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The large-scale commercialization of fuel cells depends on the
optimal choice of fuel as well as on the development of cost-
effective electrocatalysts.1 When using hydrogen as a fuel, issues
related to hydrogen production and storage pose serious challenges.
Alcohol fuel cells are one possible alternative to hydrogen fuel cells;
however, traditional platinum-based fuel cell cathodes suffer from
unfavorable overpotentials for the oxygen reduction reaction (ORR),
poor methanol tolerance, and the high cost of platinum. The
development of novel, platinum-free cathode catalysts with high
methanol tolerance is, therefore, an important goal of broad general
interest and significance.

One approach to the development of more cost-effective cathode
materials for the ORR is the use of clusterlike chalcogenides, which
have the great advantage of being selective for oxygen reduction
in the presence of methanol. For example, in recent work we
developed a new binary cathode catalyst, Ru/Se, through surface
modification of Ru nanoparticles2 and showed that this catalyst was
more efficient than Pt, in methanol containing acidic media.
However, while the importance of chalcogen additives in the ORR
activity and stability of Ru has been recognized in clusterlike
chalcogenides3 and in surface modified Ru nanoparticle catalysts,2

little is known about how the electronic properties of Ru are
modified due to the addition of Se. Here, we use electrochemical
nuclear magnetic resonance (EC-NMR) and X-ray photoelectron
spectroscopy (XPS) to investigate this question. Our results show
for the first time that Se, a p-type semiconductor in elemental form,
becomes metallic when interacting with Ru in Ru-Se catalysts,
due to charge transfer from Ru to Se. Ru surfaces modified in this
way show exceptional chemical stability in acidic media, even at
high positive potentials.

Ru-Se chalcogenide catalysts were synthesized as described
previously,2,3 and details of the EC-NMR and XPS measurements
are given in the Supporting Information. We first investigated the
77Se NMR spectra of the two catalyst samples, Ru/Se (with a
ruthenium to selenium ratio, Ru:Se) 3.3:1) and RuxSey (Ru:Se≈
2:1), both of which showed very high activity in the ORR. As can
be seen in Figure 1a, the77Se NMR spectra of both samples at 80
K exhibit similar shifts,δ ≈ 1670 ppm (from aqueous H2SeO3).
The overall line width of the Ru/Se sample is greater than that of
RuxSey, because to the larger heterogeneity of the Ru surface sites
in the catalyst prepared from commercial Ru nanoparticles. In
contrast, the77Se NMR spectrum of elemental Se is far narrower,
Figure 1a, with three partially resolved peaks, corresponding to the
three nonequivalent Se sites seen crystallographically.4 The center

of mass of the elemental Se NMR spectrum occurs at 857 ppm, so
there is a∼813 ppm downfield shift for Se atoms when bonded to
Ru.

While the large downfield shift from Sef Ru-Se could in
principle contain a substantial orbital or chemical-shift contribution,
it is also possible that the observed shift could contain a large Knight
shift contribution, in which case a large effect on the spin-lattice
relaxation time (T1) would be expected, due to strong interactions
between conduction electrons and the77Se nuclei.5 This is found
to be the case. In particular, we found theT1 value for 77Se in
elemental Se powder to be∼400 s at 80 K, while theT1 values for
both Ru/Se and RuxSey were only∼100 ms (at 80 K). In addition
to this 3 orders of magnitude reduction inT1, the catalyst samples
also show very different behavior with respect to the temperature
dependence ofT1. For elemental Se,T1 follows a T2 dependence,
characteristic of the 2-phonon relaxation mechanism seen with other
electrically insulating materials, since the band gap for Se (1.8 eV)
is so large that the concentration of intrinsic conduction electrons
is negligible.6 However, with both the Ru/Se and RuxSey catalyst
samples, we find the purely Korringa behavior characteristic of
metals, in which 1/T1 ∝ T. The temperature dependence of the spin-
lattice relaxation rate (T1

-1) is shown in Figure 1b, and from the
slopes we deduce Korringa constants (T1T) of 8.1 ( 0.2 s‚K for
Ru/Se and 8.5( 0.2 s‚K for RuxSey.

The Korringa behavior arises because of hyperfine interactions
between the77Se nuclei and the conduction electrons and is given
by5

whereγe and γn are the gyromagnetic ratios of the electron and
the nucleus, respectively,K is the Knight shift, andB represents a
factor equal to unity, except when electron-electron interactions
are large. Such electron-electron interactions are small for surface
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Figure 1. (a) 77Se NMR spectra of Se powder, Ru/Se, and RuxSey catalysts
obtained at 8.45 T and 80 K. (b) Temperature dependence of the spin-
lattice relaxation rate in the two catalyst samples. Both have very similar
T1T values.
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species7 (i.e., B ≈ 1), so we can estimate a Knight shift of 929
ppm which is clearly similar to the∼813 ppm shift difference
between elemental Se and the Ru-Se catalysts seen experimentally,
Figure 1a. These shift and spin-lattice relaxation results clearly
indicate, therefore, that Se becomes metallic when it binds to Ru,
although qualitatively, the Korringa constant is closer to that seen
with other adsorbates (e.g.,13CO, T1T ≈ 80 s‚K) than with bulk
transition metals (e.g.,195Pt,T1T ≈ 0.03 s‚K), indicating a relatively
low Fermi level density of states (EF-DOS).

To try to gain further insight into the nature of the Ru-Se
interaction, we next investigated the XPS spectra of Ru/Se (and
Se) in the 3d3/2-3d5/2 binding energy (BE) region. The XPS
spectrum of Ru/Se in the Se 3d region (Figure 2a) shows two
important features. First, the main peak in Ru/Se has an asymmetric
line shape, characteristic of a metallic system. Second, the main
peak (Se 3d5/2) is shifted toward lower BE (by 0.5( 0.02 eV)
compared to that in elemental Se. The XPS line shape in Figure 2a
is well described by the Doniach-Ŝunjić function:8

whereY is the intensity,Γ is the gamma function,E0 is the binding
energy,γ is the lifetime broadening of the core level, andR is the
asymmetry parameter. This function reduces to a Lorentzian with
full-width at half-maximum height of 2γ for R ) 0, and a nonzero
R value indicates a finite EF-DOS.8 In the case of the Ru/Se catalyst
sample, the deconvolution shows that the main Se peak (3d5/2) has
R ) 0.12( 0.01, while the same analysis for Se powder yieldsR
) 0.02( 0.01. TheR ) 0.12( 0.01 value for Ru/Se thus indicates
a finite EF-DOS, that is, metallic behavior, for Se. XPS spectra of
semiconductors do not show the Doniach-Ŝunjić asymmetry in
these core-level peaks, because the band gap eliminates the
possibility of exciting low-energy electron-hole pairs, so an
asymmetric line shape is not seen. These results are, of course,
completely consistent with the observation of Korringa-behavior
in the 77Se NMR experiments on the Ru-Se catalyst samples.
Moreover, the Se 3d BE shift observed in Ru/Se suggests a likely
origin for the semiconductorf metal transition for Se.

Specifically, the negative shift in BE can be attributed to charge
transfer from Ru to the far more electronegative Se (Allred-

Rochow electronegativity of 2.48 for Se versus 1.42 for Ru), since
this will increase the electron-electron repulsion within the Se
atoms, moving the Se core levels toward lower BE.9 This charge
transfer from surface Ru to Se makes Ru less susceptible to
oxidation, which we propose as the most likely explanation for the
unusual stability of metallic Ru in these systems, even at high
electrode potentials. Paradoxically, this charge transfer does not
produce any observable core level BE shift for Ru, as can be seen
from the XPS spectra (Figure 2b), which are identical to those of
elemental Ru.11 However, consistent with this, earlier studies have
shown that the core level BE for Ru does in fact show very little
variation with composition in other alloy or surface-modified
bimetallic nanoparticle catalysts10,11 due, it has been proposed, to
the open d-shell configuration of Ru.12

These results are of interest for the following reasons: First, we
report the first77Se NMR investigation of Ru-Se ORR fuel cell
catalyst. The results clearly prove that Se becomes metallic when
bound to Ru, as indicated by the large Knight shift (∼800 ppm)
and the Korringa relaxation (T1T ≈ 8 s‚K), for both types of catalyst.
Second, the XPS line shape confirms the metallic nature of Se on
Ru/Se, and the BE shift suggests that the Ruf Se charge transfer
is responsible for this effect. Third, our results suggest that the
enhanced activity of these catalyst samples in the ORR can be
attributed to this Ruf Se charge transfer, which renders Ru less
susceptible to electron withdrawal, that is, to oxidation, even at
high-electrode potentials. These results may facilitate the design
of other stable and potent fuel cell electrocatalysts, by combining
two or more elements to induce electronic alterations on a major
catalytic component, similar to the effects seen on Se addition to
Ru.
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Figure 2. (a) XPS spectra of Se powder and the Ru/Se catalyst, in the Se
3d region. The asymmetric line shape seen in the catalyst indicates Se
becomes metallic, the shift indicates Ruf Se charge transfer (/) peaks
due to traces of SeO2 and elemental Se). (b) XPS spectra for the Ru/Se
nanoparticle catalyst in the Ru 3d region, polarized to 600 and 900 mV vs
RHE in 0.1 M H2SO4. Because of Ru-Se interactions, there is no Ru
oxidation at these high potentials, as there would be for bare Ru. Spectra
recorded at 370 eV excitation energy.
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