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Platinum bimetallic alloys represent a promising class of catalysts for the oxygen reduction reaction in proton
exchange membrane fuel cells. Among them, Pt3Co is characterised by higher performances than bare Pt, but also
by different stability, as Co leaching is known to take place during fuel cell operation. To underline differences of
catalyst behaviour in real operating conditions, the evolution of bare Pt and Pt3Co catalyst nanoparticles are here
compared from pristine conditions, up to catalyst activation and aging via specific break-in and Accelerated
Stress Tests (ASTs) procedures, respectively. Changes in catalyst chemistry were monitored via x-ray absorption
and photoelectron spectroscopies, and via SEM-EDX. Results were combined with morphology analysis carried
out via small-angle x-ray scattering. Results from both operando and ex situ measurements show as for bare Pt
catalyst, both particle morphology and the ratio among metal-to-oxidised Pt do not change remarkably after the
break-in, and that the Electrochemically Active Surface Area (ECSA) strongly reduces due to average particle size
growth from 2.28 to 6.21 nm within the first 3000 AST cycles. Conversely, in Pt3Co catalyst, Co leaching strongly
affects the break-in stage, by reducing particle size and decreasing the fraction of metallic Co. During ASTs,
leaching continues also after the formation of the Pt-rich skin, which formation contributes to slow down ECSA
reduction, with particle size growing from 2.59 to 6.14 nm in between 3000 and 6000 cycles only.

catalysts [6], or by alloying platinum with transition metals (Ni, Co, Y,
etc.) [5] to tune platinum electronic structure and leverage ligand-strain

1. Introduction

Proton Exchange Membrane Fuel Cells (PEMFCs) constitute the
reference technology for hydrogen-fuelled zero-emission power gener-
ation. Characterised by satisfying performances in terms of specific
power and peak efficiency, PEMFC diffusion on the market is still limited
by technology costs and durability directly related to the catalyst layer
composition [1]. With the aim of reducing costs, in the last decades
platinum catalyst loading has been progressively reduced [2]. In addi-
tion, different approaches were successfully adopted to optimize catalyst
structure at the nanoscale [3-5] either by designing single-atom

effects, forming for example core-shell nanostructures, or single-atom
catalyst materials. Among all of the different alloys investigated, both
PtxNi(;_x) and PtxCo(;_x) demonstrated to be valid alternatives to bare Pt
catalyst nanoparticles, showing even better performances with respect
to standard Pt-based catalysts, due to the strain effect induced by the
alloy formation [7-13].

Nonetheless, the degradation kinetics of platinum bimetallic alloys
differ from those of bare Pt catalyst materials [14,15], as the dealloying
of the less noble metal was reported to play a crucial role affecting the
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performances and stability of the catalyst in both PtxNi(;_x) [16-18] and
PtxCo1-x) [19,20] formulations. While complex ternary or quaternary
alloys are under investigation with the aim of finding stabilization
mechanisms able to reduce dealloying, and consequently extend catalyst
lifetime over time, in-depth analyses of the effects of metal dealloying
are still limited in number. To date, it has been observed that the
dissolution of the less noble metal strongly influences catalyst reaction
kinetics [8,19], and that the consequent formation of a Pt-rich skin plays
an important role in slowing down the catalyst degradation rate
[15,21,22].

With the aim of shedding light on catalyst evolution in fuel cells and
water electrolysers, in previous works, we presented an electrochemical
cell [23] and an experimental approach [24] combining operando elec-
trochemical analysis based on x-ray-based investigation techniques to
the depict change of chemistry and morphology of catalyst nano-
particles, by means of X-ray Absorption Spectroscopy (XAS) and Small-
Angle X-ray Scattering (SAXS), respectively. Obtained results have been
complemented by means of SEM-EDX, operando XPS and Inductively
Coupled Plasma Mass Spectroscopy (ICP-MS). In this work, we aim to
highlight the differences in degradation between bare Pt and Pt3Co
catalyst nanoparticles for the Oxygen Reduction Reaction (ORR) in low-
temperature PEMFCs, undergoing properly designed Accelerated Stress
Tests (ASTs) simulating load cycling conditions. As already done on half-
cells [25,26] or full cells [27-29], we aim to better understand degra-
dation dynamics, and provide a benchmark for further studies address-
ing the development of novel formulations for catalyst materials
[30-32]. Furthermore, we show that leaching taking place during the
break-in step is fundamental in defining the stability of platinum-
bimetallic alloys under subsequent fuel cell operation, as recently
demonstrated for Pt—Ni bimetallic alloy too [33].

2. Materials and methods
2.1. MEA preparation

Membrane Electrode Assemblies (MEAs) were made starting from
self-made Catalyst Coated Membranes (CCMs), prepared by ultrasonic
spraying a catalyst ink on the surface of Nafion (NR-212, Fuel Cell Store)
via a CNC controlled system (ExactaCoat, Sono-Tek), as detailed in
previous works [34,35]. MEAs with a cathode catalyst layer containing
Pt catalyst and Pt3Co, were prepared using catalyst inks with Pt/C (Pt on
Vulcan XC-72R, 40 wt%; FuelCellStore) and Pt3Co/C (Pt3Co on Vulcan
XC-72R, containing 40 wt% of Pt3Co; FuelCellStore) catalyst nano-
particles, respectively. The catalyst inks were prepared with a ionomer-
to-carbon ratio equal to 0.6 [34] by the ultrasonic mixing of the catalyst
nanoparticles with ionomer dispersion D521 (5 % 1100 EW; FuelCell-
Store) and isopropanol/water solvent (1:1 ratio). The ink was sonicated
for 15 minutes using a horn-type sonicator (HD-3100, Bandeling
SonoPulse). For ultrasonic spraying process the membranes were
secured on a hot-bed (60 °C) to ensure rapid evaporation of the solvent.
The cathode electrodes of the CCMs measured via XAS were loaded with
0.4 mg-cm~2, while loading was doubled (to 0.8 mg-cm™2) for SAXS
analysis, to guarantee catalyst detectability. Conversely, the anode
electrodes were loaded with Pd/C (Pd on Vulcan XC-72R, 40 wt% of Pd;
FuelCellStore, loading of 0.2 mgpd-cm_z) for XAS measurements to
avoid any contamination of the XAS signal recorded in transmission
mode from the catalyst layer deposited on the anode side, as previously
done [23]. Being SAXS not chemically sensitive, and due to the fast ki-
netics characterising the hydrogen oxidation reaction, Pt/C catalyst was
used with reduced loading (0.05 mgp-cm™2) to avoid detecting the
scattering pattern produced by the anodic particle population, as pre-
viously done [23]. Finally, two commercial Gas Diffusion Layers (GDLs,
H24C5, Freudenberg) were used to sandwich the CCMs.
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2.2. X-ray Absorption Spectroscopy (XAS)

XAS spectra were collected at the XAFS beamline [36] of ELETTRA
synchrotron, using a fixed exit Si (111) monochromator, at the L3- and K-
edges of Pt and Co, in transmission and fluorescence mode, using
respectively ionization chambers and Silicon Drift Detectors (SDD). A
KETEK (GmbH AXAS-M, Munich, Germany, active area: 80 mm?) SDD
detector was used during operando measurements, whereas for spectra
collected ex situ a high-performance multichannel SDD detector (AXPiDe
v2.0, Agostini et al. 2025) [37] was employed. The beamline uses a
collimated x-ray beam, whose size at the exit slits was equal to 0.6 x 0.5
mm?. Energy calibration was accomplished by collecting simultaneously
a spectrum of a metallic reference placed in a second experimental
chamber, with the position of the first inflection point settled to 11564
and 7709 eV for Pt and Co, respectively. Spectra of Pt- and Co-bearing
reference compounds were either already available from previous ex-
periments conducted at the same beamline [23,38], or provided by the
database available at the beamline itself. All of the spectra were
collected with an energy step dependant on the energy of the incoming
beam: 5 eV steps in the first 200 eV of the spectrum, 0.2 eV step in the
XANES region, and a k-constant step of 0.03 A1 in the EXAFS region.
The XANES spectra of the samples and model compounds were
normalized to unity by means of Athena software [39]. EXAFS re-
finements were also conducted on the ex situ data of the pristine samples:
signals were extracted using the Athena software, Fourier-transformed
with a Hanning window in the k range 3 + 11 A1 and quantitative
analyses were carried out using the Artemis software (Demeter 0.9.25
package) [39]. The shell for metallic Pt and the shells for the Pt3Co alloy
have been calculated using the crystallographic data reported by
Wyckoff [40] and by Geisler and Martin [41], respectively. XANES data
of the samples were analysed also by linear combination fitting
approach with the Athena software, by using spectra from the reference
compounds, to estimate the average oxidation state.

2.3. Small-Angle X-ray Scattering (SAXS)

Ex situ and operando SAXS patterns were collected on the Austrian
SAXS beamline at the ELETTRA synchrotron in Trieste, Italy [42], at
room temperature and pression, in transmission mode. at a wavelength
of 0.77 A (16 keV), with a beam size of 0.8 x 0.5 mm? and a sample-to-
detector distance set to 2225.7 mm. Patterns were recorded via a 2D
pixel detector (Pilatus 3 1 M, Dectris), and radially integrated by means
of SAXSDOG [43] software. As calibrant, silver behenate was used.
Scattering patterns were analysed within the g-range from 0.097 nm™!
to 6.376 nm ' by using IGOR Pro software (IGOR Pro 7.0.8.1, Wave-
metrics) for data reduction and fitting; a scattering pattern recorded
from the empty cell was used for background subtraction. Least square
fitting was performed starting from the analytical model presented in a
previous work of us [24], where catalyst nanoparticles are modelled as a
product of a form factor by a structure factor: I(q)xIpe
P(Dp,0p,q) » S(Dy,£,q). As, from data fitting, evidence of aggregation
was found in the MEA loaded with the Pt catalyst only, in the MEA
loaded with the Pt3Co catalyst nanoparticles, the structure factor was
not used, thus catalyst nanoparticles were modelled by using a form
factor only. Due to the masking effect introduced by the presence of the
GDL, and in agreement with the approximations presented by Gommes
and co-workers [24,44] the cross-correlation term was neglected from
the model. This assumption allowed to use the analytical model
composed by a set of spheres following the Schulz distribution [45,46]
as a form factor, to retrieve particle size distribution, expressed in terms
of mean particle size (Dp), and its standard deviation (cp), scaled by the
forwarded scattering probability (Ip). The fractal model developed by
Teixeira [47] was used as a structure factor, where the fractal dimension
(Dy) is related to the morphology of the cluster shape, while the cut-off
distance (£) describes the behaviour of the pair correlation function
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for larger distances than the size of a catalyst nanoparticle, and can be
related to the average cluster size and by means of the calculated radius
of gyration RZ = &Dy(Dy +1)/2 [48]. The catalyst specific Surface
Area (SA), SA = (A)/p(V), was calculated as the ratio of the average
surface (A) to the average volume (V) of the catalyst nanoparticles
[24,49], calculated as the second and third moment of the Schultz
probability distribution function [26,50]: (A) = 4 féz e f(r)r2dr, (V) =
4 (f ™ f(r)r3dr. The Debye-Anderson-Brumberger (DAB) form factor
[51,52] was used to model the Vulcan substrate by keeping the corre-
lation length value fixed at 36.07 nm, as previously done [23,24]. A
power law was used to model the contribution of the largest structure
composing the GDLs, while a Voigt peak [53,54] was used to represent
the Nafion ionomer peak. Being the catalyst loading at the anode 16
times lower that the loading at the cathode, and being the catalyst
nanoparticles at the anode not expected to evolve as fast as particles at
the cathode, their presence was considered negligible.

2.4. SEM-EDX

Cross-sections of the MEAs (razor blade cut) were characterised by
Scanning Electron Microscopy (SEM) using a Tescan MIRA III micro-
scope operating at the 30 keV electron beam energy. The EDX spectra
were acquired by an SDD EDS spectrometer (JEOL) with 0.98 sr solid
angle integrated in JEOL JEM-2200FS microscope. Core loss-edge of Pt,
Co, and F were taken in each point in order to obtain the element map of
the structure.

2.5. Operando X-ray Photoelectron Spectroscopy (XPS)

Operando XPS measurements were performed using an in-house
developed operando cell setup [55]. The cell was operated in a half-
cell mode, equipped with a Pt counter electrode and Ag/AgCl refer-
ence electrode, within a Near-Ambient Pressure XPS (EnviroESCA,
SPECS). A monochromatized An Al Ka X-ray source (1484.71 eV, 300
pm spot size), combined with a hemispherical photoelectron analyser
(Phoibos 160 NAP 1D-DLD SPECS) was used to acquire the XPS Pt 4f, Au
4f, Co 2p, C1s,0 15, F 1 s, and VB spectra with a pass energy set to 20 eV,
ameasurement step of 0.1 eV, and a dwell time of 0.3 s per point. Spectra
were recorded at different applied potentials, with the electron analyser
electrically grounded with the working electrode of the operando cell.

2.6. Inductively Coupled Plasma Mass Spectrometry (ICP-MS)

The concentrations of Pt and Co were measured using Inductively
Coupled Plasma Mass Spectrometry (ICP-MS) with a NexION 350X in-
strument (PerkinElmer, USA), equipped with an ESI SC Autosampler. To
reduce polyatomic ion interferences originating in the plasma, analyses
were performed in Kinetic Energy Discrimination (KED) mode with a
high-purity helium gas flow rate of 4.8 mL-min~'. Instrument calibra-
tion was achieved using a series of standard solutions ranging from 0.2
to 100 pg-L ™!, obtained through serial dilution of 10 mg-L™! multiele-
ment standards designed for ICP applications (Periodic Table MIX 1 and
MIX 2, TraceCERT, Sigma-Aldrich). Quantification of analytes was
based on a linear calibration curve within the specified concentration
range (0.2-100 pg-L~1, R? = 0.99). Analytical accuracy was verified
using two quality control samples at concentrations of 1 pg-L™! and 10
pg~L_1, prepared from a separate multielement standard not employed
in calibration (Multielement Quality Control Standard for ICP, VWR
Chemicals). The limits of detection for Co (59 u.m.a.) and Pt (195 u.m.
a.) are equal to 0.05 pg-L ! and 0.01 pg-L™! respectively. Measurement
precision as repeatability (RSD%) for the analysis was <3 %.
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2.7. Operando XAS and SAXS analysis

Operando measurements were performed by following a methodol-
ogy previously consolidated [23]: after characterising MEAs in pristine
conditions, a conditioning protocol (Tcey: 80 °C; 100 % RH Ny gas flown
at both electrodes at the flow rate ®: 50 NrnL~min’1) was used to
properly hydrate the MEAs. Afterwards, the cell was driven by a
potentiostat (SP-240, Biologic), equipped with a booster capable of
providing a maximum output of 4 A. Once the MEA was properly hy-
drated, the break-in procedure was started (Tcey: 80 °C; anode: 100 %
RH Hj, ®: 20 NmL~min’1; cathode: 100 % RH O,, ®: 20 NmL~min’1),
consisting in chrono-amperometry at the potential of 0.4 V for 120 min.
During this step SAXS patterns were continuously recorded every ten
minutes; XAS spectra were collected during the break-in process only.
Finally, an AST simulating load cycling during FC operation [56] was
applied: the AST consisted in switching cell potential between 0.65 V
and 0.90 V, with a holding time of three seconds for each step. For the
MEA loaded with the Pt catalyst nanoparticles only 4000 cycles could be
recorded, while 7000 cycles could be recorded when the Pt3Co nano-
particles were used as a catalyst. The temporal window of analysis was
considered satisfying, as it was previously demonstrated that the most
remarkable evolution takes place in the early stages of operation [28].
Every 250 potential cycles, one SAXS pattern and three voltammograms
were recorded. Cyclic Voltammetry (CV) was carried out by measuring
three voltammograms ranging from 0.05 to 1.0 V at the scan rates of 20,
50, and 100 mV-s~ . The Specific Electrochemically Active Surface Area
(ECSA) was calculated as: ECSA = Q(Hypp)/(C @ mp;), where Q(Hypp)
represents the Hydrogen Underpotential Deposited Charge (obtained by
integrating the current values within the hydrogen desorption region), C
is the hydrogen adsorption charge on a smooth Pt electrode (equal to
210 pC~cm_2), and mp; is the mass of the catalyst loading per unit area
(mp; = 0.8 mg‘cm’z). Nonetheless, due to the intrinsic limitations in
ECSA calculation for Pt-bimetallic alloys [57-60], the specific surface
area calculated from SAXS data analyses was used to complementary
monitor the ECSA evolution, as previously done [23,24]. After the
break-in step and at the end of ASTs, water produced by the fuel cell was
sampled for ICP-MS analyses.

Operando SAXS and XAS data were completed by measuring ex situ a
set of twin MEAs aged by applying the same protocol, stopped at specific
time points (pristine conditions and after 1250, 2500 and 5000 cycles).
The MEAs loaded with PtsCo catalyst were further measured by cross-
sectional SEM-EDX.

3. Results and discussion

The two types of MEA were characterised in pristine conditions at
first, as shown in Fig. 1 and summarised in Table 1. Nanoparticle size
distribution gives rise to the shoulder present at intermediate q-ranges of
SAXS patterns (in between 0.6 and 1 nm): in Fig. la it is evident as
Pt3Co nanoparticles are bigger, as this feature is shifted towards lower g-
values. Pt nanoparticles are characterised by smaller, and more mono-
dispersed particle population with a mean particle size (within the
Schultz distribution) of 2.28 + 0.02 nm and distribution width equal to
0.83 £ 0.01 nm, in agreement with results previously obtained [23,24].
Instead, the Pt3Co nanoparticles are characterised by a mean particle
size of 3.55 # 0.05 nm and a distribution width of 1.49 £ 0.01 nm, in
agreement with both other references found in literature [61,62], and
with specifications provided by the supplier [63]. The two scattering
patterns show a similar evolution at higher g-values (where the contri-
butions from the bigger features characterising the Vulcan support and
the GDL are present). Nonetheless, they differ at lower g-values, where
the form factor representing the catalyst nanoparticles differently
overlaps with the Nafion ionomer peak, which can be found in between
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Fig. 1. MEAs characterization in pristine conditions. MEAs loaded with Pt and Pt3Co catalysts are compared in pristine conditions: (a) SAXS patterns; normalized
XANES spectra recorded at (b) the Pt L3- and (c) Co K- edges, respectively. Continuous lines represent measured data, dashed lines* have been replotted from the
work of Takao et al. [67].

Table 1

MEAs in pristine conditions: quantitative comparison. A comparison of the main results obtained by fitting the SAXS patterns represented in Fig. 1a with the
analytical model, by linear combination fitting of the XANES spectra from Fig. 1b and EXAFS refinements (Fig. S1). The main SAXS results are listed in terms of mean
particle size (Dp) and standard deviation (cp) within the Schultz distribution. The main XANES results are presented in terms of percentage ratio of the amount of Pt in
the metallic (Pt°) and oxidised (Pt*") states. From EXAFS refinements of the same spectra (full results in Table S2), the average bond length of the first shell (r) was
calculated. Notes: ® Reference data reported from a previous work [23]. P XAS recorded at the Pt Ly-edge. © XAS recorded at the Co K-edge; this value is referred to the
shell calculated for Co in Pt3Co, which however is not the only shell used, as to achieve a good EXAFS fit, CoO shell needed to be inserted (in accordance with the results
from XANES linear combination fitting on the same sample, reported in Table S1).

Dp (nm) op (nm) Pt® (%) Pt (%) r(A)
Pt 2.28 + 0.02 0.83 + 0.01 89 + 3P 11 +3%b 2.748 + 0.003 P
Pt;Co 3.55 + 0.05 1.49 4+ 0.01 96 +3° 4+3P 2.706 + 0.009 °

2.685 =+ 0.007 ¢

1 and 2nm™, depending on the degree of relative humidity at which the
ionomer is exposed [64].

When comparing normalized XAS spectra measured at the Pt Lz-edge
(Fig. 1b), the overlap of the edge position and the similar intensity of the
white lines in the normalized XAS spectra reveal that Pt is mostly present
in metallic state for both catalyst compositions. Linear combination
fitting analyses of the XANES spectra (Fig. S1a), allowed to estimate the
percentage of metallic Pt with respect to the total Pt content. This was
found to be equal to 89 + 3 % when the catalyst was composed of Pt only
[23], and to 96 + 3 % for the Pt3Co catalyst nanoparticles. This is also
summarised in Table 1, where the corresponding fraction of oxidised
platinum (Pt2%) is listed too. The slightly lower oxidation degree
detected for PtsCo compared to bare Pt catalyst can be attributed to an
electronic ligand effect induced by Co incorporation, which leads to
charge transfer from Co to Pt and a consequent downward shift of the Pt
d-band centre, weakening Pt—O interactions and hence reducing the
tendency of Pt to form oxidised species, stabilizing metallic Pt sites. Such
a stabilization effect is consistent with the smaller ECSA decay observed
for PtsCo during ASTs (as it will be later presetned and summarised in
Table 2) and agrees with previous reports on Pt-M (M = Co, Ni) alloys,
where alloying-induced d-band shifts were shown to lower the Pt—0O
binding energy and enhance catalyst stability [10-13].

Table 2

Since an increased white line intensity in the XAS spectra of a mainly
metallic Pt sample can be either due to PtO and/or PtO, (oxidation state
Pt>" and Pt**, respectively) [65,66], the oxidation state of Pt within the
alloy was crosschecked with XPS on a single cathode electrode. The
recoded XPS Pt 4f spectrum (Fig. S2a), allowed to determine that the
oxidised platinum is in the oxidation state Pt>*. From the analysis of this
spectrum, the fraction of oxidised Pt was found to be equal to 16 %,
resulting bigger than what obtained via XANES linear combination
fitting. Such a difference can be related to the limited sensitivity of XPS
in probing sample bulk, being this technique more suitable for surface
analysis. It follows that the incidence of the intensity related to the
oxidised form, located on the nanoparticle surface, is much higher for
XPS. The characterization of the pristine Pt3Co catalyst was completed
by XANES linear combination fitting analyses on the spectrum collected
at the Co K-edge data (Figs. 1c, S1b, and Table S1) which allowed to
estimate a fraction of metallic Co (Co%) equal to 59 + 5 % (either
bounded to other Co atoms, 6 %, or to Pt ones, 53 %). The remaining Co
belongs to the oxidised form, as also suggested from the increased in-
tensity of the white line with respect to the reference metal and Co alloy
(Fig. 1c). Interestingly, oxidised Co was found both in the form of CoO
(19 + 3 %) and forming oxide/hydroxide phases, in particular the Co
(H,0)2" complex (22 + 5 %). This finding was unexpected, but partially

Summary of combined CV, SAXS, and XAS analysis. Particle size distribution (Dp, op) and geometric surface area (SA), ECSA, relative ratio among metallic and
oxidised Pt and Co is compared in pristine conditions, after the break-in, and after 5000 cycles for the compared catalysts for this study. Notes: results from linear
combination fit of XAS spectra measured at the Pt Ls-edge in the XANES region are expressed as a ratio among metallic (Pt®) and oxidised (Pt**) platinum, while fit on
XAS spectra measured at the Co K-edge are expressed as a ratio of Co in metallic (Co®) and oxidised (Co>") states. Co in metallic state is represented by the fraction of
Pt3Co compound used for fitting, while Co in oxidised state is defined by the sum among the fractions of CoO and Co(H,0)2". Detailed results are listed in Table S5.
Notes: ? Reference data reported from a previous work [23].

Dp (nm) op (nm) SA (m*/g) ECSA (m®/g) PO/Pt* (%) Co°%/Co>" (%)
Pristine 2.28 +0.02 0.83 + 0.01 30.5 - 89 /11 (+£3)° -
Pt After break-in 2.32 4 0.04 0.92 £ 0.01 30.1 31.0 95 /5 (+2)° -
Aftter 5000 AST 5.71 + 0.05 1.54 + 0.01 12.2 16.7 93 /7 (+2) -
Pristine 3.55 + 0.05 1.49 + 0.01 26.2 - 96 / 4 (+3) 60 / 40 (+4)
PtzCo After break-in 2.59 + 0.03 1.42 + 0.01 31.9 29.94 98 /2 (+2) 26 / 74 (+6)
Aftter 5000 AST 4.28 +0.01 2.24 £ 0.01 21.3 19.26 88 /12 (+3) 74 /26 (£4)
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in agreement with the results presented by Takao and co-workers [67],
who also reported the formation of such a complex. EXAFS refinements
of the spectra recorded at both the Pt Lg-edge and the Co K-edge
(Figs. S1c, and S1d), allowed to quantify the average bond length for the
two specimens (r, Tables 1 and S2). These results are in agreement with
those previously reported by Gilbert and co-workers [61]; in particular,
it can be appreciated as the alloying of Pt with Co is decreasing the first
shell bond-length.

After MEA conditioning, the break-in step was performed, by oper-
ating the fuel cell at 0.4 V; the corresponding time-resolved scattering
pattern and XAS spectra (recoded at the end of the break-in procedure)
are shown in Fig. 2. As expected, and in agreement with a previous study
by the same authors [23], once bare Pt nanoparticles are used as cata-
lyst, no remarkable evolution can be detected, and the main changes in
SAXS patterns (Fig. 2a) are related to Nafion hydration, which is re-
flected on ionomer peak shift towards lower g-values and the increase in
intensity [68,69] (as summarised in Fig. S3, where the complete evo-
lution of the parameters composing the model is shown). From fitting
the scattering patterns with the analytical model (Fig. 3a), the relative
variation detected in particle size was found to be limited to the 1.7 %
(2.32 £+ 0.04 nm) with respect to the starting value, while standard
deviation increased by about 8.7 % (0.92 + 0.01 nm); consequently, the
specific surface area evolution shows no significant changes too
(Fig. 3b). In fact, the main effect of the break-in condition can be only
noticed in XAS analysis, where the most remarkable difference between
the spectra collected in pristine conditions and at the end of the break-in
process (Fig. 2b) consist in a small decrease in white line intensity,
indicating a partial reduction of the oxidised platinum fraction within
the MEA, thanks to the reducing potential applied [70]. Results of the
XANES linear combination fitting, revealed and increase in the metallic
platinum fraction from 89 + 3 % to 95 + 3 %, in agreement with pre-
vious observations [23].

Once the same procedure was run on the MEA loaded with the Pt3Co
catalyst (Fig. 2¢), Nafion hydration was again spotted in the high-q re-
gion of the time-resolved scattering patterns. In addition, slight changes
can be also observed at intermediate q-values, where the form factor
representing catalyst nanoparticles is present. From fitting the patterns
with the analytical model (the complete set of parameters is shown in
Fig. S4), the mean particle diameter was found to be decreasing from
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Fig. 3. Quantitative comparison of the effects due to the break-in pro-
cedure. Time resolved evolution of mean particle size and distribution width
obtained from fitting the SAXS patters recorded during the break-in of the MEA
loaded with (a) the bare Pt catalyst (patterns shown in Fig. 2a), and (c) with the
Pt3Co catalyst (patterns shown in Fig. 2c). Corresponding evolution of the
specific surface area calculated from SAXS analysis of the MEA loaded with (c)
bare Pt, and (d) Pt3Co catalyst. Dashed lines are guides for the eye only. (e)
Results from XANES linear combination fitting performed on the Co K-edge
spectra shown in Fig. 2e (results listed in Table S4). Notes: Pt3Co and Co
(HZO)é+ fractions were determined using the spectra reported by Takao
et al. [67].

3.55 £+ 0.04 to 2.59 + 0.03 nm (reduction of 27.0 %) and the width of
the distribution revealed a decrease from 1.49 4 0.01 nm to 1.42 + 0.01
nm (reduction of 4.8 %). Consequently, the specific surface area was
found to be increasing from 26.2 mz/g to 31.9 rnz/g (Fig. 3d). Such a
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Fig. 2. Operando analysis during the break-in procedure. Time resolved evolution of: (a,c) SAXS patterns, and (b,d,e) XAS spectra collected at both (b,d) Pt Ls-
edge, and (e) Co K-edge for the two MEA loaded with the bare Pt and Pt3Co catalysts. SAXS patterns have been vertically shifted for the sake of clarity.
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shrink in particle size was assumed to be related to the structural rear-
rangement induced by Co leaching. This fact was confirmed by ICP-MS
analysis performed on the water produced by the fuel cell during break-
in, which revealed a Co concentration of 31.0 + 0.05 pg/L (Table S3).
Remarkable changes of Co are visible also in the XANES spectra
collected at the Co K-edge (Fig. 2e), where changes in the first oscilla-
tions of the EXAFS region are clearly visible in addition to the increase of
the white line intensity. Results from linear combination fitting analyses
on these spectra (Fig. 3e and Table S4) seems to evidence an increase in
the fraction of Co(H,0)2" after the break-in step, which may originate
from leaching of Co atoms initially composing the catalyst. On contrary,
no remarkable changes are visible in the XAS spectra collected at the Pt
Ls-edge (Fig. 2d) which are only characterised by a slight increase in the
fraction of metallic Pt (from 95 + 3 % to 98 + 3 %), in analogy with
what was observed in the MEA loaded with bare Pt only (the less pro-
nounced effect can be primarily related to the lower fraction of oxidised
Pt phases in the pristine sample and/or to the lower amount of Pt
capable of being oxidised at the sample surface, due to its composition).

After the break-in step, catalyst stability under the AST was
compared. Regarding the MEA loaded with bare Pt nanoparticles, by
observing the evolution of the shape of the cyclic voltammograms
recorded once the AST was applied (Fig. 4a), it is straightforward
noticing the reduction of ECSA, as highlighted by the reduction of the
area underneath the peaks in the hydrogen desorption region. In par-
allel, time-resolved SAXS patterns (Fig. 4b) are characterised by the shift
of the bump originating from catalyst nanoparticles to lower g-values,
indicating an increase in the average particle size. From quantitative
analysis of SAXS patterns recorded in operando conditions up to 4000
cycles, the mean particle size was found to be increasing from 2.28 +
0.02 nm (in pristine conditions, Table 1) to the final value of 6.21 +
0.03 nm (Figs. 5a; complete SAXS results are shown in Fig. S5), with the
most predominant evolution taking place within 3000 cycles. In the
same timeframe, distribution width was found to increase (cp, Figs. 5a)
while specific surface area was reducing (SA, Figs. 5b) from 30.11 m?%/
gpr, 11.61 mz/gpt after 4000 cycles, representing a reduction of 38.6 %
with respect the initial value before starting ASTs. These results have
been confirmed by measuring ex situ a second set of twin MEAs, which
aging ended at specific time points (1250, 2500 and 5000 cycles,
Fig. S6). ECSA was calculated from cyclic voltammograms, revealing a

in operando
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53.8 % reduction, from 30.95 mz/gpt to 16.67 mz/gpt. As also observed
in a previous study by the authors [23], ECSA reduction is more pro-
nounced with respect the reduction of the geometrical specific surface
area retrieved by SAXS. Nonetheless this may be attributable to the
disconnection of catalyst nanoparticles from both the mass- and charge-
transport conduction paths within the catalyst layer upon catalyst aging.
Again, by means of XANES linear combination fitting analyses on
spectra collected ex situ on the MEA aged up to 5000 cycles (Fig. 4c), in
analogy to results previously achieved [23], the growth of the catalyst
nanoparticle size was found to be correlated to the increase in the
metallic Pt fraction (up to 93 + 2 %) with respect to pristine conditions.
Nonetheless, no remarkable variation in catalyst composition with
respect the beginning of ASTs was observed. It is worth noticing that this
value is lower than the value recorded after break-in and could be due to
oxide formation under voltage cycling.

While for the bare Pt catalyst nanoparticles, aging is evolving within
the first few thousand cycles mainly, a different behaviour was observed
on the Pt3Co catalyst. In fact, voltammogram evolution shows less
pronounced changes in the hydrogen desorption region, and the most
remarkable changes involve the shift to upper voltages of the reduction
peak of platinum (Figs. 4d). SAXS scattering pattern evolve analogously
to the previous sample, with the bump representing the catalyst nano-
particle population shifting towards lower g-values (Fig. 4e). From
fitting time resolved patterns (Fig. 5c, full results in Fig. S7) nanoparticle
size growth was quantified starting from 2.59 + 0.03 nm, to 4.28 + 0.09
nm (after 5000 cycles), up to 6.14 + 0.09 nm after 7000 cycles, with the
distribution width increasing from 1.42 + 0.01 nm, to 2.24 + 0.01 nm
(5000 cycles), up to 2.33 + 0.02 nm after 7000 cycles. These results
were confirmed from ex situ measurements of a twin set of the MEAs
whose aging was stopped at specific time points (1250, 2500, and 5000
AST cycles, Fig. 5c, Fig. 5d, and Fig. S8). Aging was found to follow a
three-step evolution: on a first step (up to 500-750 cycles) the mean
particle size is apparently constant, with only an increase in the distri-
bution width. Afterwards, the particle size starts to increase slightly,
accompanied by a decrease in the geometric surface area (Fig. 5d). This
step lasts until about 2500 cycles, and it is followed by the final step,
characterised by accelerated mean particle size growth (and a
concomitant decrease in the specific geometrical surface area). A similar
process was previously spotted by the same authors when studying the in
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Fig. 4. Operando and ex situ evolution during ASTs. Operando time resolved evolution of (a,d) cyclic voltammograms, (b,e) scattering patterns while ASTs were
applied for 4000 cycles for the MEA loaded with the Pt catalyst and for 5000 cycles for the MEA hosting the Pt3Co catalysts nanoparticles. Ex situ spectra collected (c,
f) at the Pt Lz-edge and (g) at the Co K-edge of MEA singularly aged and stopped at key time-points: pristine conditions and after 5000 cycles for the MEA hosting Pt
nanoparticles, while pristine conditions, and after 1250, 2500, and 5000 cycles were compared for the MEA loading the Pt3Co nanoparticles.
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Fig. 5. ASTs: quantitative comparison. Time-resolved evolution of the mean particle size and standard deviation within the Shultz distribution retrieved from the
MEAs loaded with the bare Pt (a, b) and Pt3Co (c, d) catalyst nanoparticles (obtained from fitting scattering patterns represented in Fig. 4b and Fig. 4e respectively).
Corresponding time-resolved evolution of the specific SA calculated from SAXS analysis and ECSA calculated from the voltammograms measured every 250 cycles for
the two types of MEA (Fig. 4a and Fig. 4d). Dashed lines are guides for the eye only. Triangles represent results from MEAs measured ex situ via SAXS, after being aged
at specific time points. In Figures (e) to (g) results from linear combination fitting of the XANES spectra collected ex situ from the MEAs are reported. (e) Bare-Pt
catalyst nanoparticles at the Pt Lz-edge, (f) Pt3Co catalyst nanoparticles at the Pt Lz-edge, and (g) Pt3Co catalyst nanoparticles at the Co K-edge. Results from

linear combination fitting are listed in Tables S1 and S3.

situ aging of PtxNi(;_x) bimetallic alloy to be used as a catalyst for the
ORR [17]: there, the first step identified was Ni dissolution being the
predominant degradation phenomena at the early stages of catalyst
degradation, followed by particle coalescence, to end with Ostwald
ripening [17]. The establishment of Ostwald ripening as the main
degradation process on a later stage was also reported on a bare Pt
catalyst by Martens and co-workers [28]. Here, we claim that a similar
degradation process is taking place, even if driven by different kinetics,
due to the different catalyst composition and operational environment.
More in depth, the skewness evolution of the number-weighted size
distribution retrieved from SAXS data analysis (Fig. S9), suggests that
the prevalence of Ostwald ripening over additional degradation phe-
nomena can be spotted after 3000 cycles, when skewness starts to
decrease, as previously observed [17]. In contrast to the bare Pt nano-
particles, it is worth to underline as the growth rate of the particle
population seems to stabilize after 6000 cycles. The SA decrease follows
a quasi-linear trend. In contrast to the observations made on the bare Pt
catalyst, the calculated ECSA showed a slight linear decline. Nonethe-
less, due to the general uncertainty characterising ECSA calculations for
Pt3Co catalysts [57-60], the evolution of SA could be in this case
considered as a more reliable marker. Such a picture is supported by the
ex situ XAS measurements carried out on the differently aged twin MEAs.
In fact, spectra measured at the Pt Ls-edge do not show remarkable
changes (Fig. 4f), even if (very interestingly, and in contrast with what
was detected on the MEA loaded with bare Pt catalyst), a very slight
trend of Pt oxidation can be detected by the gradual decrease of the
white line intensity, as also confirmed from linear combination fitting
where a slight increase in the fraction of oxidised Pt from 7 % to 12 %
was obtained (Table S5). These results were further confirmed by
applying the same stress test to the single cathode electrode in operando
XPS analysis. In fact, by applying a stable potential (1.5 V, Fig. S2b), as
well as by running the same stress test (for 50 cycles, Fig. S2c), the
oxidised Pt content was found growing from the 16 % to the 18 % in the
former case, and up to 23 % when AST were applied (while cycling it
was found that the overall fraction of oxidised Pt is composed by a
fraction of Pt>" and a fraction of highly oxidised Pt), corresponding to an
increase of the overall fraction of oxidised Pt equal to 7 %. Small but

unavoidable Pt dissolution might be in this way the cause of the minor
increase of the fraction of oxidised Pt observed when measuring XAS
spectra at the Pt Ls-edge (Fig. 5f). Nonetheless, by sampling waters
produced by fuel cell operation after ASTs no Pt nor Co traces could be
detected and hence, if present, their concentration should be lower than
0.01 pg/L for Pt and 0.05 pg/L for Co, corresponding to the instrumental
limit of the ICP-MS used (Table S3).

The MEAs were further measured at the Co K-edge: as shown in
Fig. 4g, a non-linear trend was detected: an initial increase in the frac-
tion of oxidised Co can be observed after the first 1250 cycles, followed
by a significant reduction in oxidised Co content, as underlined by the
reduced white line intensity. From the XANES linear combination fitting
analyses (Fig. 5g and Table S5), it can be noticed that after the first 1250
cycles the fraction of Co atoms still bounded to Pt atoms is decreased,
whereas the fraction of hydrated Co atoms is increased, suggesting
ongoing Co leaching. In fact, it was demonstrated that Co atoms tend to
migrate from the bulk of the nanoparticles towards the surface [71],
where Co leaching is expected to take place. It is reasonable to conclude
that the increase in the fraction of the hydrated Co atoms (Fig. 5g and
Table S5) within the first 1250 cycles is connected with oxidation of Co
atoms migrating from the bulk to the particle surface, which would
further dissolve after the formation of the Pt-rich skin [20,71]. After-
wards, the progressive reduction of the remaining Co?* (as observed in
the spectra collected after 2500 and 5000 cycles) could also be an effect
due to the fact that the only Co still present in the cathode is strongly
bounded within the PtsCo alloy at the core of the nanoparticles, beneath
the Pt-rich skin. While NAP-XPS was unable to provide additional in-
formation due to the low amount of Co present in the sample surface
(Figs. S2d, S2e, and S2f), cross-sectional SEM-EDX analyses (Fig. 6)
shows that Co leaches in the electrolyte (reaching the anode in some
cases) also during the stress test, as previously observed [72]. Such a loss
was also confirmed by the decreasing trend characterising the calculated
Co-to-Pt atomic concentration calculated from EDX (Fig. 6e). A further
evidence for Co leaching can also be obtained by comparing the ex situ
XAS spectra as collected (not normalized) of samples in pristine state
and after ASTs (Fig. S10), where a clear decrease in the absorption edge-
step can be observed.
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Fig. 6. SEM-EDX. Cross-sectional SEM with EDX of the MEA loaded with the Pt3Co catalyst obtained from the MEA measured ex situ with both SAXS (Fig. S6) and
XAS (Fig. 4). (a) MEA in pristine conditions. The other three MEAs were cycled for (b) 1250, (c) 2500, and (d) 5000 AST cycles. Scale bar: 20 pm; colour code: green
represents fluorine, light blue represents platinum, and magenta represents cobalt. (e) Relative variation of the Co-to-Pt atomic concentration ratio calculated from
EDX with respect to pristine conditions. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

4. Conclusions

In this work, the stability of two benchmark formulation of catalyst
materials for the ORR in PEMFC was tested under an AST mimicking
load cycling operation. Time-resolved, operando electrochemical data
were complemented by the analysis of operando SAXS patterns, operando
XAS spectra and ex situ SAXS, and XAS measurements conducted on a set
of twin MEAs aged by using the same protocol. For the MEAs loaded
with Pt3Co, operando NAP-XPS and SEM-EDX were used to complement
results, while ICP-MS was used to quantify traces of dissolved metals
into water produced by the fuel cell. Catalyst evolution was depicted
starting from pristine conditions, after the break-in step, and finally
under ASTs; main results are summarised in Table 2. Catalyst evolution
dynamics were found to differ depending on the catalyst formulation. In
particular, bare Pt catalyst was found to be stable during the break-in
step, and that the loss of ECSA observable while ASTs are applied is
related with both an increase in particle size, and to a slight decrease in
the ratio between the fraction of metallic-to-oxidised Pt. In particular,
catalyst degradation was found to be more pronounced within the first
3000 cycles and to further stabilize at a final value between 3000 and
4000 cycles. On the contrary, the catalyst composed by the Pt3Co
nanoparticles, was found to be strongly affected by Co leaching during
the break-in step. The resulting formation of a Pt-rich skin helped to slow
down the particle size growth, which mostly evolved in the range be-
tween 3000 and 6000 cycles. The continuous leaching of Co from the
sample was confirmed by both XAS and SEM-EDX, as well as by ICP-MS
analyses on waters produced by the fuel cell. The ability to properly
control leaching in bimetallic catalyst materials, might be the key to
mitigate degradation over time.
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