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Mass-selected platinum–gadolinium alloy nanoparticles (PtxGd NPs) are synthesized for the first time as
oxygen reduction reaction (ORR) electrocatalysts using the gas aggregation technique, under ultrahigh
vacuum (UHV) conditions. The morphology of the PtxGd catalysts is characterized, and their catalytic
performance toward the ORR is assessed in acidic media using a half-cell configuration. The PtxGd 8-nm
catalyst shows a high activity (3.6 A (mg Pt)�1), surpassing the highest activity reached so far with PtxY
NP catalysts. In addition, the optimum PtxGd catalyst also presents high stability, as suggested by the
accelerated stability tests under ORR potential cycling. Extended X-ray absorption fine structure (EXAFS)
spectroscopy measurements confirm that as-prepared PtxGd NPs are compressively strained, relative to
pure Pt, and that a PtxGd core/Pt-rich shell structure is adopted after partial Gd leaching. The activity cor-
relates strongly with the compressive strain. On that basis, we propose that the ORR enhancement is due
to the compressive strain within the Pt shell induced by the alloy core. The results herein confirm the suit-
ability of PtxGd NPs as cathode nanocatalysts for proton exchange membrane fuel cells (PEMFCs).

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Both electrocatalysis and traditional heterogeneous catalysis
focus on surface reactions that involve multistep reaction path-
ways, with sequential breaking and/or creation of chemical bonds.
The catalyst consists of supported nanoparticles whose atomic and
electronic structures are analyzed by means of common character-
ization techniques, such as X-ray photoelectron spectroscopy
(XPS), transmission electron microscopy (TEM), or X-ray absorp-
tion spectroscopy (XAS) [1]. The main difference between the fields
is that in electrocatalysis, the structure of the electrified metal/
solution interface needs to be taken into account, which contains
solvent molecules and other charged species. Despite these inher-
ent challenges, it turns out that the factors that control the reactiv-
ity of surfaces toward gas/solid catalytic reactions are largely the
same as for electrocatalytic reactions, that is the binding to the
reaction intermediates [2]. Sabatier’s principle states that the opti-
mum catalyst should bind neither too weakly nor too strongly to
the reaction intermediates [3]. According to the density functional
theory (DFT) calculations of Nørskov, Rossmeisl and coworkers, the
binding energies of the reaction intermediates in multielectron
reactions tend to scale linearly together [4,5]. Consequently, the
binding energy of just one reaction intermediate can be used as
descriptor to predict the trends in activity for electrocatalytic reac-
tions; plotting the activity as a function of such a descriptor then
results in a Sabatier volcano. This model has been able to describe
trends for a number of electrocatalytic reactions [6–15], in partic-
ular the oxygen reduction reaction (ORR) [4,13,16–22]. It turns out
that proton exchange membrane fuel cells (PEMFCs) are limited by
the ORR. Consequently, large loadings of Pt nanoparticle catalysts
are required at the cathode to limit potential losses, as Pt is the
most active pure metal catalyst for the reaction [23]. Typically,
the Pt loading at the PEMFC cathode, where the ORR takes place,
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is around one order of magnitude higher than the Pt loading at the
anode (0.4 mg Pt cm�2 versus 0.05 mg Pt cm�2) where the hydro-
gen oxidation reaction (HOR), which is far more facile, occurs
[23–27]. As a result, the high cost and short supply of Pt hinder
the large-scale uptake of PEMFCs, despite their promise as efficient,
potentially zero-emission source of power for automotive vehicles
and portable devices [28].

A suitable strategy in order to improve the ORR activity, and
hence, reduce the Pt loading at the cathode, is to use Pt alloys
instead of pure Pt [16,23,28–30]. The effect of alloying is to weaken
the binding of the surface to the hydroxyl intermediates. In accor-
dance with the volcano model [4], the overpotential on pure Pt cat-
alysts is due to the reduction of ⁄OH (where ⁄OH is an adsorbed
hydroxyl intermediate) [4,16,31–34]. The optimum catalyst for
the ORR should have an ⁄OH binding energy 0.1 eV weaker than
Pt(111), or an O⁄ binding 0.2 eV weaker; excessive weakening of
HO⁄ will cause the reaction to be limited by the formation of the
superhydroxyl intermediate, HOO⁄ [35]. Typically, the surface
atoms of a Pt alloy will consist of pure Pt, as most other metals will
be unstable at the oxidizing, acidic, conditions of a PEMFC cathode.
Thereby, the introduction of a second metal in the Pt structure
induces a change in the electronic structure of the Pt surface
atoms; this can either be induced because of direct interactions
with the second metal, that is the ligand effect [19,36,37] and/or
the existence of lattice compression (strain effect), as a result of a
decrease of the Pt–Pt interatomic distances [38–40].

In recent years, efforts have been focused on Pt alloys with late
transition metals (LTM), such as Fe, Ni, Cu, and Co; they have
shown considerably greater activity compared to pure Pt [41–51].
The active phase in these alloys is a Pt overlayer whose thickness
strongly depends on the catalyst pre-treatment [46]. Thus, the Pt
overlayer is typically one monolayer thick when the Pt–LTM alloy
is subjected to annealing in ultrahigh vacuum (UHV) conditions
prior to the electrochemical characterization (‘‘Pt-skin’’ surface)
[46]. In contrast, a considerably thicker, �1-nm Pt overlayer,
equivalent to 3–4 monoatomic Pt layers, is achieved when the alloy
is exposed to the acidic electrolyte, because of leaching of the less
noble metal from the outermost atomic layers of the surface
(denoted by Markovic, Stamenkovic and coworkers as a ‘‘Pt-skeleton’’
surface) [46,52]. On such a thick Pt overlayer, ligand effects can be
excluded, and hence, the ORR enhancement should be due to
surface strain effects.

Although these Pt alloy catalysts show significant initial
enhancements in activity, relative to pure Pt, over time their per-
formance tends to degrade: the second element will segregate to
the surface and dissolve into the electrolyte, via a process known
as dealloying [43,48,53–58].

As a result of the instability of alloys of Pt and late transition
metals, we, in collaboration with theory group of Nørskov and
Rossmeisl, screened for a more stable class of Pt alloy ORR cata-
lysts, using computational DFT-based screening methods [18].
We searched for alloys that were not only predicted to be active,
on the basis of the O⁄ binding, but also stable, as predicted by
the alloying energy; the output of the screening was that both
Pt3Y and Pt3Sc should be active and stable. Subsequent experi-
ments on sputter-cleaned polycrystalline Pt3Y showed that it
exhibited exceptionally high activity for the ORR, only surpassed
by single crystal Pt3Ni(111) with an annealed ‘‘Pt-skin’’ structure
[50]. The considerable negative alloying energy (or heats of forma-
tion) of Pt3Y and Pt3Sc (DHf(alloy) � �4 eV/formula unit) is also
shared by other Pt alloys with early transition metals and lantha-
nides, such as Pt5La, Pt5Ce, and Pt5Gd; this contrasts with the neg-
ligible heat of formation of the Pt–LTM intermetallic compounds
(LTM = Fe, Co, Cu, Ni; DHf(alloy) > �1 eV) [59,60] (we note that
despite their denomination as ‘‘rare earths,’’ the lanthanide metals
are much more abundant and more inexpensive than Pt [61]). We
are aware that despite the significant heat of formation of the Pt–
lanthanides alloys, there is still an immense driving force for the
dealloying of the solute metal under the corrosive environment
of a PEMFC cathode. Nevertheless, we expect that the dealloying
mechanism ultimately involves an energy barrier for diffusion
determined at least partially driven by the heat of formation of
the bulk alloy, hence its use as a descriptor of the kinetic stability
[18]. This notion is consistent with surface science experiments
performed at our laboratory: a Cu monolayer on Pt(111) will dif-
fuse subsurface at �500 K [62]; under the same conditions, an Y
monolayer on Pt(111) will diffuse subsurface at �800 K [63]. This
is likely due to the stronger interaction between Pt and Y than
between Pt and Cu, (DHf(Pt3Y) � �4.04 eV/formula unit than
DHf(Pt3Cu) � �0.56 eV/formula unit) [18]. On the other hand,
adsorbed O⁄ or subsurface oxide may induce the segregation of
the solute element [64], but only when the oxygen atom is in close
vicinity to the solute metal.

Our subsequent electrochemical experiments also revealed that
other Pt–lanthanide alloys show superior activity for the ORR in
the bulk polycrystalline form, in particular Pt5Gd, which shows a
similar activity to Pt3Y [30,59,60,65]. We must emphasize that
sputter-cleaned polycrystalline Pt5Gd and Pt3Y alloys have dis-
played the highest ORR activities ever reported in the literature,
to the best of our knowledge the highest for samples prepared in
this manner (fivefold increase at 0.9 V, compared to polycrystalline
Pt) [60,65]. Furthermore, these intermetallic compounds exhibit a
high stability under ORR conditions. For example, Pt5Gd only
exhibits 15% activity loss after 10,000 cycles between 0.6 and
1.0 V in O2-saturated electrolyte [59,60]. In comparison, Todoroki
and coworkers demonstrated that Pt-enriched Ni/Pt(111) lost
75% of its initial activity under similar experimental conditions
[48]. Moreover, the great stability of Pt–early transition metal
alloys has been also confirmed by Lim and co-workers through
analysis of sputtered thin-film electrodes [66].

It turns out that the origin of activity of Pt3Y was somewhat
more complicated than we originally anticipated [63,65]. Angle-
resolved X-ray photoelectron spectroscopy (AR-XPS) analysis of
the sputter-cleaned alloyed electrodes showed that a Pt-skeleton
structure is developed after the electrochemical experiment, the
Pt overlayer being around 1 nm thick. A similar structure was also
found for Pt5Gd alloy after the electrochemical measurement [60],
and, consequently, the ORR enhancement in both cases was attrib-
uted to compressive strain imposed onto the Pt overlayer by the
alloy bulk. Such behavior seems counterintuitive, given that Y
and Gd have a larger covalent radius than Pt [67]; one could expect
that the resulting alloy would induce surface tensile strain, leading
to a stronger adsorption of ⁄OH and a higher overpotential for the
ORR. Nevertheless, we explain the superior ORR activity of PtxY and
Pt5Gd compared to pure Pt by considering the inherent structural
characteristics of such alloys. In order to accommodate the differ-
ent Pt and second metal atomic radii, most of the Pt atoms are
arranged in kagomé nets with a very short Pt–Pt nearest-neighbor
distance (<2.7 Å) and with larger voids in which the solute atoms
reside with bond lengths greater than 3 Å to their neighbor atoms
(see Fig. S1 in the Supplementary information for an illustrative
example of such arrangement). On the basis of the described struc-
ture, we proposed that PtxY and Pt5Gd alloys impose compressive
strain onto the Pt overlayer [60,65], resulting in weaker ⁄OH
adsorption and enhanced oxygen reduction activity.

In light of our results with extended surfaces of PtxY and PtxGd,
we aimed to synthesize the catalysts in the more technologically
relevant nanoparticulate form. Nevertheless, this task is not trivial,
because of the difficulties of synthesizing the non-noble metal in
the metallic state, due to the particularly negative standard reduc-
tion potential of Gd or Y (U0(Gd3+/Gd) = �2.28 V and U0(Y3+/Y) =
�2.37 V); in comparison, late transition metals, such as Ni, have
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a much more positive dissolution potential (U0(Ni2+/Ni) = �0.25 V)
[68]. This drawback makes it highly challenging to synthesize
PtxGd and PtxY alloy nanoparticles by means of traditional wet
chemical methods, which would involve the exposure of the non-
noble metal to oxygen or water [69]. Consequently, in order to
prove that nanoparticles of this class of catalysts could be worthy
of further investigation, and eventual chemical synthesis, we
resorted to a physical method for producing PtxY nanoparticles
[70]. Our chosen route was the gas aggregation method, combined
with time-of-flight separation after sputtering of a primary alloy
target [70–75]. Apart from providing a proof-of-concept, this
method also produces catalysts with a well-defined size, shape,
morphology, and composition, providing significant scientific
insight. The corresponding ORR activities displayed in the electro-
chemical experiments avoid typical secondary factors, such as pos-
sible interactions of the nanoparticles with a high surface area
carbon substrate or the influence of the metal precursors/solvents
employed in the synthesis [76–80]. Our work showed that the ORR
activity of PtxY nanoparticles supported on a planar glassy carbon
support showed a marked size dependence; the 9-nm catalyst
showing an exceptionally high mass activity of 3.05 A (mg Pt)�1

only surpassed by the performance of annealed Pt3Ni nanoframes
[41]. In addition, the PtxY catalyst retained 63% of the activity after
accomplishing the long-term stability test under ORR conditions.
These results confirmed that the high ORR activity of the sputter-
cleaned Pt3Y alloy [18] could be extended to the nanoparticulate
form and that they show moderate stability.

Herein, we extend this approach to perform structural and elec-
trochemical characterization of PtxGd alloy nanoparticles synthe-
sized by the gas aggregation method, following the same
procedure used for the production of PtxY nanoparticles. The activ-
ity of the PtxGd nanoparticles toward the ORR was evaluated in
half-cell configuration by using the rotating ring-disk electrode
(RRDE) technique. In addition, the composition and morphology
changes of the catalysts before and after the electrochemical test
were characterized by means of XPS, transmission electron micros-
copy (TEM), and extended X-ray absorption fine structure (EXAFS)
spectroscopy measurements.
2. Materials and methods

2.1. Synthesis of mass-selected PtxGd nanoparticles

The nanoparticles were prepared using a magnetron sputter gas
aggregation source (Birmingham Instruments Inc.), combined with
time-of-flight mass filtering, and deposited onto glassy carbon
electrodes mounted in an multichamber ultrahigh vacuum (UHV)
system (Omicron, Multiscan Lab) with a base pressure in the
10�11 mbar region. The gas aggregation technique involves Ar+

sputtering of an alloy target (in this study a Pt 9:1 Gd alloy target
from Kurt J. Lesker Inc.), to produce an atomic vapor that is con-
densed into nanoparticles through collisions with cooled Ar and
He gas. It must be noted that the composition of the target deter-
mines the atomic ratio of the mass-selected nanoparticles, as dem-
onstrated with PtxY nanoparticles in our preceding publications
[70,81]. It turns out the use of a target with the same composition
than the corresponding extended, polycrystalline alloy of interest
leads to nanoparticles with high solute content that would corrode
in excess [65,70,81]. Consequently, in the present study, we used
the same 9:1 ratio for the synthesis of Pt-rich PtxGd nanocatalysts.

The gas aggregation method is particularly useful in the context
of metallic formation of nanoparticles from metals such as gadolin-
ium that has high affinities for oxygen, as it is an ultrahigh vacuum
compatible method: oxygen is present in extremely low levels and
therefore it can entirely be avoided in the as-deposited Pt–Gd alloy
particles. The second major advantage arises from the fact that
many of the nanoparticles produced via aggregation of Ar+ sputter-
ing atoms are ionized [82]; thus, the particles can be filtered based
on their mass-to-charge ratio, which in turn allows the deposition
of particles with narrow size distributions. In our experiments, the
Pt–Gd nanoparticles are filtered using a time-of-flight mass filter
[83].

Following the particle production and filtering stages, the ion-
ized nanoparticles were directed using Einzel lenses onto glassy
carbon electrode supports mounted in the vacuum chamber. The
Einzel lenses can be used to control the breadth and position of
the particle beam, which gives control of the total number of par-
ticles that are deposited onto the electrode surface, as well as the
density of the nanoparticles. The combination of particle counting
and mass selection allows us to accurately estimate the amount of
catalyst deposited onto the glassy carbon substrate. The mass that
was used for the calculation of the mass activity was the mass cal-
culated from the deposition current.

Assuming spherical and singly charged particles, the total
deposited mass was calculated from the formula Mdep ¼ mpIdept,
where mp is the single particle mass, set using the mass filter, Idep

the deposition current and t the deposition time. This mass, from
the deposition current, combined with the Pt:Gd ratio estimated
from the XPS measurements of the as-prepared catalysts, was used
to determine the mass activity for the ORR.

Elemental characterization of the as-prepared glassy carbon-
supported Pt–Gd nanoparticles was performed in-situ for each
nanoparticles size, that is without breaking the vacuum, using
X-ray photoelectron spectroscopy (XPS). The X-ray source was an
XR-50 from Specs GmbH., with aluminum and magnesium anodes.
XPS and ISS measurements after air exposure and after electro-
chemical testing were conducted in a different UHV system.

2.2. X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) measurements were
acquired in two different UHV chambers. A preliminary analysis
of the as-prepared nanoparticles was performed in-situ, soon after
deposition. In this first experimental setup, the X-ray source (XR-
50 manufactured by SPECS GmbH) consisted of Mg anode (Mg Ka
emission line at 1253.6 eV). The XPS spectra were measured with
an Omicron hemispherical analyzer with a pass energy of 25 eV.
Ex-situ measurements of the samples after air exposure, after
ORR activity tests, and after stability tests were instead performed
in a Theta-Probe instrument (Thermo Scientific). This instrument is
equipped with a monochromatized Al Ka source (emission line at
1486.7 eV), and XPS spectra were obtained at an analyzer pass
energy of 100 eV. In all cases, the atomic concentrations were
quantified by integration of the Pt 4f, Gd 4d, O 1s, C 1s peaks after
removal of a Shirley-type background. The resulting XPS intensities
were corrected for the transmission function of the analyzers,
Wagner sensitivity factors [84], and electron mean free path esti-
mated from the TPP-2M formula [85].

2.3. Transmission electron microscopy (TEM) analysis

Bright-field transmission electron microscopy (TEM) and high-
angle annular dark-field scanning transmission electron micros-
copy (HAADF-STEM) were performed in a FEI Titan Analytical 80-
300 equipped with a CEOS Cs probe aberration corrector on the
condenser lens. Identical location (IL) studies were carried out in
bright-field TEM at 300 kV accelerating voltage. The particle size
distributions (PSDs) were extracted from HAADF-STEM micro-
graphs acquired at 300 kV accelerating voltage. Within each spec-
imen, the HAADF-STEM images were analyzed with the same
microscope condition, constant acquisition dwell time as well as
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the HAADF detector settings. For the TEM measurements, the
nanoparticles were deposited directly onto lacey carbon-coated
Au TEM grids. The setup for the electrochemical stability test under
ORR conditions was adapted from the procedure developed from
an earlier study at our laboratory [86].
2.4. Electrochemical measurements

The electrochemical testing of the PtxGd nanoparticles was car-
ried out in a custom-made three-electrode glass cell provided with
an external jacket attached to a water bath with temperature con-
trol. The counter electrode was a Pt wire, and the reference was a
Hg|Hg2SO4 electrode, both separated from the working electrode
compartment using ceramic frits. The electrolyte, 0.1 M HClO4,
was prepared using high-purity 70% HClO4 (Merck, Suprapur)
and ultrapure water (Millipore Milli-Q, resistivity >18.2 MX cm�1),
whereas all the gases used in the electrochemical tests were grade
5N5 (AGA). All the measurements were accomplished at 23 ± 1 �C.

The electrochemical experiments were performed with a VMP2
multi-channel potentiostat (Bio-Logic Instruments) computer con-
trolled using EC-Lab software. The rotating ring-disk electrode
(RRDE) assemblies and the glassy carbon (GC) substrates (5 mm
diameter) were acquired from Pine Instruments Corporations and
HTW, respectively. All the potentials indicated in the text are
referred to the reversible hydrogen electrode (RHE) measured in
the same electrolyte and corrected for Ohmic losses.

In each experiment, the GC disk containing the as-prepared Ptx-

Gd nanoparticles was inserted into a RRDE Teflon holder and used
as working electrode for the electrochemical test. Subsequently,
the electrode was immersed into the electrochemical cell under
potential control at 0.10 V in N2-saturated 0.1 M HClO4 electrolyte
and subjected to potential cycling between 0.05 V and 1.00 V at
50 mV s�1 until a stable cyclic voltammogram was achieved. Fol-
lowing this, the ORR performance of the PtxGd nanoparticles was
evaluated by means of hydrodynamic voltammetry in O2-saturated
solution. After the ORR experiment, CO-stripping analysis was car-
ried out for determining the electrochemical surface area (ECSA) of
the PtxGd nanoparticles. For this purpose, CO gas was first bubbled
into the electrolyte for 2 min, while the working electrode poten-
tial was kept at 0.05 V; then, the remaining CO dissolved in solu-
tion was removed by sparging Ar for 15 min whereas keeping the
potential control. Afterward, the potential was scanned up to
1.00 V in CO-free Ar-purged solution at 50 mV s�1. The correspond-
ing electrochemical active surface area (ECSA) of the PtxGd cata-
lysts was estimated assuming a ratio of 420 lC cm�2 [87].

The long-term stability of the PtxGd nanoparticles was sub-
jected to analysis by cycling between 0.60 and 1.00 V at
Fig. 1. Schematic representation of the nanoparticle source used for the synthesis and
photograph of the actual apparatus.
100 mV s�1 in quiescent O2-saturated 0.1 M HClO4 solution for a
total of 10,000 potential cycles. The ORR activity was evaluated
after 1000 and 10,000 potential cycles. A second CO-stripping
experiment was performed in order to probe the possible change
of the electrochemical area after the stability test.

2.5. Extended X-ray absorption fine structure (EXAFS) analysis

Grazing incidence X-ray absorption spectroscopy (GI-XAS) mea-
surements were carried out at beam line 11-2 at the Stanford Syn-
chrotron Radiation Lightsource (SSRL). An absorption spectrum
around the Pt L3 edge (11,564 eV) was acquired for each sample,
and the energy range was 11,334–12,273 eV, which corresponds
to an EXAFS range up to a photoelectron wave number of
13.6 Å�1. The samples were aligned in grazing incidence geometry
near the critical angle of total external reflection in order to max-
imize the fluorescence yield. The fluorescence photons from the Pt
atoms in the nanoparticles were captured using a 100-element Ge
solid-state detector. Several spectra were recorded for each sample
and subsequently averaged to increase the signal-to-noise ratio.
The data analysis was done using the program SixPACK, which is
based on the IFEFFIT program. EXAFS fitting was done in R-space
using a k-weighting of k2, a k-range of 3–11 Å�1, and an R-range
of around 1.5–3.2 Å. A detailed description of the data treatment
and the fitting procedure can be found in the Supplementary
information.

3. Results

3.1. Synthesis of mass-selected PtxGd nanoparticles

The mass-selected PtxGd particles were prepared through com-
bination of gas aggregation of a Pt9Gd target and time-of-flight
separation as shown in Fig. 1. The charged nanoparticles were sub-
sequently deposited directly onto a planar glassy carbon substrate
under ultrahigh vacuum conditions. In order to define the overall
particle composition, XPS measurements were acquired in-situ
after deposition. Fig. S2 shows that the Pt:Gd ratios were rather
similar in all cases, irrespective of the particle size, with an average
value of 3.6 ± 0.8.

3.2. X-ray photoelectron spectroscopy (XPS)

Further XPS characterization was carried out ex-situ after expo-
sure of the samples to air and after electrochemical ORR activity
testing. Fig. 2 reports the XPS spectra of the Gd 4d core-level region
for a 9-nm sample in different conditions: very similar spectra
characterization of the PtxGd nanoparticles in UHV conditions. The inset shows a



Fig. 2. Detailed XPS survey of Gd 4d core-level region spectra for sputter-cleaned
polycrystalline Pt5Gd and for the PtxGd nanoparticles (9 nm) as-prepared (under
UHV conditions), after air exposure and after the ORR measurement.

Fig. 3. Particle size distributions and representative HAADF-STEM
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were also taken for different particle sizes indicating that the fol-
lowing considerations can be extended to all PtxGd nanoparticles.
As typical for the lanthanide metals, the XPS features of Gd are in
general quite complex due to presence of localized electrons in
the 4f shell. The localized f electrons couple through Russell–Saun-
ders and spin–orbit coupling and result in a complex broad multi-
plet structure, see Fig. 2 [88]. In principle, this could be fitted using
the multiplet structure, but we have here chosen to perform a care-
ful analysis of the peak position and a comparison with the refer-
ence spectrum of a sputter-cleaned Pt5Gd polycrystalline alloy
where Gd atoms are in a completely metallic state allows us to
monitor the chemical state of Gd. In the case of the as-deposited
9-nm PtxGd nanoparticles, the position of the Gd 4d spectrum is
very similar to the polycrystalline sample, demonstrating that
the synthesis of alloyed nanoparticles was successful and that no
Gd oxidation occurred. However, as soon as the nanoparticles are
taken out of the deposition chamber and exposed to air, a clear
shift of the Gd 4d features and a change of shape can be observed
and the new peak position agrees with the formation of Gd oxide
on the surface [88]. Notably, these oxidized components are com-
pletely removed after electrochemical measurements, suggesting
that the oxide is not stable in acid and dissolves in the electrolyte,
in agreement with the Pourbaix diagram for Gd [68]. The remain-
ing Gd signal resembles closely the as-prepared nanoparticles and
that of clean polycrystalline Pt5Gd; this indicates that a Pt overlay-
er is formed during the acid leaching of surface Gd and this Pt shell
protects the alloyed Gd in the core from further oxidation or disso-
lution [60]. The formation of such core–shell structure is also sup-
ported by the measured Pt:Gd ratios in Fig. S2: for all particle sizes
micrographs of the different PtxGd nanoparticle catalysts.
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and in particular for the small nanoparticles, the relative amount of
Pt after electrochemistry is considerably higher than for the as-pre-
pared or air-exposed nanoparticles. It should be noticed that anal-
ogous XPS evidences were found for PtxY nanoparticles in our
previous study, supporting the notion that a similar core–shell
structure is formed [70].
3.3. Transmission electron microscopy (TEM) analysis

Fig. 3 shows the particle size distribution (PSD) histograms of
the different particles determined by HAAD-STEM. As seen, nanop-
articulate catalysts with mean particle sizes ranging between �3
and �9 nm were synthesized. For simplicity, the particle sizes
are rounded up to the closest integer to denominate the different
catalysts; however, when plotting electrochemical or morphologi-
cal parameters as a function of the size, the actual measured value
and the corresponding standard deviation are employed, as indi-
cated in Table S1 in the Supplementary information. The PSDs
present narrow peaks at the selected sizes indicating the successful
mass selection. The satellite peaks at higher diameters correspond
to double-charge nanoparticles, with a mass twice the intended
one. This undesired effect is minimized by optimizing the synthesis
conditions, namely by stabilization of the deposition current dur-
ing the nanoparticles deposition [81]. IL Bright-field TEM of the
8-nm sample is shown in Fig. 4. The images of the as-prepared Ptx-

Gd catalyst and the following stability test under ORR conditions
indicate the high stability of the nanoparticles on the carbon film
support. A closer inspection of the exact same nanoparticles at high
magnification reveals an amorphous shell covering the particles on
the untreated sample that disappears after ORR catalytic test. In
light of the XPS results, the amorphous shell can be ascribed to
Fig. 4. Bright-field IL-TEM micrographs of 8-nm PtxGd nanoparticles before (a) and after (
(a and b), respectively. (For interpretation of the references to color in this figure legen
an oxide formed during air exposure. Presumably, the oxide would
be dissolved in the electrolyte in the early stages of the electro-
chemical experiments.
3.4. ORR measurements of PtxGd catalysts

Following the sample preparation and the preliminary morpho-
logical characterization, the alloyed nanoparticles supported on
glassy carbon were electrochemically tested in 0.1 M HClO4 using
a rotating ring-disk assembly. As a first step, the catalysts were
electrochemically activated by means of potential cycling between
0.05 V and 1.00 V in N2-saturated electrolyte until a stable voltam-
mogram was achieved, as indicated in Fig. S3 of the Supplementary
information, and subsequently the ORR experiment was carried
out in O2-saturated electrolyte under hydrodynamic conditions.
The activity of the Pt alloy catalysts at 0.9 V, expressed in terms
of specific activity and mass activity (normalized by Pt loading),
is presented in Fig. 5 as a function of the nanoparticle size. For
comparison purposes, our previous results obtained with mass-
selected PtxY and Pt nanoparticles are also included [70,71]. The
activities of sputter-cleaned, polycrystalline Pt5Gd and Pt3Y
extended surfaces, as well as sputter-cleaned, polycrystalline Pt
are also presented in Fig. 5. The obtained size dependence of the
specific activity for the PtxGd nanoparticles is in agreement with
the trend found for both mass-selected PtxY and Pt nanoparticulate
catalysts, namely the ORR-specific activity increases with the
nanoparticle size, with the activity of the larger nanoparticles
approaching the result reported for the corresponding extended,
polycrystalline surface. From Fig. 5, it is manifest the superior
activity of the PtxGd nanoparticles compared to pure Pt catalysts,
with the only exception of the analyzed smallest size (3 nm),
b) stability test. The (c and d) images are a magnification of the red squares drawn in
d, the reader is referred to the web version of this article.)



Fig. 5. (a) Specific activity and (b) mass activity of PtxGd nanoparticles (blue). Data
taken at 0.9 V from cyclic voltammetry recorded at 50 mV s�1, 1600 rpm, and
23 ± 1 �C in O2-saturated 0.1 M HClO4. For comparison, the previously published
mass and specific activities of mass-selected PtxY (red) and pure Pt nanoparticles
(black) are also plotted [70,71]. Additionally, the specific activities obtained under
the same conditions of sputter-cleaned polycrystalline Pt5Gd and Pt3Y extended
surface electrodes, as well as sputter-cleaned polycrystalline Pt, are presented [60].
Each data point corresponds to the mean value from at least two independent
electrochemical tests. The horizontal error bars show the standard deviation in the
particle size distribution (PSD) whereas the vertical error bars show the standard
deviation in electrochemical measurements. The lines serve as a guide for the eye.
The Supplementary information contains details of the quantification of mass and
surface area carried out for the activity evaluation. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

Fig. 6. The initial mass activity of PtxGd nanoparticles (blue), and after 1000 cycles
(green) and 10,000 cycles (violet) of stability test under ORR conditions. The initial
performance of the most active PtxY catalyst (red) and after 9000 cycles of stability
test (orange) is also displayed [70]. For a suitable comparison, the maximum
activity reported for mass-selected Pt NPs is also plotted (black) [71]. Data taken at
0.9 V from cyclic voltammetry recorded at 50 mV s�1, 1600 rpm, and 23 ± 1 �C in
O2-saturated 0.1 M HClO4. Stability test carried out by potential cycling between 0.6
and 1.0 V at 100 mV s�1, 0 rpm, and 23 ± 1 �C in O2-saturated 0.1 M HClO4 solution.
A detailed description of the stability test procedure is found in the Supporting
information. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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similar to the performance achieved with the PtxY nanoparticles of
a comparable particle size (4 nm) [70]. Additionally, the enhanced
activity factor of the PtxGd catalysts is similar to that observed for
PtxY nanoparticles, indicating that the equivalent promotional
effect for the ORR found with Pt3Y and Pt5Gd bulk alloys is also
attained in the nanoparticulate form. This is a subject of special
interest regarding the potential application of PtxY and PtxGd elect-
rocatalysts in PEMFC cathodes. Moreover, the specific activity of
the 9-nm samples of each alloy (13.5 mA cm�2 and 10.7 mA cm�2

for PtxY and PtxGd, respectively) is comparable, or marginally
higher, than that reported for carbon-supported annealed Pt3Ni
nanoframes (�20 nm), synthesized by Stamenkovic and co-work-
ers (8.5 mA cm�2) [41].

On the other hand, the mass activity evaluated as a function of
the size reveals not only the greater mass activity of the PtxGd cat-
alysts compared to pure Pt nanoparticles, but also the higher per-
formance versus the PtxY catalysts. In the case of the PtxGd
nanoparticles, the size dependence of the mass activity originates
a volcano plot with the highest mass activity achieved with the
8 nm size and being equal to 3.6 A (mg Pt)�1, which is significantly
higher than the optimum mass activity reported for the PtxY nano-
particles in our previous work (3.0 A (mg Pt)�1, with 9 nm as set
particle size). Moreover, the maximum mass activity is �3.6 times
higher than the optimum result found with the pure Pt nanoparti-
cles synthesized using the same size-selection experimental proce-
dure [71] and roughly 6.5 times higher than the most active
carbon-supported pure Pt electrocatalyst (0.55 A (mg Pt)�1) [89].
The remarkable mass activity peak of the PtxGd nanoparticles also
represents the highest ORR activity reported in the literature for solid
nanoparticles (opposed to hollow or porous nanocatalysts) based on
an acid-leached structure; it is only overtaken overall by the perfor-
mance of Pt3Ni nanoframes (5.7 A (mg Pt)�1) [41].

In order to investigate the stability of the PtxGd nanoparticles,
long-term potential cycling experiments under ORR conditions
were carried out. For this purpose, the alloyed electrodes were
cycled between 0.6 V and 1.0 V for 10,000 cycles in O2-saturated
0.1 M HClO4 [53,55]. Fig. 6 displays the results of the stability test
in terms of the evolution of the mass activity with the extended
cycling treatment for mass-selected PtxGd nanoparticles with aver-
age particle size of 5 nm, 8 nm, and 9 nm. For comparison purpose,
the stability test results obtained with the most active PtxY catalyst
(9 nm), as well as the initial activity of Pt 3-nm nanoparticles, are
included in Fig. 6. It can be seen that for the three analyzed sizes
the magnitude of the ORR activity losses is similar to that found
with the PtxY nanoparticles, that is 30–55% [70], and that most of
the activity loss occurs in the early stages of the stability test (first
1000 cycles). According to the CO-stripping analysis data, the elec-
trochemical active surface area remains invariable after the stabil-
ity test, indicating that a possible decrease of the available surface
area (e.g. nanoparticles sintering, agglomeration, or detachment)
cannot be accounted for the ORR activity losses. A similar conclu-
sion could be extracted from the results of the IL-TEM analysis,
shown in Fig. 4 for the case of the PtxGd 8-nm catalyst. As seen,
no significant changes were detected in the catalyst general mor-
phology after the stability test, with the exception of the dissolu-
tion of the oxide layer covering the as-prepared nanoparticles.
The most active PtxGd nanoparticles (8 nm) retain 70% of the initial
activity after 10,000 cycles, indicating that their stability is compa-
rable (or slightly better) than that of PtxY nanoparticles of the opti-
mum size (9 nm) [70]. Consequently, even after the extended
potential cycling treatment, the PtxGd nanoparticles of 8 nm are
still �5 times more active than pure Pt nanoparticles with a com-
parable size and �2.8 times more active than the maximum mass
activity achieved with the mass-selected Pt nanoparticles (3 nm).
3.5. EXAFS analysis of PtxGd catalysts

Motivated by our previous investigation on polycrystalline
Pt5Gd, which revealed that the compressive strain was the main



Fig. 7. (a) Average nearest-neighbor Pt–Pt distance measured by EXAFS as a function of the particle size for PtxGd nanoparticles as-prepared (black), after electrochemical
experiment (red) and after stability test (blue). For comparison purpose, the EXAFS results obtained for as-prepared (green) and electrochemically tested (pink) mass-selected
Pt nanoparticles, reported in our preceding publication [70], are also shown; (b) average nearest-neighbor Pt–Pt distance measured by EXAFS as a function of the atomic Gd:Pt
ratio estimated from XPS measurements for PtxGd nanoparticles as-prepared (black), after electrochemical experiment (red) and after stability test (blue). The Pt–Pt
interatomic distances determined by EXAFS in our previous work for as-prepared (green) and electrochemically tested (pink) mass-selected Pt nanoparticles, with zero Gd
content, are shown for comparison [70]. The corresponding average particle size is specified. Measurements were performed in situ on a Pt foil (continuous gray horizontal
line in a and b; the dashed gray horizontal lines show the error from the fitting software, see details in the Supporting information) as a reference. The left y-axis in (a and b)
represents the nearest-neighbor Pt–Pt distance, whereas the right y-axis shows the strain percentage relative to the Pt–Pt distance measured for the Pt foil. The horizontal
error bars in (a) account for the standard deviation in the particle size distribution (PSD) and the vertical error bars in (a and b) represent the standard deviation from the
fitting software, respectively. The dashed black line in (b) serves as a guide for the eye. (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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cause of the superior of performance of the alloy compared to pure
Pt [60], we carried out grazing-incident extended X-ray absorption
fine structure measurements (GI-EXAFS) for the quantification of
the strain in the PtxGd nanoparticles. For that purpose, samples
as-prepared, after the standard electrochemical experiment and
after the long-term stability test, were considered. The average
nearest-neighbor distances between the Pt atoms were calculated
through fitting of the EXAFS spectra. Details of the fitting proce-
dure are described in detail in the Supplementary information.
The result of the analysis is summarized in Fig. 7(a), where the
Pt–Pt interatomic distance and the consequent compressive strain
are plotted versus the average nanoparticle size for the three dif-
ferent experimental conditions. The EXAFS results obtained for
as-prepared and electrochemically tested mass-selected Pt nano-
particles, reported in our preceding publication [70], are also pre-
sented. The average Pt–Pt distance for bulk Pt (Pt foil) is included
in the plot for comparison and used for the estimation of the rela-
tive strain. In general, the as-prepared PtxGd nanoparticles exhibit
a smaller Pt–Pt distance than bulk Pt, indicating the existence of a
compressive strain before the electrochemical analysis. The magni-
tude of such strain slightly decreases with the nanoparticle size,
changing from �3.8% to �3.4% (compared to bulk Pt) for the 5-
nm and the 9-nm nanoparticles, respectively. In the case of the cat-
alysts after ORR test, they show significant larger Pt–Pt distances
compared to the as-prepared samples but still lower compared to
bulk Pt. The Pt–Pt distances after the standard electrochemical test
are remarkably size dependent, varying smoothly from �0.7% to
�2.2% for the 3 nm and the 9 nm size catalysts, respectively. In
addition, the 9-nm PtxGd sample subjected to the stability test
exhibits less compressive strain than the counterpart after the con-
ventional electrochemical measurement (�1.7% versus �2.2%,
respectively), demonstrating that the accelerated stability test pro-
duces some relaxation in the PtxGd nanoparticles. On the other
hand, the average Pt–Pt distance/strain estimated by EXAFS mea-
surements can be also associated with the XPS atomic Gd:Pt ratio
of the PtxGd nanoparticles under different conditions, being the
corresponding relationship displayed in Fig. 7(b) (the data for
mass-selected Pt nanoparticles and Pt foil presented for compara-
tive purpose). The obtained trend reveals that the compressive
strain in the PtxGd nanoparticles is strongly related to the Gd con-
tent in the catalyst, increasing with the fraction of solute atoms.
4. Discussion

The interpretation of the XPS spectra shown in Fig. 2 combined
with the angle-resolved XPS results of polycrystalline Pt5Gd from
our previous research (see Section 1) [60] strongly supports the
formation of a core/shell structure after acid leaching of Gd atoms
from the outermost layers of the nanoparticles. Therefore, such
model can be also used for explaining the trends derived from
the EXAFS analysis, shown in Fig. 7. We could rationalize the
obtained findings considering that the as-prepared PtxGd nanopar-
ticles are under compressive strain as a result of the alloying; this
is to be expected, given that the closest nearest-neighbor Pt–Pt dis-
tance in Pt5Gd hexagonal structure is 2.65 Å, or �5% compressive
strain relative to pure Pt (2.77 Å) [60,90] (see Fig. S1 in the Supple-
mentary information). Once the PtxGd nanoparticles are exposed to
the electrolyte and subjected to the electrochemical characteriza-
tion, the Gd atoms are leached out from the outermost atomic lay-
ers of the nanoparticles, leading to the formation of a pure Pt
overlayer; this overlayer would be under compressive strain,
induced by the underlying PtxGd alloy core, resembling the struc-
ture of polycrystalline Pt5Gd after electrochemical characterization
[60]. Similarly, the scanning transmission electron microscopy
energy-dispersive X-ray spectroscopy (STEM-EDS) mapping of
mass-selected PtxY nanoparticles revealed that a core/shell struc-
ture was developed after the ORR test, the Pt-rich being shell
�1 nm thick, in agreement with the thickness of �3 monoatomic
layers estimated for polycrystalline Pt–lanthanides alloys [70].
Logically, some strain relief could occur in the pure Pt shell of
the PtxGd nanoparticles in the absence of the Gd atoms. However,
previous investigations with single crystal surfaces have revealed
that some degree of compression would still be retained in the
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outermost surface of the layer Pt shell [39]. Additionally, the size
dependence for the strain after the ORR presented in Fig. 7(a) is
due to the smaller pure alloy core for smaller nanoparticles, as also
evidenced by the size dependence of Gd:Pt ratio in Fig. 7(b).

It is interesting to note that the strain in the 9-nm nanoparticles
relaxes further, following the stability test. To some degree, this is
only to be accepted; once the Gd is removed from the overlayer,
there will be a driving force for it to relax toward pure Pt. It is curi-
ous, however, to note that in the case of the 9-nm particle, this
relaxation is accompanied by a slight increase in the Pt:Gd XPS
ratio, as shown in Fig. 7(b); this is analogous to the behavior of
extended surfaces of polycrystalline Pt5La and Pt5Ce alloys follow-
ing extended cycling [59]. Since Gd diffusion is likely to be very
slow at room temperature through the Pt overlayer (see Section
1), we speculate that the dealloying occurs via an alternative
mechanism, perhaps involving subsurface oxide formation [91].
Nonetheless, the majority of the activity losses occur during the
first 1000 cycles, as shown in Fig. 6. This suggests that the rate of
degradation slows significantly after 1000 cycles, at which point
the catalyst has reached some kind of metastable state.

In order to gain some insight into the role of the strain in the
ORR activity of the PtxGd nanoparticles, the specific activity is plot-
ted as a function of the corresponding strain relative to Pt foil after
ORR and after stability test in Fig. 8. In addition, the previous
results of activity versus strain after ORR for PtxY NPs and for Pt
NPs are included for comparison. As a result, it is manifest that the
ORR activity of Pt, PtxY, and PtxGd all follows the same trend, that is
the activity enhancement is largely controlled by the strain in the
nanoparticles. This is also consistent with Strasser and co-workers’
investigations of dealloyed PtxCu nanoparticles [39]. It should be
noted that the strain dependence of the ORR activity reported in
Ref. [39] was found significantly less intense than that presented
in this work, most likely due to excessive relaxation of the com-
pressive strain in the Pt overlayer of the dealloyed PtxCu nanopar-
ticles [39]. Moreover, the trend displayed in Fig. 8 also resembles
the relationship established in our previous work focused on poly-
crystalline Pt–lanthanides alloys [59], where the specific activity of
polycrystalline Pt5Gd, Pt5Ce, and Pt5La was correlated with the
Fig. 8. Specific activity results for the ORR on PtxGd nanoparticles as a function of
the strain, relative to bulk Pt, determined through EXAFS after electrochemical
experiment (blue) and after the stability test (green). Data collected from Fig. 5,
Fig. 6, and Fig. 7. The previous data reported for mass-selected PtxY (red) and Pt
nanoparticles (black) after electrochemical experiment are included for comparison
purposes [70]. The dashed black line acts as a guide for the eye. The horizontal and
vertical error bars show the standard deviation in the strain estimation and in the
electrochemical measurements, respectively. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this
article.)
interatomic Pt distance in the bulk, based on X-ray diffraction
(XRD) measurements. Consequently, we conjecture that the com-
pressive strain causes the weakening of the oxygenated intermedi-
ates adsorption, leading to the consequent enhancement of the
ORR activity. According to DFT calculations, the necessary strain
for optimizing the ORR performance is �2% (relative to an
unstrained Pt(111) surface) [39]. This value is reached by the bulk
compressive strain of the most active PtxGd nanoparticles (�2.2%),
without reaching a maximum in activity. We expect that the local
strain within the outermost layer of the Pt shell, which is respon-
sible for the ORR activity, would be somewhat reduced compared
to the overall strain plotted in Fig. 8, because of strain relaxation.
This would result in an unknown shift of the plot to the right
and, subsequently, we propose that the trend exhibited in Fig. 8
represents the strong ⁄OH binding side of a volcano plot. Accordingly,
should a slightly greater degree of strain be imposed onto the surface,
by refining the atomic ratio of the second metal or increasing the
nanoparticle size, it might be possible to reach the peak of the
volcano.
5. Conclusions

We have shown in the present work that the excellent catalytic
properties of polycrystalline Pt5Gd (enhanced ORR activity com-
pared to pure Pt and stability upon cycling) also extend to nano-
particles. The maximum mass activity reached with the PtxGd
nanoparticles (8 nm, 3.6 A (mg Pt)�1 at 0.9 V) represents a notable
improvement compared to our preceding results obtained with Ptx-

Y nanoparticles; in the literature, it is only surpassed by Pt3Ni
nanoframes [41]. Additionally, the optimum PtxGd catalyst exhibits
similar, albeit very slightly improved, stability versus the most
active PtxY nanoparticles previously reported (70% retention of
the initial activity versus 63% for PtxY).

In addition, we have also confirmed that the mechanism for the
ORR enhancement accounts for the compressive strain within the
Pt shell induced by the PtxGd core. As a result, a direct relationship
between the ORR activity of the PtxGd nanoparticles and their com-
pressive strain can be established. We have also shown that the
activity of pure Pt nanoparticles, PtxY, and PtxGd can all be corre-
lated to the lattice strain.

Our work confirms that PtxGd alloy nanoparticles are of great
interest for applications in PEMFC cathodes. Nevertheless, we are
aware that the ultrahigh vacuum procedure used in this research
is not valid for catalyst mass production; eventually low-priced
chemical methods should be employed for such purpose. There-
fore, our efforts are currently directed to the development of suit-
able chemical procedures to obtain PtxGd alloy in nanoparticulate
form; using such methods we may have control over both particle
size and Gd content, and ultimately the strain, which controls the
oxygen reduction activity.
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