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Lindström a, Göran Lindbergh a, Björn Wickman b, Carina Lagergren a 

a Department of Chemical Engineering, KTH Royal Institute of Technology, SE-100 44 Stockholm, Sweden 
b Department of Physics, Chalmers University of Technology, SE-412 96 Gothenburg, Sweden   

A R T I C L E  I N F O   

Keywords: 
Proton exchange membrane fuel cell 
Platinum rare earth metal alloy 
Platinum yttrium thin film 
Oxygen reduction reaction 
Accelerated stress test 

A B S T R A C T   

In order to investigate stability of oxygen reduction reaction (ORR) on a Pt3Y thin film under relevant fuel cell 
conditions, we performed an accelerated stress test (AST) consisting of 3600 potential cycles between 0.4 and 
1.4 V at 1 V s− 1 in a single proton exchange membrane fuel cell (PEMFC). The ORR activities were evaluated via 
polarization curves before and after the AST. Electrochemical active surface area (ECSA) was obtained by CO- 
stripping voltammetry whereas the morphological changes were monitored by means of scanning electron mi
croscopy (SEM) and transmission electron microscopy (TEM). Variations in surface composition and electronic 
structures were evaluated by energy-dispersive X-ray spectroscopy (EDX) and X-ray photoelectron spectroscopy 
(XPS). After AST, the polarization curves show loss of ORR activity in all voltages for both Pt and Pt3Y. Except at 
very high voltages (E > 0.85 VRHE), the ORR activity of Pt3Y after AST is very close to that of Pt before AST. This 
correlates well with the results from the deconvolution of Pt-4f XPS spectra where the binding energy of metallic 
Pt in Pt3Y is comparable to pure Pt (71.22 eV). SEM and TEM images demonstrate that the morphologies of the 
aged Pt3Y and as-sputtered Pt are similar, whereas EDX results confirm a steady bulk composition of Pt3Y thin 
films throughout the entire electrochemical test. By correlating all these results, we conclude that the loss of ORR 
activity for Pt3Y is due to an increase in the thickness of the Pt overlayer which induces a relaxation of the Pt 
overlayer decreasing the compressive strain effect. For pure Pt, the loss of ORR activity is associated with a 
growth of the Pt domains associated with Ostwald ripening process.   

1. Introduction 

Proton exchange membrane fuel cells (PEMFCs) are crucial devices 
in the decarbonization of transport systems because of their lightweight, 
low-temperature operation and high energy density [1,2]. Nevertheless, 
the widespread commercialization of PEMFCs in fuel cell vehicles is 
currently hindered by their high cost and limited lifetime, which is 
greatly attributed to the large amounts of Pt required to catalyze the 
sluggish kinetics of the oxygen reduction reaction (ORR) at the cathode 
[3]. In that respect a lot of PEMFC research has focused on decreasing 
the Pt loading through either microstructuring [4–6] or alloying with 
other metals [7–9]. 

Alloying Pt with rare earth metals (Pt-REMs) depicts a promising and 
competitive alternative to increase the activity of pure Pt while reducing 
the cost of the cathode layer. In addition of being highly active for the 
ORR, Pt-REMs have a low alloy formation energy, which makes them 
thermodynamically stable in acidic conditions compared to Pt alloyed 

with other late transition metals [10]. Based on theoretical calculations 
[11,12] and experimental results [13,14], there is a solid consensus that 
the increased ORR activity observed in Pt-REM electrodes arises from a 
compressive strain effect on the Pt overlayer induced by the Pt-REM 
bulk, where the incorporation of REM atoms deforms the closely 
packed Pt lattice and thus lowers the interatomic distance between Pt 
atoms at the overlayer. The resulting changes in the electronic structure 
of Pt modify the binding energy towards oxygen-containing species 
(OCS) [15], which in turn facilitates the electroreduction of the hydroxyl 
radical (HO*), an unavoidable intermediate that inhibits the ORR [12, 
13,16]. Sputtered Pt3Y films have been proven to be effective catalysts 
for the ORR in acidic media. In rotating disk electrode (RDE) measure
ments, the reported ORR specific activities are 7 times higher compared 
to that of pure Pt [17–20], whereas in fuel cell conditions, our group 
reported a specific ORR activity enhancement of around 2.5 times at 0.9 
VRHE in a membrane electrode assembly (MEA) setup [21,22]. More
over, our measurements revealed only minor changes in the Pt3Y surface 
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composition after exposure to fuel cell MEA conditions, which suggests 
reasonable stability under potential cycling in acidic media. Thus, given 
the current interest in incorporating this Pt-alloy as an actual PEMFC 
cathode catalyst, its morphological and electrochemical stability during 
long-time performance need to be evaluated for obtaining accurate 
PEMFC lifetime predictions. 

The ORR catalyst stability in PEMFCs is complex and time- 
consuming to evaluate. In transport applications, the dynamic oper
ating conditions and the long-term stability target of thousands of hours 
are impractical when performing lab-scale tests. Accelerated stress tests 
(ASTs) have been developed to simulate different degradation mecha
nisms affecting PEMFC electrocatalysts during operation [23]. A 
commonly used AST is based on triangular wave potential perturbations 
[23–25], where the stability of Pt-Y alloys has mainly been investigated 
between 0.6 and 1.1 V in RDE tests [16,17,26,27], far from real fuel cells 
degradation conditions. Alternatively, cycling the potential between 1 
and 1.5 V with a high sweep rate simulate startup and shutdown con
ditions, which have an important influence on catalyst stability [28]. In 
addition to catalyst degradation under these conditions, the cathode 
potential may be sufficiently high to induce intense carbon corrosion, 
which becomes more severe when the electrode potential is actively 
changing [29,30]. In this scenario, extended electrochemical tests of 
Pt3Y in relevant PEMFC conditions, especially cycling up to 1.5 V, re
mains elusive. 

By virtue of all considerations above, we performed an AST con
sisting of 3600 potential cycles between 0.4 and 1.4 V at a sweep rate of 
1 V s− 1 in a single PEMFC for investigating the long-term stability of Pt3Y 
thin films under relevant fuel cell conditions. Prior to electrochemical 
measurements, Pt3Y electrodes were acid-treated in order to induce the 
formation of the Pt skin overlayer [21]. The impact of the AST on ORR 
activities was evaluated by performing polarization curves before and 
after AST. These results were then normalized with the electrochemical 
surface area (ECSA) obtained from CO-stripping voltammetry. The 
morphological changes of both Pt- and Pt3Y thin films upon AST tests 
were monitored by means of scanning electron microscopy (SEM) and 
transmission electron microscopy (TEM), whereas changes in their 
surface compositions and in their electronic structures were evaluated 
by energy-dispersive X-ray spectroscopy (EDX) and X-ray photoelectron 
spectroscopy (XPS). Based on the obtained results, this AST methodol
ogy has been useful for demonstrating that Pt3Y after AST tends to 
perform as Pt before AST in relevant fuel cell conditions. As such, the 
proposed protocol is expected to be of great use for future AST studies 
when characterizing the stability of Pt-alloys in PEMFC. 

2. Experimental 

2.1. Sputtered thin films of Pt and Pt3Y 

Pt3Y and Pt thin films were fabricated using a Nordiko 2000 sputter 
coater using pure Pt and Pt3Y alloy targets. The gas diffusion layer (GDL) 
used in all experiments was Carbel CL (230 μm thick). All GDLs were Ar+

plasma cleaned in situ prior to deposition. Before sample deposition, the 
Pt3Y target was pre-sputtered for at least 2 min to remove surface oxides 
on the target. The pure Pt target was pre-sputtered for 1 min. The base 
pressure of the Nordiko 2000 was lower than 1.0 × 10− 6 mbar with a 
working gas pressure of 6.6 mbar under 50 sccm (standard cubic cen
timeters per minute) of Ar gas flow. The resulting Pt- and Pt3Y films 
deposited onto the GDL had a nominal thickness of 60 nm, corre
sponding to a Pt loading of 128.8 and 99.6 μg cm− 2, respectively. 

2.2. Double-MEA assembly 

The sputtered Pt3Y film on GDL was punched to obtain a circular gas 
diffusion electrode (GDE) of 0.95 cm2 geometrical area. In order to 
remove impurities (i.e., yttrium oxides) from the thin film surface, the 
GDE was pretreated as follows: immersion in 0.1 M HClO4 (perchloric 

acid) for 15 min and subsequent washing with Mili-Q water. This pro
cedure was repeated three times and the GDE was subsequently dried for 
30 min at room temperature. The circular catalyst film was assembled 
together with a Nafion 212 membrane and a commercial MEA, both 
square shaped (4 × 4 cm). Finally, a Sigracet 25BC (235 µm thick) GDL 
of 3 cm2 was used at the anode. This configuration has been used pre
viously and will be referred to as a double-MEA setup [21,22]. The Pt3Y 
film acted as a working electrode (WE), while one catalyst layer of the 
commercial MEA (furthest from the WE) acted as a combined counter 
and reference electrode (CE/RE). The function of the Pt interlayer of the 
commercial MEA (closest to the WE) was to minimize H2 crossover effect 
during electrochemical measurements and thus increase the accuracy in 
ORR activities at the low current-density region. The double-MEA setup 
and commercial PTFE gaskets were mounted inside a laboratory PEEK 
(polyether-etherketone) fuel cell, in between two cylindrical graphite 
current collectors having spirally-shaped gas flow channels. The 
assembled fuel cell was clamped by applying a clamping pressure of 5 
bar. As further explained in the next section, the WE was fed with either 
O2 or N2 while the CE/RE worked with either H2 or 5% H2 balanced with 
Ar. Depending on the characterization step, the temperature of the cell 
was adjusted to 80 ◦C or 30 ◦C. All gases were humidified before 
entering the fuel cell. To avoid water condensation in the pipes between 
the humidifiers and the cell, their temperature was set to either 84 ◦C or 
34 ◦C. 

2.3. Electrochemical characterization 

All electrochemical measurements were performed by connecting 
the cell to a PAR 273A potentiostat. The cathode was the working 
electrode (WE) while the anode performed as both counter and reference 
electrode (RE/CE). All potentials are referred to the Reversible 
Hydrogen Electrode (RHE). 

The fuel cell was activated at 80 ◦C and 100% RH, supplying the WE 
and CE/RE with O2 (14.8 ml min− 1) and H2 (29.4 ml min− 1), respec
tively. The activation step consisted of 2000 potential cycles between 
0.9 and 0.6 V at a sweep rate of 20 mV s− 1. Once this step was 
completed, the O2 flow was lowered (7.4 ml min− 1) and the ORR ac
tivities were obtained by recording a sequence of potentiodynamic po
larization curves between 0.9 and 0.3 V: first 50 sweeps at 20 mV s− 1 

and then 2 sweeps at 1 mV s− 1. Afterwards, potentiodynamic sweeps 
were performed with the same sweep rate but between 0.95 and 0.3 V, 
with O2 (14.8 ml min− 1) at the WE and 5% H2 balanced in Ar (300 ml 
min− 1) at the CE/RE. Considering Nernst equation, 5% H2 balanced in 
Ar gives a voltage shift on the CE/WE of approximately 50 mV vs RHE. 
Hence, all results regarding performance at 80 ◦C have been corrected 
with this potential shift. The CO-voltammograms performed at 30 ◦C 
were corrected with a shift of 40 mV. 

To obtain the ECSA, CO-stripping voltammetry was performed at 
30 ◦C and 100% RH. Before starting, the entire system was flushed with 
N2. The CO-stripping protocol involved the following four steps:  

(I) Blank profile: cyclic voltammetry (5 cycles) between 0.05 and 1.2 
VRHE, at 200 mV s− 1. The WE operated with pure N2 (100 ml 
min− 1 and 100% RH) while on the CE/RE the gas was 5% H2 
balanced in Ar (100 ml min− 1 and 100% RH). The conditions at 
the CE/RE were kept throughout the experiment.  

(II) Potentiostatic CO adsorption: 2 min at 0.15 V by switching gas 
and feeding the WE channel with dry CO (2% in Ar).  

(III) Purging the WE to remove remaining CO: shifting the inlet gas on 
the WE back to N2 (100 ml min− 1 and 100% RH) for 5 min.  

(IV) CO-stripping voltammetry, performed at identical conditions as 
in (I). 

2.3.1. Accelerated stress test (AST) 
The stability of the WE was evaluated via an accelerated stress test 
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(AST) at 80 ◦C and 100% RH. The AST consisted of 3600 potential cycles 
between 0.4 and 1.4 V at 1 V s− 1 sweep rate. The WE and CE/RE were 
provided with N2 (100 ml min− 1) and 5% H2 balanced in Ar (100 ml 
min− 1), respectively. The AST impact on ORR activities was then eval
uated by repeating the sequence of polarization curves and CO-stripping 
voltammetry described earlier. 

2.4. Physical characterization 

Considering the electrochemical characterization described in the 
previous section, the nomenclature of the Pt3Y samples characterized in 
this section follows a chronological order where: “as-sputtered” refers to 
a fresh thin-film Pt3Y sample; “pre-treated” is a Pt3Y sample which has 
been treated with HClO4; “activated” refers to a pretreated Pt3Y sample 
that after being assembled, has been subjected to electrochemical acti
vation and finally; “aged” is the denomination for a Pt3Y sample that, 
after activation, has passed through the AST test. 

Scanning electron microscopy (SEM) coupled with energy-dispersive 
X-ray spectroscopy (EDX) was used to image and characterize the cat
alysts as-sputtered, acid treated, activated, and aged. SEM was per
formed using a Zeiss Supra 55VP field-emission microscope at 2 kV 
acceleration voltage and a working distance around 4 mm. EDX was 
performed in the same microscope with an IXRF spectroscopy unit. The 
working distance of the sample was increased to 23 mm and the accel
eration voltage to 20 kV during EDX. 

A PHI 5000 VersaProbe III Microprobe X-ray Photoelectron Spec
troscopy (XPS) instrument (Physical Electronics) was used to study the 
surface composition of the sputtered Pt- and Pt3Y thin films upon AST. 
The instrument is equipped with a monochromatic Al K-α X-Ray exci
tation source (1486.6 eV) operated at 50 W as well as a dual charge 
compensation: an electron neutralizer (negative charge compensation) 
and an ion gun (positive charge compensation). Surface composition 
was evaluated by a survey scan in the binding energy range between 
0 and 1400 eV with an energy step width of 0.4 eV. The chemical states 
of Pt-4f, Y-3d, C-1 s and O-1 s core level spectra were studied in the 
narrow scan, which were recorded with an energy step of 0.1 eV and a 
pass energy of 69 eV. The measuring area was about 200 μm in diameter. 
The chamber pressure was always lower than 5.0 × 10− 9 mbar during 
measurements. For all samples, the binding energy scale was corrected 
by shifting the spectra with respect to the Fermi level, which places 
adventitious C-1 s peak of the C=C bond to 284.4 eV (see Supplementary 
Information). Angle-resolved XPS was used in the same XPS instrument 
at three different angles (30◦, 45◦ and 60◦) and thus three different 
probing depths in order to track surface Pt and Y changes in terms of 
both composition and chemical state across the thin film. XPS mea
surements including angle-resolved XPS were performed for as- 
sputtered, acid-treated, activated and after AST for Pt3Y samples, 
whereas for pure Pt XPS was performed on as-sputtered and after AST 
samples. 

Transmission electron microscopy (TEM) imaging was performed to 
analyze the morphology of Pt3Y thin film catalysts: as-sputtered, acid 
treated and after AST. The samples were prepared by scraping the 
outermost GDL layer containing the catalyst film, onto a water droplet, 
and the subsequent collection of fragments by gently brushing the water 
surface with a lacey carbon TEM grid. A FEI Tecnai T20 instrument, 
equipped with a LaB6 filament and operating at 200 kV acceleration 
voltage, was used for the image acquisition. 

3. Results and discussion 

3.1. Electrochemical results 

3.1.1. AST 
Fig. 1 shows the AST consisting of 3600 cycles where the evolution of 

the cycles for Pt is shown in Fig. 1a and that for Pt3Y in Fig. 1b. 
Regardless of the voltage, the magnitude of the current density for both 

Pt and Pt3Y is reduced as the number of cycles progresses. This trend is 
more pronounced during the first 500 cycles and the PtO reduction peak 
decreases gradually in intensity. The PtO reduction peak is also shifted 
to higher voltages. Fig. 1c shows the voltage at which the PtO reduction 
peak is located along the 3600 cycles of the AST. For both catalyst 

Fig. 1. Evolution of the AST for a) Pt and b) Pt3Y. The AST consisted of 3600 
potential cycles between 0.4 and 1.4 VRHE at 1 V s-1 sweep rate. The WE and 
CE/RE worked with N2 and 5% H2 balanced in Ar respectively. c) Voltage 
location of the PtO reduction peak as a function of the number of cycles during 
the AST. The inset shows the evolution of the PtO peak area, normalized with 
respect to the maximum PtO peak area, reached after approximately 100 cycles. 
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materials the shift of the PtO reduction peak toward higher voltages is 
more pronounced during the first cycles. As the number of cycles in
creases, the position of the PtO peaks of Pt and Pt3Y stabilizes and the 
difference between them is reduced. The inset plot in Fig. 1c shows how 
the area of the PtO reduction peak changes along the AST. The PtO peak 
area was obtained by normalizing the actual area with respect to the 
maximum peak area, reached after approximately 100 cycles. For both 
catalysts the PtO peak area decreases around 30% from cycle 101 to 
3600. 

The shift of the PtO reduction peak to higher voltages is usually 
associated with an enhanced ORR rate due to a decrease of the Pt 
binding energy when adsorbing HO* [31]. However, Koper et al. have 
recently reported [32] that to assume this thermodynamic binding en
ergy as a single descriptor for ORR rate may be erroneous. In order to be 
more accurate, they introduced a kinetic descriptor given by the 
reversible transition from O* to HO* (penultimate reaction step of ORR 
mechanism) which tracks the dependence of ORR rate on electrolyte. 
Hence, in addition to electrode surface, the ORR rate is also governed by 
the electrolyte effect and the PtO reduction peak results from a convo
lution of both descriptors. A deconvolution implies experimental diffi
culties due to this electrolyte-dependent kinetics that mainly applies for 
terrace (111) domains. However, it offers an alternative explanation to 
the counterintuitive relation between the shift of the PtO reduction peak 
and the observed ORR activities further explained in Section 3.1.3. 

3.1.2. ECSA variation 
The impact of AST on ECSA was evaluated by CO-stripping voltam

metry and the results are shown in Fig. 2. The voltammograms for Pt and 
Pt3Y are in Fig. 2a and 2b respectively. The ECSAs were calculated by 
integrating the area below the CO-electrooxidation peak, and by 
assuming 420 µC cmPt

-2 as the charge required to oxidize the pre-adsorbed 
CO monolayer. The voltammogram for Pt before AST exhibits two tops: 
a main CO-electrooxidation peak centered at around 0.79 VRHE and a 
shoulder at a lower voltage located at approximately 0.76 VRHE. In the 
voltammetric profile for Pt after AST there is only a well-defined CO- 
electrooxidation peak, also centered at around 0.79 VRHE. For Pt3Y, both 
voltammograms display a single and well-defined CO-electrooxidation 
peak centered at around 0.77 VRHE. 

The peak position in voltammograms is a fingerprint of the particle 
size and electrode structure influenced by many factors such as crys
tallography of surface planes and surface defects [33,34]. All voltam
mograms have broad peaks indicating that the surfaces are not 
preferably oriented in a specific crystallographic plane. Urchaga et al. 
investigated the CO electrooxidation on polyoriented Pt nanosurfaces 

and, according to their conclusions [33], the shoulder we observe at 
around 0.76 VRHE in the voltammetric profile for Pt before AST refers to 
a CO electrooxidation on well-ordered domains (terraces) while the 
main peak at approximately 0.79 VRHE is ascribed to low-coordinated 
surface sites (steps). During the AST cycling conditions the order of 
terrace domains is broken and therefore, the single peak at around 0.79 
VRHE in the voltammogram for Pt after AST reflects a reconstructed 
surface [35] consisting of shorter terraces and steps where a change in 
size of the Pt domains is also involved [36,37]. Aside of the CO-stripping 
peak, the surface changes affect the entire voltammogram. In the case of 
Pt3Y, the base voltammogram keeps stable and the peak observed at 
around 0.77 VRHE, before and after AST, can be correlated to the peak for 
Pt at 0.79 VRHE in Fig. 2a corresponding to low-coordinated surface sites. 
The changes in the electronic structure (d-band) when alloying Pt with Y 
lead to a weaker affinity for CO adsorption (weaker Pt–CO bond) [38] 
and therefore the CO-electrooxidation peaks on Pt3Y electrode appears 
at lower voltages than for pure Pt. 

For Pt, the ECSA decreases from 5.2 cm2 (before AST) to 4.3 cm2 

(after AST) representing an ECSA loss of around 17% with respect to the 
initial area. For Pt3Y the ECSA decreases from 3.6 cm2 (before AST) to 3 
cm2 (after AST) corresponding to an ECSA loss of around 16% with 
respect to the initial area. As such, the obtained ECSA variation due to 
AST is similar in both catalyst materials. In m2gPt

− 1 the ECSA of Pt de
creases from 4.2 to 3.5 while for Pt3Y this reduction is from 3.8 to 3.2 
(see Supplementary information). These values are lower compared 
with the ECSAs obtained from conventional porous electrodes where Pt 
nanoparticles are dispersed forming a 3D Pt/C surface. In our case, the 
sputtered Pt thin films are model electrodes consisting of a simplified 2D 
architecture with lower ECSA but without the extra complications of 
non-uniform current distribution and mass transport limitations [39]. 
Except for Pt3Y after AST, the CO-stripping protocol was in all cases 
repeated three consecutive times in order to ensure that the obtained 
ECSA values were stable. For Pt3Y after AST (Fig. 2b), the protocol was 
repeated five times due to the instability of the CO peak. Ochal et al. [40] 
observed a similar behavior when using CO-stripping voltammetry for 
studying the nature of bimetallic RuPt core-shell architectures. Ac
cording to their analysis the instability at the surface is attributed to a 
partial rearrangement of the surface as a consequence of AST (see 
Supplementary information). 

3.1.3. Stability of Pt3Y for ORR 
Fig. 3 shows non-IR corrected steady-state polarization curves 

(before and after AST) for Pt and Pt3Y. The measurements were repeated 
on different samples: a duplicate for Pt and a triplicate for Pt3Y. In this 

Fig. 2. CO voltammograms for a) Pt and b) Pt3Y. The measurements were performed at 30 ◦C and 100% RH, with a scan rate of 200 mV s-1. Except during the CO 
adsorption time, the system worked with N2 (WE) and 5% H2 balanced in Ar (CE/RE). 
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context, every curve in Fig. 3 is the mean performance of the forward 
scans (the reverse scans are avoided in order to remove errors due to 
hysteresis phenomena). The mean performance curves including for
ward, and reverse scans are shown in the Supplementary information. 
The first recorded points were not stable and therefore they were 
excluded. The error bars represent the standard deviation, and the 
current densities were normalized with respect to the ECSA obtained 
from CO-stripping. 

As a first observation, in agreement with previous studies com
mented in the introduction [21,22], once the electrodes are activated 
(before AST) the electrochemical performance of Pt3Y film is higher than 
that of Pt. After the AST, the polarization curves for both electrode 
materials are shifted downwards indicating loss of ORR activity in all 
voltages considered. Except at very high voltages (E>0.85 VRHE) in the 
low current-density region, the ORR activities of Pt3Y after AST are very 
close to the ORR activities of Pt before AST. At E>0.85 VRHE the ORR 
activities may have been affected by H2 crossover as a consequence of 
minor changes in membrane thickness in combination with a degrada
tion of the Pt interlayer forming the double-MEA setup [41,42]. Table 1 
shows the ORR specific activities at 0.9 VRHE (i0.9 VRHE) and 0.75 VRHE 
(i0.75 VRHE) before and after AST. The ORR values were extracted via 
interpolation from the polarization curves in Fig. 3. 

Before AST at 0.9 VRHE, the obtained specific ORR activity of Pt3Y is 
roughly 3 times the ORR activity of Pt. This ratio decreases to around 1.2 
after AST, which implies a reduction of the ORR specific activity of 
around 55% for Pt and 83% for Pt3Y. At 0.75 VRHE, the obtained specific 
ORR activity of Pt3Y before AST is around 2.5 times that of pure Pt, 
whereas after AST this ratio decreases to approximately 1.5, indicating a 
reduction of the ORR specific activities: around 40% for Pt and 60% for 

Pt3Y. The ratios obtained before AST correlate very well with our pre
vious studies [21,22]. The highest impact of the AST is for the ORR 
specific activities of Pt3Y above 0.85 VRHE. However, as mentioned 
before, these ORR activity values may have been influenced by H2 
crossover. Except for this region, a relative comparison of the ORR ac
tivities in Fig. 3 indicates that Pt3Y after AST tends to perform as Pt 
before AST. 

For pure Pt, cycling conditions between 0.4 and 1.4 V in PEMFC 
systems are reported as highly detrimental [43]. Higashi et al. [42] 
investigated the degradation of Pt nanoparticles in a Pt/C cathode of a 
single PEMFC subjected to 300 start-up/shut-down cycles between 0.4 
and 1.4 VRHE via in-situ time-resolved quick X-ray absorption fine 
structure (QXAFS). Their results identified fractions of three kinds of Pt 
nanoparticles: active, less active, and inactive. It was found that, as the 
start-up/shut-down cycles progressed, the active Pt nanoparticles were 
transformed into less active and inactive. The less active fraction 
referred to Pt nanoparticles on thinner amorphous carbon layers with 
lower electronic conductivity and their ORR activity was estimated to be 
around 41 % of the active Pt nanoparticles. Interestingly, the resulting 
ECSA variation correlated with the sum of the fractions of the active and 
less active. The inactive sites are associated with dissolved Pt. In this 
context, Pavlǐsič et al. [44] have studied how the scan rate affects Pt 
dissolution and redeposition from a Pt/C during fuel cell cycling con
ditions. In this study, Pavlǐsič et al. showed that Pt redeposition is 
favored at high scan rates. This is due to faster kinetics; the Pt ions have 
less time to diffuse away and therefore there is a higher Pt-ion concen
tration near and on the catalyst thin film prone to be redeposited. In 
view of Higashi’s and Pavlǐsič’s results and considering our AST is more 
than ten times longer (3600 cycles), we conjecture that the decay in ORR 
activity we observe for pure Pt results from a restructuration of the Pt 
surface involving dissolution/redeposition process, where a high frac
tion of active Pt active sites is transformed into less active. The less 
active fraction contributes equally as active sites when measuring the 
ECSA and this is why the measured ECSA variation is not as significant as 
the decay in the ORR activity. 

In the case of Pt3Y, the ORR activities are strongly related to the 
structure of the Pt overlayer. Pedersen et al. [14] showed via X-ray 
diffraction that the overlayers of PtxY and PtxGd are strongly dependent 
on the electrochemical treatment they are exposed to. According to their 
RDE results, when cycling up to 1.3 V, the Pt overlayer in PtxY suffers a 
relaxation of the strain and loss of order causing a decrease of the ORR 
activities. The thickness of the Pt overlayer is an important variable 
since thicker Pt overlayers intensify the effect of strain relaxation [45]. 
Regarding Pt dissolution, the modified electronic structure of Pt3Y at
tenuates the Pt dissolution. A previous study by Tang et al. [46] reported 
that the Pt dissolution from a nanoparticle occurs by direct electro
oxidation of Pt to soluble Pt2+ cations. By performing DFT calculations, 
Jinnouchi et al. [47] studied the site-dependency of the direct Pt 
dissolution and concluded that Pt atoms with lower d-band centers are 
more resistant against dissolution. By correlating all these observations 
with the results from the physical characterization described in the next 
section, we deduce the decay in ORR activity for Pt3Y after the AST is 
mainly due to a relaxation of the Pt overlayer. 

3.2. Physical characterization 

3.2.1. Bulk and surface composition 
Pt- and Pt3Y samples were physically characterized by energy- 

dispersive X-ray spectroscopy (EDX) which has a sensing depth in the 
micrometer range allowing the quantitative analysis of sputtered thin 
films bulk composition. Fig. 4 shows the EDX results, i.e., the Pt:Y bulk 
composition of Pt3Y as-sputtered, acid treated, activated, and aged. The 
data reveal that the measured bulk composition is very close to that 
given by the nominal ratio of the sputtered target alloy (i.e., 3:1, dashed 
white line), although the ratio measured for the sputtered samples is 
slightly lower. 

Fig. 3. Non-IR corrected steady-state polarization curves for Pt and Pt3Y, 
before and after AST. The measurements were repeated on different samples: a 
duplicate for Pt and a triplicate for Pt3Y. Each curve is the mean performance of 
the forward scans. The error bars represent the standard deviation. All mea
surements were performed at 80 ◦C and 100% RH and at 1 mV s-1 sweep rate. 
The setup worked with 100% O2 (WE) and 5% H2 balanced in Ar (CE/RE). . 

Table 1 
Specific ORR activities at 0.9 VRHE (i0.9 VRHE) and 0.75 VRHE (i0.75 VRHE) extracted 
via interpolation from polarization curves in Fig. 3.   

ORR activities  
Before AST After AST  
Pt Pt3Y Pt Pt3Y 

i0.9 [µA cmPt
− 2] ± standard 

deviation 
76.5 ±
8.5 

249.2 ±
40.7 

34.0 ±
17.3 

41.9 ±
32.7 

i0.75 [mA cmPt
− 2] ± standard 

deviation 
4.2 ±
0.3 

10.5 ± 1.0 2.6 ± 0.5 4.0 + 1.3  
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EDX confirms a steady bulk composition of Pt3Y thin films 
throughout the entire electrochemical evaluation, which in turn in
dicates that the Pt-skeleton structure formed upon contact with acid 
does not affect the bulk composition. More importantly, the barely 
changing Pt:Y ratio in the bulk proves that the decay in ORR activity 
after aging cannot be ascribed to a complete leaching of Y atoms from 
the Pt-Y lattice. 

The sputtered Pt3Y thin films were also characterized by angle- 
resolved X-ray photoelectron spectroscopy (AR-XPS), whose angle- 
dependent surface-sensitive probing depth allows an accurate determi
nation of surface elemental composition at different thin film depths. 
Considering the horizontal plane is at 0◦, larger incident X-rays angle 
corresponds to a deeper region of the film being analyzed. Each Pt3Y 
sample was measured at three different X-ray incident angles: 30◦, 45◦

and 60◦ and the results are graphically shown in Fig. 5a (for numerical 
results see the Supplementary information). Moreover, the Y surface 
content was deconvoluted into metallic yttrium, Y0 (light blue), and 
oxidized yttrium, Y3+ (dashed line pattern in blue), to further investigate 
the nature of surface species upon electrochemical testing. 

In as-sputtered Pt3Y thin film, the AR-XPS analysis revealed a 
surface-enrichment of Y3+atoms compared to their nominal composi
tion, which are believed to emerge to the surface due to their higher 
oxophilicity that makes Y more prone to undergo oxidation [20]. The 
surface enrichment with Y3+ in this sample is further evidenced by its 
higher Pt content at larger probing depths (i.e., 60◦). As expected, the 
acid treatment results in a major depletion of surface Y atoms, which is 
greatly ascribed to the effective removal of yttrium oxides by HClO4. 

Hence, given the ease in which Y oxidizes in contact with air and the 
amount of Y0 observed in XPS, at this stage it is assumed that acid 
treatment effectively results in the formation of a Pt-rich surface over
layer [20,48,49]. Activation of Pt3Y samples in acidic conditions gives 
rise to a further decrease in sub-surface Y, both metallic and oxide, 
which translates to a thickening of the Pt-skeleton structure. However, 
the slightly higher Pt content at lower angles may indicate the uncom
plete removal of Y species on the surface. After AST, the aged sample 
exhibits an important decay in surface Y compared to the activated 
sample, which is mostly found as Y0. The absence of surface Y3+, 
together with the increase in amount of Pt at higher angles, confirm both 
the presence of subsurface Y0 and the existence of a Pt overlayer after 
aging. However, despite the visible Y in the bulk, the XPS quantitative 
analysis alone is not capable to ensure that the bulk of the thin film is 
still alloyed in the aged sample. 

XPS data may also be used for the calculation of the thickness of a 
film overlying onto another film at different angles. The variation in 
thickness of the Pt overlayer in Pt3Y samples along electrochemical 
experiments was estimated from XPS data at 30◦ and the results are 
shown in Fig. 5b. Since in the as-sputtered sample the Pt:Y surface 
content is similar to the Pt:Y bulk content, this sample was excluded 
from the calculations (see Supplementary information). It should be 
mentioned that the thickness calculation assumes homogeneous and 
well-defined discrete films, which is most likely not the case in our 
samples and the trend rather than the absolute values should therefore 
be used for surface analysis. As explained above, the remaining Y oxides 
are dissolved during the acid treatment and the Pt atoms re-arrange 
forming an overlayer of 1.2 nm. After activation, the Pt-skin thickness 
increases to 1.4 nm and the final thickness is ca 1.7 nm, which would 
correspond to 10 Pt atomic layers. Even though there is not a precise 
number when deliberating an optimal thickness for the Pt overlayer 
[50], previous measurements in literature reported that there is a cor
relation between the thickening of the Pt overlayer and ORR activity 
losses [51,52]. Escribano et al. [50] reported that beyond a certain level 
of bulk strain, the Pt overlayer is destabilized producing a decrease of 
the ORR activities, which correlates well with our electrochemical re
sults. The small changes in Pt:Y bulk composition observed in EDX re
sults are also in good agreement with an overly thick and presumably 
unstable Pt overlayer. The instability of the Pt overlayer results in an 
increased surface mobility that provides channels for the dissolution of 
residual Y atoms located in the vicinity, thereby reducing even more the 
amount of Y oxides on the Pt surface. However, as explained earlier, the 

Fig. 4. Pt:Y bulk content, measured by EDX, for each Pt3Y sample: as-sputtered, 
acid treated, activated, and aged. The dashed white line depicts the nominal 
Pt3Y alloy composition of the sputtered targets (i.e., 3:1). 

Fig. 5. a) Pt:Y surface content, as well as the amount of Y0 (metallic state) and Y3+ (oxidized state) for each Pt3Y sample measured at three different X-ray incident 
angles (30◦, 45◦ and 60◦) in AR-XPS. The dashed white line depicts the nominal alloy composition of the sputtered targets. b) Pt overlayer thickness in Pt3Y samples 
estimated from XPS intensities. The white digits are the corresponding Pt atomic layers (approximated numbers). 
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Pt thickness determined from XPS quantification should be taken merely 
as an indication and conclusive statements shall not be drawn from these 
values. 

In order to elucidate the change in Pt binding energy at different 
stages of the electrochemical testing, deconvolution of Pt-4f XPS spectra 
was conducted on both Pt and Pt3Y samples at 30◦ (Y-3d spectra are in 
Supplementary information) to obtain a more surface-sensitive elec
tronic structure insight. The deconvolution of XPS spectra in different 
Pt3Y samples (Fig. 6a) reveals a steady surface composition of Pt species, 
namely metallic Pt (Pt0) and oxidized Pt (Pt2+ and Pt4+), which indicates 
that Pt corrosion is not responsible for the ORR activity decay observed 
in the aged samples (Fig. 3). More importantly, deconvolution of the Pt- 
4f XPS spectrum in the as-sputtered Pt3Y sample shows a Pt0 of a very 
different nature than that in the pure Pt sample (Fig. 6b), as evidenced 
by its significantly lower binding energy (70.7 eV). This value is 
remarkably lower than that reported in the literature for pure Pt [22,53, 
54], although in principle is in good agreement with the Pt-Y alloy 
formation that results in a withdrawal of Pt electronic density [16,55]. 
After acid treatment, a 0.1 eV shift towards higher binding energies is 
observed for all Pt species in Pt3Y. This further proves a change in the 
d-band of surface Pt, which is ascribed to the formation of an unalloyed 
Pt-rich overlayer as described in Fig. 5b. We therefore infer that the 
activation step results in a surface Pt with an optimal binding energy of 
the oxygen-containing species, which in turn gives rise to the ORR ac
tivity enhancement observed for Pt3Y in our electrochemical measure
ments. By the same principle, the noticeable decay in its ORR activity 
after the AST is explained in terms of Pt binding energy and thus O af
finity, which correlates well with the ORR reactivity of the different 

geometries of the Pt active sites described in section 3.1.2. The Pt-4f XPS 
spectrum deconvolution reveals a prominent increase (0.15 eV) in Pt0 

binding energy after aging, which brings metallic Pt to 71.2 eV, very 
close to pure Pt (Fig. 6c). The Pt0 binding energy similarities between 
aged Pt3Y, and as-sputtered Pt is in very good accordance with the ORR 
specific activities observed in Fig. 3, where both catalysts show a very 
similar current response along a wide voltage range, which proves the 
similarities in the electronic structure of both samples. More impor
tantly, we infer that this 0.15 eV positive shift in Pt0 binding energy is 
more than sufficient to bring Pt in Pt3Y back to the too strong O* 
adsorption catalyst category, which we attribute as the reason behind 
the observed ORR activity decrease. The aged Pt sample, however, ex
hibits a hardly noticeable negative shift (0.04 eV) in Pt0 binding energy 
with respect to as-sputtered Pt, which is clearly not enough to explain 
the decrease of ORR activity observed in these samples. Because the 
electronic structure in pure Pt seems unaltered, Pt morphology upon 
aging was investigated to attempt to single out the cause of the 
decreased ORR activity after aging. 

3.2.2. Morphology 
The impact of AST on morphology of the sputtered Pt- and Pt3Y thin 

films is shown in the high-resolution scanning electron microscopy 
(SEM) images in Fig. 7. 

Fig. 7a shows the SEM picture of the as-sputtered Pt sample, before 
AST. As in SEM profiles for plasma sputtered Pt published by Brault et al. 
[56], Pt crystallites are distributed along the surface of the macroscopic 
MPL structure of the GDL forming a porous structure. In contrast with 
thin films deposited by using e-beam evaporation, DC magnetron 

Fig. 6. Pt-4f XPS deconvoluted spectra at 30◦ with corresponding Pt surface species for a) Pt3Y and b) Pt samples. c) Pt binding energy in both Pt and Pt3Y of different 
samples measured in XPS at 30◦
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sputtering creates smaller Pt crystallites and, as the whole MPL surface is 
covered with Pt, the contrast difference in the image is low [57]. After 
AST, in Fig. 7b, a considerable growth of the Pt domains is observed and 
almost no small clusters are found at the surface of the catalyst film. As 
mentioned in Section 3.1.3, Pt dissolves and redeposits in PEMFCs 
during potential cycling conditions performed at a high scan rate [58]. 
Therefore, the growth of the Pt domains we observe for Pt after AST in 
Fig. 7b results from a Pt dissolution/redeposition process denominated 
in literature as Ostwald ripening [28]. Fig. 7c shows the morphology of 
the Pt3Y as-sputtered sample. After deposition, the whole porous 
macrostructure of the MPL seems covered with Pt3Y nano-clusters. The 
morphology of Pt3Y after AST (Fig. 7d) appears to be rougher. However, 
this morphology is also observed in the Pt3Y as-sputtered sample when 

SEM is performed with an angle-view of 45◦ (see Supplementary infor
mation). Hence, the morphology of Pt3Y after AST is very similar to 
as-sputtered Pt3Y before AST in this view, which indicates that the AST 
does not induce degradation in the morphology of the catalyst thin film 
itself. 

3.2.3. Microstructure 
TEM further confirms the differences in morphology of Pt3Y thin 

films before and after AST to be very small. Fig. 8 depicts the micro
structure of Pt3Y thin film samples: as-sputtered (Fig. 8a), acid treated 
(Fig. 8b) and after AST (Fig. 8c). Imaging was performed in the transi
tional region between full film thickness and naked carbon support. Film 
thickness in this region varies depending on the degree of sputtered 

Fig. 7. SEM images of a) Pt as-sputtered before AST and b) Pt after AST. c) Pt3Y as -sputtered, before AST and d) Pt3Y after AST. All images were taken at 5 kV with 
backscattered electrons. 

Fig. 8. TEM micrographs of a) Pt3Y as-sputtered before AST, b) Pt3Y acid treated, before AST and c) Pt3Y after AST. All images were attained at 200 kV acceler
ation voltage. 
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material reaching the substrate, where dark areas of higher film thick
ness were originally oriented more towards the sputter target. Conse
quently, and in agreement with [21], full alloy film coverage is obtained 
on top of the carbon particles, while the sputtered catalyst layer de
creases in thickness to eventually consist of separate nanoparticles on 
the sides of the carbon particles. No significant differences in film 
morphology of Pt3Y samples before (Fig. 8a and 8b) and after (Fig. 8c) 
AST are observed in the TEM micrographs, suggesting that the continued 
leaching of yttrium during aging does not largely affect the micro
structure of the alloy thin film. 

4. Conclusions 

In order to investigate the long-term ORR activity of Pt3Y thin films 
in relevant fuel cell conditions, an accelerated stress test (AST) con
sisting of 3600 potential cycles between 0.4 and 1.4 V at 1 V s− 1 was 
performed in a single proton exchange membrane fuel cell (PEMFC) at 
80 ◦C and 100% RH. The impact of the AST was evaluated by analyzing 
the ORR activities obtained from polarization curves before and after the 
AST. The ECSA was measured by CO-stripping voltammetry, whereas 
the morphological changes were monitored by means of scanning 
electron microscopy (SEM) and transmission electron microscopy 
(TEM). Variations in surface compositions and electronic structures 
were evaluated by energy-dispersive X-ray spectroscopy (EDX) and X- 
ray photoelectron spectroscopy (XPS). 

After AST, the polarization curves for both Pt and Pt3Y are shifted 
downwards indicating loss of ORR activity at all voltages. Except at very 
high voltages (E > 0.85 VRHE) the ORR activity of Pt3Y after AST is very 
close to that of Pt before AST. This correlates well with the results from 
the deconvolution of Pt-4f XPS spectra where the binding energy of 
metallic Pt in Pt3Y is very close to pure Pt (71.22 eV). The ECSA decrease 
due to AST is similar for both materials: around 16% for Pt and 17% for 
Pt3Y. Similar morphologies are observed for aged Pt3Y and as-sputtered 
Pt, and the EDX results confirm a steady bulk composition of Pt3Y thin 
films throughout the entire electrochemical test. Based on all obtained 
results, we conclude that the loss of ORR activity for Pt3Y is due to an 
increase in the thickness of the Pt overlayer. This induces a relaxation of 
the Pt overlayer, which in turn decreases the compressive strain effect. 
For pure Pt, the loss of ORR activity is due to a growth of the Pt domains 
associated with the Ostwald ripening process. Considering the obtained 
results, the AST presented is expected to be of great use when studying 
the stability of other Pt-alloys in PEMFCs. 

CRediT authorship contribution statement 

Eva Marra: Investigation, Methodology, Formal analysis, Writing – 
review & editing, Writing – original draft. Gerard Montserrat-Sisó: 
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