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ABSTRACT: Among the major obstacles to the successful
application of Pt−Ru alloys as anode electrocatalysts for direct
methanol fuel cells are their low electrocatalytic activities and
poor stability under demanding operating conditions. In
particular, detrimental is the eventual dissolution of the more
oxophilic Ru. In this work, a novel carbon-supported goldstabilized Pt−Au@Ru catalyst was synthesized using the waterin-oil microemulsion method. The catalyst possesses an
enhanced methanol oxidation activity in acid medium and
signiﬁcantly enhanced stability over a commercially available
Pt−Ru/C catalyst (E-TEK, 60%). This work provides a representative example of stabilization of an oxophilic transition element,
Ru, using a unique ternary structure with Au. The stabilized surface and bulk composition are determined through copper underpotential deposition, transmission electron microscopy, X-ray diﬀractometry, and X-ray photoelectron spectroscopy in
conjunction with electrochemical measurements. In situ X-ray absorption spectroscopy analysis revealed that the addition of gold
in the Pt−Au@Ru/C catalyst enhances the stability of the catalyst chieﬂy by interacting electronically with the Pt and Ru to raise
their oxidation potentials.

1. INTRODUCTION
Despite the problems presently associated with their operation,
direct-methanol fuel cells (DMFCs) continue as a highpotential energy source for portable devices and have been
the subject of intense research over the last couple of
decades.1−3 Whereas signiﬁcant progress has been made on
both the membrane and catalyst research fronts, the Pt catalyst
eﬃciency is still largely limited by poisoning with CO, the
principal intermediate carbonyl species during methanol
oxidation.4 The state-of-the-art anode for electro-oxidation of
methanol in DMFCs is a Pt−Ru bimetallic catalysts of spatially
varying composition because it provides high tolerance to the
products of direct methanol oxidation, such as adsorbed
aldehydes and CO.5
Over the last three decades PtRu bimetallic catalysts have
been synthesized in a wide variety of ways with varying initial
activities and more importantly stabilities under both operating
and startup/shutdown conditions. The latter conditions are
perhaps most important due to the introduction of large and
mixed potentials in the cell, which can cause the anode to
intrude into unstable (for surface Ru) and dangerously high
© 2012 American Chemical Society

overpotentials. In general, high initial activity leads to poor
stability. Among the methods used to prepare PtRu (1:1 atomic
ratio being preferred based on previous reports), the most
widely used method is simultaneous deposition of Pt−Ru onto
carbon supports (high loading in excess of 60% on C).
Typically, a Pt salt (e.g., H2PtCl6) and a Ru salt (e.g., RuCl3)
are used to form PtRu clusters on carbon supports, followed by
reduction with a variety of reducing agents.6,7 Over the years,
modiﬁcations have been made with regard to precursors with
less impurities, 8,9 supports, 10,11 solvents, 12,13 reducing
agents,14,15 and so on. Finally, a number of advanced synthesis
procedures have evolved. Some of these methods, such as the
thermal decomposition procedure,16 the colloid method,17−19
the ball-mill mechanochemical method,20 and a few others21−23
have the possibility for large scale production.
The wealth of prior literature shows that the CO tolerance
exhibited by PtRu catalyst is chieﬂy attained via a bifunctional
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Pt monolayer with higher stability. Previous reports on binary
Pt alloys with ﬁrst-row transition metals ranging from Mn to
Co clearly pointed out such ligand eﬀects enable a positive shift
in oxide formation on Pt and thereby enable higher oxygen
reduction activity.46−48 Ternary and quaternary compositions
such as Pt−Ru−Ni and Pt−Ru−Rh−Ni alloy nanoparticles
have also been found to exhibit enhanced electrocatalytic
activity and good stability for methanol oxidation as compared
with Pt−Ru catalysts.49,50 However, no clear understanding of
the nature of such stabilization has been reported to the
authors’ knowledge. The mechanism for alloy formation,
especially in the nanodomain, is complex and therefore diﬃcult
to model, and those mechanisms that have been advanced refer
primarily to the bulk phase.40
In this work, sequential reduction associated with the
microemulsion method was used to synthesize catalyst particles
with a Pt−Au core and a Ru shell (Pt−Au@Ru/C), followed by
heat treatment at 493 K (220 °C). The composition and the
structure of the ﬁnal catalysts were characterized by transmission electron microscopy (TEM), X-ray diﬀractometry
(XRD), and X-ray photoelectron spectroscopy (XPS). Electrochemical measurements, copper under-potential deposition
(Cu UPD), and in situ X-ray absorption spectroscopy (XAS)
measurements revealed the excellent catalytic activity of the
Pt−Au@Ru/C electrocatalyst toward methanol oxidation and
the high stability of the Ru component of the catalyst in acid
media. The goal of this work, distinctly diﬀerent from the prior
reports49,50 mentioned above, is to point out the principle
mechanism for such stabilization. We therefore endeavor to
answer the key materials chemistry question: what parameters
and nature of intermetallic composition and structure are
needed to enhance the electrochemical stability of an oxophillic
moiety such as Ru under operando conditions?

mechanism, in which Ru at the catalyst surface activates water
at lower electrode potentials than Pt and thereby furnishes
adsorbed OH species to clean oﬀ the CO.24 However, the
hysteresis between the anodic and cathodic peaks in cyclic
voltammograms25,26 and the rather quick decay of the current
density during chronoamperometric tests27,28 indicates that the
Pt−Ru electrocatalysts are still susceptible to irreversible
poisoning. Higher CO tolerance can be achieved by periodically
increasing the anodic overvoltage to oxidize CO to CO2
directly on the anode. This variation can be achieved by
applying a suitably modulated electric voltage and timing the
injection of fuel by feedback control. Recent work on pulsing
DMFCs has been reported by Neergat et al.29 They found that
voltage gains of up to 150 mV were achievable with pulsing and
that the COads coverage was reduced by about 10 to 20% of the
saturation coverage.
Despite these successes, a large obstacle to the successful
application and widespread use of Pt−Ru bimetallic catalysts is
the eventual dissolution of the metallic components in the
catalyst. Dissolution of both Pt and Ru has been shown to cause
detrimental eﬀects, such as severe decay of the anodic activity,
increase in the ohmic resistance,30−32 and most importantly,
following a facile migration33 through the Naﬁon membrane, its
ability to poison the oxygen reduction activity at the
cathode.34,35 Our prior work in this context has conﬁrmed
the previous reports of facile Ru migration33 and pointed out
speciﬁc membrane characteristics that enable this,34 and shown
that 150 micromoles of dissolved Ru at the cathode is suﬃcient
to completely deactivate the cathode activity.36
Both the intrinsic chemical stability of the bimetallic alloy
and the physical robustness of the supported catalyst must be
considered.37−39 It is a basic expectation that surface
segregation of one element of an alloy might be thermodynamically favored over the other, and the use of small particles can
provide a kinetic situation to drive this. Ruban et al.40 generated
a database of 24 by 24 surface segregation energies based on
theoretical calculations and pointed out that the segregation is
controlled by the surface energy of the alloy components. The
chemistry that occurs at the particle surface can signiﬁcantly
inﬂuence the particle’s shape, structure, and composition.
Alloys, for example, can exhibit surface compositional changes
over time in the cell depending on the species adsorbed on the
surface, the surface coverage, the potential, as well as the
temperature. It has been reported that Ru surface segregation
can be induced by thermal treatments on the catalysts surface.41
In previous simulations of CO oxidation over PtRu nanoparticle alloys, for example, Han et al.42,43 showed that the
oxygen, and to some extent CO, lead to the surface segregation
of Ru that forms island structures under reaction conditions.
These studies clearly reveal the importance of maintaining and
stabilizing the surface composition of catalysts for application in
the next generation of alloy-based catalytic materials and
speciﬁcally to delineate a route to stabilize the Ru in the PtRu
alloy catalysts.
Consistent with our understanding of the electrochemistry of
Ru and Pt, it has been pointed out that the dissolution of Ru or
Pt (to a much smaller extent) is mainly caused by the formation
of oxidized species derived from water activation.44,45 To
enhance the stability of Pt metal catalysts, Adzic et al. deposited
Au clusters on a Pt catalyst through galvanic displacement by
Au of a Cu monolayer on Pt.45 They found that the gold exerts
a ligand eﬀect on the Pt and thereby eﬀectively raises the
oxidation potential of Pt to more positive values, endowing the

2. EXPERIMENTAL SECTION
2.1. Synthesis of Pt−Ru/C and Pt−Au@Ru/C Catalysts.
All syntheses were carried out under an Ar atmosphere using
the Schlenk line technique. All chemicals were ACS reagent
grade and purchased from Sigma Aldrich. The theory and
procedure used in the microemulsion method to synthesize
nanoalloys were described in previous papers of our group.51,52
As a typical example, a reverse micelle system of 0.2 M
cyclohexane solution of AOT (ω0 = 8) containing required
amounts of 0.25 M H2PtCl6 and 0.25 M AuCl3 was mixed with
another reverse micelle system containing 1 M NaBH4. The
redox reaction was completed within a few minutes. However,
continuous stirring for another 14.4 ks (4 h) was needed for
nucleus formation and crystal growth. Afterward, the microemulsion system containing RuCl3 was introduced to form a Ru
shell with a Pt−Au core. The starting mole fraction of the
metals was kept to XPt/XRu/XAu 8:8:1. Then, an appropriate
amount of Ketjen carbon was added to achieve a total metal
loading of 60%. The carbon-supported catalyst was washed
with cyclohexane, acetone, ethanol, and water and dried in
vacuum at 80 °C for 86.4 ks (24 h). As an exploration of the
best conditions for synthesis of the catalyst, a Pt−Ru/C catalyst
was ﬁrst synthesized by the microemulsion method and heated
at diﬀerent temperature. After some preliminary activity
measurements, it was concluded that the optimum temperature
for heat treatment of Pt−Ru/C catalysts prepared by the
microemulsion method was ∼493 K (see Supporting
Information, Figures S1−S3). The Pt−Au@Ru/C catalyst was
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Table 1. Structural and Component Information of Pt−Ru/C (E-TEK, 60%) and Pt−Au@Ru/C (Micro-Emulsion Method,
60%)
composition from ICP analysis

crystallite size
(nm)

initial overall ECSA (m2/g)

initial surface composition

catalyst

Pt wt %

Pt/M (atomic)

XRD

TEM

Cu UPD

XPS

Pt−Ru/C (E-TEK, 60%)
Pt−Au@Ru/C (microemulsions, 60%)

39.0
34.7

1:1
8.33:7.72:1 (Pt/Ru/Au)

4.0
7.1

4.7
7.1

66.7
54.7

6:4 (Pt/Ru)
8:3:6 (Pt/Ru/Au)

exposed to a heat treatment at 493 K under ﬂowing H2/Ar for
21.6 ks (6 h).
2.2. Physical Characterization. Powder X-ray diﬀractionpatterns of the catalysts were recorded on a Rigaku X-ray
diﬀractometer equipped with Cu−Kα radiation (model Ultima
IV). The incident beam had a wavelength of 0.15418 nm (Cu−
Kα) and was ﬁltered by a Ni ﬁlter. The particle size of the
dispersed metal crystallites was estimated from the broadening
of diﬀraction peaks using the Scherrer formula.53−55
A 300 kV Tecnai F30 (TF-30) Super Twin (FEI Company,
Eindhoven, The Netherlands) microscope was used to obtain
TEM images and compositional information from the electrocatalysts. A few droplets of an ultrasonically dispersed
suspension of each catalyst in ethanol were placed onto a
lacey carbon ﬁlm supported by a Cu grid and dried under
ambient conditions for TEM characterization. The metal
particle size measurements were carried out with commercial
Adobe Photoshop and Image J (Image processing and analysis
in Java) software.
The composition of the catalysts was analyzed by an
inductively coupled plasma mass spectrometer (ICP-MS, VG
Elemental Plasmaquad-2 (PQ2)). The results can be seen in
Table 1.
XPS characterization was carried out in a VG-Microtech
Multilab electron spectrometer using a Mg−Kα (1253.6 eV)
radiation source. To obtain the XPS spectra, the pressure of the
analysis chamber was maintained at 5 × 10−10 mbar. The
binding energy (BE) and the kinetic energy (KE) scales were
adjusted by setting the C1s transition to the theoretical value of
284.5 eV.56−58
2.3. Electrochemical Measurements. All electrochemical
experiments were performed in a conventional three-electrode
cell. A glass compartment accommodated the interface between
the electrolyte and hydrogen gas at a Pt mesh, which served as a
sealed hydrogen reference electrode. The reversible hydrogen
electrode (RHE) was connected to the main cell compartment
through a ﬁne pore-sized frit. A Pt wire of ca. 1.7 cm2
electroactive surface area (ESA, measured from the hydrogen
under-potential deposition (HUPD) charge) was used as the
counter electrode. The instrumentation was based on an
ASAFR Rotator (Pine Instruments Company, USA) and an
Autolab PGSTAT-30 potentiostat equipped with a SCAN-GEN
module (Eco Chemie B.V., The Netherlands). All measured
electrode potentials refer to the RHE potential scale.
The method to make the catalyst coated glassy carbon
working electrodes has been introduced in detail in our
previous papers.52,59,60 Very brieﬂy, a thin ﬁlm working
electrode was prepared by dropping ink containing electrocatalyst on a glassy carbon substrate (Ø = 5 mm − Pine
Instruments Company, USA) then capped with a ca. 50 nm
thin Naﬁon ﬁlm for mechanical stability.
Cu under-potential deposition (UPD) was applied to
determine the surface atom number ratio of Pt and Ru. The
Cu UPD measurement was performed with the same method

as mentioned in Green’s series study.61,62 All Cu UPD
experiments were carried out in 0.5 M H2SO4 and 1 mM
CuSO4 solution. First, the electrode modiﬁed with 120 μg/cm2
of catalyst was cycled (from 0.02 to 0.85 V) in 0.5 M H2SO4 at
10 mV/s. The electrode was then immersed in 0.5 M H2SO4 +1
mM CuSO4 solution and polarized at 0.3 V for 120 s. A linear
voltammetric scan was then performed from the admission
potential to a point at which all UPD Cu had been oxidized at a
scan rate of 10 mV/s. (The charge involved after background
subtraction was termed QPt+Ru.) Finally, the electrode was
polarized at 1.05 V, at which all Ru on the surface can be
oxidized for 120 s. The potential of the working electrode was
then stepped to 0.3 V and stopped there for another 120 s. This
was followed by a linear voltammetric scan at a rate of 10 mV/s.
(The charge involved after background subtraction was termed
QPt). Thus, the Pt fraction XPt on the surface of catalyst can be
calculated as
XPt = Q Pt /Q Pt + Ru

(1)

Kinetic parameters during methanol oxidation on various
catalysts were obtained from chronoamperometric experiments
associated with the “Potential Step” approach, originally
developed by Wieckowski’s group.63 It provides the rates of
the elementary processes avoiding the complications of CO
poisoning. The methanol oxidation current was measured in a
sequence of several sets of constant potential. The steps were
applied starting from a predetermined potential and switching
between a lower and upper potential bias for two cycles. The
upper potential was set at 1.1 V (vs RHE), where all organic
residues on the catalysts surface will be removed. The lower
potential was set at the hydrogen UPD region. The
instantaneous current (t = 0) was recorded during the
measurement. Tafel plots were also obtained by plotting the
instantaneous current versus the potential.
Chronoamperometric tests were conducted in 0.5 M H2SO4
+ 1 M MeOH at room temperature (or 50 °C) using a working
potential of 0.55 V versus RHE with electrocatalyst deposited
on a glassy carbon disk with a loading of 15 μg (Pt)/cm2 for the
duration of 24 h (or 4 h). Cu UPD measurements were
conducted before and after these chronoamperometric experiments.
2.4. X-ray Absorption Spectroscopy Measurements
and Analysis. In situ XAS measurements were carried out on
the synthesized Pt−Au@Ru and Pt−Ru catalysts at the Ru Kedge (22117 eV) using a specially designed in situ cell, the
details of which have been previously reported.64,65All experiments were carried out in an electrochemical cell at room
temperature at beamline X-11A at the National Synchrotron
Light Source (NSLS), Brookhaven National Lab. The working
electrode in the cell was one piece of 2 cm2 carbon cloth
painted with Pt−Ru/C (E-TEK, 60%) catalyst or Pt−Au@Ru/
C (60%) catalyst. A gold foil (99.95%, Alfa Acear) was used as
the counter electrode. A sealed RHE was used as the reference
1459
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electrode. Deaerated 1 M HClO4 solution was used as the
electrolyte.
Cyclic voltammetry was carried out in the potential windows
of between 0.05 and 0.9 V. After achieving stability, the
potentials were locked at certain values with the potentiostatic
control by an Autolab PGSTAT30 potentiostat. Then, fullrange Ru−K edge extended X-ray absorption ﬁne structure
(EXAFS) scans were collected in transmission mode with Ru
powder as reference sample for energy calibration. EXAFS data
analysis was carried out using the IFEFFIT suite66 (version
1.2.9, IFEFFIT Copyright 2005, Matthew Newville, University
of Chicago (http://cars9.uchicago.edu/ifeﬃt). Note that all
Fourier-transformed EXAFS data are represented without
correcting for phase shifts. As a result, bond distances appear
at smaller r values (ca. 0.2 to 0.4 Å) compared with actual
values.

3. RESULTS AND DISCUSSION
3.1. Physical Characterizations. Shown in Figure 1 (and
Table 1) are the XRD patterns and lattice parameters of the

Figure 1. XRD patterns from Pt−Ru/C (E-TEK, 60%) and Pt−Au@
Ru/C (microemulsion method, 60%), the peaks associated with Ru are
marked with asterisk.

prepared Pt−Au@Ru/C in comparison with that of Pt−Ru/C
(E-TEK, 60%). The Au-stabilized catalyst clearly exhibits a shift
to lower 2θ values, indicating that no alloy was formed between
Pt and Ru. Furthermore, the Au-stabilized catalysts exhibit
subtle but still observable reﬂections that can be attributed to
the hexagonal close-packed (hcp) phase of Ru. These data
suggest that not only are the Pt−Au@Ru catalyst particles
larger than the Pt−Ru particles but also that the Pt is alloyed
with the Au, whereas the Ru is partially segregated away from
the Pt or Au atoms. In addition, no well-deﬁned diﬀraction
peaks corresponding to metallic Au can be seen. This is
probably due to the very low Au content and suggests that the
Au atoms are either in solid solution (as in a Pt−Au alloy) or
present as very tiny crystals, not detectable through XRD.
XPS data were also collected to determine the surface
composition of the Pt−Ru and Pt−Au@Ru alloys, similar to
those reported in a recent study on nanoparticle Pt−Ru
catalysts.67 XPS spectra near the Ru 3d and C1s BEs for Pt−
Ru/C (E-TEK) and Pt−Au@Ru/C catalysts are shown in
Figure 2a. The two main peaks for Ru at 280.2 eV and for C at
284.5 eV are in line with those reported in the literature.56 The

Figure 2. (a) XPS spectra of the Ru 3d core level from Pt−Ru/C (ETEK, 60%) and Pt−Au@Ru/C (microemulsion method, 60%). (b)
XPS spectra of the Pt 4f core level for Pt−Ru/C (E-TEK, 60%) and
Pt−Au@Ru/C (microemulsion method, 60%). (c) XPS spectrum of
Au 4f core level for Pt−Au@Ru/C (microemulsion method, 60%).

Ru 3d5/2 BE was ﬁtted with contributions of both Ru(0) and
Ru(IV). There remains a relatively large amount of Ru (25.6%)
in the 4+ valence state in the commercial Pt−Ru/C. The Ru in
1460
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Pt−Au@Ru/C sample is dominated by the 0 valence state. This
indicates that the presence of Au may help to keep the Ru from
oxidation. The characteristic BEs corresponding to the core
levels of Pt 4f7/2 and 4f5/2 were used for ﬁtting the Pt peaks
shown in Figure 2b. Typically, the Pt (0) 4f7/2 and 4f5/2 BEs
appear at about 71.3 and 74.6 eV, respectively, and those of Pt
(II) around 72.7 and 76.1 eV.68 Taking into account the ratio
between the area of these Pt (0) and Pt (II) peaks, it is deduced
that the ratio of Pt (0) to Pt (II) is about equal in both of these
electrocatalysts(80% Pt (0) to 20% Pt (II)). The XPS spectra in
the Au 4f core level region for Pt−Au@Ru/C electrocatalyst
are shown in Figure 2c. The most intense peak at 82.6 eV can
be attributed to the Au 4f7/2 BE of Au (0), whereas the lower
band at 85.5 eV can be attributed to Auδ+ species.69 The data
on the Pt−Au@Ru catalysts thus show that a signiﬁcant
fraction of the surface sites are Au, whereas Pt and Ru make up
the rest of the surface, giving rise to an overall surface
distribution of XPt/XRu/XAu 8:3:6.
A more complete picture of the structure of the Au-stabilized
Pt−Au@Ru/C catalyst was obtained through the analysis of the
EXAFS data collected in situ as a function of electrode potential
at the Ru K-edge. Shown in Figure 3 are the Fouriertransformed k2χ2(k) data that result in a pseudoradial
distribution in r space that are not corrected for phase shifts.
The distribution shows that bond distances shifted to lower r
(typically 0.2 to 0.4 Å); the actual bond distances as obtained
through ﬁts to the EXAFS data are shown in the Supporting
Information (see Table S1). The most notable aspect of these
data is that the Ru−Ru distance for the Au-stabilized catalyst
(Figure 3a) represented by the large peak centered here around
2.3 Å(ﬁtted distance of ca. 2.65 Å, Table S1b in the Supporting
Information) is almost identical to the Ru−Ru distance seen in
Ru powder (hcp Ru, also 2.65 Å) and is in stark contrast with
the typical distribution commonly seen in alloyed/well-mixed
Pt−Ru catalysts (Figure 3b). Furthermore, EXAFS ﬁts carried
out with an additional Ru−M (M = Pt or Au) scattering path
did not yield any satisfactory ﬁts with acceptable parameters.
These results strongly support the XRD data and suggest that
the Ru phase in the catalysts is mostly pure hcp Ru and is
segregated from both Pt and Au. Also note that on increasing
the potential the amount of oxide on the Ru, represented by the
Ru−O scattering path (1.2 to 1.8 Å region in the distribution),
is quite small when compared with that seen in the case of the
Pt−Ru/C (E-TEK) catalyst. Taken together with the XRD and
XPS data, we arrive at three possible scenarios for the
morphology of the ternary catalyst, all containing Ru domains:
(i) the Ru is in the core of the nanoparticle, (ii) the Ru forms a
shell around a Pt−Au core, and (iii) the Ru is segregated as
islands on the surface of a Pt−Au core.
The EXAFS data for the Pt−Ru/C (E-TEK) sample seen in
the r space show features characteristic of a well-mixed alloy
with the ﬁtting results yielding NRu−Ru and NRu−Pt numbers
relatively close to each other (Table S1 in the Supporting
Information). Furthermore, it was found that unlike in the
stable Pt−Au@Ru/C catalyst, the Ru−Ru bonds in the
commercial sample are quite strained, having much larger
values compared with bulk Ru powder. Furthermore, in
contrast with that seen in the Pt−Au@Ru/C catalyst, the
bond distance for the commercial Pt−Ru/C catalyst changes
quite noticeably with potential, which is another indication that
the Au-stabilized nanoparticles are quite stable and undergo
fewer structural/morphological changes during catalysis.

Figure 3. (a) Pseudoradial distribution functions for Pt−Au@Ru/C
(microemulsion method, 60%) obtained from the Ru K-edge Fourier
transformed EXAFS data. The data were collected under in situ
conditions at diﬀerent potentials (vs RHE) in 1 M HClO4. (b)
Pseudoradial distribution functions for Pt−Ru/C (E-TEK, 60%)
obtained from the Ru k-edge Fourier transformed EXAFS data. The
data were collected under in situ conditions at diﬀerent potentials (vs
RHE) in 1 M HClO4.

The TEM characterization of the electrocatalysts shows
important diﬀerences between the nanostructure of the metal
particles of the E-TEK Pt−Ru/C (Figure 4a) and that of the
sample Pt−Au@Ru/C (Figure 4b). Well-deﬁned metallic
particles are identiﬁed in the sample Pt−Ru/C. The size of
most metallic particles in the Pt−Ru/C sample is around (4.7 ±
1.4) nm, as observed from the particle size distribution (Figure
S4a in the Supporting Information). In contrast with this
observation, isolated particles are not found in the Pt−Au@Ru/
C sample, rather the particles appear agglomerated. In these
agglomerates, with average particle size of (7.1 ± 1.4) nm
(Figure S4b in the Supporting Information), single nanoparticles can be still identiﬁed, as shown in the HRTEM picture
(Figure 4c). The particle interior exhibits lattice fringes with a
spacing of 0.22 nm, close to the spacing of bulk Pt (0.2266
nm). However, the lattice fringes exhibit only weak contrast
even in the thicker region near the center and appear to be
distorted. The particles appear to contain twin boundaries, as
seen at the bottom right in Figure 4c. The surface is apparently
covered by a thin layer that has a diﬀerent atomistic structure
than the core. The relatively strong contrast of this layer
1461
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Figure 4. (a) TEM characterization of Pt−Ru/C (E-TEK, 60%). (b)
TEM characterization of Pt−Au@Ru/C (microemulsion method,
60%). (c) TEM characterization of single nanoparticle of Pt−Au@Ru/
C (microemulsion method, 60%).

Figure 5. (a) Proposed (idealized) structure of a Pt−Ru/C (E-TEK,
60%) nanoparticle. (b) Structure of Pt−Au@Ru/C (microemulsion
method, 60%) nanoparticle. (c) Cross-sectional view of Pt−Au@Ru/C
(microemulsion method, 60%) nanoparticle. Pt, Ru, and Au atoms are
represented by blue, red, and yellow spheres, respectively.

suggests that it contains heavier elements. This structure seems
to maintain the electrocatalytic activity of the metal phases and
improves their stability under reaction conditions.
Structural information from the above-mentioned XRD, XPS,
EXAFS, and TEM data as well as the results of Cu UPD
measurements are shown in Table 1. On the basis of these
results, we propose the structural models for Pt−Ru/C (ETEK) and Pt−Au@Ru/C, as shown in Figure 5. PtRu/C (ETEK) is represented by a homogeneous alloy model in Figure
5a, where the Ru and Pt are uniformly distributed in the bulk
with initial XPS determined Pt/Ru ratio as 6:4 (Table 1) and
surface atomic ratio determined by Cu UPD method as (∼7:3)
(Table 2). The higher Pt/Ru atomic ratio, especially in the
context of the surface (Cu UPD), is a consequence of the small

particle size and greater stability of Pt. For the model of Pt−
Au@Ru/C, the catalyst nanoparticle, a core−shell structure
with a distinct core, and two distinct shells are proposed. The
core is considered to consist of a Pt−Au alloy (solid solution)
formed during microemulsion synthesis before the addition of
Ru in the reverse micelles. The ﬁrst shell around the core
consists of bulk Ru, formed during the sequential synthesis.
These are logical conclusion made on the basis of our synthetic
route. The outer shell contains a Pt−Ru−Au ternary alloy
formed by diﬀusional transport of metal atoms during the heat
treatment. Such segregation is expected and has been
previously reported.41,43,70 Interestingly, based on the initial
1462
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Table 2. Surface Information on Pt−Ru/C (E-TEK, 60%) and Pt−Au@Ru/C(60%), before and after Long-Term CA Tests
Pt−Ru/C (E-TEK), room T, 24 h
Pt−Ru/C (E-TEK), at 50 °C, 4 h
Pt−Au@Ru/C (microemulsion), room T, 24 h
Pt−Au@Ru/C (microemulsion), at 50 °C, 4 h

change in overall ECSA (−%)

increased Pt coverage (+%)

initial Pt coverage (%)

11.9
11.3
1.7
0.5

4.9
7.3
2.0
1.7

69.4
69.5
74.4
75.7

Cu UPD results (Table 2), the top layer appears to be enriched
with Pt and Au rather than Ru. Because the relative surface
composition does not change as a function of the
chronoamperometric tests, this represents an electrochemically
stable surface. This particular spatial distribution of Pt, Ru, and
Au seems to also be responsible for the excellent catalytic
activity for methanol oxidation together with high stability of Pt
and Ru during the electrochemical characterization, which we
will discuss in greater detail in the following section. Figure 5c
is a representation of these observations for the Pt−Au@Ru/C
electrocatalyst as a cross-section view.
3.2. Intrinsic Catalytic Activity and Role of Au in the
Methanol Oxidation on the Pt−Au@Ru/C Material.
Figure 6a shows anodic scans of the full cyclic voltammograms
from electro-oxidation of methanol over Pt−Ru/C (E-TEK)
and Pt−Au@Ru/C. Note that the onset potential for oxidation
on PtAu@Ru/C is shifted toward more negative values by as
much as 50 mV when compared with that on PtRu/C (ETEK). During the process of methanol electro-oxidation,
methanol decomposes on the catalyst surface at low potentials
and forms intermediates, such as formic acid, formaldehyde,
and CO.71 The anodic current increases due to oxidation of
these intermediates by OH originating from water activation on
the more oxophilic surface moiety as the potential increases
toward more positive values and then decreases again after a
peak potential because of loss of active Pt sites due to oxygen
adsorption, which blocks sites for the adsorption of
intermediates. It has been reported that the peak potential for
the oxidation of adsorbed intermediates from methanol
depends signiﬁcantly on the type of catalyst used.72 Thus, a
30 mV diﬀerence found in the position of the oxidation peak on
Pt−Ru/C (E-TEK) and Pt−Au@Ru suggests diﬀerent surface
conditions, especially in the context of previously mentioned
structural models wherein the Pt−Au@Ru/C has a third shell
comprising Pt−Au and Ru. This is in contrast with the presence
of Pt and Ru in a more homogeneous formulation for the PtRu
(E-TEK). More clearly, from the plots of instantaneous current
density versus potential in Figure 6b, the Pt−Au@Ru/C
catalyst shows a signiﬁcant enhancement of kinetics performance for electro-oxidation of methanol in acid media.
The chemisorption process of methanol occurs chieﬂy on Pt
sites. Consequently, the steps involving any adsorbed OHads/
Ru can only occur on sites containing a Pt and Ru interface.
Given that Pt−Au@Ru catalysts have a signiﬁcant amount of
Au on the surface as seen in the XPS data and that these
catalysts demonstrate a much higher methanol oxidation
activity when compared with commercial, state-of-the-art Pt−
Ru/C catalysts, we speculate that the Au on the surface may not
be entirely a spectator in the methanol electro-oxidation on
these catalysts. If a suﬃcient amount of OHads/Ru and OHads/
Pt surrounds Au sites in a ternary alloy catalyst, then the pH
near the surface is higher than that of the bulk solution, thus
favoring CO oxidation even in acidic environments. A highly
basic environment, however, may have too much OHads on the
surface, leading to poisoning/competition for catalytically active

Figure 6. (a) Cyclic voltammograms for glassy carbon electrodes
modiﬁed by Pt−Ru/C (E-TEK, 60%) and Pt−Au@Ru/C (microemulsion method, 60%), in 0.5 M H2SO4 + 1 M methanol, Pt loading:
15 ug/cm2, sweep rate: 10 mV s−1 (room temperature). The current
density is normalized based on the electrochemical surface area values
(Table 1). (b) Plot of log(it=0) versus electrode potential for methanol
oxidation on Pt−Ru/C (E-TEK, 60%) and Pt−Au@Ru/C (microemulsion method, 60%) in 0.5 M H2SO4. Methanol concentration was
1 M; the current density is normalized based on the electrochemical
surface area values (Table 1).

sites.73,74 The methanol oxidation activity in acid medium
follows the order: Pt−Ru > Pt−Au > Pt, in accordance with the
bifunctional mechanism. There are several studies that report
that the oxidation of CO in the gas phase is more favorable on
Au than on Pt.75,76 Furthermore, nanoscale Au is known to be
much more active for CO oxidation than bulk Au.77,78 Given
that the regions of gold in the catalyst are expected to be
entirely in the subnanometer domain, we cannot rule out such
an enhancement. However, in the Pt−Au@Ru catalyst, the
regions of surface Pt not in contact with Ru might be in contact
with Au atoms. As we have just discussed, because CO
adsorption on Au is more favorable than on Pt, it is not
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unreasonable to expect the adsorbed CO/Pt to move to a
neighboring Au site where the CO−Au bond strength is slightly
higher.79,80
Interestingly, Pt ﬂecks on a gold substrate have been shown
to enhance methanol oxidation.81,82 Could this actually result
from decreased OH poisoning of Pt sites owing to a strong
electronic eﬀect of the gold underlayer − as opposed to higher
dispersion, the reason proposed by those authors? That would
lead to smaller amounts of the surface Pt sites poisoned by OH
species, and as such more sites are then available for adsorption
of methanol, increasing the utilization of the Pt catalysts.
However, Zhou et al.83 believe the exact opposite may be
responsible for the better activity for such catalysts: They think
that Au beneath the Pt surface increases the presence of OH
species on Pt, thereby aiding the methanol oxidation process. In
a recent study, Au deposited on Pt in the presence of
phosphomolybdic acid was found to raise the oxidation
potential on Pt, reducing OH poisoning and hence increasing
the rate of methanol oxidation.84 Alloyed Pt−Au may do this
more eﬀectively through a ligand eﬀect of Au on the Pt. It is
thus quite apparent that there is still no consensus regarding
the exact role played by Au in either binary or ternary alloy
systems for methanol oxidation.
To summarize, if the ternary alloy region near the surface is
of uniform composition, then one would imagine that the Au
sites are likely to be in contact with Ru sites, thereby possibly
playing a crucial role in the mechanism for the CO/methanol
oxidation by eventually oxidizing oﬀ the CO using the OH
from the Ru sites. It is also possible that Au sites may be serving
as “reservoirs” of adsorbed CO. Thus, such a ternary alloy
catalyst, given a favorable structure, could combine the best
properties of three metals and give rise to a much higher
methanol oxidation activity in acidic medium − an area of
research still actively being pursued.
Finally, we cannot rule out the role of strain in the Pt−Au
alloy core, which likely leads to an altered catalytic activity for
the Pt surface. The Pt−Pt distance would be expected to be
only slightly changed from the bulk value in the Pt−Au@Ru
stabilized particles due to more alloying with Au, which has a
Au−Au bond distance more similar to that of Pt−Pt than does
Ru−Ru. The eﬀects of altered M−M (M = Pt, Ru, etc.) bond
distances, that is, strain eﬀects and their implications for
catalysis, have been reported.85,86
3.3. Enhanced Stability of Pt−Au@Ru/C. The stabilizing
eﬀect of Au in the Pt−Au@Ru/C catalyst was determined in an
accelerated stability test by running chronoamperometric
measurements (CA) at 0.55 V constantly for 86.4 ks (24 h).
Cu UPD measurements were conducted before and after the
long-term CA test to determine loss of surface area of catalysts.
Figure 7, Figure S5 in the Supporting Information, and Table 2
show only an insigniﬁcant change of ECSA in Pt−Au@Ru/C
catalysts and the relative ratio of Pt and Ru after long-term CA
testing. In contrast, the Pt−Ru/C lost more than 10% of the
ECSA due to dissolution of Ru or Pt. The same experiments
carried out at 323 K (50 °C) (Figure S6 in the Supporting
Information) showed no loss of ECSA for the Pt−Au@Ru/C
catalysts, providing additional evidence of the stabilizing eﬀect
of Au in this catalyst at elevated temperature.
Because there are no Au peaks in the XRD pattern
(Figure.1), the Au in the Pt−Au@Ru/C catalyst is believed
to be either in solid solution or amorphous rather than
crystalline. In a similar study a gold monolayer on Pt substrate
was found to decrease the oxidation of the Pt nanoparticles, a

Figure 7. (A) Background and UPD stripping voltammetry for Cu
deposited onto the Pt−Ru/C catalyst (E-TEK, 60%) bound to a glassy
carbon electrode with Naﬁon. The blank was done in fresh 0.5 M
H2SO4. (a) Stripping voltammetry at fully reduced surface to get
QPt+Ru before 86.4 ks (24 h) chronoamperometry test at room
temperature and (b) stripping voltammetry at fully reduced surface to
get QPt+Ru after 86.4 ks (24 h) chronoamperometry test at room
temperature. (B) Background and UPD stripping voltammetry for Cu
deposited onto Pt−Au@Ru/C catalyst (microemulsion, 60%) bound
to a glassy carbon electrode with Naﬁon. The blank was done in fresh
0.5 M H2SO4. (a) Stripping voltammetry at fully reduced surface to get
QPt+Ru before a 86.4 ks (24 h) chronoamperometry test at room
temperature and (b) stripping voltammetry at the fully reduced surface
to get QPt+Ru after 86.4 ks (24 h) chronoamperometry at room
temperature.

hypothesis conﬁrmed by in situ XANES data.45 They suggest
that although the mixing of the Au and Pt atoms in the surface
layer was unlikely in their samples, the Au atoms exerted a
signiﬁcant electronic inﬂuence on the underlying Pt atoms,
forming lower Pt d-band states and thus accounting for their
reduced reactivity. Recalling that the ECSA for Pt and Ru
atoms (as determined from Cu UPD data) were hardly aﬀected
after extended stability tests, we feel that a similar stabilizing
inﬂuence of the Au atoms is seen in our catalysts as well.
Whereas previous studies have largely alluded to the
electronic eﬀect of Au on the oxidation state of Pt in the
alloy catalysts used in methanol oxidation, we believe it is
arguably more important to stabilize the Ru domains in the
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alloy. This is because it is widely accepted that under operating
conditions of fuel cells it is the Ru metal atoms that are more
prone to oxidation or dissolution compared with Pt.13 We
notice such an eﬀect on the Ru atoms on the surface of these
alloy nanoparticles, which is interesting given that ruthenium is
more oxophilic than platinum and is consequently more easily
oxidized. To better understand the stabilization eﬀect of the Au
on the Pt−Ru catalysts, we once again turn to the in situ XAS
data collected on the catalysts at the Ru K edge. In the X-ray
absorption near-edge spectroscopy (XANES) region, small
changes in the white line intensity corresponding to the 1s →
5p transition at 22.117 keV occur on changing the oxidation
state of Ru (see Figure.8). The intensity at the absorption edge

Figure 9. Plot of oxide coverage and Ru−Ru coordination number for
Pt−Ru/C (E-TEK, 60%) and Pt−Au@Ru/C (microemulsion, 60%) as
a function of electrode potential as determined by the Δμ-XANES and
EXAFS data, respectively.

4. CONCLUSIONS
A Pt−Au core-Ru shell catalyst was synthesized in AOT/
cyclohexane microemulsions and heated at 493 K (220 °C)
under H2/Ar. This sample shows signiﬁcant enhancement of
the kinetic performance in comparison with a commercial Pt−
Ru/C catalyst (E-TEK, 60%). Notably, enhanced/improved
methanol oxidation properties were found despite the larger
size of the Pt−Au@Ru catalyst. More importantly, the Pt−Au@
Ru/C catalyst was found to be remarkably resistant to Ru
dissolution and exhibited superior stability during long-term
chronoamperometric measurements. The enhanced stability is
attributed to both a size eﬀect and the composition, more
speciﬁcally, the alloying with gold, that stabilizes the surface
composition of the nanoparticles. Further work is underway to
systematically investigate whether the gold atoms are really
aiding the catalysis at all and if so to what extent and also to
determine the nature of the eﬀect of surface Au on the
methanol oxidation properties of Pt−Ru catalysts in acid media.

Figure 8. In situ XANES spectra obtained with PtAu@Ru/C
(microemulsion, 60%) and PtRu/C (E-TEK, 60%) at Ru K edge at
0.5 V in 1 M HClO4.

energy, or the “white line” intensity, is directly proportional to
the unoccupied density of states in the material. As such, the
smaller white line intensity for the PtAu@Ru/C catalyst when
compared with that of the PtRu/C (E-TEK) samples suggests a
less oxidized state for the Ru in the gold-stabilized catalysts.
Thus, by subtracting changes that occur in the bulk of the
catalyst and using an appropriate reference spectrum, we
determined the potential-dependent oxide coverage on the
surface. Assuming that a full monolayer of oxide is formed at a
potential of ∼1.2 V, an estimate of the fraction of oxide
coverage on the surface of the two catalysts may be obtained.
From this result (Figure 9), the oxide growth on the Austabilized Pt−Ru is lower compared with the corresponding ETEK Pt−Ru catalyst, suggesting an increase in Ru oxidation
potential in the presence of Au. These Δμ values are bulkaveraged and thus also include subsurface oxygen and therefore
are not entirely surface-speciﬁc, whereas the surface coverage
values obtained from Cu UPD experiments are entirely
attributable to the surface coverage. Finally, we also note that
the Ru−Ru coordination number as obtained from EXAFS
analysis of these data, does not change notably in Pt−Au@Ru/
C, regardless of ascending potentials, again reﬂecting the
enhanced stability of the PtAu@Ru/C catalysts. This
preliminary insight into the catalyst behavior has fueled
additional eﬀorts to completely understand the mechanism of
the stabilization eﬀect of Au on Pt−Ru catalysts synthesized by
the microemulsion technique.
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