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ABSTRACT: Stabilization of cathode catalysts in hydrogen-fueled
proton-exchange membrane fuel cells (PEMFCs) is paramount to
their widespread commercialization. Targeting that aim, Pt−Au
alloy catalysts with various compositions (Pt95Au5, Pt90Au10, and
Pt80Au20) prepared by magnetron sputtering were investigated.
The promising stability improvement of the Pt−Au catalyst,
manifested in suppressed platinum dissolution with increasing Au
content, was documented over an extended potential range up to
1.5 VRHE. On the other hand, at elevated concentrations, Au
showed a detrimental effect on oxygen reduction reaction activity.
A systematic study involving complementary characterization
techniques, electrochemistry, and Monte Carlo simulations based on density functional theory data enabled us to gain a
comprehensive understanding of the composition−activity−stability relationship to find optimal Pt−Au alloying for maintaining the
activity of platinum and improving its resistance to dissolution. According to the results, Pt−Au alloy with 10% gold represent the
most promising composition retaining the activity of monometallic Pt while suppressing Pt dissolution by 50% at the upper potential
limit of 1.2 VRHE and by 20% at devastating 1.5 VRHE.
KEYWORDS: fuel cells, oxygen reduction reaction, platinum dissolution, Pt−Au alloy, activity−stability relationship

■ INTRODUCTION
According to the recently announced Green Deal, hydrogen-
fueled proton-exchange membrane fuel cells (PEMFCs) are
expected to be one of the pillars of a future sustainable green-
energy system.1 Alongside water electrolyzers, fuel cells are
considered to smooth out the intermittency of electricity
produced from renewable sources. To date, the main
limitations hindering the vast commercialization of such fuel
cells reside on its cathode side, where a sluggish oxygen
reduction reaction (ORR) takes place.2 Because of that,
PEMFC cathodes require a large amount of expensive
platinum catalysts, which moreover operate under aggressive
corrosive environments. Therefore, recent research efforts have
been focused on improving the cost efficiency and/or stability
of ORR catalysts.

While most studies focus on increasing ORR catalyst cost-
efficiency, significantly less attention has been devoted to
improving its stability. Even though platinum is a noble metal,
it is not entirely resistant to degradation under a hostile
electrochemical environment of the cathode. Relatively high
potentials in combination with an acidic environment cause Pt
dissolution and carbon support corrosion, which further trigger
secondary degradation processes, such as detachment of Pt
nanoparticles from the support, particle coalescence, and the
so-called electrochemical Ostwald ripening.3−7 Additionally,

dissolved Pt was found to recrystallize in the polymer
membrane and lower its proton conductivity.8 Moreover, all
the above processes are enhanced at higher operating
potentials, which are difficult to mitigate at the start/stop
operational regimes of PEMFC.9 This leads to an irreversible
detrimental effect on performance during fuel cell operation
owing to continuous reduction of the available platinum
catalyst active sites and proton conductivity of the Nafion
membrane.

Studies of the abovementioned degradation mechanisms of
ORR catalysts and their underlying principles pointed out that
the inhibition of Pt dissolution is crucial for suppressing their
deterioration. Platinum dissolution in PEMFCs is governed by
their successive oxidation and reduction due to the transient
nature of PEMFC devices. The development of in situ
techniques based on inductively coupled plasma mass
spectrometry (ICP-MS) allowed to elucidate fundamental
aspects of platinum dissolution and to establish relationships
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between potential-dependent oxide formation in various
environments.10−15 On the one hand, Pt dissolution takes
place in the initial steps of surface oxidation during transient
experiments, involving a change in the oxidation state of the
metal and/or oxide/hydroxide stoichiometry. This is the so-
called “anodic dissolution”. On the other hand, during the
reduction of the metal oxides, reverse processes occur with the
formation of an unstable oxide and its partial dissolution. This
is typically called “cathodic dissolution”. The dissolved
quantities depend on the amount of pre-formed oxide and
the rate of re-deposition of dissolved species.16 All these factors
should be considered when designing an ORR catalyst to
effectively address its durability.

Alongside other strategies, such as catalyst shape control17

and its surface coating by a thin protective layer,18,19

incorporating specific elements into platinum has recently
been proven favorable to alleviate its dissolution. Among
alloying elements, gold has been reported as one of the most
promising choices so far due to its inertness.20−24 Back in
2007, Zhang et al. showed that decorating Pt nanoparticles
with Au clusters suppresses Pt dissolution under PEMFC
working conditions.23 No obvious performance degradation
was observed even after 30,000 accelerated degradation test
(ADT) cycles. In situ X-ray absorption near-edge spectroscopy
and voltammetry revealed that the Au clusters confer stability
by raising the Pt oxidation potential. It was later confirmed in
the case of a Pt submonolayer on Au using a scanning flow cell
(SFC) coupled to ICP-MS. A direct comparison of the
dissolution rates pointed out that Pt dissolution is suppressed
in the presence of an Au underlayer.21 More recently, it was
shown that, besides the early reported selective healing of the
surface low-coordinated Pt sites, an Au underlayer also
promotes the ordering of Pt surface atoms toward a more
stable (111) structure, hence suppressing Pt dissolution.22

These findings were further demonstrated on a nanoparticle
catalyst consisting of a Au core surrounded by a 1 nm thick
mixed Pt−Au shell with a Pt-rich surface. Such catalyst
exhibited 30 times greater durability than Pt/C over an
extended potential range up to 1.2 V. Similarly, Takahashi et al.
showed that the Au atoms located in coordinatively
unsaturated sites, e.g., at corner or edge ones of Pt
nanoparticles, can improve the durability of ORR catalysts.24

The above research proved that mixing with gold not only
increases the oxidation potential of platinum but also protects
its low-coordinated surface sites. Although, in general, gold
fails to effectively address the cost issue, such a Pt−Au
composite is undoubtedly an attractive solution for improving
the stability of Pt against dissolution, thereby opening up
prospects for the development of long-lasting ORR catalysts.
The challenges and opportunities of the Pt−Au system for the
ORR are summarized in a recent perspective paper.25

Despite the advantages and great potential of Pt−Au alloys,
a significant drawback exists. The gold itself is not active for
the ORR. Moreover, its alloying with platinum makes it
unfavorable for ORR geometrical modifications.26 The
effectiveness of Pt−Au for both activity and durability thus
strongly depends on the alloy structure as well as the
compositional profile and, therefore, should be balanced
through precise catalyst engineering.

Herein, we report a systematic study of Pt−Au bimetallic
alloys with different compositions prepared using a magnetron
sputtering technique. Powerful surface characterization techni-
ques, electrochemistry, and Monte Carlo simulations relying

on density functional results were applied to gain a
comprehensive understanding of the composition−activity−
stability relationship in order to find optimal Pt−Au alloying to
effectively address both requirements: maintain the ORR
activity and improve Pt resistance to dealloying.

■ EXPERIMENTAL SECTION
Sample Preparation. Pt−Au alloys were deposited on glassy

carbon (GC) substrates (Alfa Aesar) by magnetron co-sputtering
using two circular TORUS magnetrons (Lesker) placed under the
angle of 45° to the substrate and two targets: 2″ Pt (99.99 % Safina)
and 2″ Au (99.99% Kurt J. Lesker). The sputtering was carried out in
0.5 Pa of an Ar atmosphere in DC mode by applying 90 W to Pt and
2, 5, and 10 W to the Au target, resulting in the deposition of Pt95Au5,
Pt90Au10, and Pt80Au20 layers, respectively. The reference mono-
metallic Pt and Au layers were deposited using corresponding single-
metal targets. The nominal thickness of all the investigated catalytic
layers was kept constant at about 10 nm.

Sample Characterization. Atomic Force Microscopy (AFM).
The morphology of catalysts was examined using a MultiMode 8
AFM (Bruker) in tapping mode under ambient conditions.
SCANASYST-AIR probes (Bruker) with a nominal tip radius of 2
nm were used. Image processing was carried out using the NanoScope
1.9 software.
Energy-Dispersive X-ray Spectroscopy. The bulk composition of

the as-deposited Pt−Au samples was determined by energy-dispersive
X-ray spectroscopy (EDX) using an XFlash detector (Bruker)
integrated into the Mira 3 (Tescan) scanning electron microscope
(SEM) operating at 20 keV electron beam energy.
Photoelectron Spectroscopy. The high-resolution synchrotron

radiation photoelectron spectroscopy (SRPES) measurements were
performed at the Materials Science Beamline at the Elettra
synchrotron light source in Trieste, Italy. The beamline uses a
plane grating monochromator, providing narrow-band synchrotron
light in the energy range of 21−1000 eV. The end station consists of a
main ultra-high vacuum (UHV) chamber (base pressure 2 × 10−8 Pa)
equipped with a Phoibos 150 electron energy analyzer (Specs). The
180 eV excitation energy was used to measure Pt 4f and Au 4f core-
levels in order to obtain the highest surface sensitivity. Sample
cleaning was performed through its exposure to the hydrogen
atmosphere (5 mbar, room temperature) with further mild Ar+ ion
bombardment (1000 eV for 5 min). Conventional XPS was
performed in the same setup using an Al Kα X-ray source with
fixed 1486.6 eV photon energy.
X-ray Diffraction. The X-ray diffraction (XRD) measurements

were performed using a Rigaku SmartLab diffractometer equipped
with a 9 kW rotating anode X-ray source (Cu Kα radiation, λ =
0.15418 nm), a parabolic multilayer mirror in the primary beam, a set
of axial divergence eliminating Soller slits with acceptance 5° in both
incident and diffracted beam, and a HighPix-3000 2D hybrid pixel
single-photon counting detector. The XRD measurements were done
in the parallel beam�glancing angle X-ray diffraction geometry
(GAXRD) with a parallel beam Soller slit collimator (acceptance
0.5°) in the diffracted beam. The constant angle of the incidence
beam of 0.6° was used for the measurements.
Rotating Disc Electrode. Electrochemical measurements were

performed using a rotating disk electrode (RDE) setup (Pine
Research) connected to an SP-150 potentiostat (Bio-Logic). A typical
three-electrode configuration was used with a catalyst deposited onto
GC (Pine Research, 5 mm diameter, 0.196 cm2 surface area) as a
working electrode, platinum wire as a counter electrode (99.99%, Pine
Research), and leak-free Ag/AgCl in saturated KCl as a reference
electrode (Monokrystaly s.r.o.). All measurements were performed at
room temperature. All potentials in this paper refer to a reversible
hydrogen electrode (RHE). The cyclic voltammograms (CVs) were
recorded in N2-saturated 0.1 M HClO4 electrolyte solution at 200 mV
s−1 sweep rate.

To obtain CO stripping voltammograms, 0.1 M HClO4 electrolyte
solution was first saturated with CO gas while keeping the cell
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potential at 0.15 VRHE. Then, the solution was purged with N2 gas for
20 min to remove CO not bonded to platinum. After purging, linear
sweep voltammetry was conducted from 0.05 to 1.5 VRHE with a scan
rate of 20 mV s−1.

The ORR activity of the catalysts was evaluated using linear sweep
voltammetry (LSV) in an O2-saturated 0.1 M HClO4 electrolyte at 20
mV s−1 scan rate and 1600 rpm rotation speed.
Electrochemical Scanning Flow Cells with ICP-MS. Electro-

chemical transient dissolution of 195Pt and 197Au was monitored
employing previously described SFC-ICP-MS systems.13,27 Saturated
Ag/AgCl (Metrohm) and a GC rod (HTW Sigradur G) were used as
reference and counter electrodes, respectively. The working electrode
contact area was approximately 1.1 mm2. Freshly prepared 0.1 M
HClO4 from 70% perchloric acid (Suprapur, Merck) and ultrapure
water (Milli-Q IQ 7000, Merck) was used as an electrolyte with a flow
rate from 197 to 205 μL min−1 with continuous argon purging. The
flow rate varied as pump tubing aged. Dissolution was monitored on a
NexION 300 (Perkin Elmer) ICP-MS via calibration from Pt and Au
solutions (Certipur, Merck), while 10 μg L−1 187Re were used as
internal standards for 195Pt and 197Au, respectively. Total quantities of
dissolution were obtained via integration of the transient dissolution
profiles.

Computational Modeling. The lowest-energy arrangement of
different metal atoms in bimetallic nanoparticles of a given structure
and composition (chemical ordering) can be efficiently determined
computationally using a Topological (TOP) method28,29 that
combines density functional theory (DFT) calculations of selected
orderings with Monte Carlo (MC) exploration of a huge configura-
tional space of the possible orderings. The TOP method has been
recently applied to calculate chemical orderings in Pt−Au nano-
particles with Au content ≥25 at.%.30 Using the TOP equations
obtained there, ca. 4 nm large octahedral-like Pt1463−xAux particles
with the fcc-structure and increasing Au content were modeled:
Pt1434Au29, Pt1406Au57, Pt1349Au114, Pt1291Au172. The outer atomic layer
of these particles consists of 24 corner, 108 edge, and 440 (111) facet
atoms. Thus, the chosen stoichiometries correspond to 5, 10, 20, and
30 at.% Au in the surface layer to represent the experimentally
investigated compositions. The most stable chemical orderings,
revealing the predicted arrangement of surface Au and Pt atoms at
300 K, were obtained from the MC simulations as detailed
elsewhere.30 DFT calculations of the relative stability of the corner,
edge, and surface terrace Pt atoms were performed for the truncated-
octahedral Pt405 particle following the protocol presented in ref 31.

Although the employed computational models are idealized in
terms of regular and well-organized arrangements of atoms, this
idealization is not expected to critically affect the representation of the
main reactivity features of the catalysts prepared by magnetron
sputtering exhibiting quite irregular arrangements.

■ RESULTS AND DISCUSSION
Three Pt−Au layers with different compositions were
prepared, from now on referred to as PtAu5, PtAu10, and
PtAu20, corresponding to Pt95Au5, Pt90Au10, and Pt80Au20. The
AFM images of all investigated samples are depicted in Figure
1a. The morphology reveals homogeneously distributed grains
with high-angle boundaries in close proximity to each other,
which is typical for layers deposited by magnetron sputtering.
Statistical parameters such as root mean square roughness (Rq,
represents vertical roughness of the surface) and the
correlation length (ξ, describes the lateral roughness of the
surface and is associated with the grain size) were extracted
from the corresponding images to analyze morphology in more
detail.32 Both Rq and ξ remain similar for all samples (ξ = 4.5
± 0.1 nm, Rq = 0.5 ± 0.01 nm), evidencing essentially identical
morphology regardless of the composition, avoiding thus its
possible influence on the ORR activity. It should also be noted
that because of the convolution of the AFM tip and the surface,

these values should not be taken into account as absolute
values.

The composition of as-deposited samples was verified by
multiple surface (CO stripping, SRPES, XPS) and bulk (XRD,
EDX) sensitive techniques. All nicely correlate with the given
Au concentrations in the alloy with only slight deviations,
further confirming the uniform composition gradient, as
summarized in Figure 1b.

The XRD patterns acquired from Pt−Au layers are shown in
Figure 2a together with pure Pt to facilitate the comparison. All
reflections correspond to a single phase of the face-centered
cubic (fcc) (space group Fm-3m, No. 225) structure. A closer
inspection of the XRD patterns reveals a continuous shift of all
diffraction peaks toward lower angles with respect to the pure
Pt with increasing Au content, as highlighted for the Pt(111)
line in the inset of Figure 2a. Such behavior implies the
formation of tensile strain originating from the larger Au atom.
Indeed, the lattice constant quantified from the corresponding
patterns and plotted in Figure 2b linearly increases with Au
concentration following Vegard’s law (The lattice parameters
for bulk Pt and Au are also included for comparison). These
results confirm that despite immiscibility of Pt and Au, Pt−Au
catalysts prepared by magnetron sputtering display alloy
properties, which is in line with previous studies on a
nanoscale Pt−Au system prepared by other methods.26,33,34

The lattice expansion with respect to that of pure Pt calculated
from XRD is 0.25, 0.44, and 0.82% for PtAu5, PtAu10, and
PtAu20, respectively.

The samples were further analyzed using surface-sensitive
SRPES in order to evaluate changes in the electronic structure
of Pt and Au caused by their alloying. All samples were cleaned

Figure 1. (a) AFM images of the as-deposited Pt−Au alloy and pure
Pt catalysts; (b) comparison of the Pt−Au alloy composition
calculated using CO stripping (Figure 3b), SRPES (Figure 2c,d),
XPS (Figure S1b), XRD (Figure 2a), and EDX (Figure S1a)
techniques. Dashed lines present nominal compositions.
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prior to measurements according to the procedure described in
the experimental part. The photoelectron Au 4f and Pt 4f
spectra recorded at 180 eV photon energy, which allows
collecting information from the top 2−3 monolayers of the
alloy, are shown in Figure 2c,d. The high-resolution Pt 4f
spectrum of pure platinum (bottom spectrum in Figure 2d) is
represented by a single doublet with a significantly asymmetric
shape at 70.95−74.25 eV, typical for metallic platinum.35,36 In

contrast, the Au 4f core level of monometallic gold (upper
spectrum in Figure 2c) reveals the existence of two
components at 83.95−87.69 and 83.6−87.36 eV, correspond-
ing to the bulk (subsurface) and surface gold atoms.37,38 The
shape of the SRPES spectra persists for the whole range of
alloy composition. Nevertheless, the continuous shift of both
Pt 4f and Au 4f regions (highlighted as the 4f7/2 peak position
for Pt and Au components in Figure 2e) can be observed
relative to the pure metals, evidencing changes in the electronic
structure of both elements due to the higher electronegativity
of Au.30,39,40 Since, in our case, lower amounts of gold are
dissolved in the platinum host, Pt 4f is less affected by alloying
than Au 4f. The quantified Pt 4f core-level shifts compared to
the peak position for monometallic Pt are −0.07, −0.10, and
−0.15 eV for PtAu5, PtAu10, and PtAu20, respectively. Based
on the above XRD and SRPES data, precise adjustment of the
amount of gold in Pt−Au alloy allows accurate tuning of
platinum geometrical and electronic structure.

An electrochemical study was further performed. CVs
acquired in N2-saturated 0.1 M HClO4 for all investigated
samples are displayed in Figure 3a and compared with the CVs
for monometallic platinum and gold (note that the upper
potential of 1.6 VRHE was chosen to observe Au oxidation/
reduction couple). The CVs display typical electrochemical
signatures of both polycrystalline platinum and gold. It can be
qualitatively observed that as the Au amount increases, the
intensity of the CV peaks associated with surface Pt decreases,
while the intensity related to surface Au increases. A closer
inspection of CVs reveals that the peak potential value for gold
oxide reduction shifts significantly to higher potentials with Au
increase, whereas platinum oxide reduction peak shows only
negligible potential shift to lower potentials, implying slightly
higher platinum affinity to oxygen, which is in line with the
literature.41

Figure 3b compares the CO stripping voltammograms
acquired in CO-saturated 0.1 M HClO4 for all investigated
samples. The CO stripping peak centers at 0.68 VRHE for
pristine Pt and then continuously shifts toward higher
potentials with addition and further increase of Au, reaching

Figure 2. (a) XRD patterns of the as-deposited Pt−Au alloy catalysts
(inset highlights the 111 peak) and (b) evolution of corresponding
lattice parameters; (c) SRPES Au 4f and (d) SRPES Pt 4f spectra
acquired for as-deposited Pt−Au alloy catalysts (dashed lines
highlight the position of the 4f7/2 peak for monometallic Pt or Au);
(e) evolution of Au 4f7/2 and Pt 4f7/2 BEs with varying Au contents
extracted from the spectra shown in (c) and (d).

Figure 3. (a) CVs recorded in N2-saturated 0.1 M HClO4 and (b) CO-stripping voltammograms recorded in CO-saturated 0.1 M HClO4 of the as-
deposited Pt−Au alloy catalysts; (c) evolution of CO charge calculated from the voltammograms shown in b); (d) ORR polarization curves of the
as-deposited Pt−Au alloy catalysts recorded in O2-saturated 0.1 M HClO4 at 1600 rpm rotation speed; (e) corresponding Tafel plots; (f) specific
activity values at 0.9 VRHE.
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0.74 VRHE for the PtAu20 sample. This implies an increased
CO binding energy induced by Pt modification and correlates
well with previous studies on Pt/Au systems.42,43 The CO
oxidation charge evaluated by integrating the corresponding
CO stripping peaks and, as shown in Figure 3c, decreases with
increasing Au content, indicating a lower electrochemically
active surface area (ECSA) caused by the presence of Au
atoms on the surface. The outermost surface compositions
calculated using CO desorption charge, considering that it is
100% for pure platinum, are Pt97Au3, Pt91Au9, and Pt79Au21,
which agrees with that measured by SRPES, XPS XRD, and
EDX (see Figure 1b).

The ORR activity of the catalysts was examined in an O2-
saturated 0.1 M HClO4 electrolyte. The polarization curves for
PtAu5 and PtAu10 samples in Figure 3d are very similar to the
one for pure Pt showing comparable half-wave potential (E1/2
∼ 0.9 VRHE). This indicates that 5 and 10% of Au have minimal
effect on the ORR activity. On the contrary, the PtAu20
sample shows markedly lower activity manifesting in the
negative shift of the half-wave potential by about 40 mV (E1/2
= 0.86 VRHE). To get a deeper insight into the ORR activity, a
detailed kinetic analysis was carried out (see Electronic
Supplementary Material for details). Tafel plots derived from
the ORR polarization curves were analyzed in the vicinity of
0.9 V and shown in Figure 3e (Tafel plots in the whole
potential range are shown in Figure S2a). As shown in Figure
S2b, Tafel slopes of ∼90 mV dec−1 were fitted for all Pt−Au
catalysts at the high potential region from 0.93 to 0.87 V,
which is in close agreement with that of monometallic Pt
reported previously,44,45 indicating a similar ORR pathway
with the pure Pt surface at the high potential region. The
specific activity (SA, which is defined as the kinetic current
density, Jk, normalized by the Pt area obtained by the CO
stripping measurements) values at 0.9 VRHE in turn are shown
in Figure 3f. The SA remains within 2.6−2.9 mA cm2

Pt for
PtAu5 and PtAu10, which is typical for polycrystalline Pt based
on previous reports46,47 while the PtAu20 sample shows
markedly lower activity manifesting in a nearly double decrease
of SA. The above results clearly evidence a threshold in Au
concentration within 10−20 at.% below which Pt retains its
activity.

Similar findings have been made by other researchers for
Au/Pt model systems. For example, in a recent study, Lopes et
al. reported the optimal coverage of up to 0.2 ML of Au on
Pt(111), where a negligible impact on the ORR rate was
observed and related to the fact that Au atoms are
preferentially placed at Pt(111) step-edge sites.22 However,
increasing the Au coverage above that value resulted in a
measurable decrease in the ORR, which, in turn, coincided
with Au spillover on Pt terraces. Takahashi et al. found that
with the increase in the Au content deposited on Pt
nanoparticles, the ECSA of the Aux/Pt100 (x = 0−42) gradually
decreased. Nevertheless, the specific ORR activity of the
samples revealed a volcano-type trend, where Au28/Pt100
showed the highest SA among all the investigated samples.24

Lack of ORR inhibition in the case of Au clusters decorating Pt
nanoparticles despite blockage of approximately 30% of the Pt
sites was concluded by Zhang et al.23

The above experimental observations on Au/Pt model
systems directly relating the content of Au on the surface of Pt
with its activity are supported by the results of our
computational experiments on Pt−Au nanoparticles summar-
ized in Figure 4. Note that these simplified simulations do not

reveal bulk Au atoms in the equilibrium chemical orderings of
Au/Pt model particles. There, the lowest-energy topologies
(atomic orderings) of 1463 atomic particles containing the
increasing number of Au atoms on the surface (at 5, 10, 20,
and 30% of the total atoms in the monoatomic skin) are
shown. DFT calculations of Pt−Au nanoparticles30,31 reveal a
strong energy driving force for Au atoms to stay in the outer
monoatomic shell of particles, preferentially in the corner and
edge positions with the lowest coordination, where each Au
atom is ≥0.5 eV more stable than inside the particle;
displacement of an inner Au atom to a (111) terrace position
is also notably favorable, by 0.3−0.4 eV.

Accordingly (see Figure 4), the calculated equilibrium
chemical ordering of Pt1434Au29 particles with 5% of Au
atoms in the skin features their locations exclusively in the
corner (4 of 24) and edge (25 of 108) positions. Pt1406Au57
particles with Au surface content increased to 10% feature low-
coordinated Pt atoms in the corner and edge sites, but still,
there was no decrease in the number of active Pt atoms in
(111) nanofacets. Further increase of Au content, Pt1349Au114
with 20% of Au, already results in the appearance of first Au
atoms in the (111) terraces�the onset of detrimental effects
for ORR activity by decreasing the number of active sites. At
30% of surface Au, Pt1291Au172 model, there are no corner or
edge Pt atoms at all and this particle exposes 40 Pt atoms less
in (111) terrace sites than the other three models, i.e., notably
less active surface Pt atoms mediating the ORR.

Overall, in the most of cited above experimental studies, the
Au/Pt system retains Pt activity up to 20−30% of Au on the
surface. The simulations of Pt−Au nanoparticles describing the
interplay of Au concentration on the surface and the number of
exposed active Pt sites show comparable results. However, the
present experimental results reveal quite poor ORR activity of
the Pt−Au catalyst with already 20% of Au. This inconsistency
is probably associated with the different nature of the studied
systems. Since we deal with bimetallic Pt−Au alloys, in
addition to the ensemble effect (dilution of Pt atoms on the
surface by Au atoms), one should also consider co-existing
geometric and ligand effects given by the presence of Au in
bulk,48 which are confirmed above by XRD and SRPES results.

Figure 4. Equilibrium chemical orderings of ca. 4 nm large Pt−Au
particles with Au content in the outer atomic shell of 5, 10, 20, and 30
at.% calculated at temperature 300 K: Pt1434Au29 (4,25,0), Pt1406Au57
(12,45,0), Pt1349Au114 (23,89,2), and Pt1291Au172 (24,108,40). In
parentheses, the numbers of Au atoms in the corner, edge, and (111)
surface terrace positions, respectively, are shown. Atom color coding:
Pt−gray; Au−yellow.
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Both increase with Au content and, because of the detrimental
effect on ORR activity in terms of oxygen adsorption
energy,2,25,26 lower composition−activity threshold in the
case of Pt−Au bulk alloys. This assumption is also confirmed
in Figure S2c where the kinetic current is compared to the one
normalized to the Pt area, since it can be clearly observed that
even taking into account the actual Pt area on the surface, the
kinetic current is still much lower for PtAu20 in comparison to
the other alloys.

An electrochemical flow cell combined with ICP-MS was
applied to probe the influence of Au on Pt dissolution. In order
to resolve anodic and cathodic dissolution, slow scan rate (5
mV s−1) CVs were acquired from 0.05 VRHE to different upper
potentials. Pt dissolution was investigated over an extended
potential range, modeling different operational regimes of a
PEMFC. Two upper potential limits (UPL) have been
employed, 1.2 and 1.5 VRHE. At 1.2 VRHE, only Pt dissolution
occurs, while at 1.5 VRHE, both Pt and Au dissolve. Note that
we did not use 1.0 VRHE UPL because the dissolution at this
potential is below the detection limit of the ICP-MS, which is
approximately 3 pg cm−2 s−1.6 However, taking into account
previous work on Pt@Au core-shell nanoparticles where the
effect of Au on stabilization of Pt dissolution was observed in
the range from 1 to 1.2 VRHE, we believe that our results can be
also extrapolated to lower upper potentials.22 The Pt and Au
dissolution profiles for all Pt−Au alloys under study, together
with monometallic Pt and Au, are shown in Figure 5b,c. These
profiles have been normalized to the corresponding ratio of Pt
and Au, as determined from the CO stripping voltammograms
shown in Figure 3c. At a UPL of 1.2 VRHE, it is difficult to
clearly differentiate between anodic and cathodic Pt dissolution
(see Figure 5b). However, a clear shoulder appears on the left
side for monometallic Pt highlighted in the inset of Figure 5b,
which could be deconvoluted as an anodic dissolution peak
(see Figure S3). This shoulder, however, vanishes for the Pt−
Au samples, evidencing that the anodic dissolution is
suppressed by Au. Concerning the cathodic dissolution peak,
it can be inferred that the dissolution rate decreases with the
increasing Au content. Moreover, the onset of Pt dissolution is
shifted to more positive potential values. These observations
indicate that Pt stability is improved as the Au content is
increased. This trend can be observed from the integrated

dissolved amounts shown in Figure 5d, in which less total
normalized dissolution is observed as the Au content increases,
being 20, 45, and 80% lower for PtAu5, PtAu10, and PtAu20
samples, respectively, than for monometallic Pt.

At the UPL 1.5 VRHE, both Pt and Au dissolve, and anodic
and cathodic dissolution for Pt can be clearly resolved in
agreement with previous studies.16,21 A similar dissolution
behavior is pointed out for UPL 1.2 VRHE. Both anodic and
cathodic dissolution peaks decrease with increasing Au content
and shift to more positive potential values. Here, however, the
anodic peak does not disappear completely. The ratio between
the anodic and cathodic peaks for Pt dissolution was further
analyzed. As can be seen in Figure S4, a value near 20% is
obtained for pure Pt, while it decreases to around 10% for all
Pt−Au samples. It was confirmed in a previous study with 0.25
ML Pt coverage on gold that anodic dissolution is proportional
to the coverage of Pt while cathodic dissolution is coverage-
independent since the ratio between anodic and cathodic
dissolution was reduced four times when compared to pure
Pt.21 There, it was concluded that Au does not have a
noticeable stabilizing effect. However, in the present work, for
the PtAu20 sample, with 1.25 times less surface Pt than in the
monometallic sample, the ratio between anodic and cathodic
dissolution is reduced 2 times compared to pure Pt, giving
extra evidence of the stabilizing effect of Au in the studied
conditions. Overall, the integrated dissolved amounts of Pt at
1.5 VRHE shown in Figure 5d reveal 10, 20, and 65% lower Pt
dissolution for PtAu5, PtAu10, and PtAu20 catalysts,
respectively, compared to monometallic Pt.

In the case of Au dissolution, the normalized dissolved
amount is higher for the sample with lower Au content and
diminishes as the Au content is increased, being the lowest for
pure Au. In addition, it can be seen that the onset potential for
Au dissolution for PtAu20 is higher than that for pure Au,
indicating an alloy behavior in the present samples. A
stabilization effect of Pt on Au was also suggested in the
previous model study with sub-monolayer Pt on Au, since the
amount of dissolved Au after some degradation cycles
remained constant although Au coverage increased, and this
was ascribed to alloying during this process.21

One of the key parameters affecting the leaching of Pt atoms
is their binding strength in various kinds of surface positions in

Figure 5. (a) Applied potential program; representative platinum (b) and gold (c) dissolution mass spectrogram taken from Pt−Au alloy catalysts
as well as monometallic Pt and Au electrodes; normalized platinum (d) and gold (e) dissolution amounts obtained by the integration of the
corresponding mass spectrogram shown in b and c normalized to the concentration of Pt and Au on the surface of Pt−Au alloys.
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the particles under scrutiny. Obviously, lower-coordinated
surface Pt atoms (in corner, edge, step-edge, etc. positions) are
more prone to detachment than the higher-coordinated atoms
located in the sites of compact surface terraces, e.g., in the
(111) nanofacets, which was shown to be the most stable Pt
facet.10,49,50 The present DFT calculations of Pt404 nano-
particles with one Pt atom withdrawn from various surface
positions of the pristine Pt405 model (see the Computational
Modeling section) estimate that the inner (111) terrace Pt
atoms are by almost 1 eV more stable than Pt corner atoms
and by 0.6−0.9 eV more stable than other surface Pt atoms
residing outside the (111) terraces. The absence of low-
coordinated surface Pt atoms (or their decreased number) due
to “blocking” such sites by occupying them with Au atoms of
the more inert metal makes Pt−Au nanoparticles less prone to
disintegration due to Pt leaching and dissolution compared
with bare Pt nanoparticles abundantly exposing low-coordi-
nated Pt atoms.

As indicated by the models in Figure 4, Au atoms on the
surface start occupying preferentially corners and edges,
thereby decreasing the number of less stable low-coordinated
Pt atoms and thus decreasing the amount of dissolved
platinum. According to the calculated equilibrium chemical
ordering with increasing Au content, Au atoms in the skin layer
will continuously fill corner and edge positions up to PtAu30
(Pt1291Au172 model), where there are already no corner or edge
Pt atoms at all on the particle surface. It has to be re-iterated
that the discussed above results of computer simulations
employing simple regular models of Pt−Au nanoparticles
cannot pretend to be quantitative, but they agree with the
general picture of the experimentally derived Au content
relation with the stability and activity of Pt−Au ORR catalysts.

It can be seen from the ICP-MS results as well as theoretical
calculations that the stability increases progressively with Au
content in the studied range because of the substitution of Pt
atoms by Au on the edges of the nanoparticles, which is in
agreement with the literature.22 However, it is essential to
juxtapose stability and ORR activity in order to extract
conclusions about the optimal Pt−Au composition in terms of
both. The ORR results show that while the activity is
maintained up to PtAu10, it is unacceptably low already for
PtAu20, due to co-existing geometric, ligand, and ensemble
effects given by the presence of Au. In light of these results, it
can be concluded that PtAu10 is the best composition of the
samples under scrutiny, taking into account both ORR activity
and stability of the catalysts.

The above results prove that the effectiveness of the Pt−Au
alloy for both catalysis and durability is strongly dependent on
its composition and structure, indicating the importance of
thorough catalyst engineering. Additionally, the systematic
study described in this paper can also be used for various
promising applications of Pt−Au alloys which expand far
beyond fuel cells.41,51−54

■ CONCLUSIONS
We reported a systematic study of Pt−Au alloys with different
compositions (Pt95Au5, Pt90Au10, and Pt80Au20) prepared using
a magnetron sputtering technique. State-of-the-art surface
characterization techniques, electrochemistry, and computa-
tional modeling were applied to obtain a profound under-
standing of their composition−structure−activity relationship.
A composition threshold was observed within 10−20 at% of
Au, beyond which ORR activity dropped significantly. Such

behavior was explained by an interplay of strain, electronic, and
ensemble effects caused by platinum alloying with gold.

In parallel, the composition−structure−stability relationship
was investigated using SFC combined with ICP-MS to probe
Pt dissolution in Pt−Au alloys, which is a fingerprint of ORR
catalyst degradation. We showed that Pt dissolution was
suppressed by 20, 45, and 80% for PtAu5, PtAu10, and PtAu20
samples when using upper potential limit 1.2 VRHE and by 10,
20, and 65% when using upper potential limit 1.5 VRHE.

Comparing the obtained results, the Pt−Au alloy with 10%
gold represents the most promising composition retaining the
activity of monometallic Pt while suppressing Pt dissolution by
50% at the upper potential limit of 1.2 VRHE and 20% at
devastating 1.5 VRHE.
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