) activities of the prepared
catalysts were measured by the thin film rotating disk electrode

. H;Se0O;
2 H, at 300°C

Se? Vapor 100-300°C

CE

H-Se,Ru/C-300 (

B N, o &

(RDE) technique. The j-E profiles recorded for Seq 11Ru/C-300, A3qg-
Sep.14Ru/C-300 and Asgp-Seg23Ru/C with Ru/C-300 are depicted
in Fig. 8. From the figure it can be concluded that the electro-
chemical reaction operates under mixed kinetic-diffusion control
in the potential range between the open circuit voltage (OCV)
and 0.5V, and diffusion limited current is almost reached below
0.5V. The net reduction current on Ru/C-300 starts at 0.75V and
increases as the potential is scanned from 0.75 to 0.2V. On the
Se-modified catalysts, the onset of the net reduction currents is
shifted to more positive values. In sample H-Seg 11Ru/C-300, the

(‘_’ Ru’

| Se amorphous layer

0 RuSe,
O RuO,

A-Se,Ru/C-300

Scheme 1. Illustrative paths of the samples prepared by modifying Ru/C-300 and Ru/C with Se.
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Fig. 8. RDE polarization curves in 0.5M H,SO4 recorded a 2500 rpm for Ru/C-300
(black line), H-Sep.11Ru/C-300 (red square), Aspp-Seo.14Ru/C-300 (blue circle), and
As00-Sep23Ru/C (dotted line). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of the article.)

onset potential is located at 0.85V, the most positive value of the
series. H-Seg 11Ru/C-300 and A3p9-Seg.14Ru/C-300 display similar
ORR polarization curves. Higher current densities are found for
the Se-modified samples throughout the entire polarization curve.
It is known that ruthenium oxide or hydroxide films record poor
activity for oxygen reduction [10]. Nevertheless, it is accepted that
selenium is able to suppress the formation of inactive RuOy lay-
ers [10,37,38], Although not shown, we have observed this feature
by means of cyclic voltammetry measurements in an oxygen-free
H,S04 electrolyte. This effect leads to higher catalytic activity in the
ORR as compared to Se-free Ru samples. Comparing the precursors,
Ru/C-300 provides more active species than Ru/C. In the same way,
comparing the preparation methods, the Hilgendorff route leads
to a better catalyst than the annealing route (H-Seg 11Ru/C-300 vs.
A300-Sep.14Ru/C-300), probably as a result of the higher amount of
Ru exposed (see Se/Ru atomic ratios in Table 3) or due to the pres-
ence of RuSe; in A3pg-Seg 14Ru/C-300. As stated above, the presence
of ruthenium oxides produces a decrease in catalytic activity. In
the same way, ruthenium selenide (RuSe;) is almost inactive in
the oxygen reduction reaction [10,39]. Thus, the poor activity of
the sample prepared from Ru/C (A3g9-Seg23Ru/C), as compared to
those prepared on Ru/C-300 is ascribed to the presence of RuSe,.
However, its performance is superior to that of Ru/C-300, reveal-
ing a certain promotion due to the presence of Se. Nevertheless,
the presence of selenium always leads to an improvement over the
Se-free sample. Its stabilization effect facilitates oxygen adsorption
on the bimetallic catalysts and a better electron transfer between
reactants and the catalyst active sites due to the well-documented
influence of Se [20,38].

On the other hand, the most relevant feature of Se-modified Ru
catalysts is expected from their tolerance to methanol during the

1

J/ mA-em™
&
T

01 02 03 04 05 06 07 08 09 10
E/V vs NHE

Fig. 9. Current-potential curves for oxygen reduction in 0.5M H,SO4 for Pt/C
(black line) and in 0.5M H,S04 0.1 M MeOH for H-Sep11Ru/C-300 (red squares),
A300-Se0.14Ru/C-300 (blue circles), and Pt/C (grey line) recorded a 2500 rpm. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of the article.)

ORR. LSV experiments in the presence of 0.1 M CH3OH have been
recorded on samples H-Sep11Ru/C-300 and Asgg-Sep.14Ru/C-300;
results are shown in Fig. 9. For the sake of comparison, the activity
of commercial Pt/Cis also shown. On the Pt/C sample, the ORR starts
at potentials around 0.6V, in agreement with previous results [6].
The net current ascribed to the ORR on the Se-modified samples
begins at 0.8V, that is, both samples display a much higher toler-
ance to methanol than Pt/C. In fact, neither H-Seg 11Ru/C-300 nor
A300-Sep.14Ru/C-300 seems to be active in the methanol oxidation
reaction. The j-E curve recorded for both samples is very similar,
reaching a limiting current value at ca. 0.5 V. Current-time experi-
ments at 0.6 V in the presence of 0.1 M CH30H have been recorded
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Fig. 10. Current-time curves recorded at 0.6 V.in oxygen saturated 0.5M H;SO4
0.1 M MeOH solutions on Pt/C (black line) and H-Seq 11 Ru/C-300 (grey dotted line).



M. Montiel et al. / Journal of Power Sources 195 (2010) 2478-2487 2487

0,6 -7

L 6
0,54 -
E

L 5
= J T g
= 04 e
S -4 3
& &,
£ 03] 3
s [* 5
T 024 [,
© é
s
0,1 4 Ly ®

0,0 ol T * T ol T * T * T o 0

0 20 40 60 80 100

Current density / mA-cm”

Fig. 11. Polarization and power density curves obtained with catalyst H-Seg 11 Ru/C-
300 recorded at; cathode feed 400 mLmin~! of O, at 40psi and anode feed
5mLmin~' of methanol at 5 psi at 90°C.

on sample H-Seg 11Ru/C-300 and Pt/C; results are shown in Fig. 10.
These experiments have been carried out using a static electrode.
Under these reaction conditions oxygen diffusion to electrode is not
favoured as it is in the rotating disk electrode configuration. On the
Pt/C sample the net current is positive whereas on H-Seg 11Ru/C-
300 is negative. That is, the Se-modified Ru sample shows more
tolerance to methanol than platinum sample. These results are in
good agreement with the results commented previously. The per-
formance of H-Seg 11Ru/C-300 has been evaluated in a 5cm? fuel
cell. Polarization and power density curves recorded at 90°C are
shown in Fig. 11. The maximum power density value, obtained at is
ca. 7mW cm~2. This power density value, normalized to the actual
Ru loading of the electrode, is in line with previous reports for sim-
ilar RuSe catalysts [40-42] but inferior to Pt-containing catalysts
[43].

4. Conclusions

Se incorporation on carbon-supported Ru samples follows dif-
ferent paths depending on the actual nature of the Ru precursor
and the synthesis route. If Ru® is the predominant phase, Se is
incorporated as an amorphous layer located on Ru particles. How-
ever, if RuO, is the predominant phase, Se incorporation leads to
the formation of RuSe,. This latter sample, however, is not active
as a catalyst in the oxygen reduction reaction. The presence of Se
increases the population of Ru® species on the samples. This in turn
results in more active catalysts for the oxygen reduction reaction.
Furthermore, the tolerance to the presence of methanol during the
oxygen reduction reaction is remarkably improved on Se-modified
catalysts.
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