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Compared to Pt/C, the HOR activity of Pt-Ru alloys in alkaline electrolyte is exceptionally high. Nevertheless, it remains unknown
whether this enhancement is due to a bifunctional mechanism involving Pt and Ru as active sites or an electronic effect of Ru on
Pt. In this study, we distinguish between those fundamental differences using Ru@Pt core-shell nanoparticles as a model system.
Ru@Pt catalysts were prepared from submonolayer to multilayer Pt coverage. The exposure of Ru on the surface of the catalyst
was analyzed by cyclic voltammetry, showing that Ru is solely exposed on the surface of Ru@Pt particles with low Pt-coverage.
The thickness of the Pt-shell was characterized by CO stripping in H2SO4, allowing to distinguish between single and bilayered
Ru@Pt catalysts. Determining the HOR/HER activity of these catalysts in 0.1 M NaOH revealed that fully Pt-covered Ru is more
active than partially covered Ru@Pt nanoparticles. Hence, the participation of Ru as active site in a bifunctional mechanism is of
minor importance with respect to the HOR/HER activity compared to its influence on the electronic structure of Pt. Similar to Pt-Ru
alloys, the most active Ru@Pt core-shell nanoparticles show a 4 to 5-fold enhancement of the surface-normalized HOR/HER activity
compared to Pt/C.
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Fuel cells are a promising technology for automotive applications,
supplying electricity by converting H2 and O2 to H2O in an electro-
chemical reaction.1 Whereas the oxidation of H2 on the anode side of
proton exchange membrane fuel cells (PEMFCs) is facile on platinum
with an exchange current density as high as i0

293K ≈ 80 mA cm−2
Pt

(extrapolated to 293 K based on H2-pump experiments between
313–353 K),2 the reaction rate is sluggish in alkaline environment and
the exchange current density decreases by approximately 2 orders of
magnitude (i0

293K ≈ 0.6 mA cm−2
Pt ).3,4 The cause of this tremendous

difference is still subject of discussion within the field of electro-
chemistry. Density functional theory (DFT) calculations by Nørskov
et al. on the hydrogen evolution reaction (HER) activity of different
monometallic surfaces revealed a volcano like relation of the exchange
current density and the M-Hads (M = metal) binding energy (BE).5

Of all the investigated monometallic surfaces, Pt exhibits the high-
est HER activity. According to Nørskov et al., the Pt-Hads binding is
slightly stronger compared to the hypothesized theoretical optimum.
Further studies indicated a shorter Pt-Hads bond distance in alkaline
vs. acid environment, hence a larger Pt-Hads BE.6–8 In accordance with
this, several researchers expect the Pt-Hads BE to be responsible for
the low hydrogen oxidation/evolution reaction (HOR/HER) activity
of common noble metals in base compared to acid.2,4,9–11 In 2015,
Sheng et al. reported a monotonic decrease of the HOR/HER activ-
ity as a function of pH, determined by RDE in buffered electrolytes.
They correlated this trend to the increasing Pt-Hads BE at higher pH,
indicated by the potential shift of the Hupd process in cyclic voltam-
metry (CV).11 It is a known phenomenon in chemistry that bimetallic
systems (e.g. alloys) can have different electronic properties than the
single metals they are composed of. This may cause a variation of
the binding strength toward an adsorbate, termed electronic or ligand
effect. Ruban et al. reported a downshift of the platinum d-band center
for a Pt overlayer on Ru compared to pure Pt, thus a weaker Pt-Hads

BE.12 In fact, the beneficial combination of Pt and Ru as catalytic
system for the HOR was reported by various groups in acidic13–15

and alkaline media.14,16–18 In contrast to Pt-Hads as a sole descriptor
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for the HOR/HER activity of Pt in acidic versus alkaline environ-
ment, Ledezma-Yanez et al. recently attributed the pH effect to a
reorganization of interfacial water at the catalyst surface, influencing
the barrier for hydrogen adsorption.19 However, both effects, a vari-
ation of the Pt-Hads BE and the reorganization of interfacial water,
are closely related to the electronic properties of the catalyzing metal
and are expected to differ between a monometallic and a bimetallic
surface. In the further analysis of this manuscript, no disentanglement
between those hypothesis is made, and both are termed “electronic
effect”. Furthermore, with the presented measurements, we are not
able to identify the origin of the electronic modification, which could
be related to an electronic interaction of ruthenium and platinum or to
a strain effect as described by Adzic et al.20

Taking a different view, Strmcnik et al. proposed that a change of
the HOR mechanism in alkaline compared to acid is the reason for
the high activity of bimetallic Pt-Ru alloys.21 In this case, dissociated
H2 is believed to be adsorbed on Pt, whereas the more oxophilic Ru
adsorbs hydroxide to form water via a bifunctional mechanism.

0.5H2 + Pt → Pt − Hads [1]

Ru + OH− → Ru − OHads + e− [2]

Pt − Hads + Ru − OHads → Pt + Ru + H2O [3]

To date, it remains unknown whether the experimentally observed
HOR/HER activity enhancement of Pt-Ru compared to pure Pt is due
to a bifunctional mechanism or an electronic effect. In this study,
we seek to identify the cause of the high HOR/HER activity in the
bimetallic Pt-Ru system by preparing Ru@Pt core-shell nanoparticles
with different Pt shell thickness (Figure 1) and determining their
intrinsic HOR/HER activity in 0.1 M NaOH, complementing our
previous preliminary study with a detailed microscopic analysis of
the synthesized particles and with a more in-depth analysis of the
HOR/HER kinetics.22

With respect to a bifunctional mechanism, Ru atoms are thought
to actively participate in the oxidation of hydrogen by adsorbing hy-
droxide, and thus would need to be present on the surface of the
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Figure 1. Schematic of Ru@Pt core-shell nanoparticles with different Pt-shell
thickness on a Ru nanoparticle. Reproduced from Schwämmlein et al. with
permission of The Electrochemical Society.22

catalytic material in the vicinity of the Pt atoms. In accordance with
this, Ru@Pt core-shell nanoparticles with submonolayer Pt coverage
would be expected to be highly active compared to pure Pt. The ac-
tivity normalized by the noble metal surface area (in units of mA
cm−2

NM, with NM being Pt + Ru) is expected to increase with the Pt
coverage within the submonolayer coverage of Pt on Ru (Ru@Pt) up
to an optimized surface composition of Pt and Ru (Figure 2). In other
words, the activity of each Pt atom stays constant, while the contribu-
tion of Pt to the total noble metal surface area increases when more
Ru sites are covered by Pt, i.e., the activity normalized by the total
noble metal surface area (Pt + Ru) increases. Depositing more Pt on
the core would eventually cover more and more Ru sites, which then
no longer could contribute to the reaction by supplying hydroxide.
As a consequence, the expected activity of a fully Pt encapsulated Ru
particle would be similar to that of pure Pt, since this is the only active
site remaining on the surface of the particle.

In the case that an electronic effect were to be the main cause of the
high HOR/HER activity of the Pt-Ru system, Ru@Pt particles with
submonolayer Pt coverage would also show high activity compared
to pure Ru. However, the total noble metal surface area normalized
HOR/HER exchange current density of the catalyst would be expected
to increase with increasing Pt coverage, and the HOR/HER activity
maximum should occur only once at least all of the Ru core is fully
encapsulated by Pt (i.e., once the Pt monolayer coverage is ≥1).
This assumes that the HOR/HER kinetics on pure Ru are substantially

Figure 2. Theoretical trend of the HOR/HER activity (in mA cm−2
NM) vs.

Pt coverage of Ru@Pt core-shell catalysts in alkaline media for a purely
bifunctional mechanism (purple line) compared to a purely electronic effect
(green line). Reproduced from Schwämmlein et al. with permission of The
Electrochemical Society.22

smaller than on pure Pt,23,24 which indeed is the case and will be shown
also in the following. Whether the hypothesized electronic effect of
Ru on the Pt-Hads BE is most beneficial for the first, the second,
or any subsequent Pt overlayer would determine if a mono-, bi- or
multi-layered Ru@Pt particle were to show the HOR/HER activity
maximum. The optimum with respect to the amount of Pt overlayers
depends mainly on the nature and range of the electronic effect of the
Ru core and is not known so far. Nevertheless, Schlapka et al. showed
by deposition of Pt on Ru(0001) that the electronic effect of Ru on
the Pt-COads BE is strongest in the first Pt monolayer (ML) and that
it vanishes for ca. 3 monolayers and beyond.25 If the same were true
for the HOR/HER, we would expect an activity maximum anywhere
between 1 and maximum 3 monolayers of Pt on Ru. Increasing the
Pt shell thickness beyond this coverage would then have to lead to an
activity decay, eventually approaching the activity of pure Pt.

In the following we will first describe briefly how the Ru@Pt cata-
lysts with (sub-)monolayers of Pt were prepared as well as the design
of the experiments. Secondly, the catalyst itself will be characterized
by various physical-chemical (TEM) and electrochemical methods
(CV, CO stripping) to finally determine the HOR/HER activity of all
prepared Ru@Pt, Pt, and Ru catalysts via the rotating disk electrode
(RDE) method in alkaline media.

Experimental

The synthesis of Ru@Pt core-shell nanoparticles, electrode, and
ink preparation, as well as the setup and measurement procedure were
already reported in a previous publication.22

Synthesis of Ru@Pt core-shell nanoparticles.—Ru was prepared
from 4.2 mg RuCl3 (45–55% Ru content, Sigma Aldrich Corp.,
Germany) and 2.1 mg Polyvinylpyrrolidone (PVP) (average Mw ≈
55000 g mol−1, Sigma Aldrich Corp., Germany) dissolved in 40 mL of
water-free ethylene glycol (99.8%, anhydrous, Sigma Aldrich Corp.,
Germany), deaereated by argon (6.0-grade, Westfalen AG, Germany)
and heated from room temperature to 155◦C at a constant rate of 4◦C
min−1. The temperature of the heating ramp was controlled by an au-
tomatic temperature control device (Model 310, J-KEM, Inc., USA).
After keeping the temperature constant at 155◦C for 90 min, the sus-
pension was left to cool down to room temperature. Meanwhile, the
respective amount (calculated according to Equation 4, using the de-
sired monolayer equivalents of Pt and the mass of Ru, added during
the synthesis) of high purity K2PtCl4 (99.99% [metals basis], Sigma
Aldrich Corp., Germany) was dissolved in 40 mL of deaerated ethy-
lene glycol, added at once to the Ru containing suspension at room
temperature and stirred for 10 min. To deposit Pt on Ru, the mixture
was heated another time to 155◦C at the same rate as before and held
at this temperature for 90 min. After the mixture has cooled down to
room temperature, the Ru@Pt nanoparticles were added to Vulcan car-
bon (Tanaka Kikinzoku International K. K., Japan) dispersed in 80 mL
ethylene glycol and stirred for 14 h. The amount of carbon used as
support for core-shell nanoparticles was chosen to achieve a loading of
8%wt Ru@Pt. Subsequently, the suspension was mixed with acetone
and centrifuged at 11500 rpm (10 min, 5◦C) in an ultra-centrifuge
(5810 R, Eppendorf GmbH, Germany) to separate the catalyst and
the solvent. Then, the catalyst was washed three times with acetone,
once in 2-propanol (Chromasolv Plus, 99.9%, Sigma Aldrich Corp.,
Germany) and finally dried at 70◦C in air. For each Pt:Ru ratio to obtain
various Pt shell thicknesses, the Ru core was synthesized freshly.

Electrode and ink preparation.—Glassy carbon (GC) electrodes
(5 mm diameter, Pine Research Instrumentation, USA), supported by
a PTFE-body (Pine Research Instrumentation, USA) were polished
with 0.05 μm Al2O3 polishing suspension (Bühler AG, Germany),
sonicated various times in ultrapure water (18.2 M� cm, Merck Mil-
lipore KGaA, Germany) and cleaned by subsequent dipping in 5 M
KOH (99.99% purity, Semiconductor grade, Sigma Aldrich Corp.,
Germany), 2M HClO4 (60%, Cica Reagent, Kanto Chemical Co.,
INC., Japan) and ultrapure water. Inks were prepared by adding
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ultrapure water to the dry catalyst followed by high purity 2-propanol
(Chromasolv Plus, 99.9%, Sigma Aldrich Corp., Germany). The sol-
vent mixture consisted of 80%v 2-propanol and 20%v H2O. The cat-
alyst content of the ink was adjusted to achieve a very thin catalyst
layer thickness of only ≈0.6 μm by choosing noble metal loadings of
≈2 μgNM cm−2

geo (corresponding to 0.022 mgVulcan cm−2
geo, which at a

packing density of ≈28 μm (mgVulcan cm−2
geo)−1 yields a thickness of

≈0.6 μm26) for HOR/HER kinetic measurements in alkaline elec-
trolyte. For solely cyclic voltammetric measurements in acid elec-
trolytes, higher loadings of ≈4.7 μgNM cm−2

geo were used, correspond-
ing to film thickness of ≈1.5 μm. The catalyst suspension was son-
icated for 30 min in a sonication bath (Elmasonic S 30 H, Elma
Schmidbauer GmbH, Germany) to achieve a homogeneous disper-
sion. The temperature of the bath was maintained at less than 25◦C to
avoid evaporation of the solvent. Subsequently, Nafion (5%wt in lower
aliphatic alcohols, 15–20% H2O, Sigma Aldrich Corp., Germany)
was added to the suspension resulting in an ionomer to carbon ratio
of 0.15/1 gI gC

−1. Prior to coating, the ink was sonicated in a lower
energy sonication bath (USC100T, VWR International GmbH, Ger-
many) for at least 15 min. Finally, 7 μL of ink were dropped on a GC,
covered with a small glass vial and left to dry at room temperature.

Setup and measurement procedure.—Electrolyte solutions were
prepared from high purity NaOH · H2O (99.9995% [metals basis],
TraceSELECT, Sigma Aldrich Corp., Germany) or H2SO4 (Ultrapur,
96%, Merck Millipore KGaA, Germany) by addition of ultrapure
water. Argon and hydrogen used for purging of the electrolyte were
of high purity (6.0-grade, Westfalen AG, Germany); carbon monox-
ide (4.7-grade, Westfalen AG, Germany) was used for CO stripping
voltammetry. The single-cell PTFE setup including the cleaning pro-
cedure prior to electrochemical measurements in alkaline environment
was already described in an earlier work.3 A home-made Ag/AgCl ref-
erence electrode, saturated with KCl (99.999% purity, Sigma Aldrich
Corp., Germany) was used for measurements in alkaline electrolyte.
For experiments in sulfuric acid, a glass cell was used with a reversible
hydrogen electrode (RHE) as reference. The reference potential was
calibrated in H2-saturated electrolyte prior to every experiment using
the platinum ring of the electrode. Independent of the reference elec-
trode used during the measurement, all potentials in this publication
are given with respect to RHE.

Electrochemical measurements were performed using an Autolab
potentiostat (PGSTAT302N, Metrohm AG, Switzerland) and a rotator
(Pine Research Instrumentation, USA) with a polyether ether ketone
shaft. Prior to any activity determination measurements, catalysts were
cleaned by cycling the potential 15 times between 0.05 and 0.8 VRHE at
50 mV s−1. Afterwards, the electrolyte solution was replaced by fresh
0.1 M NaOH and saturated with H2. The resistance was determined
by electrochemical impedance spectroscopy (EIS) from 100 kHz to
100 Hz at open circuit potential (OCP) with an amplitude of 10 mV.
After fully saturating the electrolyte with H2, polarization curves were
recorded from −0.025 VRHE to 0.800 VRHE at 10 mV s−1 and 1600 rpm
while the gas was set to blanketing. To calculate the exchange cur-
rent density, i0, the cathodic-going scans of the polarization curves in
H2-saturated electrolyte were evaluated. To determine the electro-
chemical surface area (ECSA), CO stripping was performed by apply-
ing a constant potential of 0.06 VRHE and purging CO for 3 min. Sub-
sequently, CO was removed from solution by Ar-purging for 20 min
while the potential was kept constant. The adsorbed CO was oxidized
in a CV from 0.05 to 1.00 VRHE at a scan rate of 10 mV s−1, starting
at 0.06 VRHE. The second CV was used as baseline to correct for the
capacitance and the roughness factors (rf) were calculated from the
resulting integral, using a specific charge of 420 μC cm−2

NM (NM =
noble metal).

TEM imaging.—Samples for TEM analysis were prepared by
dispersing a very small amount of the catalyst in Milli-Q water
and/or 2-propanol and then depositing a few drops of the disper-
sion on Formvar-supported carbon-coated Cu400 TEM grids (Sci-

ence Services GmbH, Germany). Imaging was performed using a
Philips CM100 EM operated at 100 kV and a resolution of 0.5 nm.
TEM images taken with this device were used to establish a parti-
cle size distribution profile of each individual catalyst. Further high
spatial resolution TEM experiments were performed on a FEI Scan-
ning/Transmission Electron microscope equipped with a high bright-
ness electron gun and a four segmented electron energy dispersive
spectrometer (Super-X detector). Data using the high angle annu-
lar dark field (HAADF) detector in STEM mode were acquired at
300 kV with a low beam current of ≈60 pA to minimize dam-
age/contamination effects.

Results and Discussion

Catalyst loading and TEM images.—In the course of this study,
several Ru@Pt core-shell nanoparticles with varying Pt:Ru ratio were
prepared via a polyol process and directly supported on Vulcan carbon.
The Ru and Pt content of all samples was determined by elemental
analysis via inductively coupled plasma mass spectroscopy based on
two individual measurements of each element, including reference
samples for Pt, Ru, and a mixture of Pt and Ru. Additionally, the
carbon content of the catalysts was measured by oxidizing it to CO2

at elevated temperatures in air. The resulting catalyst composition of
all prepared Ru@Pt core-shell nanoparticles with respect to carbon,
Pt and Ru content, as well as that for the plain Ru core and pure
Pt, are given in Table I. The target Pt coverage or shell thickness
in monolayers, termed monolayer equivalents (MLE), was achieved
by controlling the molar ratio of the two noble metals in the Ru@Pt
catalysts. The Pt-MLE on the Ru core was calculated according to the
following equation. The derivation of this formula can be found in the
appendix.

MLE =
3

√
nPt ·ρRu·r3

Ru,particle ·MPt

nRu·ρPt·MRu
+ rRu,particle

3 − rRu,particle

2 · rPt,atom
[4]

where n is the molar quantity of either Pt or Ru determined via ele-
mental analysis, ρ is the density of the metal (ρRu = 12.45 g cm−3,
ρPt = 21.45 g cm−3), rRu,particle is the radius of the Ru core formed in
the synthesis, rPt,atom is the radius of a single Pt atom (0.135 nm), and
M is the molar mass of the respective metal (MRu = 101.1 g mol−1,
MPt = 195.1 g mol−1). To determine the MLE of the Ru@Pt cata-
lysts, a fully spherical Ru core with a diameter of rRu,particle = 1.9 nm
(corresponding to d̄S in Table I) and no particle agglomeration were
assumed. We would like to emphasize that the term MLE is merely a
conceptual number. On the one hand, a catalyst with e.g., one MLE
of Pt on Ru could consist of Ru particles with an exact diameter of
1.9 nm, covered with a single monolayer of Pt. On the other hand,
the catalyst could be composed of a mixture of monolayered and bi-
layered Pt on Ru particles with different size, where the residual Ru
surface remains uncovered. The Ru surface exposure, as well as the
Pt shell composition are analyzed in more detail in a latter section of
this manuscript.

Table I shows the series of prepared catalysts with increasing MLEs
for Ru@Pt from 0.3 to 2.3 MLE, hence ranging from partially cov-
ered Ru nanoparticles all the way to catalysts with a sufficiently high
Pt content to fully encapsulate the Ru core. The total metal con-
tent in all samples was determined to be between 7.5 and 8.6%wt

with little deviation between the individual catalysts (see Table I).
Furthermore, TEM images reveal that the catalyst is homogeneously
distributed over the whole carbon support with a low degree of ag-
glomeration between the individual catalyst particles (Figure 3a),
as was observed for all of the prepared catalysts (data not shown).
Based on measuring the size of more than 100 individual particles,
the particle size distribution of all prepared samples was determined
(Figure 4). The number-averaged (d̄N) and size-averaged (d̄S) diame-
ters were calculated according to Equations 5 and 6:

d̄N =
∑n

i=1 lidi∑n
i=1 li

[5]
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Table I. Monolayer-equivalents (MLEs) for Ru@Pt catalysts calculated via the molar fraction of Pt and Ru in the catalyst by assuming a fully
spherical Ru core with a diameter of 1.9 nm and a homogeneous Pt shell. The number-averaged (d̄N , see Equation 5) and the size-averaged (d̄S;
see Equation 6) diameters were obtained from the TEM-based particle size distributions in Figure 4.

MLE Pt:Ru Pt content Ru content C content d̄N d̄S
Catalyst [#] molar ratio %wt %wt %wt nm nm

Pt - - 9.4 0 90.6 4.1 4.3
Ru 0 - 0 8.1 91.9 1.8 1.9
Ru@Pt 0.3 0.2 2.5 6.0 91.5 2.0 2.1
Ru@Pt 0.5 0.4 3.2 4.3 92.5 2.5 2.6
Ru@Pt 0.9 0.9 5.0 3.0 92.0 2.9 3.1
Ru@Pt 1.4 1.5 6.0 2.1 91.9 3.0 3.3
Ru@Pt 1.8 2.3 7.0 1.6 91.4 3.5 3.7
Ru@Pt 2.1 2.8 7.1 1.3 91.6 3.1 3.3
Ru@Pt 2.3 3.8 7.4 1.2 91.4 4.2 4.4

d̄S =
∑n

i=1 lid3
i∑n

i=1 lid2
i

[6]

where di is the measured diameter of the respective particle and li is the
number of particles that have this diameter. The resulting diameters
are listed in Table I. The TEM analysis shows that the Ru core has
an average diameter of d̄S = 1.9 nm with a size distribution ranging
from 1.2 to 2.6 nm (see upper panel of Figure 4). By depositing Pt
on the Ru nanoparticles, the particle size distribution broadens (see
Figure 4) and shifts toward larger diameters (see Table I).

A quantitative estimate of the Pt shell thickness on the basis of the
particle size distribution is rather delicate due to various reasons. First,
every synthesis of Ru@Pt was based on synthesizing a fresh batch
of Ru nanoparticles on which Pt was deposited directly. Therefore,
the exact particle size distribution of the Ru core might be slightly
different from batch to batch, and the average diameter can also be
slightly different from that given in Table I. Second, the resolution
of the TEM instrument used to obtain the particle size distribution
is in the order of an atomic monolayer (0.5 nm). Third, it is not
known in which form Pt grows on Ru and if the Pt in the shell is
already oxidized when the TEM measurement is performed. For these
reasons, while the particle size distribution indicates the change in
the Pt coverage/shell thickness with increasing Pt content, it is not
sufficiently precise to determine the exact Pt shell thickness. Thus, in
order to obtain further insight into the morphology of the prepared
catalysts, high-resolution scanning transmission electron microscopy
(STEM) images were taken. Figure 3b shows an image of a faceted
core-shell nanoparticle of the Ru@Pt0.9MLE catalyst. It can be clearly
observed that the particle in the focus of the STEM image shows
two separate domains, a core and a shell with different brightness.
Furthermore, spatially resolved energy-dispersive X-ray spectroscopy
(EDS) of individual particles were collected on several samples. A
comparison of the EDS profile of a Ru@Pt particle with a nominal

coverage of 0.9 MLE (Figure 3c) with that with a nominal coverage
of 1.8 MLE (Figure 3d) provides further evidence for an increase of
the Pt content in the shell as the MLE value increases. Based on this
consistency check, it is reasonable to assume that Figure 3c shows
a Ru core, at least partially covered by a single Pt overlayer while
Figure 3d shows a fully covered core-shell nanoparticle.

Electrochemical characterization by cyclic voltammetry.—As
mentioned earlier, the determination of the surface composition of
the prepared Ru@Pt core-shell nanoparticles is crucial to obtain an
insight into the origin of the superior HOR/HER activity of bimetallic
Pt-Ru catalysts. To distinguish between a bifunctional mechanism and
an electronic effect, it has to be clarified whether Ru is exposed on the
surface of the prepared particles or if it is fully encapsulated within
a mono- or multilayered Pt shell. The formation and reduction of the
oxide layer on the Ru metal in a CV in liquid electrolyte was used
before by El-Sawy et al. to qualitatively describe the presence of Ru
on the surface of partially covered Ru@Pt core-shell nanoparticles as
well as fully Pt covered Ru nanoparticles.27 Due to its oxophilicity,
Ru is covered with an ad-layer of oxygenated species at potentials ca-
thodic to those of platinum in aqueous electrolyte and no interference
of the Pt oxide and Ru oxide reduction peaks is expected in a CV
in base or acid electrolyte. Nevertheless, Ru oxidation and reduction
in alkaline solution does not occur at a well-defined potential (see
dash-dotted line in Figure 5a), distinct from the Hupd process on pure
Pt or the Pt shell of Ru@Pt particles (Figures 5b and 5c). In contrast
to this, a well-defined cathodic peak correlates with the reduction of
the Ru oxide in dilute sulfuric acid at a potential of ≈280 mVRHE (see
solid line in Figure 5a).

Covering the Ru core with a small amount of Pt, e.g., at a
level of 0.3 MLE in Ru@Pt0.3MLE, causes a slight potential shift
of the Ru oxide reduction peak to ≈320 mVRHE (see black line in
Figure 5b). This potential shift is tentatively assigned to the var-
ied electronic structure of Ru nanoparticles covered with a small

Figure 3. a) Representative TEM image of Ru@Pt, showing a catalyst with a Pt:Ru ratio of 0.9 (corresponding to the 0.9 MLE catalyst; see Table I) at a
magnification of 73000x. Similar images were taken of all prepared catalysts and used to evaluate the particle size distribution of the samples. b) High resolution
STEM image of a Ru@Pt catalyst with the same MLE of 0.9, showing a faceted core-shell structure. Results of an energy-dispersive X-ray spectroscopy (EDS)
scan of individual catalyst particles are shown for c) Ru@Pt0.9MLE and d) Ru@Pt1.8MLE.
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Figure 4. Particle size distribution in % of all measured particles for all pre-
pared Ru@Pt/C catalysts, including pure Ru. The particle size distribution
closely resembles a Gaussian distribution (gray dashed lines). For each cata-
lyst, at least 100 particles were counted.

amount of Pt with respect to pure Ru. The absence of a shoulder (at
≈280 mVRHE) in the cathodic peak at 320 mVRHE supports our initial
assumption that Ru@Pt core-shell nanoparticles are free of pure Ru
nanoparticles even for low Pt:Ru ratios. As the Ru core gets cov-
ered with larger amounts of Pt by increasing the Pt MLE value (i.e.,
the Pt:Ru ratio) of the catalysts, the surface normalized peak current
density for the Ru oxide reduction decreases significantly (see Fig-
ure 5b), indicating the loss of Ru surface sites. At a Pt MLE value
of 1.4 (blue line in Figure 5b), the Ru oxide reduction peak disap-
pears entirely. The current in the cathodic scan of the CVs for Ru@Pt
nanoparticles with higher Pt MLE values (Ru@Pt1.8MLE, Ru@Pt2.1MLE

and Ru@Pt2.3MLE; see Figure 5c) matches well with that obtained for
Ru@Pt1.4MLE at potentials more anodic than 390 mVRHE. In accor-
dance with this, for Ru@Pt particles with Pt MLE values of ≥1.4, no
Ru surface sites can be detected any more. The threshold for com-
pletely covering the Ru core with Pt is theoretically expected to be at
exactly 1 MLE for monodisperse Ru nanoparticles with a diameter of
1.9 nm, whereas 1.4 MLE was observed experimentally. This minor
discrepancy, however, is likely related to the relatively broad particle
size distribution of the Ru cores (from 1.2 to 2.6 nm, see Figure 4), as
explained in the following. During Ru@Pt synthesis, the Pt ions, as
well as the Ru nanoparticles are homogeneously distributed over the
entire ethylene glycol solution. Therefore, the availability of PtCl4

2−

Figure 5. Cyclic voltammogram of a) Ru/C at 20 mV s−1 in Ar-saturated
0.1 M H2SO4 (solid line) and 0.1 M NaOH (dash-dotted line), respectively and
of Ru@Pt/C core-shell nanoparticles with b) submonolayer and c) multilayer
Pt shell in Ar-saturated 0.1 M H2SO4 at 20 mV s−1 (Pt coverages are given
in the Figure in terms of their MLE values). All measurements were done
at room temperature in stagnant electrolyte. The current obtained in the CV
was normalized to the surface area of the catalyst, as determined by CO
stripping voltammetry at the end of the CV measurements. Reproduced from
Schwämmlein et al. with permission of The Electrochemical Society.22

ions to reductively deposit on the Ru particle surface is equal for all Ru
nanoparticles. Nevertheless, the amount of Pt needed to fully cover a
Ru nanoparticle depends strongly on its diameter. A small Ru particle
can be easily covered by Pt, whereas the Pt precursor in the vicinity of
a larger Ru particle is readily consumed when the reduction process is
initiated without closing the monolayered Pt shell. Some of the excess
Pt ions next to the small Ru nanoparticle can start to form a second
Pt overlayer on it, since the distance to neighboring Ru particles is
in some cases larger than that to the already covered nanoparticle.
Hence, a Pt precursor concentration sufficient to form 1 MLE on a
1.9 nm Ru core, is not sufficient to cover larger Ru particles com-
pletely due to local starvation of Pt ions. Especially for higher Pt ion
concentrations in the electrolyte which are required to prepare fully
covered Ru nanoparticles, the final catalyst is expected to be a mixture
of mono- and multilayered Ru@Pt core-shell nanoparticles. Despite
these minor imperfections in the synthesis of Ru@Pt core-shell cat-
alysts, we would like to emphasize that the difference between the
ideally expected complete encapsulation of the Ru cores at 1 MLE of
Pt and the observed complete encapsulation at 1.4 MLE of Pt is actu-
ally reasonably small considering all the experimental uncertainties.
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Moreover, all CVs provided in Figure 5 correspond to steady-state
measurements. The fact that the reductive peak remains absent in all
CVs of fully Pt-covered Ru@Pt catalysts is a clear evidence that the
core-shell structure remains intact upon potential application in the
considered potential window.

With increasing Pt MLE values (i.e., increasing Pt:Ru ratios), an-
odic and cathodic peaks appear in the potential range from 80 to
250 mVRHE, corresponding to the Hupd process on the Pt shell of
Ru@Pt particles. Since the steep increase of the negative current at
the most cathodic potential (50 mVRHE) is due to the evolution of hy-
drogen, the maximum cathodic current at the lower potential limit in
the Ar-saturated electrolyte can be used as a first indicator for the activ-
ity of the prepared Ru@Pt core-shell nanoparticles toward the HER.
As shown in Figure 5c, the cathodic current at the lower potential
limit increases with increasing Pt coverage, reaching a maximum at
Ru@Pt1.8MLE. At higher Pt:Ru ratios (Ru@Pt2.1MLE and Ru@Pt2.3MLE),
the cathodic current at the lower potential limit decreases again, thus
indicating that these catalysts are less active towards the HER.

Pt shell composition by CO stripping voltammetry.—The thick-
ness of the Pt shell of Ru@Pt core-shell nanoparticles can be deter-
mined by oxidation of COads in deaerated liquid electrolyte, as will be
outlined below, followed by a discussion of the past findings with re-
gards to the CO stripping behavior on Pt-Ru surfaces. Bimetallic Pt-Ru
alloys were used for CO oxidation by various researchers due to their
high activity toward this reaction.28–32 Studies on well-characterized
alloy surfaces by Gasteiger et al. revealed that the overpotential neces-
sary for the oxidation of COads on Pt-Ru in 0.5 M H2SO4 is more than
200 mV lower compared to pure Pt, depending on the composition of
the alloy.28 Similar to others,31,32 Gasteiger et al. attributed this effect
to a bifunctional mechanism requiring the participation of both Pt and
Ru surface sites in the oxidation process of CO.28 According to the
authors, the low overpotential necessary to oxidize CO on Ru frees
these surface sites from COads at comparably cathodic potentials. As
mentioned earlier, Ru is oxidized at a moderate potential, thus covered
by an oxide ad-layer right after the removal of CO from the surface.
In the bifunctional mechanism that was proposed by the authors, the
oxygen species on Ru aid the oxidation of COads on neighboring Pt
sites, hence promote the overall CO oxidation activity. Nevertheless,
it remains unclear why the COads oxidation potential on Pt-Ru alloys
shifts even more cathodic with respect to that on pure Ru. In an intent
to clarify this, Gasteiger et al. proposed that surface-bound oxygen
species may cause a lowered overpotential for the oxidation of CO on
Pt compared to a pure Ru surface.

Later on, other researchers showed that Ru@Pt core-shell nanopar-
ticles are capable of oxidizing CO at potentials comparable to those
found for Pt-Ru alloys in acid electrolyte.13,27,33–35 For example, Ochal
et al. reported a significant cathodic shift of the CO stripping peak from
0.8 VRHE on pure Pt to 0.58 VRHE on Ru@Pt in 0.5 M HClO4.33 Similar
to Pt-Ru alloys, CO can be oxidized on Ru@Pt core-shell nanopar-
ticles at a lower overpotential compared to pure Ru. The results of
these groups indicate that the enhancement of the CO oxidation in
the bimetallic Pt-Ru system is due to a modification of platinum’s
electronic structure by Ru rather than a bifunctional mechanism that
involves both metals in the reaction mechanism. This fact also explains
the finding by Gasteiger et al. that a low percentage of Ru atoms is suf-
ficient to significantly enhance the oxidation of COads on Pt-Ru alloys
compared to pure Pt.28 Furthermore, Ochal et al. reported a second
peak in the CO stripping voltammogram at a significantly more anodic
potential of 0.76 VRHE and attributed it to small Pt impurities in their
Ru@Pt catalyst, even though the potential is different from the COads

oxidation potential on pure Pt.33 In 2014, El-Sawy et al. prepared a
series of Ru@Pt catalysts with different Pt coverage/Pt shell thickness
and utilized CO stripping voltammetry to qualitatively distinguish be-
tween Ru@Pt1ML and Ru@Pt2ML.27 They found two peaks related to
the oxidation of COads, viz., at 0.62 and 0.78 VRHE in 0.5 M H2SO4,
depending on the Pt shell composition of the Ru@Pt particles. In
contrast to Ochal et al., El-Sawy et al. identified the two peaks to be
associated with CO adsorbed on the first (referred to as COads

A, with a

Figure 6. Baseline-corrected, surface normalized CO stripping voltammo-
grams of different Ru@Pt/C, Ru/C and Pt/C catalysts in Ar-saturated 0.1 M
H2SO4 at 10 mV s−1. Prior to CO-stripping, CO was adsorbed at 0.06 VRHE for
3 min, followed by purging the solution with Ar for 20 min. Reproduced from
Schwämmlein et al. with permission of The Electrochemical Society.22 The
dashed gray lines indicate the peak potential for the oxidation of CO on pure
Pt (0.81 VRHE) versus the peak oxidation potential for COads

B (0.77 VRHE).

peak potential at 0.62 VRHE) and on the second (referred to as COads
B,

with a peak potential at 0.78 VRHE) Pt overlayer of Ru@Pt particles.
The different peak potentials for the oxidation of COads

A and COads
B

on Ru@Pt can be explained by a different Pt-COads BE on the first
compared to that on the second Pt overlayer on Ru. These results are
in accordance with those of Schlapka et al., who prepared a series of
Pt layers on Ru(0001) with different thickness and determined their
respective COads desorption temperatures.25 They reported the lowest
COads-desorption temperature for the first Pt overlayer on Ru and as-
cribed it to the electronic effect of the Ru substrate on Pt. Supported
by DFT calculations, they showed that the Pt-COads BE in subsequent
Pt overlayers increases significantly, quickly approaching that of pure
Pt as its coverage exceeds 2 monolayers.

In the present study, the method developed by El-Sawy et al. is used
to determine the thickness of the Pt shell in Ru@Pt particles in 0.1 M
H2SO4 and to compare it to the bare Ru core and Pt nanoparticles
prepared by the same method (Figure 6a). Ru@Pt particles with a low
Pt coverage of 0.3 MLE (black line in Figure 6b) show only a single
anodic peak for the oxidation of COads

A on the first Pt layer on Ru.
Similar to Pt-Ru alloys,28 no additional peak is found for the oxidation
of COads on surface Ru sites for partially Pt covered Ru@Pt particles.
Furthermore, no oxidation peak occurs in any of the Ru@Pt catalysts
at the oxidation potential of CO adsorbed on pure Pt at 0.81 VRHE

(Figure 6a), confirming once more that the synthesis did not yield
pure Pt particles in detectable quantities. Increasing the Pt:Ru ratio
in the synthesis process towards a full Pt-MLE (Ru@Pt0.5MLE and
Ru@Pt0.9MLE) causes the emergence of a second peak at 0.77 VRHE.
According to the work of El-Sawy et al.,27 this anodic current is
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assigned to the oxidation of COads
B on the second Pt overlayer.

Catalysts with higher Pt:Ru ratio (Figure 6c) show an increasing
COads

B:COads
A ratio, as expected due to the increasing coverage of the

first Pt layer (1st monolayer) with an additional Pt overlayer (2nd mono-
layer). However, here it should be noted that the occurrence of COads

B

on Ru@Pt0.9MLE particles which nominally should not yet have a fully
Pt covered Ru core is due to the above discussed issue that a nominally
0.9 MLE coverage for not perfectly mono-dispersed Ru cores will lead
to the partial formation of a second Pt overlayer on the smaller Ru core
particles. The catalyst with the largest Pt:Ru ratio (Ru@Pt2.3MLE) con-
sists nearly exclusively of COads

B, indicated by the very small current
in the CO stripping voltammogram which is ascribed to COads

A (i.e., at
0.6 VRHE). While this minor discrepancy between nominal/average
and actual Pt coverage will have to be kept in mind in our fur-
ther analysis, the overall agreement between the expected nominal
Pt coverage and the observed Pt coverage distribution (on the order
of several tenths of a monolayer) is quite reasonable. The difference
of the peak positions for COads

A (≈0.60 vs 0.62 VRHE) and COads
B

(0.77 vs 0.78 VRHE) between this study and that of El-Sawy et al.27

may originate in parts from the accuracy of the reference electrode
calibration and from slightly varied synthesis routes used to prepare
the Ru core. Furthermore, since the differences in the Pt-COads BE
becomes smaller as the amount of Pt layers on Ru increases,25 it might
be experimentally difficult to resolve a difference between the second
vs. the third Pt layer by CO stripping voltammetry.

HOR/HER activity in alkaline electrolyte.—The kinetics of
Ru@Pt core-shell nanoparticles toward the HOR/HER were deter-
mined via the well-established RDE method in H2-saturated 0.1 M
NaOH, as described in an earlier publication.22 While this technique
does not allow the determination of the exchange current density of
catalysts with intrinsically high HOR/HER kinetics (e.g., Pt in acid
electrolyte) due to limitations by H2 mass-transport resistances,2 it
was nevertheless shown that the HOR/HER exchange current den-
sities in the low mA cm−2

NM range can be accurately extracted using
this technique.3,9 To evaluate the kinetics of Ru@Pt catalysts pre-
cisely and reliably, the roughness factor of the used electrodes needs
to be as low as possible in order to increase the ratio of kinetic/mass-
transport resistance contributions to the observed voltage losses.2 To
obtain a low total noble metal content on the electrode, all samples
were supported on carbon with a comparably low loading of roughly
8%wt and the film thickness was chosen to be ≈0.6 μm. Accordingly,
the prepared coatings had an overall noble metal content of approx-
imately 2 μgNM cm−2

geo, corresponding to roughness factors on the
order of 1–2 cm2

NM cm−2
geo as determined by CO stripping. Despite the

small film thickness, the quality of the films was sufficient for activ-
ity measurements and we did not observe limitations or artifacts due
to film quality. Figure 7 shows a representative RDE data set for the
HOR/HER in 0.1 M NaOH under pure H2 at 25◦C for the Ru@Pt0.3MLE

catalyst at 1600 rpm, with a limiting current of ≈2.5 mA cm−2
geo, as

expected for these conditions3 (essentially identical limiting current
densities were obtained for all catalysts). It shall be mentioned at this
point, that no difference was observed between subsequent cycles in
CVs to determine the HOR/HER activity. This again underlines the
previously stated stability of the prepared Ru@Pt core-shell under
operating conditions.

For the determination of the exchange current density, we followed
the same approach as Rheinländer et al.,3 assuming that the HOR/HER
kinetics on Ru@Pt follow the Butler-Volmer relation:

ikin = i0 · r f ·
(

e
αa ·F
R·T ·η − e− αc ·F

R·T ·η
)

[7]

with the kinetic current ikin, the exchange current density i0 (in
A cm−2

NM), the roughness factor rf, the Faraday Constant F, the re-
action overpotential η, the ideal gas constant R, the temperature T,
and the anodic/cathodic transfer coefficients αa and αc, respectively.
For small overpotentials, in the so-called micro-polarization region,
the Butler-Volmer equation can be simplified using the mathematical

Figure 7. Anodic and cathodic scan (scan direction indicated by arrows in
the graph) of a steady-state CV for Ru@Pt0.3MLE/C in H2-saturated 0.1 M
NaOH at a scan rate of 10 mV s−1 and a rotation rate of 1600 rpm (25◦C). The
total metal (Pt+Ru) loading on the disk was 1.28 mgNM cm−2

geo. The obtained
raw data was solely corrected for the reference electrode potential. The HFR
determined via EIS was 40.2 �.

approximation ex ≈ 1 + x to obtain the following equation:

ikin ≈ i0 · r f · (αa + αc) · F

R · T
· η [8]

This linearized form of the Butler-Volmer equation can be helpful
to determine the exchange current density, whereby it is also here
essential that contributions from mass-transport and ohmic resistances
to the measured current density have been accounted for, i.e., that the
modeled current truly represents the kinetic current. The disadvantage
of the kinetic analysis in the micro-polarization region (i.e., using
Equation 8) is, however, that i0 can only be extracted this way if the
sum of alphas (i.e., αa + αc) is known. Quantification of the α-values,
on the other hand, requires determination of the Tafel slope (b) at large
anodic or cathodic overpotentials, where the exponential term for the
reverse reaction can be neglected.

b = 2.303 · R · T

αa,c · F
[9]

For HOR/HER on carbon-supported Pt in a PEMFC, anodic and
cathodic transfer coefficients of 0.5 were determined by Durst et al.2

(between 313 and 353 K), corresponding to αa + αc = 1. These α-
values suggest that the HOR/HER on Pt in acidic media follows the
simplest possible electrochemical case of a single-electron transfer
process as rate-limiting step. This assumption holds also true for
the HOR/HER in alkaline electrolyte according to Sheng et al.4 and
Rheinländer et al.3 who determined αa = αc = 0.5 on Pt by the
RDE technique. However, depending on the catalytic material, the
electrolyte, and the respective reaction, a variety of different Tafel
slopes have been reported in literature, e.g., ≈60 mV dec−1 for the
ORR on Pt and Pt based alloys in acid.36 For this reason, the value
of the transfer coefficients or at least of αa + αc must be determined
for a given reaction system (catalyst, electrolyte, reaction) in order to
be able to extract exchange current densities from an analysis of the
kinetics in the micro-polarization region.

In the following, the sum of alphas for the HOR/HER on Ru@Pt
core-shell nanoparticles in alkaline media is identified by fitting
the experimentally obtained polarization curve, after the appropriate
mass-transport and ohmic resistance corrections, to the Butler-Volmer
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equation. The Ru@Pt0.3MLE catalyst is used as a model for the series of
prepared Ru@Pt catalysts, since its moderate activity enables fitting of
the HOR/HER polarization curve to sufficiently high overpotentials,
so that Tafel slopes (and thus αa and αc values) can be obtained. Fitting
the corrected data of more active Ru@Pt catalysts (e.g., Ru@Pt1.8MLE)
to the Butler-Volmer equation cannot be carried out in a trustworthy
fashion, since their high activity, even at low rf values, yields high cur-
rent densities at already small overpotentials, so that mass-transport
resistance free, kinetic currents cannot be extracted at overpotentials
which would be high enough to obtain a meaningful transfer coeffi-
cient. Here it should be noted that due to the approximate nature of the
RDE transport corrections, it is not sensible to extract kinetic data in a
region where the measured and the transport-limited current are very
similar; therefore, our kinetic data were only extracted for measured
currents which are not larger than 80% of the transport-limited cur-
rent, as suggested by Rheinländer et al.3 To obtain the true HOR/HER
kinetic currents from the raw data shown in Figure 7, several mass-
transport and ohmic resistance corrections must be applied. Here, we
will follow the approach taken by Rheinländer et al.,3 which will be
outlined briefly below.

To account for the effects of concentration gradients on the
HOR/HER kinetics, the measured current needs to be modified ac-
cording to Equation 10.3

ikin = imeas ·
(

1 − imeas

ilim

)−m

[10]

where the measured current is imeas, where the diffusion limited cur-
rent is ilim, and where the reaction order of the HOR/HER is m. This
equation assumes the presence of a concentration gradient, which in
the case of the HOR branch of the polarization curve is caused by the
depletion of dissolved H2 near the electrode surface. However, in the
case of the HER branch, this correction would only be valid, if super-
saturation of H2 in the electrolyte would occur (OH- or H2O transport
are not limiting at the typically used current densities in RDE exper-
iments), which was shown to not be the case;3 therefore, currents in
the HER branch are corrected by Equation 10. For poly-crystalline Pt,
the dependency of the exchange current density on the H2 concentra-
tion was reported by Rheinländer et al.3 and in accordance with their
results, m = 0.5 was used for all calculations in this study. To obtain
the potential at the electrode/electrolyte interface, the resistance of the
electrolyte solution in the respective setup needs to be accounted for
according to Equation 11:

EiR−free = Emeas − I · RHFR [11]

The high frequency resistance RHFR used for this calculation
was determined individually for every experiment by electrochem-
ical impedance spectroscopy (the value of RHFR was on the order
of ≈45 �). Lastly, the measured potential needs to be corrected for
the shift of the reversible potential for the HOR/HER caused by the
current-dependent depletion of the H2 concentration in the vicinity of
the electrode (again, this correction will only be applied to the HOR
branch, as we assume that there is no supersaturation of dissolved H2

in the HER branch3).

Eηdiff−free
iR−free = EiR−free + R · T

2 · F
ln

(
1 − imeas

ilim

)
[12]

The cathodic-going scan of the steady-state polarization curve col-
lected for Ru@Pt0.3MLE in H2-saturated alkaline electrolyte was treated
accordingly and the absolute value of the HOR/HER current density
was plotted on a logarithmic current scale (black crosses in Figure
8) versus Eηdiff−free

iR−free . As mentioned above, this analysis performed for
Ru@Pt0.3MLE serves as a model for all prepared Ru@Pt catalysts in
this study, since its moderate activity compared to the other Ru@Pt
catalysts simplifies the fitting up to larger overpotentials with small
error.

These kinetic data were then fitted to the Butler-Volmer equation
(fitting as logarithm of the current vs. the corrected potential) in three
different ways by fixing a) αa + αc = 1 (green line), b) αa + αc = 2
(red), and, c) treating αa and αc as individual free parameters without

Figure 8. Tafel plot showing the kinetic currents in the cathodic-going scan
(black crosses) for the HOR/HER on Ru@Pt0.3MLE core-shell nanoparticles
in H2-saturated 0.1 M NaOH at a scan rate of 10 mV s−1 and a rotation
rate of 1600 rpm. All experiments were conducted at 298 K and ambient
pressure. The potential was corrected for the solution resistance determined
by electrochemical impedance spectroscopy (see Eq. 11), as well as for the
potential shift due to the diffusion overpotential with respect to the applied
current (see Eq. 12). The measured current in the HOR branch was corrected
according to Equation 10. The experimentally obtained data were fitted to the
Butler-Volmer equation (Equation 7) by: a) fixing the sum of alphas to 1 (green
line); b) fixing the sum of alphas to 2 (red line); and, c) treating αa and αc as
freely variable individual parameters (blue dashed line).

constraints (blue). For Ru@Pt0.3MLE, fixing αa + αc = 1 resulted in
an excellent fit of the measured data (green line in Figure 8) with
r2 = 0.983 and α-values of αa ≈ 0.6 and αc ≈ 0.4, indicating that
the HOR possibly proceeds at a slightly faster rate than the HER on
the tested catalyst. Nevertheless, these values represent a more or less
symmetric HOR/HER reaction similar to pure poly-crystalline Pt.3

No meaningful fit was obtained for αa + αc = 2 (red line), suggesting
that the HOR/HER does not occur by a simultaneous two-electron
transfer on Ru@Pt. As a proof of concept, αa and αc were also fitted
as individual independent parameters (blue dashed line), yielding a fit
which superimposes with that for which αa + αc = 1 was pre-defined,
and also yielding values of αa ≈ 0.6 and αc ≈ 0.4. A HOR/HER
exchange current density of i0

298K = 0.57 mA cm−2
NM was obtained by

the fit where the sum of alphas was fixed to 1, hence comparable to
that of pure Pt (i0

313K = 1.0 mA cm−2
Pt ;10 i0

293K = 0.55 mA cm−2
Pt ;3

i0
294K = 0.57 mA cm−2

Pt ;4 i0
313K = 1.78 mA cm−2

Pt ;9). Summarizing
the above analysis, we can state that the sum of alphas for the Ru@Pt
core-shell nanoparticles is clearly 1, which enables an extraction of
the exchange current density also from the micro-polarization region
according to Equation 13.

ikin ≈ i0 · r f · F

R · T
· Eηdiff−free

iR−free [13]

Thus, the exchange current density can be obtained directly by
plotting the kinetic current versus the ηdiff and iR-corrected potential
between -5 and 5 mVRHE. The linear fit of the data crosses the y-axis
at i = 0 and the slope yields i0 for the HOR/HER, since all other
parameters in Equation 13 are known. Again, for the analysis of the
measured data, we did not correct the HER-branch for ηdiff.3

The evaluation of the micropolarization region yielded a
HOR/HER exchange current density of i0

298K = 0.47 ± 0.01 mA cm−2
Pt

for pure Pt (Figure 9a), which is in reasonable agreement with those
reported by other groups.3,4,9,10,38,39 It was also reported before, that the
HOR/HER activity of pure Ru in alkaline environment is rather poor
and the current ceases quickly as the oxide is formed on the metallic
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Figure 9. Cathodic-going scans (points), including linear fits (lines) in the micro-polarization region for different Ru@Pt/C, Ru/C and Pt/C catalysts at 10 mV s−1

in H2-saturated 0.1 M NaOH at 1600 rpm. All measurements were carried out at 298 K, corrected for the ohmic drop and normalized to the total noble metal
surface obtained from CO stripping voltammetry in NaOH. a) Reference catalysts, b) catalysts with increasing and c) decreasing HOR/HER activity. The most
active catalyst (Ru@Pt1.8MLE) is shown in b) and c). Reproduced from Schwämmlein et al. with permission of The Electrochemical Society.22

surface.17 Covering Ru with a fraction of a Pt-ML (Ru@Pt0.3MLE)
increases the HOR/HER current significantly compared to pure
Ru (Figure 9b), and a decrease of the HOR current density due to
oxide formation is not noted until >0.4 V (see Figure 7). Similar
to the exchange current density obtained by fitting the data to the
Butler-Volmer equation, evaluation of the micro-polarization region
yields an exchange current density of i0

298K = 0.54 ± 0.12 mA cm−2
NM

(using Equation 13), consistent with the above presented fitting
procedure. The HOR/HER exchange current densities obtained from
the micro-polarization region for all of the here tested materials
as well as for some comparable materials from the literature are
summarized in Figure 10 (normalized to the total metal surface area
(a), the total mass of noble metal (b), or the mass of Pt (c)). The high
HOR/HER activity of Ru@Pt0.3MLE despite the small amount of Pt in
this catalyst confirms reports on the beneficial effect of Pt adatoms on
a Ru surface with respect to the HOR/HER activity.16 Furthermore,
the high activity of the Ru@Pt0.3MLE catalyst is similar to that reported
for both partially covered Ru@Pt core-shell nanoparticles and Pt-Ru
alloys.17,18,37 It is especially noteworthy that the total surface area
normalized exchange current density for the Ru@Pt0.3MLE catalyst
with only ≈30% Pt coverage (the absence of bi-layered Pt is
supported by the above CO stripping analysis) is essentially the same
as that of pure Pt (solid black square vs. solid gray asterisk is Figure
10a), demonstrating that each Pt surface atom in the Ru@Pt0.3MLE

catalyst is ≈3-4 times more active than Pt surface atoms in pure Pt.
Increasing the Pt:Ru ratio leads to an increase of the surface nor-

malized HOR/HER activity of Ru@Pt catalysts, with a maximum
exchange current density of 2.14 ± 0.05 mA cm−2

NM for Ru@Pt1.8MLE

(light blue diamond in Figure 10a), that has a fully closed Pt shell.
This is in good agreement with the statement that Pt is roughly 4 times
more active if it is deposited on Ru compared to a pure Pt particle
(i0

298K = 0.47 ± 0.01 mA cm−2
Pt ; solid gray asterisk in Figure 10a). The

HOR/HER activity of catalysts with larger Pt:Ru ratio (Ru@Pt2.1MLE

and Ru@Pt2.3MLE) decreases with respect to the most active Ru@Pt
catalysts (see Figure 1a). The fact that a fully Pt covered Ru core,
where Ru is not exposed to the surface of the particle, has the highest
HOR/HER exchange current density if normalized to the total metal
surface area in conjunction with the absence of a HOR/HER activity
drop after the completion of the first Pt overlayer (i.e., for Ru@Pt cat-
alysts with Pt-MLE ≥ 1.4) clearly proves that the participation of Ru
as active surface site in the catalysis of the HOR/HER is not the major
reason for the high activity of the bimetallic Pt-Ru system. Hence,
the presented data reveal that the HOR/HER on bimetallic Pt-Ru cat-
alysts does not follow a bifunctional mechanism and that the activity

enhancement with respect to Pt must be caused by an electronic effect
of Ru on Pt.

In addition to this finding, it is of great interest to identify whether
the first or the second Pt overlayer on Ru is most active towards

Figure 10. HOR/HER activity, obtained by linear fitting in the micro-
polarization region (Eq. 13) for Ru@Pt/C with varying Pt-shell thickness,
Ru/C and Pt/C catalysts in 0.1 M NaOH with respect to a) surface area of no-
ble metals obtained by CO stripping, b) total mass of noble metals and c) mass
of Pt. Hollow symbols show data published in the literature (the respective
article references are marked by the superscripts). All values are based on at
least three independent measurements of different coatings of the same cata-
lyst, while error bars indicate the standard deviation of the individual values.
The gray dashed line in a) is simply a guide-to-the-eye line.
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the HOR/HER. However, CO stripping showed that the most ac-
tive catalyst of this study (Ru@Pt1.8MLE) is composed of a mixture
of mono- and multilayered Pt on Ru. Nevertheless, the low activ-
ity of Ru@Pt2.1MLE (i0 = 1.4 ± 0.3 mA cm−2

NM) and Ru@Pt2.3MLE

(i0 = 1.0 ± 0.2 mA cm−2
NM) compared to Ru@Pt1.8MLE

(2.1 ± 0.1 mA cm−2
NM) indicates that the first Pt overlayer on Ru

is more active than subsequent ones, since especially Ru@Pt2.3MLE is
basically exclusively composed of multilayered Pt on Ru with a very
small fraction of monolayered Pt. Also Schlapka et al. reported that
the electronic effect of Ru on a Pt overlayer is strongest for the first
layer, followed by the second one and largely vanishes for more than
three layers.25 While they studied the temperature dependent desorp-
tion of COads from the Pt surface, a very different process compared
to the HOR/HER reactions studied in this publication, the lower over-
potential needed for both processes on Pt-Ru compared to Pt seems to
be caused by a downshift of the platinum d-band center by nearby Ru
atoms and an associated lower binding energy toward the adsorbate.
In comparison with the HOR/HER exchange current density of Pt-Ru
alloys in alkaline media, e.g., an Ru0.2Pt0.8 alloy prepared by St. John
et al., Ru@Pt1.8MLE core-shell nanoparticles exhibit slightly superior
activity, while both systems are within a similar range (Figure 10a).17

This provides further evidence that the activity enhancement of Pt-Ru
alloys towards the HOR/HER in alkaline media is due to an elec-
tronic effect of Ru on Pt, similar to that hypothesized above for our
Ru@Pt core-shell nanoparticles. The fact that the HOR/HER surface
area normalized activity of Ru@Pt is slightly superior to that of an
alloy may originate from the missing Ru surface sites in a core-shell
nanoparticles since Ru contributes to the total noble metal surface
area while having a low HOR/HER activity. All in all, this shows the
advantage of a core-shell configuration compared to a bimetallic alloy
with respect to the catalytic activity.

Normalizing the measured HOR/HER activity to the mass of Pt or
to the total mass of noble metal can provide further insights into the
catalysts properties and the distinction between a bifunctional mech-
anism and an electronic effect, whereas the analysis of this data is
somewhat more complex. In an idealized scenario, Pt would grow
homogeneously on perfectly monodispersed Ru cores and a second
Pt layer would form only after the first Pt monolayer is completed.
For such idealized surfaces and for a reaction mechanism based on
an electronic effect, the HOR/HER activity normalized to the mass
of platinum of the Ru@Pt core-shell particles (in A g−1

Pt ) would be
expected to be identical for all catalysts composed of a partial up to
a full Pt monolayer on Ru, since the activity per Pt surface atom in
the first monolayer would be constant. Upon formation of a second
Pt layer, the Pt mass activity would have to decrease, since the Pt
atoms in the first monolayer, which are covered, cannot contribute
to the HOR/HER, whereas their mass is taken into account for the
normalization. In addition, based on the low HOR/HER activity of
Ru@Pt2.1MLE (i0 = 1.4 ± 0.3 mA cm−2

NM) and Ru@Pt2.3MLE (i0 =
1.0 ± 0.2 mA cm−2

NM) shown in Figure 10a, Pt atoms in the second
layer are significantly less active compared to those in the first layer,
enhancing the activity decrease when a second Pt overlayer is being
formed on the first one. Assuming that the electronic effect decreases
further in the third Pt layer, an additional activity decrease with respect
to the mass of Pt is expected for multilayered Ru@Pt catalysts. Com-
paring this idealized scenario to the data shown in Figure 10c, the two
catalysts with the lowest Pt coverage (Ru@Pt0.3MLE and Ru@Pt0.5MLE)
show the highest Pt mass activity for the HOR/HER in this study
(i0 = 1950 ± 400 A g−1

Pt and i0 = 2470 ± 490 A g−1
Pt ). Furthermore,

the activity of these catalysts is reasonably similar with respect to the
error of the measurement, as expected for submonolayer Ru@Pt cat-
alysts. In contrast to this, the activity of Ru@Pt0.9MLE is considerably
lower (i0 = 1340 ± 240 A g−1

Pt ), even though for a purely electronic ef-
fect an equally high Pt mass activity would have been expected for this
catalyst with a nominal MLE of less than 1. At this point, however, the
imperfection of the synthesis process needs to be taken into account,
i.e., the polydisperse particle size distribution of the Ru core causes
a partial growth of the second Pt layer on the Ru@Pt0.9MLE catalyst

before the first overlayer is completed (refer to green lines in Figures
5b and 6b). According to the above given rationale, the growth of a
second Pt layer leads to a significant decrease of the Pt mass activity,
which we believe is the reason for the observed low Pt mass activity
of the Ru@Pt0.9MLE. catalyst. Since the Ru core is not fully covered
by Pt in the Ru@Pt0.9MLE catalyst, the overall Pt mass activity can
be increased by covering the remaining uncovered Ru sites, hence in-
creasing the amount of monolayered Pt atoms in the catalyst compared
to bilayered Pt atoms. Accordingly, a slightly larger exchange current
density normalized to the mass of Pt was found for Ru@Pt1.4MLE

(i0 = 1760 ± 190 A g−1
Pt ), which is the first catalyst in the series that

does not expose Ru on its surface (blue line in Figure 5b). As the MLE
increases further, the first Pt layer gets gradually covered, leading to
a decrease of the Pt mass activity.

In a similar fashion, an idealized scenario can be developed with
respect to a normalization of the HOR/HER activity by the total mass
of noble metal (A g−1

NM), i.e., Pt + Ru. On the one hand, the activity
is expected to increase with the amount of Pt deposited on Ru for
(sub-)monolayer Ru@Pt catalysts, since the fraction of active Pt com-
pared to inactive Ru increases. Hence, the maximum activity with
respect to the total noble metal content should be found for a Ru parti-
cle which is fully encapsulated by a Pt monolayer. On the other hand,
an activity decay takes places when the growth continues and bilay-
ered Ru@Pt forms, according to the same reasoning described earlier:
the second layer is less active and covers the first one, thus hinder-
ing its participation in the HOR/HER while contributing to the total
weight of the catalyst. Compared to a normalization to the Pt mass
alone, the activity decrease due to the formation of the second over-
layer is expected to be less pronounced when normalizing to the total
mass of noble metal, since the constant weight of the Ru core is also
taken into account. As a consequence, the activity trend is expected to
be similar to that in Figure 10a, where the exchange current density is
normalized to the total surface area of the catalyst. We essentially find
this, when looking at Figure 10b (i0 in A g−1

NM), with the difference
that the maximum is found for Ru@Pt1.4MLE (1309 ± 138 A g−1

NM)
instead of Ru@Pt1.8MLE (1045 ± 14 A g−1

NM), what we tentatively as-
cribe to a minor fraction of multilayered Pt in Ru@Pt1.8MLE. Similar
to the emergence of the second Pt overlayer on the first one, the third
layer renders the Pt that it covers inactive since it is not exposed on the
surface, eventually causing a slight decrease of the overall activity. It
is stated here as a reminder, that the “hidden” Pt layers are not taken
into account when normalizing the activity to the total surface of the
catalyst, as Ru and Pt atoms that are not exposed will not participate
in the CO stripping.

To summarize, the presented data conclusively shows that the ac-
tual origin of the high HOR/HER activity in the bimetallic Pt-Ru
system is mainly due to an electronic effect rather than a bifunctional
mechanism, rationalized by the observation that the most active cata-
lysts (Figure 10a, blue triangle and turquoise diamond) with respect to
the surface area (mA cm−2

NM) do not expose Ru on their surface (Figure
5b, blue and turquoise lines). Compared to the only other study on the
HOR/HER activity of Ru@Pt core-shell nanoparticles in alkaline me-
dia by Elbert et al. (Figures 10b and 10c, hollow, black squares), the
most active catalyst in this study shows a more than fivefold higher ac-
tivity with respect to the total mass of noble metal (1309 ± 138 A g−1

NM

for Ru@Pt1.4MLE compared to 240 A g−1
NM for Ru@Pt2ML) as well as

with respect to the mass of Pt (2466 ± 493 A g−1
Pt for Ru@Pt0.5MLE

compared to 480 A g−1
Pt for Ru@Pt2ML) in Ru@Pt catalysts, while the

activity of the Pt reference reported by Elbert et al. (Figure 10c, hol-
low, gray asterisk) is only 30% lower (120 A g−1

Pt vs. 182 ± 7 A g−1
Pt )

than that reported here (Figure 10c, filled, gray asterisk).14

Conclusions

The evaluation of the HOR/HER activity of Ru@Pt core-shell cat-
alysts with varying Pt shell thickness in H2-saturated 0.1 M NaOH by
RDE voltammetry provided fundamental insights into the HOR/HER
in alkaline media. By comparing the surface normalized HOR/HER
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activity of partially covered Ru@Pt particles with fully Pt encap-
sulated Ru, the bifunctional mechanism involving Ru as active site
in the HOR/HER mechanism was found to be of minor importance
compared to the modification of the electronic properties of Pt by
Ru. A comparison of the Ru@Pt core-shell nanoparticles prepared
in this study with the HOR/HER activity Pt-Ru alloys from the lit-
erature revealed the transferability of this concept to the bimetallic
Pt-Ru system. Even though, we cannot disentangle between a varia-
tion of the Pt-Hads BE and other electronic effects that influence the
catalytic properties of Pt, the results presented here clearly show that
a bifunctional mechanism cannot explain the high HOR/HER activ-
ity of the bimetallic Pt-Ru system. Recent results by Li et al. indeed
suggest that a variation of the Pt-Hads BE may not be the governing
effect with respect to the HOR/HER reactivity in alkaline media.40

Nevertheless, the so-called “experimental prove” for a bifunctional
mechanism given by this group, that Ru sites on the surface of Pt-Ru
alloys are at least partially covered with oxidic species in the potential
range relevant for HOR/HER must not intrinsically be related to a
bifunctional mechanism, since the role of these species in the actual
catalytic mechanism remains unclear. In conclusion, and based on the
presented results, we suggest that the close vicinity of Ru and Pt pro-
motes the HOR/HER in alkaline due to a variation of the electronic
structure of Pt, which can e.g., relate to the lowering of the hydrogen
adsorption barrier, proposed by Ledezma-Yanez et al.19
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Appendix

The calculation of the MLE of Pt on the Ru core is based solely on the basic physical
properties of the two metals. First of all, the radius of the Ru@Pt core-shell particle
(rRu@Pt) is the radius of the Ru core (rRu,particle) plus the radius of the Pt shell composed
of twice the radius of a Pt atom (rPt,atom) per MLE.

rRu@Pt = rRu,particle + 2 · rPt,atom · MLE [A1]

The volumes of Ru (VRu) and Ru@Pt (VRu@Pt) can be calculated assuming spherical
particles.

VRu = 4

3
π · rRu,particle

3 [A2]

VRu@Pt = 4

3
π · rRu@Pt

3 [A3]

The volume of Pt (VPt) is simply the difference between the two volumes.

VPt = VRu@Pt − VRu [A4]

Furthermore, the amount of substance of Ru (nRu) and Pt (nPt) can be calculated from
the respective volumes, densities (ρRu, ρPt) and molar masses (MRu, MPt).

nRu = VRu · ρRu

MRu
[A5]

nPt = VPt · ρPt

MPt
[A6]

The ratio of the molar masses yields the following equation:

nPt

nRu
= VPt · ρPt · MRu

VRu · ρRu · MPt
[A7]

Inserting Equations A1–A4 into Equation A7 and solving for MLE finally yields
Equation 4.
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Environ. Sci., 7, 2255 (2014).
11. W. Sheng, Z. Zhuang, M. Gao, J. Zheng, J. G. Chen, and Y. Yan, Nat. Commun., 6,

5848 (2015).
12. A. Ruban, B. Hammer, P. Stoltze, H. Skriver, and J. Nørskov, J. Mol. Catal. A: Chem.,

115, 421 (1997).
13. L. Zhang, J. Kim, H. M. Chen, F. Nan, K. Dudeck, R.-S. Liu, G. A. Botton, and

J. Zhang, J. Power Sources, 196, 9117 (2011).
14. K. Elbert, J. Hu, Z. Ma, Y. Zhang, G. Chen, W. An, P. Liu, H. S. Isaacs, R. R. Adzic,

and J. X. Wang, ACS Catal., 5, 6764 (2015).
15. J. X. Wang, Y. Zhang, C. B. Capuano, and K. E. Ayers, Sci. Rep., 5, 12220

(2015).
16. S. St. John, R. W. Atkinson, K. A. Unocic, R. R. Unocic, T. A. Zawodzinski, and

A. B. Papandrew, ACS Catal., 5, 7015 (2015).
17. S. St. John, R. W. Atkinson, R. R. Unocic, T. A. Zawodzinski, and A. B. Papandrew,

J. Phys. Chem. C, 119, 13481 (2015).
18. Y. Wang, G. Wang, G. Li, B. Huang, J. Pan, Q. Liu, J. Han, L. Xiao, J. Lu, and

L. Zhuang, Energy Environ. Sci., 8, 177 (2015).
19. I. Ledezma-Yanez, W. D. Z. Wallace, P. Sebastián-Pascual, V. Climent, J. M. Feliu,

and M. T. M. Koper, Nat. Energy., 2, 17031 (2017).
20. R. R. Adzic, J. Zhang, K. Sasaki, M. B. Vukmirovic, M. Shao, J. X. Wang,

A. U. Nilekar, M. Mavrikakis, J. A. Valerio, and F. Uribe, Top. Catal., 46, 249
(2007).

21. D. Strmcnik, M. Uchimura, C. Wang, R. Subbaraman, N. Danilovic,
Dennis van der Vliet, A. P. Paulikas, V. R. Stamenkovic, and N. M. Markovic, Nat.
Chem., 5, 300 (2013).
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