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Abstract A major impediment to the commercialization of
fuel cells is the low activity of electrocatalysts for the
oxygen reduction reaction that involves multiple electron
transfer steps. Platinum is considered the best cathode
catalyst toward oxygen reduction to water; however, Pt
remains an expensive metal of low abundance, and it is of
great importance to find Pt-free metal alternatives. Among
various Pt-free catalysts under development, ruthenium-
based compounds show significant catalytic activity and
selectivity for four-electron reduction of oxygen to water in
acidic environments. This article provides a short review on
the different classes of Ru-based catalysts focusing on the
catalytically active reaction sites and the oxygen reduction
mechanism in acidic media. After a brief discussion of the
oxygen reduction kinetics on a pure Ru metal, the paper
reviews the catalytic properties of the selected Ru com-
pounds, including crystalline Chevrel-phase chalcogenides,
nanostructured Ru and Ru-Se clusters, and Ru—N chelate
compounds.
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Introduction

Platinum is considered the best cathode catalyst for low-
temperature fuel cells such as proton exchange membrane
fuel cell and direct methanol fuel cell (DMFC), as it
provides the lowest overpotential and the highest selec-
tivity toward direct oxygen reduction to water (i.e., small
amount of hydrogen peroxide [H,0,]) [1-4]. Even on
pure Pt, however, potentials in excess of 0.3 V are lost
from the thermodynamic potential for oxygen reduction
because of competing water activation reaction and sluggish
kinetics. Furthermore, oxygen undergoes nondissociative
adsorption on Pt metals accompanied by some dissociative
adsorption, which results in Pt oxidation. Most importantly,
Pt remains an expensive metal of low abundance.

Two technological approaches are underway for Pt
loading reduction in membrane-electrode assembly (MEA)
to reduce the overall cost of fuel cells. One approach is to
make use of binary or ternary Pt-transition metal alloy
catalysts in MEA. It is known [4, 5] that alloying Pt with
Fe, Co or Ni can increase the oxygen reduction activity so it
can lower the total Pt loading in MEA. The reasons for the
higher catalytic activity of Pt alloys are as follows: (1) the
increase in the resistance to particle sintering, (2) surface
roughening because of the removal of some alloying metal,
(3) preferential crystallographic orientation, and (4) a more
favorable Pt-Pt interatomic distance. However, it has
frequently been reported [4, 6, 7] that a considerable
amount of transition metal leaches out of the alloy catalysts
under fuel cell operating conditions, causing a loss of the
catalytic activity. The dissolved transition metal ions
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replace the protonic sites attached to the sulfonic acid
groups in the ionomer, which results in a decrease in the
proton conductivity of the membrane.

The other approach is to develop Pt-free metal catalysts
based on transition metals, Pd or Ru. Since of Jasinski’s [8]
discovery of the catalytic properties of cobalt-phthalocya-
nines, there has been a considerable research on non-
precious metal catalysts such as: (1) porphyrin-based
macrocyclic compounds of transition metal (e.g., Co-
phthalocyanines and Fe-tetramethoxyphenyl porphyrin)
[9-22], (2) vacuum-deposited Co and Fe compounds
(e.g., Co—C-N and Fe—C-N) [23, 24], and (3) metal
carbides, nitrides, and oxides (e.g., FeC,, TaO,N,, MnO,)
[25, 26]. However, the above catalysts are unlikely to meet
the requirements of cathode catalysts because of the far
lower oxygen reduction activity in comparison to the state-
of-the-art Pt-based catalysts. They show a low catalytic
selectivity toward the four-electron reduction in oxygen to
water, producing a large amount of H,O, (typically higher
than 10%), and exhibit very low electrochemical stability in
acidic environments. In the case of metal-nitrogen chelate
catalysts, H,O, is responsible for the deterioration of
electrode performance over time, as it destroys the active
reaction sites by the oxidation of nitrogen ligands and hence
accelerates the dissolution of transition metals [15, 27]. In
addition, the polymer electrolyte membrane degrades over
time because of the attack by peroxide radicals [13].

Another class of Pt-free catalysts that has attracted the
most attention over the years is the Ru-based compound
that contains chalcogen elements, mostly selenium [28—49].
Ru-based chalcogenide compounds, e.g., MosRu,Seg and
Ru,Se,, show more promising catalytic properties
as compared with Pt-free catalysts based on transition metal
macrocyclic complexes. Further, a recent study on chalco-
gen-free RuN, chelate compounds [50, 51] has demonstrat-
ed comparable catalytic activity and selectivity to Pt-based
catalysts for four-electron oxygen reduction in acidic
media. Ru-based catalysts are also considered the promis-
ing alternative to Pt for cathode catalysts in DMFCs, owing
to their high tolerance to methanol (CH;OH) oxidation [32,
36, 46, 52, 53]. Unlike Pt, the Ru-based catalyst is hardly
depolarized in the presence of methanol because there are
no available surface sites for methanol adsorption because
of the strongly adsorbed oxygenated species [36].

This article reviews the different types of Ru-based
catalysts under development, focusing on the catalytically
active reaction sites and the oxygen reduction mechanism
in acidic media. After a brief introduction of the oxygen
reduction kinetics on a pure Ru metal, the paper provides a
review on the catalytic properties of the selected Ru
compounds as follows: (1) crystalline Chevrel-phase chal-
cogenides, (2) nanostructured Ru and Ru,Se, clusters, and
(3) RuN; chelate compounds.
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Oxygen reduction reaction on Ru metal electrode
in acidic media

Although extensive experimental work has been performed
to study the electrochemical behavior of a pure Ru metal
electrode in both acidic and alkaline electrolytes [54—57], the
mechanism of oxygen reduction is still not clearly under-
stood for the following reasons: the surface oxidation of a
Ru metal electrode starts to occur in a low potential range
below 0.25 V(NHE) even before hydrogen desorption is
completed, which makes a clear distinction between the two
reactions very difficult. Furthermore, the oxidation state,
structure, and thickness of surface oxides significantly vary
with potential and time during electrochemical experiments.

Basic information regarding the catalytic properties of a
Ru metal electrode in acidic electrolyte can be obtained from
a research paper by Anastasijevi¢ et al. [54]. Figure 1 shows
polarization curves for oxygen reduction on the rotating Ru
disk electrode as a function of rotation rate [54]. The rotating
disk electrode (RDE) experiments were conducted in 0.1 M
HCIO, saturated with oxygen by using a potential scan rate
of 50 mV s '. The RDE data show that the Ru metal
electrode exhibits an onset potential for oxygen reduction as
high as 0.4 V(SCE), and the oxygen reduction reaction
proceeds under the mixed kinetic and diffusion control.
However, a diffusion limiting current is not clearly observed
in the polarization curves even below —0.2 V(SCE).

Disk Current / mA

12 N | N | N | N | N
-0.4 -0.2 0.0 0.2 0.4 0.6

Disk Potential / V(SCE)

Fig. 1 Polarization curves for oxygen reduction on the rotating Ru
disk electrode as a function of rotation rate. The experiments were
conducted in 0.1 M HCIO, saturated with oxygen by using a potential
scan rate of 50 mV s '. Reproduced from [54] with permission from
Elsevier




J Solid State Electrochem (2007) 11:1355-1364

1357

In general, the oxygen reduction reaction proceeds by
two parallel pathways as follows [58]:

kl
0 J
o k, k,
2 = 0,,—2>H,0,, ——H,0 (1)
3k,
Hzoz,b

where subscripts a and b denote the species adsorbed on the
electrode surface and that in the bulk, respectively. O, may
be directly reduced to H,O through four-electron transfer
(path 1). In parallel, O, may be reduced to H,O through a
series pathway involving the formation of H,O, intermedi-
ate species (path 2) and the electrochemical decomposition
of H,0, to H,O (path 3).

On the basis of the above reaction scheme, Anastasijevi¢
et al. [54] determined quantitatively the relevant kinetic rate
constants ki, k», and k3 for oxygen reduction on the Ru
metal electrode from the rotating ring disk electrode
(RRDE) data. It was assumed that the rate constant k, for
transport of the adsorbed H,O, to the bulk electrolyte is
negligibly small (k4~0) in the potential range under the
study. The analysis showed the increase of the rate constant
in the order of ki, k3, and &, in the potential range between
0 and 0.13 V(SCE), which indicates that O, is reduced to
H,O predominantly via a series pathway (paths 2 and 3).
Therefore, one can expect the catalytic selectivity of the Ru
metal electrode toward complete oxygen reduction to water
to be determined by the kinetics of H,O, reduction.

The polarization experiments for H,O, reduction in
0.1 M HCIO4 solution containing 3.8x 10° M H,0,
indicated that the catalytic activity of a Ru metal for H,O,
reduction to H,O gradually decreases with increasing
positive potential limit [54]. The ellipsometric studies of
Velikodnyi et al. [59] demonstrated that in acidic media, the
Ru metal surface is covered by RuO, with 0<x<1 in the
potential range between 0 and 0.7 V(NHE), and RuO, with
1<x<2 is formed when the potential is increased beyond
0.7 V(NHE). 1t is thus inferred that the higher the oxidation
degree of the Ru metal surface is, the lower is the catalytic
activity for H,O, decomposition. It follows that the
oxidation degree of the Ru metal surface would determine
the catalytic selectivity for complete oxygen reduction to
water. Actually, the Ru metal electrode is known to
predominantly catalyze oxygen reduction to H,O, rather
than to H,O [38], which is due to the presence of Ru
surface oxides with lower activity for H;O, decomposition
to H20

Ru-containing chalcogenides of the Chevrel-phase type

Transition metal chalcogenide compounds known as the
“Chevrel phases” [60], i.e., MXg (M=high valent transition
metal and X=S, Se, Te), have initially attracted the attention
of solid-state chemists and physicists because of remarkable
high-temperature and high-field superconducting properties
[61]. Alonso-Vante et al. [28] were the first to report that Ru-
containing chalcogenides of the Chevrel-phase type (e.g.,
Mo4Ru,Seg) show a significant catalytic activity for oxygen
reduction in acidic media.

As an example, Fig. 2 displays the currents measured on
the Moy ,Ru, gSeg disk and the Pt ring as a function of disk
potential [29]. The RRDE experiments were performed in
0.5 M H,SO, saturated with oxygen by using a disk
potential scan rate of 5 mV s~ '. The ring potential was held
at 1.44 V(NHE) to oxidize H,O, generated during the
oxygen reduction reaction. The dashed line in Fig. 2
represents the background double-layer charging current
measured in a deaerated solution under the same experi-
mental conditions. It is seen in Fig. 2 that the Mo, ,Ru; gSeg
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Fig. 2 Currents measured on the Mo, ,Ru, gSeg disk and the Pt ring
as a function of disk potential. The RRDE measurements were
performed in 0.5 M H,SO, saturated with oxygen by using a disk
potential scan rate of 5 mV s '. The ring potential was held at 1.44 V
(NHE). The data measured in a nitrogen-saturated solution were also
presented. Reproduced from [29] with permission from the Journal of
the American Chemical Society
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catalyst exhibits an onset potential for oxygen reduction of
ca. 0.8 V(NHE). The ring current increases with decreasing
disk potential, then reaches a maximum value between 0.4
and 0.3 V(NHE), and finally decreases with further
decreasing disk potential. The percentage of H,O, produced
was calculated from Fig. 2 using the well-known equation
[62]:

200(7,/N)
Iy + (I/N)

where /4, I,, and N mean the disk current, the ring current,
and the collection efficiency, respectively. The value of N
was taken as 0.31 in [29]. The calculation showed that the
Moy ,Ruy gSeg catalyst generates only 2.8-3.9% H,0, during
oxygen reduction over the whole potential range, which
indicates that oxygen is predominantly reduced to water via
four-electron transfer. Such a high selectivity for four-electron
oxygen reduction to water is quite remarkable, because a Ru
metal electrode mainly catalyzes two-electron oxygen reduc-
tion to H,O, as discussed in the preceding section.

Figure 3a illustrates the schematic diagram of the
fundamental structural unit of a Chevrel phase (Mo,
Ru)¢Seg. In a Chevrel phase structure, an octahedral cluster
with six metal atoms is encased in a cube of chalcogens.
The mean interatomic distances between metals and
between metal and selenium are ca. 0.268-0.270 nm and
ca. 0.260 nm, respectively, depending on the stoichiometry
of mixed metal cluster. It is well known [29, 63] that (Mo,
Ru)eSeg exhibits semiconducting properties with an energy
gap between valence and conduction bands of ca. 1.3 eV.
The valence band structure of Mo4Ru,Seg determined by X-
ray photoelectron spectroscopy (XPS) is presented in Fig. 3b
[36]. Note that the energy scale is referred to the Fermi level
Er. The metal-metal interactions in the octahedral cluster
lead to a high density of d-states near the top of the valence
band. In particular, Ru atoms in the cluster make the
compound a “degenerate” p-type semiconductor, namely, Er

% H,0, = (2)

Fig. 3 a Schematic diagram of a
a Chevrel phase (Mo, Ru)sSeg
structure, and b density of states
(DOS) curves for the valence

band in Mo4Ru,Seg determined

by XPS. In b, the energy scale is
referred to the Fermi level Ef.
Reproduced from [36] with per-
mission from Elsevier

@ Springer

is located just near the top of the valence band, as shown in
Fig. 3b [29, 37]. Consequently, the octahedral mixed metal
clusters of Mo and Ru with a high density of d-states serve
as the electron reservoirs where the adsorbed oxygen
molecule can directly exchange electrons with the catalyst
upon cathodic polarization, resulting in high catalytic
activity and selectivity.

Nanostructured Ru and Ru,Se, clusters

Besides the fact that Ru-based chalcogenides of the
Chevrel-phase type show high catalytic activity and
selectivity for oxygen reduction, they are typically synthe-
sized by a solid-state reaction of pure elements at elevated
temperatures (1,200 to 1,700 °C) and pressures (0.7 GPa)
[29, 48], which makes the synthesis procedure very
complicated and costly. To circumvent those problems,
low-temperature methodologies have been developed by
different researchers to prepare Ru or Ru chalcogenide
clusters. The synthesis methods are divided broadly into
two categories as follows: (1) thermolysis of triruthenium
dodecacarbonyl (Ru3(CO);,) [30, 31, 37-41, 44, 46] and
(2) colloid method involving chemical reduction of ruthe-
nium trichloride (RuCls) [37, 47].

The former method involves the thermochemical reac-
tion of Ruz(CO);, and/or elemental selenium in either
xylene (C¢H4(CH3),) or 1,2 dichlorobenzene (CgH4Cl,)
solvent. The reaction proceeds under refluxing conditions at
the boiling point of the solvent in an inert atmosphere. The
compound synthesized by thermolysis of carbonyl precur-
sors is sometimes called “carbonyl-tailored” catalyst in
literature [64]. Alternatively, Ru,Se, catalysts can be
prepared through the thermochemical treatment of colloidal
Ru particles in Se-saturated xylene solvent under refluxing
conditions. In the latter colloid method, a precursor RuCl;
dissolved in tetrahydrofuran (THF, C4HgO) is chemically

Energy, (E-E,)/eV

DOS / arbitrary unit
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reduced by N(CgH;7)4BEt;H in the presence of ethanol,
resulting in nanosized Ru clusters. For the preparation of
Ru,Se, catalysts, the synthesized colloidal Ru particles are
further treated with an aqueous selenious acid (H,SeO3). In
addition, a new process was recently developed to
synthesize Ru,Se, catalysts supported on porous carbon
on the basis of the impregnation and reduction of Ru salts
[65, 66]. For instance, porous carbon powders are impreg-
nated with a mixture of RuCl; and THF under stirring
conditions, and then RuCl; is reduced on the carbon
support by LiBet;H/THF. Finally, Ru,/C powder specimen
is treated with H,SeOs to produce Ru,Se,/C catalysts [65].

Tributsch et al. [37] carried out an in-depth structural
analysis to identify catalytic reaction sites for oxygen
reduction on the carbonyl-tailored Ru,Se, catalysts. X-ray
diffraction (XRD) and transmission electron microscopy
(TEM) studies revealed that nanosized Ru particles with a
diameter of ca. 4 nm are covered with thin amorphous
layers that contain carbon and oxygen species in addition to
Ru and Se. Further, thermogravimetric experiment com-
bined with mass spectroscopy showed that the ionized
species CO™ and COj were released from the catalyst
particles upon heat-treatment above 90 °C. This indicates
that the surface of Ru,Se, catalyst is modified by carbon
species, most probably carbonyl groups.

Based on the experimental findings of material charac-
terization studies, the authors have proposed a structure of
catalytic reaction sites on the carbonyl-tailored Ru,Se,
catalyst that is schematically illustrated in Fig. 4. In Fig. 4,
Ru atoms form an octahedral cluster to which carbonyl
groups are attached, and a carbon atom resides in the center

%

Ru nanoparticle

Fig. 4 Schematic diagram of active reaction sites for oxygen
reduction on the carbonyl-tailored Ru,Se, catalyst proposed by
Tributsch et al. [37]

of octahedral Ru cluster. Such a Ru/carbido/carbonyl
complex formed on a metallic Ru nanoparticle serves as
the catalytic reaction site for oxygen reduction. It was also
suggested that carbonyl ligands in the complex not only
stabilize the interfacial Ru atoms, thus keeping them from
being oxidized, but also modify the distribution of
interfacial electronic states in such a way as to facilitate
cathodic electron transfer.

Figure 5 presents the plot of kinetic current density i for
oxygen reduction versus Se content in the carbonyl-tailored
Ru,Se, catalyst obtained by Bron et al. [38]. Here, i means
the oxygen reduction current density determined in the
absence of diffusion limitations, and it was measured at
0.6 V(NHE) in 0.5 M H,SO, saturated with oxygen in Ref.
[38]. The i value continues to increase with rising Se content
until it reaches a maximum at 15 mol%, indicating the positive
effect of Se on the catalytic activity toward oxygen reduction.
In addition, Fig. 6 envisages the percentages of H,O,
produced on the Ru,Se, catalysts with different Se contents
[38]. It is seen that the catalyst containing 14.3 mol% Se
generates ca. 7% H,O, at 0.7 V(NHE) in comparison to ca.
22% for the Se-free Ru cluster during oxygen reduction, that
is, Se improves the catalytic selectivity toward four-electron
reduction of oxygen to water.

There has been much debate regarding the beneficial
effect of Se on the catalytic properties of the Ru,Se,
catalyst. The model of Tributsch et al. [37] in Fig. 6
assumes that Se facilitates the catalytic reaction by acting as
a bridge to transfer electrons between the Ru/carbido/
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Fig. 5 Plot of kinetic current density # versus Se content in the
carbonyl-tailored Ru,Se, catalyst. The values of i, were determined at
0.6 V(NHE) in 0.5 M H,SO, saturated with oxygen. Reproduced from
[38] with permission from Elsevier
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Fig. 6 Percentages of H,O, produced during oxygen reduction on the
carbonyl-tailored Ru,Se, catalysts with different Se contents as a
function of disk potential. Reproduced from [38] with permission
from Elsevier

carbonyl complex and the colloidal Ru nanoparticle. On the
other hand, Bron et al. [38] observed that the Tafel slope
obtained from the polarization curves for oxygen reduction
decreased from 146.2 to 96.6 mV dec™' with increasing Se
content from 0 to 14.3 mol% and claimed that the Tafel
slope change could be observed only when Se directly
modifies the structure of the Ru/carbido/carbonyl complex.
From the analysis of the infrared spectra, the authors found
that such intermediate complexes as RugC(CO);7 and RugC
(CO)14(CsH4Me,) are formed during catalyst preparation
and that a higher Se content results in a lower amount of
intermediate complexes in the precursor solution taken after
the completion of thermolysis. This result suggests that Se
further reacts with intermediate complexes, producing the
Se-containing Ru/carbido/carbonyl complex. It was con-
cluded that Se replaces carbonyl groups via ligand
exchange reaction thus resulting in the formation of catalyst
particles with an Se-modified ligand shell that are favorable
for oxygen reduction.

Bron et al. [38] also speculated that the surface
modification of the catalyst by Se increases the resistance
to electrochemical oxidation of interfacial Ru atoms. This
hypothesis is strongly supported by a recent experimental
study by Schulenburg et al. [47]. Figure 7 presents the plots
of anodic charge versus logarithmic time measured for the
carbon-supported Ru and Ru,Se, catalysts prepared by
colloid method [47]. The potential step experiments were
conducted in 0.5 M H,SO4 that was deaerated by bubbling
with nitrogen, and the potential was shifted from 0.05 V
(NHE) to different values of 0.4—0.8 V(NHE). Under this

@ Springer

condition, electrochemical oxidation of Ru surface is
primarily responsible for the measured anodic charge. As
shown in Fig. 7, the anodic charge was determined to be
much lower for the Ru,Se,/C catalyst as compared with the
Ru/C catalyst over the whole potential and time ranges,
which indicates that the Ru,Se,/C catalyst is more resistant
to electrochemical oxidation than the Ru/C catalyst. The
authors proposed that Se in the Ru,Se, cluster occupies
electrocrystallization sites for RuO, formation thereby
increasing the oxidation resistance. Keeping in mind that
the catalytic properties of Ru-based catalysts are signifi-
cantly affected by the oxidation degree of Ru surface
oxides, it is obvious that the increased oxidation resistance
of Se-containing Ru catalysts contributes to the enhanced
activity and selectivity.

In a recent review paper, Alonso-Vante [64] provided a
quite different perspective on catalytic reaction sites on the
electrocatalysts prepared by thermolysis of Ru3(CO);,
precursor as follows:

Ru3(CO),,+1Se — [RuxSey—COz] — Ru,Se,+zCO  (3)

During preparation of Ru—Se catalysts, a polynuclear
chemical precursor in the form of [Ru,Se,~CO.] is produced
in the first stage. As a matter of fact, the formation of
RuySe,(CO)y; was confirmed by 13C nuclear magnetic
resonance analysis [64]. The author claimed that the
complete loss of carbonyl groups is necessarily achieved

J—
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—O—--@--0.05-> 0.4 V(NHE)
4| —o—--m--0.05->0.6 V(NHE)
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Fig. 7 Plots of anodic charge versus logarithmic time measured for
the Ru/C and Ru,Se,/C catalysts prepared by a colloid method. The
experiments were performed by shifting the potential from 0.05 V
(NHE) to different values in 0.5 M H,SO,, which was deaerated by
bubbling with nitrogen. Reproduced from [47] with permission from
Elsevier
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when the precursor solution is refluxed for 20 h, and the
polynuclear chemical precursors are transformed into a
cluster-like Ru,Se, material with no carbonyl ligands. This
mechanism does not support the conclusion that the Ru/
carbido/carbonyl complex on metallic Ru nanoparticles are
catalytically active for oxygen reduction. Instead, Se atoms
occupy the surface sites of Ru cluster randomly.

Using TEM, XPS, and extended X-ray absorption fine
structures (EXAFS), Zaikovskii et al. [65] have provided a
detailed structural analysis of the Ru,Se,/C catalyst prepared
by the impregnation/reduction method. They have shown
that for the low Se content (y/x <0.59) in Ru,Se, catalyst,
small Ru selenide clusters (<1 nm) are formed on the surface
of Ru particles; whereas for the high Se content (y/x=1.0),
core-shell structures are formed comprising hexagonally
packed Ru cores and Ru selenide shells with lamellar
structure. According to this view, Se atoms occupying the
Ru cluster surface sites may change the electronic nature of
the cluster: favorable electronic states for oxygen reduction
are formed between Se 4p and Ru 4d orbitals in the
molecular cluster [67]. Furthermore, an increased oxidation
resistance of Ru,Se, catalyst could be attributed to the
presence of Se atoms coordinated at the surface of Ru
clusters protecting them from electrochemical oxidation.

RuN, chelate electrocatalysts

A new class of Ru-based electrocatalyst, RuN,, was
recently developed by Liu et al. [S1] using the nitrogen-
chelation method. In this approach, ruthenium trichloride
(RuCl3) and propylenediamine (CH3;CH(NH,)CH,NH,)
were used as the Ru- and N-precursors, respectively. A
mixture of RuCls and isopropyl alcohol is refluxed at 80—
90 °C under stirring conditions. Then propylenediamine is
added into the solution, followed by the addition of carbon
black powders under refluxing conditions, to form Ru-N
complexes on the carbon support. The resulting powder
specimens are heat-treated in an inert atmosphere at high
temperatures ranging from 600 to 900 °C.

High-temperature pyrolysis has a critical role in the
formation of catalytic reaction sites for oxygen reduction.
The RRDE experiments in 0.5 M H,SO, saturated with
oxygen showed that the as-refluxed RuN, catalyst, which
was not subjected to pyrolysis, hardly catalyzes oxygen
reduction, indicating no formation of catalytic reaction
sites. On the other hand, the as-pyrolized catalyst at 700 °C
exhibited an onset potential for oxygen reduction as high as
0.9 V(NHE) and a well-defined limiting current below
0.6 V(NHE).

Figure 8a,b presents the XPS spectra of N 1s region for
the as-refluxed and the as-pyrolized RuN,/C catalysts,

respectively [51]. The XPS spectrum of the as-refluxed
catalyst exhibits a broad peak around 399.8 eV, which cor-
responds to the nitrogen of the ternary amine-type [68].
Upon pyrolysis, the peak splits into two broad peaks at about
398.4 and 400.4 eV, which can be assigned to the “pyridinic
N” and the “pyrrolic N,” respectively. The “pyridinic N”
has one lone pair of electrons as well as the one electron
donated to the conjugated 7 bond system, so it provides an
orbital in the plane of the graphene layer that can coor-
dinate the metal ions [69, 70]. It is thus reasonable that the
high-temperature pyrolysis leads to the formation of Ru
clusters coordinated with pyridinic N, and such Ru-N
chelate sites are catalytically active for oxygen reduction.
However, pyrolysis at higher temperatures than 700 °C
caused Ru crystallite particles to agglomerate, resulting in a
loss of the catalytic activity.

Figure 9 illustrates the disk currents measured on the
RuN,/C catalyst and the H,O, percentages generated during
oxygen reduction as a function of disk potential [51]. The
RuN, catalysts were prepared using different molar ratios of
Ru to N in the precursor solution. The RRDE experiments
were performed in 0.5 M H,SO, saturated with oxygen by
using a disk potential scan rate of 5 mV s ', and the ring
potential was held at 1.2 V(NHE). The value of % H,0,
was calculated using Eq. 2 with N=0.39. The data clearly
show that nitrogen incorporation enhances the catalytic
activity and selectivity toward four-electron reduction of
oxygen to water and further confirm that the N-coordinated
Ru chelate sites are catalytically active for oxygen
reduction. It is of importance to note that the RuN,/C
catalysts with the Ru to N ratios of 1:20 and 1:30 generated

800 ——T— —
a 46000
44000
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n 12000
o
© 0
b 400 404 402 400 398 396 i
B il
[
9
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200 | b _
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0 . 1 PR = |
406 404 402 400 398 396

Binding Energy / eV

Fig. 8 XPS spectra of N 1s region for the RuN,/C catalysts: a as-
refluxed and b as-pyrolized. Reproduced from [51] with permission
from the Journal of the Electrochemical Society
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Fig. 9 Oxygen reduction currents and H,O, percentages measured on
the RuN,/C catalysts prepared using different molar ratios of Ru to N
in the precursor solution. The RRDE measurements were performed in
0.5 M H,SO, saturated with oxygen by using a disk potential scan rate
of 5 mV s~'. The ring potential was held at 1.2 V(NHE). Reproduced
from [51] with permission from the Journal of the Electrochemical
Society

less than 2% H,O, over the whole potential range, which is
comparable to that for state-of-the-art Pt/C catalysts.

Bimetallic RuMeN,/C catalysts with different nonnoble
alloying metals (Me) were also developed using the similar
chelation approach [50]. The XRD study confirmed the
formation of a bimetallic alloy of hexagonal-structure with
smaller lattice constants upon high-temperature pyrolysis at
800 °C. The catalytic activity for ORR increased in the
order of RuCrN,/C, RuTiN,/C, RuPbN,/C, RuCoN,/C, and
RuFeN,/C, indicating that the nonnoble metal in the
bimetallic catalyst plays a crucial role in the catalytic
activity. The RuFeN,/C catalyst exhibited only 30 mV
higher overpotential for oxygen reduction in comparison to
the conventional Pt/C catalyst.

In addition to a high catalytic activity and selectivity of
RuN, catalysts, one of the positive advantages of the
chelation approach over the others is that one can easily
achieve very uniform dispersion of nanosized RuN, catalysts
over porous carbon supports with high surface areas. Many
attempts have been previously made to prepare the carbon-
supported Ru-based chalcogenides, (MoRu)sSeg/C and

@ Springer

Ru,Se,/C, using conventional colloid or thermolysis method
[39, 43, 44], but one has usually observed considerable
agglomeration of large catalyst particles on the carbon
support (Ketjen black). Figure 10a,b presents the TEM
images of the RuN,/C and Mo,Ru,Se./C catalysts, respec-
tively. Here, the Mo,Ru,Se./C catalyst was prepared through
thermolysis of Ru3(CO);, and Se in xylene. As shown in
Fig. 10a, the RuN, catalyst particles are uniformly dispersed
over the carbon support, and the mean particle sizes were
estimated to be ca. 24 nm, whereas Mo,Ru,Se./C has
particle sizes as large as 6-8 nm (Fig. 10b).

Concluding remarks

The catalytic properties of various Ru-based compounds
ranging from the Chevrel phase (Mo,Ru)sSeg to the
nanostructured Ru,Se,, clusters to RuN, chelate compounds
were discussed in terms of the activity and selectivity
toward a four-electron oxygen reduction to water. For Ru-
based compounds, a high number of d-states concentrated
in a narrow energy region are responsible for high catalytic
activity and selectivity. Selenium is a critical element
controlling the catalytic properties: namely, it directly
modifies the electronic structure of the catalytic reaction
center and increases the resistance to electrochemical
oxidation of interfacial Ru atoms in acidic environments.

Fig. 10 TEM images of a RuN,/C and b amorphous Mo,Ru,Se./C
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The Se-free RuN, catalysts supported on a high-surface
area carbon were recently developed, which exhibits
comparable activity and selectivity to state-of-the-art Pt/C
catalysts. Excellent progress is currently being made toward
the optimization of MEA performance with different Ru-
based cathode catalysts [42, 45, 49, 50], and substantial
new literature is appearing on this technical issue.
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