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ABSTRACT

Non-noble metal catalysts (NNMCs) hold the potential to replace the expensive Pt-based
materials currently used to speed up the oxygen reduction reaction (ORR) in proton exchange
membrane fuel cell (PEMFC) cathodes, but they feature a poor durability that inhibits their
implementation in commercial PEMFCs. This performance decay is commonly ascribed to the
operative demetallation of their ORR-active sites, the electro-oxidation of the carbonaceous
matrix that hosts these active centers and/or the chemical degradation of the ionomer, active
sites and/or carbon support by radicals derived from the H.O> produced as an ORR by-product.
However, little is known regarding the relative contributions of these mechanisms to the overall
PEMFC performance loss. With this motivation, in this study we combined four degradation
protocols entailing different cathode gas feeds (i.e., air vs. N2), potential hold values and
durations to decouple the relative impact of the above deactivation mechanisms to the overall
performance decay. Our results indicate that H2O.-related instability does not depend on the
operative voltage, but only on the ORR charge. Moreover, the electro-oxidation of the carbon
matrix at high potentials (which for the catalyst tested herein triggers at 0.7 V) seems to be

more detrimental to the NNMCs’ activity than the demetallation occurring at low potentials.



INTRODUCTION

The strong reliance on the use of fossil fuels for transportation applications renders this
sector one of the major contributors to the greenhouse gas emissions (accounting for =~ 24 % of
the global anthropogenic CO inventory).! As a result, the extended adaptation of
environmentally sustainable transportation technologies is crucial to achieve the stringent
societal decarbonization targets required to mitigate climate change. Among these emerging
technologies, proton exchange membrane fuel cells (PEMFCs) fueled with green H> (i.e.,
produced using renewable energy sources?) are particularly appealing due to their fast refueling
times, extended driving ranges and suitability for heavy-duty applications.> However, the
market penetration of PEMFCs is still limited by their excessive cost, which is largely ascribed
to the high Pt loadings (currently > 0.2 — 0.3 mger-cm™) required to catalyze the oxygen
reduction reaction (ORR) at their cathodes, and that is expected to account for = 40 % of the
overall PEMFC stack cost once fuel cell electric vehicle (FCEV) manufacture volumes >
500,000 FCEV per year shall be reached.* In order to tackle this issue, tremendous efforts are
devoted to substitute these Pt-based materials with inexpensive non-noble metal catalysts
(NNMCs). This has resulted in NNMC layers with initial low-current density performances
similar to those of Pt-based catalyst layers (CLs), but featuring a PEMFC-durability that

generally remains largely insufficient for their implementation in FCEVs.

Decades of research have led to a wide consensus linking this instability to operatively-
induced changes in the species responsible for NNMC’s ORR-activity, and that are in turn
acknowledged to entail the involvement of one or more metal-based phases in the catalytic
process (since metal-free catalysts generally feature a very low ORR-activity in acidic media).’
In this regard, many experimental and computational studies have demonstrated that
atomically-isolated metal (Me-) ions coordinated by 4 or more N-functionalities hosted in the

catalyst’s carbonaceous matrix (often referred to as MeNx sites) possess an ORR-activity



whose intrinsic value (or turn-over frequency, TOF) is determined by fine differences in their
coordination environment (e.g., number and nature of the direct coordination species,
proximity of other surface groups and/or sites’ location along the carbon matrix).% 7 Most
NNMCs contain a multiplicity of these slightly different MeNy sites with disparate TOFs and
intrinsic stabilities, along with Me-based particles (consisting of the reduced metal phase,
oxides and/or carbides)® ° that are often encapsulated in a carbon shell and whose contributions
to the catalyst’s overall ORR-activity remains under debate.® Beyond this uncertainty, and in
the specific context of the Fe-based NNMCs that generally feature the highest beginning-of-
life device performance, the highly acidic reaction environment (pH =~ 0) and relatively high
potentials (typically > 0.65 V vs the standard hydrogen electrode (SHE))!! encountered by the
catalysts in PEMFC cathodes are expected to cause the leaching of the iron in these particulate
phases unless they are fully encapsulated in a protective carbon shell. For example, at room
temperature, FeO(OH) is only foreseen to be thermodynamically stable at pHs > 1.2 and
potentials > 0.77 V vs SHE.'>* By comparison, the thermodynamic stability of FeNx sites
under PEMFC-cathode conditions remains under debate, with some density functional theory
(DFT) studies endorsing that these sites are completely insensitive to dissolution® ¢ and other
computational®® " and experimental” 1 works advocating for a much more restricted stability
window. For instance, according to Holby et al., at pH ~ 0, FeNx sites would only be
thermodynamically stable between = 0.7 and = 0.95 V vs. SHE.Y In either case, the Fe cations
leached from the FeNy sites and/or Fe-based particles could precipitate in the CL as Fe oxides
seemingly stable under these condition” ** 1° and/or attach to the sulfonic acid groups in the
membrane and CL-ionomer, causing performance losses due to a poorer H*-conduction along

these components.

The electro-oxidation of carbon is also known to play a crucial role in the stability of

NNMC layers, particularly at high operative potentials. In this regard, carbon electro-oxidation



in Pt-based, carbon supported (Pt/C) catalyst is generally observed at potentials > 1.2 V,?° but
NNMCs are often constituted by more disordered carbons on which this corrosion can take
place at significantly lower potentials. As an example of this, Choi et al. observed CO»-release
from an Fe-based NNMC already at potentials > 0.8 V vs. the reversible hydrogen electrode
(RHE) in 0.1 M HCIO4 electrolyte at 50 °C,** while other works reported significant carbon
oxidation currents at cell voltages as low as 0.5 V.2 22 This electrochemical oxidation of the
catalyst can be highly detrimental to its performance, since the subsequent destruction of the
carbonaceous matrix hosting the FeNy sites and/or protecting the Fe-particles can trigger the
demetallation issues discussed above.'* 2 Moreover, the concomitant enrichment of the
catalyst surface with oxidized carbon functional groups (e.g., phenols, carboxylic acids®*) of
hydrophilic character may be detrimental to the CL’s water management / mass transport
properties and worsen its high current density performance.??

Finally, the ORR on NNMCs reportedly leads to a significant amount of H,O> that is in
turn known to decompose via Fenton reactions possibly triggered by the Fe-cations leaching
from the catalyst upon PEMFC operation (vide supra), yielding highly aggressive radicals (e.g.,
‘OH, HOO-) that decompose the membrane and ionomer in the CL* as well as active sites,
inducing again severe performance losses.'? 26 As a result of this (and unlike in the case of Pt-
based ORR-catalysts), the use of N2 vs. O (or air) as the cathode feed in NNMC-degradation
protocols is known to lead to highly different results, since only the latter tests entailing
cathodic O-reduction also involve this H2O2-induced stability decay. More precisely, Choi et
al. observed that exposing an NNMC to H»O; leads to an oxidation of the catalysts’
carbonaceous matrix that lowers the TOF of its FeNy sites and consequently reduces its ORR-
activity.?® Complementarily, Kumar et al. recently reported that an electrochemical accelerated

stress test (AST) in O2-containing electrolyte causes the loss of a significant fraction of the iron



in the NNMC’s FeNy sites due to the corrosion of the catalyst’s carbon by H>O2 and/or H205-
derived radical species.?’

The above-discussed multiplicity of NNMC-degradation pathways and their relation to
the device’s operative conditions (e.g., potential-dependent carbon electro-oxidation, ORR-
related H>O2-production) implies that more than one of these mechanisms is likely to be at play
upon PEMFC-operation. Despite this relevant aspect and the specificity of these mechanisms
to NNMCs, these materials’ durability is often assessed through ASTs that were originally
designed to study the degradation of Pt-based catalysts,?® which is preponderantly driven by
the operative potential and independent of the presence / absence of O in the cathode gas
feed.?® Consequently, such ASTs generally entail extensive potential cycling using an inert gas
(as opposed to air/O>) at the cathode, which for NNMCs would imply overlooking the plausible
effects of ORR-byproducts on these catalyst’s stability. While this important aspect has
recently been addressed through revised, NNMC-specific protocols that implement Oz/air as
the cathode reactant,®® even such novel ASTs do not allow to differentiate the relative
contributions of the above mechanisms to the overall PEMFC-performance losses. With this
motivation, in this study we propose a novel approach for benchmarking NNMCs’ durability
through four degradation protocols in which the combination of different cathode gas feeds
(i.e., air vs. N2), potential hold values and durations allow decoupling the relative contributions
of the three deactivation paths discussed above to these materials’ overall performance decay.
We accomplished this by assessing the changes in the kinetic, ohmic and mass transport
overpotentials inferred to an in-house synthesized NNMC by each protocol through a careful
Tafel analysis and impedance spectroscopy measurements. Combining this with state-of-the-
art imaging and analyses of the pristine and end-of-life CLs, our results reveal that carbon
electro-oxidation is more detrimental to the catalyst’s ORR-activity than Fe-demetallation, and

suggest that H.O»-related instability only depends on the ORR charge transferred during the



protocol, and not on the applied potential. As such, we believe that this approach provides an

excellent platform for the comparative benchmarking of NNMCs’ operational durability.

EXPERIMENTAL METHODS

Catalyst Synthesis: The catalyst used in this work was synthesized following the procedure
provided for the ‘wet BM-3mm’> NNMC in our recent publications.’ *2 In summary,
polyacrylonitrile (PAN, Sigma-Aldrich), sodium carbonate (Na:COs, Sigma-Aldrich,
anhydrous, 99.999 % trace metal basis) and Fe?* acetate (Sigma-Aldrich, > 99.99 % trace metal
basis) pre-complexed with phenanthroline (Sigma-Aldrich, > 99 %) were used as the C-/N-
precursor, pore inducing agent and Fe-precursor, respectively. Firstly, PAN and Na,CO3 were
stirred separately overnight in dimethylformamide (DMF, Sigma-Aldrich, anhydrous 99.8 %
— in a NaoCO3/PAN:DMF weight ratio of 1:95) at 80 °C with a PAN to Na,CO3 mass ratio of
1:2. After mixing and stirring these two solutions for an additional hour at 80 °C, the volume
of an Fe?":phenantroline complex solution (pre-prepared in DMF with a molar ratio of 1:5)
needed for an Fe-content of 1 wt. % on the basis of all precursors’ masses was added into the
PAN and Na,COs mixture. Afterwards, the solvent was evaporated until a viscous slurry was
formed, and the latter was left overnight in a furnace at 80 °C to attain complete dryness. 1.5 g
of the resulting dry precursor mixture underwent 16 h of wet-milling (planetary ball mill,
Fritsch, Pulverisette, 45 mL ZrO; crucible) in 10 mL of ethanol (VWR, >99.8 %, AnalaR
NORMAPUR) with 3 mm diameter ZrO> balls using a balls-to-precursor-mixture mass ratio
of 27. The slurry obtained after wet-milling was passed through a 100 pum sieve and dried. The
resulting ground powder was then submitted to a first heat treatment (HT) in N2 (Messer AG,
5.0 — 200 mL-min!) at 700 °C for 1 h. Afterwards, an acid treatment in 1 M sulfuric acid

(H2S04, Merck, 95-97 %) at 80 °C was performed for 4 h to remove soluble side-phases. After



water-rinsing and drying, this acid-washed powder underwent a second HT in 5 % H> (balanced

with Ar, Pangas (5.0) — 200 mL-min ) at 950 °C for 40 min.

MEA preparation: The membrane electrode assemblies (MEAS) were fabricated using a
procedure similar to the one detailed in our previous publication.®? Briefly, a commercial gas
diffusion electrode (GDE — Johnson Matthey, 0.4 mgpr-cm 2 HISPEC 9100 Pt/HASona 1 x 1
cm? piece of Sigracet 25 BC gas diffusion layer (GDL)) used as the anode was hot pressed on
a piece of Nafion® HP membrane (lon Power) in order to obtain a half-MEA, as previously
described in Ref. 33, To prepare the cathode catalyst ink, a weighed amount of the above NNMC
was dispersed in a mixture of isopropanol (Sigma-Aldrich, HPLC gradient grade, 99.9 %) and
ultrapure water (18.2 MQ-cm, ELGA Purelab Ultra) in a volume ratio of 3:7, yielding an ink
with an NNMC-to-solvents ratio of 9 mgnnvc'mLuzo+pa™', and with the volume of Nafion®
ionomer solution (5 %, Sigma-Aldrich) required for an ionomer-to-catalyst mass ratio (ICR)
of 0.6. After this ink was sonicated for 30 min, it was automatically sprayed (SONOTEK®
ExactaCoat Automated Spray Coater) on the upper (i.e., cathode) side of the above half-MEA
placed on a plate heated at 60 °C at a flow rate of 50 uL-s™' until achieving and NNMC cathode
loading of =~ 1 mgnnmc.cm 2 .The precise loading of each cathode CL was determined by
weighing the sample before and after spraying, and was systematically within the range of 1.2
- 1.4 mgnnme -em 2 (leading to a CL thicknesses of 25-30 um, as determined using a Mitutoyo
MCD-25PX dial gauge with a nominal accuracy of £ 1 um by measuring 5 different points on
the MEA). Lastly, a carbon paper GDL (Sigracet SG29BC) was placed onto the NNMC layer
prior to cell assembly. Freshly prepared MEAs were used for each degradation experiment.

PEMFC tests: The resulting assembly was placed inside a differential fuel cell with an active
area of 1 cm? (of which the design was detailed in Ref. **) and compressed by selecting the
total thickness of the gaskets resulting in a = 25 % compression of the diffusion media in both

anode and cathode sides (assuming that catalyst- and microporous-layers are uncompressible).



All experiments were performed with a Bio-Logic VSP-300 potentiostat equipped with a 10 A
/5 V current booster. Prior to each degradation protocol, the initial ORR-activity of the cathode
CL was assessed by recording a polarization curve galvanostatically (i.e., holding the current
at selected values for 90 s) starting from the open circuit voltage (OCV) and down to a current
value corresponding to a voltage slightly above = 0.7 V; this relatively high cutoff potential
was selected in order to minimize the deactivation of the CL in this verification of the initial
performance and prior to the actual degradation experiment. After each degradation protocol,
however, a full polarization curve between the OCV and 0.8 A-cm 2 was recorded in a similar
way as described above. Note that the potentials reported on the polarization curves correspond
to the average values during the last 30 seconds of each current hold. Following each
measurement at a given current, the corresponding high frequency resistance (HFR) was
obtained by galvanostatic electrochemical impedance spectroscopy (GEIS) with a 10 % current
perturbation in a frequency range of 1 MHz to 500 mHz and with 6 points per decade. All
polarization curves were recorded at 80 °C, 1.5 baraps and 100 % relative humidity (RH) using
600 mL-min! of H, (Pangas 5.0) and 1000 mL-min"! of air (Messer AG, 5.5) at anode vs.
cathode, respectively. Following the recording of this end-of-life, full polarization curves,
potentiostatic electrochemical impedance spectroscopy (PEIS) tests at 0.2 V (with a 5 mV
perturbation) were performed with the PEMFC still at 80 °C and 1.5 baras but with fully
humidified H> and N feeds at the anode and cathode, respectively, in order to determine the
H* conduction resistance in the NNMC layers (Ry 4 cathode)->> The resulting spectra were fitted
to the transmission line model (TLM, with X? < 0.005) using the Z-fit package included in the
EC-Lab® V11.36 software. Lastly, the cell was cooled down to room temperature and cyclic
voltammograms (CVs) were recorded between 0.05 and 1.00 V with a scan rate of 50 mV-s™!
at ambient pressure, with a H, flow rate of 100 mL-min at the anode and the N flow at the

cathode stopped. As a control sample, one full polarization curve of an additional MEA



prepared from the pristine NNMC was also recorded without applying any degradation
protocol, but including the PEIS and CV measurements in the similar conditions applied for
the degraded samples described above. The ORR-activities (ixins) before and after each
degradation protocol were obtained from the linear regime of the corresponding Tafel plots at
0.8 V. Carbon electro-oxidation experiments were performed by repeating the protocol
followed for the recording of the polarization curves (i.e., holding the potentials at selected
values for 90 s) between OCV and 0.45 V, using the same conditions in which the Ho/Air
polarization curves were recorded but replacing the cathode feed with N2. As above, the
reported currents correspond the average values during the last 30 seconds of each potential
hold.

Determination of the mass transport overpotential (n): In order to quantify the mass
transport overpotential (7«) at the beginning- and end-of-life (i.e., before and after each
degradation protocol), the overall cell potential (Ecen) was decoupled based on Equation 1,
which relies on the assumption that the kinetic and H*-conduction overpotentials for the

hydrogen oxidation reaction at the PEMFC’s anode CL are negligible.®’

Ecen = Evey =1 Rypp — 1~ Rﬁff,cathode ~ Norr — Ntx 1)
where Erey is the thermodynamic equilibrium potential (in turn a function of the gases’ partial
pressures and PEMFC temperature),® Ruer corresponds to the sum of membrane H*-
conduction resistance and contact and bulk electronic resistance that can be determined by the

high frequency resistance (HFR) in impedance measurements, i is the applied current density,

Rﬁff,cathode is the effective H*-conduction resistance of the cathode CL, 5orr is the cathodic

ORR-overpotential, and 7w is the mass transport overpotential caused by O2 concentration

gradients in the electrode due to gas transport resistances.
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After determining Ry catnoqe IN the CLs from the fits of the impedance spectra

recorded in Hz/N2 by applying the TLM, the effective H*-conduction resistance (Rﬁf’f,camode)

in the CL was calculated using the Equation:

_ RH+,cathode (2)

R}e{f{,cathode - 3+¢

where ( is a dimensionless correction factor that depends on the product of current density and
the H*-conduction resistance divided by the intrinsic Tafel slope if the ORR (b), (i.e., on
(i - Ru+ cathoae)/b), and that can be read out in Figure 2 of Ref. * For the ORR on NNMCs

used in this study, a Tafel slope of 70 mV-dec™' (at 80 °C) was considered for this analysis.

— eff i
The polarization curves corrected for the Rypr and Ry+ .44, tErMS OVer the entire current

density range after each degradation protocol (provided in Figure S10) were used to estimate

the n;, values by quantifying the difference in potential between the extrapolated Tafel lines

and the polarization curves corrected for these ohmic losses (i.e., Ryrg and Rﬁff,cathode)

Sample preparation for scanning transmission electron microscopy (STEM) and X-ray
fluorescence (XRF) analyses: STEM/EDS measurements of the Fe-based nanoparticles’
composition were performed on catalyst particles scrapped from the NNMC MEAs and
dispersed in 1:4 DI water:isopropanol in an ultrasonic bath. 2-4 pL of this ink was placed on
ultrathin lacey carbon TEM copper gris (Electron Microscopy Science) and allowed to dry.
The spatially resolved XRF and STEM measurements were performed on pristine and post
mortem MEAs that were embedded in EPON™ epoxy resin in a two-step process, firstina 1:1
acetone:EPON mixture and subsequently in pure EPON. For 2D mapping, 150 nm thick slices
were prepared using a microtome setup confirmed via optical inspection. Sections for STEM
analysis were transferred on ultrathin lacey carbon TEM copper grids and for XRF on 500 nm

thick graphene coated silicon nitrate membranes. For 3D XRF computed tomography (-CT),
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mm-sized pieces of the embedded CL were glued onto individual custom-built tomography
pins using a pre-cured epoxy to avoid sample contamination.3® These pins were mounted on a
custom-built micro-lath and a cylinder was milled out with a diameter of = 70 um and a height
of 100 um.*® The diameter of the pre-milled samples was further reduced to 36 um for the
pristine sample and to 42 um for the ‘Air-0.5 V’ sample using a Xenon plasma Focussed Ion
Beam (FIB). In all preparation steps, the samples were handled with utmost care to avoid any

type of contamination and to allow the quantitative analysis of the XRF measurements.

STEM analysis: energy dispersive X-ray spectroscopy (EDS) mapping and high-angle annular
dark field (HAADF) imaging were performed on a ThermoFischer Scientific Orisis TEM
equipped with four windowless X-ray detectors with a 0.9 srad solid angle and operated in
scanning mode at 200 kV and at room temperature. A probe current of 1 nA was used and EDS
acquisitions were performed with a dwell time of 100 ps, integrating 512x512 px frames over
10 cycles. The pixel size of these acquisitions was 27.7 nm for the microtomed samples and
0.65 nm for the dispersed ones. The Velox software was used for EDS analysis. All lines and
spectra were fitted and deconvoluted and weight fractions were computed using the
standardless k-factor method. To cover the entire CL thickness, image stitching was performed
with an in-house code written in python and using the sci-kit image library. To study the Fe-
rich secondary phases, > 10 HAADF images with a 1.2 nm pixel size were acquired from the
cross-sections of each investigated sample. The bright Fe precipitates were segmented with a
pixel classifier implemented in the llastik software.** All intensity, edge and texture features
were selected with sigma 1, 3, and 10. A morphological open operation was performed on the
resulting binary maps to separate particles in contact. Each particle was then identified with a
labeling operation and measurements of their maximum Feret diameter, aspect ratio, projected
area and number of particles per image were performed using FI1JI’s MorpholibJ plugin*? and

the python sci-kit image library.
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Nano-XRF imaging: 2D X-ray fluorescence (XRF) mapping and 3D XRF computer
tomography (XRF-CT) were performed at the ID16A-NI beamline of the European
Synchrotron Radiation Facility (ESRF). The experiments were performed at 17 keV with the
X-ray beam focused by two multilayer-coated Kirkpatrick-Baez (KB) mirrors. The mirrors
focused the beam down to a 68 nm (h) by 37 nm (v) spot size. The incident flux used was
4*10' photons/s. The XRF data was acquired in scanning mode with a 20 nm step size for 2D
mapping and a 200 nm step size for the CT measurements. The X-ray fluorescence signal was
captured by two detectors mounted at 90 © with respect to the incoming beam on two opposing
sides of the sample. Both detectors and the sample were mounted in a vacuum chamber to
minimize air absorption and scattering. Furthermore, the detectors were calibrated using an
AXO X-ray fluorescence calibration target. The weighted signal from the two calibrated
detectors allows a quantitative measurement of iron (Fe Ka, at 6.4 keV) and sulfur (S Ka,
2.31 keV). The acquired spectra were fitted with PyMca software. For the XRF-CT, 100
projections were recorded for both the pristine and ‘Air-0.5V’ samples (vide infra). After the
alignment of the projections, tomographic reconstructions of the Fe Ka line were performed
with an iterative maximum likelihood estimation method (MLEM)* algorithm using 100
iterations. Image analysis of tomographic slices was performed with the Matlab Image

Processing Toolbox and 3D renderings were created using the Avizo software package 2021.

X-ray diffraction (XRD): The XRD measurement was performed on a SmartLab Rigaku
system. The measurement was carried out for 20 angles between 5 and 90° using a copper
rotating anode (Cu Ko = 1.5406 A), a Cu Kp filter, and a Rigaku HyPix3000 detector. All
measurements were performed in the Bragg—Brentano mode with the Cu-source set to 160 mA

and 40 kV.

X-ray absorption spectroscopy (XAS): Ex situ XAS measurements were carried out at the

SuperXAS (X10DA) beamline of the Swiss Light Source (SLS). The spectra were recorded
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for 4 minutes using quickXAS* at the Fe K-edge (7.112 keV) in transmission mode. Each
sample was prepared by filling the catalyst powder into a Kapton capillary that was placed
between two ionization chambers (15 cm long) filled with 1 bar of N2 to measure both the
incident and transmitted beam intensity. The polychromatic beam from the 2.9 T bending
magnet (the SLS operated at 400 mA and 2.4 GeV) was collimated by a Si-coated collimating
mirror at 2.9 mrad, subsequently monochromatized by a liquid nitrogen-cooled Si(111)
channel-cut monochromator oscillating at 1 Hz, and focused using a Rh-coated toroidal double-
focusing mirror giving a spot size of 1 mm x 0.2 mm. An Fe-foil was placed before a third
ionization chamber measured in parallel and its spectrum was subsequently used as a reference
for energy calibration by aligning the maximum of the first derivative of the reference spectrum
to 7.112 keV (Eo) for all sample spectra. The data treatment and analysis including calibration,
background correction, normalization and linear combination fitting (LCF) was carried out
using both the ProQEXAFS*® and the Demeter*® software packages, and the LCFs were carried
out between Eo—50 eV (7.062 keV) and Eo+110 eV (7.222 keV) with the fit forced to sum up

to unity.

Raman Spectroscopy: The Raman spectra were recorded on a Renishaw inVia Raman system,
with an excitation wavelength at 532 nm. Measurements were performed in a backscattering
configuration, using a 50x objective (NA = 0.85), and a 2400 grooves mm™* grating. This
configuration ensured a spectral resolution much better than 1 cm™. To decrease the power
density at the sample, the line mode of the spectrometer was used. This configuration allowed
to record ‘averaged’ spectra over an area of ca. 50 pum? in a single shot, with a power density
at the sample much less than ~ 50 pW pm™2. These conditions effectively ensured that the
sample was not degraded/modified during the analysis. For visualization purposes, the spectra
were simply normalized to the amplitude of the so-called ‘G’ mode that peaks at ~ 1600 cm ™,

after subtracting the background signal.
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RESULTS and DISCUSSIONS

The NNMC used in this work was prepared using the same approach presented in our
previous publication (abbreviated as ‘wet-BM-3mm’ in Ref. *2), and the results of its detailed
characterization are available in the same work.32 In brief, this Fe-based catalyst possesses a
surface area of = 1000 m?g?, and its visual inspection unveils that it contains Fe-based
nanoparticles (NPs) preponderantly encapsulated in carbon shells (see Figure S1). Our previous
characterization by Mdossbauer spectroscopy of a similarly-prepared set of catalysts unveiled
that these NPs consist of a small fraction of Fe® and a majority of FesC,° of which the presence
in the current NNMC is corroborated by the X-ray diffractogram featured in Figure S2.
Moreover, in the same study® the multivariate curve resolution analysis of the NNMCs’ X-ray
absorption near edge structure (XANES) spectra allowed to isolate the spectral components of
their FeNy sites and NP-based side phases. When those same component spectra were used to
fit the XANES of the NNMC featured herein, they yielded an excellent fit (cf. Figure S3) from
which we inferred that = 25 vs. = 75 % of the sample’s total atomic metal inventory (1.8 wt. %
Fe) is featured in the form of FeNy sites vs. Fe-based NPs, respectively. Based on our
experience with similarly-prepared NNMCs, their ORR-activity linearly increases with their
content of FeNy-sites, but catalysts featuring = 90 % of their metal inventory in the form of Fe-
nanophases still display a non-negligible catalytic performance.® #’ Thus, the ORR-activity of
the NNMC in this work may not exclusively stem from its FeNx-sites, but also from C-
encapsulated Fe-nanoparticles and/or surface N-functionalities hosted in their carbon shells

that have been shown to possess a non-negligible ORR-activity.1% 48

In order to decouple the contribution of the different degradation mechanisms to this
catalyst’” PEMFC performance decay, we designed four protocols at two different potentials of

0.5 or 0.8 V and using either air or N2 as the cathode gas feed. The detailed conditions of these
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protocols and the corresponding degradation pathways expected to be at play in each of them
are visually summarized in Figure 1. Note that each protocol was performed using a freshly
prepared NNMC layer of which the initial ORR-activity was verified at the beginning of each
protocol by recording a polarization curve from the OCV down to a maximum potential of

~0.7V.

Looking at the details behind each protocol, the one denoted as ‘Air-0.5V’ consists of
a 1 h potential hold at 0.5 V with air fed to the cathode, and thus involves operative conditions
under which Fe-demetallation as well as H.O»-induced effects can be expected to affect the
performance of the NNMC layer. In order to isolate the effect of the former mechanism (i.e.,
Fe-demetallation) under equivalent condition, the ‘N2-0.5V’ protocol entails the same potential
hold value and duration, but eliminates the occurrence of H2O2-related effects by using N2
instead of air as the cathode feed. Next, the ‘Air-0.8V’ protocol was designed to study the
performance decay at a higher potential of 0.8 V in which a significantly lesser extent of Fe-
demetallation is expected,'® ¥ but carbon electro-oxidation may appear along with the H20,-
effects intrinsic to the use of air in the cathode feed. Chiefly, the duration of the ‘Air-0.8V’ test
was adjusted to match the ORR-charge that had been previously observed in the one-hour-long,
‘Air-0.5V test’; due to the significantly lower current recorded at this higher potential, this
translated in a hold duration of = 250 h (see Figure S4 for the time dependent currents recorded
in each protocol). Finally, the ‘N2-0.8V’ protocol is identical to the previous one but is
performed with N2 as opposed to air as the cathode feed, and therefore serves to isolate the
exclusive effect of carbon electro-oxidation on the catalyst’ performance decay (and, possibly,

metal-dissolution)*3 14 at this potential.
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Air-0.5V

H,/Air @0.5V for 1h
H.0; effect & Fe demetallation

Air-0.8V
—> H,/Air @0.8V for = 10 days
same ORR H,0; effect & C-oxidation
charge

SameE & time, SameE & time,
butin N, butin N,

N,-0.5V N,-0.8V
H,/N, @0.5V for 1h H,/N, @0.8V for = 10 days
Fe demetallation C-oxidation

Figure 1. Schematic representation of the various stability protocols used in this study, along

with the degradation pathways expected to be at play in each protocol.
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Figure 2. PEMFC H2/Air polarization curves recorded at 1.5 barass, 80 °C and 100% relative

humidity with a cathode loading of 1 mgnnmc-cm ™2 (a, ¢, e, g) before and after the degradation

protocols in Figure 1, along with their corresponding Tafel plots corrected for HFR and H™-

conduction resistance related losses (b, d, f, h).

We started investigating the NNMC’s performance decay in the protocols performed at

0.5 V and using air vs. N2 as the cathode feeds (i.e., ‘Air-0.5V” vs. ‘N2-0.5V’, respectively),

for which the corresponding polarization curves and Tafel plots are displayed in Figure 2a-d.

The mass-normalized ORR-activities at 0.8 V at the beginning-of-life (=~ 8 A-gnnmc * at 80 °C

and an O-partial pressure (poz) of 0.21 bar, corresponding to ~ 27 A-gnnmc * at poz = 1 bar)®

and at the end of each protocol are also summarized in Figure S5, and the corresponding
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activity losses normalized with regards to the beginning-of-life value are featured in Figure 3.
The latter unveils that, after the “Air 0.5V’ protocol, the kinetic performance decreased by
~ 70 % of its initial value, and this was accompanied by a significant drop of the high current
density performance that is further discussed below (Figure 2a,b). By comparison, when the
same protocol was performed in the absence of Oz at the cathode (i.e., in ‘N2-0.5V”), the mass-
normalized ORR-activity only decreased by = 30 %, and the potential at the highest measured
current of 0.8 mA-cm 2 even increased slightly (Figure 2c,d). Notably, the non-negligible
ORR-activity decrease observed even in the ‘N2-0.5V test’ suggests that the relatively low
potential of 0.5 V in this protocol leads to a certain extent of demetallation from the Fe-based
nanoparticles’ and/or FeNy sites’ responsible for this catalyst’s ORR-activity, and/or to a

decrease of their TOF.10. 18
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Figure 3. Summary of the losses in mass-normalized ORR-activity at 0.8 V (expressed as a
percentage with respect to the beginning-of-life value) inferred by each of the stability

protocols.
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To evaluate Fe-demetallation and H2Oz-related degradation effects during the ‘Air-0.5
V’ protocol in terms of morphology and elemental composition of the NNMC layer, we
investigated a pristine CL and the post-mortem, end-of-life sample with STEM and XRF
microanalysis. Figure 4a (top) shows a cross-section of a catalyst layer and indicates a typical
region that was analysed with STEM-EDS and HAADF to access the spatial Fe-distribution in
the CLs. Elemental mapping of the weight fraction of Fe acquired across the thickness of the
end-of-life CL (shown in Figure 4b) indicates the presence of Fe-rich clusters in the NNMC
layer after the ‘Air-0.5V’ degradation protocol. The corresponding HAADF image unveils that
these clusters correlate with high-brightness NPs that are observed at higher resolution in
Figure S1 and S6a-b, and are typically embedded in thick, semi-graphitized carbon shells. A
comparison with the pristine samples reveals that the spatial distribution of Fe clusters is
qualitatively similar in the pristine and ‘Air-0.5V’ CLs (see the maps in Figure S6d-¢). This is
further confirmed by measurements of the average Fe weight fraction in six 1002 pm? areas of
each sample (Figure S6j), where no significant changes or trend was detected with the error
bars from standard deviation largely overlapping for the pristine and post-mortem CLs. We
note, however, that the weight fractions were computed using a standardless method (namely,

the k-factors, see Methods) which is semi-quantitative in nature.

Changes in the Fe-rich agglomerates were then investigated with respect to their
morphology in the pristine and post-mortem CLs using HAADF-STEM images (displayed in
Figure S7a-b) of a total area of 60-70 pum? with a resolution allowing to resolve single particles
down to a 5-10 nm size. The complete results inferred from these measurements are presented
in Table S1. Within the accumulated statistics (> 730 particles for each sample), no significant
decrease in the number of particles per image (Figure 4c) nor changes in the distribution of
their size (Figure 4d) or aspect ratio (major over minor diameter of a fitted ellipse, Table S1)

as a result of the degradation protocol could be detected. Thus, the electron microscopy and
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spectroscopy results seem to indicate that most Fe-particles have withstood the ‘Air-0.5V’
degradation test, which is not surprising considering that the majority of them appear to be
fully protected by thick carbon shells (cf. Figure S1). An alternative explanation is that the
“Air-0.5” protocol caused leaching of the Fe cations from the catalyst that precipitated along
the CL in the form of Fe—based NPs (under these conditions, expected to be Fe-oxides) with a
shape and size similar to that of the carbon-encapsulated agglomerates present in the pristine
catalyst — a possibility that cannot be ruled out, but that appears highly unlikely based on the
good agreement among beginning- and end-of-life results and on the large statistics intrinsic to
these measurements. This is endorsed by the fact that, in our microscopic examination of
multiple locations along the post mortem CL, we did not find any metallic nanoparticles devoid
of a protecting carbon shell (as one would have expected from the non-encapsulated Fe-oxides
reported to form during potential-cycling ASTs).?” Finally, the analysis by EDS of these end-
of-test particles strongly suggests that they preponderantly consist of the non-oxidic, FesC-

phase featured in the pristine catalyst (see Fig. S8).

Complementarily to this, we carried out a synchrotron-based high-resolution x-ray
fluorescence (XRF) nano imaging study in order to quantify more precisely the total Fe
contents in the same pristine and post-mortem, ‘Air-0.5V’ samples. These experiments were
conducted at a dedicated instrument of the ID16A-NI beamline at the European Synchrotron
Radiation Facility (ESRF), operating in vacuum and cryogenic conditions that facilitate
quantitative measurements of the atomic distribution of Fe with a sensitivity down to few tens
of atoms. 2D XRF mapping at 20 nm resolution of the pristine and post mortem samples after
‘Air-0.5V’ was conducted are shown in Figure S9, and unveil that the recorded images look
fairly similar to those of the STEM-EDS study. However, XRF’s enhanced sensitivity provides
additional and quantitative information on the CLs’ Fe-content, and thus a comparison of

different positions from the microtomed CLs unveils a = 15 % decrease in the Fe-content of
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the end-of-life sample compared to the pristine one. This apparent decrease is limited to a
statistically small volume of 30-40 um3, so additional 3D XRF-CT measurements were
performed to overcome these limitations with a beamsize of 200 nm that translates into proved
volumes of = 6000 um?3 for both CLs. The tomographic reconstructions in Figure 4e represents
the 3D rendering of the Fe distribution (based on the Fe Ka line, and for a representative sub-
volume of 6x30x30 um?d) using a color scale that allows identifying subtle changes in the
content and distribution of Fe atoms. In case of the pristine sample, a subtle shift of intensity
towards higher Fe-contents is represented by the yellow color within the CL. These changes
are evenly distributed across the sample, indicating that this pristine CL has a higher content
of Fe-atoms per voxel compared to the almost uniformly colored post-mortem sample. While
the 3D rendering visualizes the spatial distribution, a histogram representing the average Fe
content can better evidence the potential leaching of Fe. Thus, we carried out a simple
segmentation protocol based on gradient and signal strength to mask out air voxels and extract
the Fe-content in units of atoms per 200 nm?® voxels. The results of this approach are shown as
a histogram in Figure 4f, in which the pristine sample exhibits a broader peak centered at =~ 220
Fe-atoms while the post-mortem CL features a sharper distribution centered at ~ 140 Fe-atoms.
We then integrated the intensity of all voxels within the CL to assess the average number of Fe
atoms per voxel in both layers, and found an overall loss of ~ 18 % of the Fe atoms (with
regards to the pristine CL’s content, and depicted in the inset of the histogram) that agrees very
well with the results of the 2D nano-XRF analysis. We note in passing that the = 15-20 % lower
Fe-content in the post mortem sample is not related to differences between the catalysts
loadings of the pristine and ‘Air-0.5V’ CLs used for these analysis, since their loadings were

1.3 vs. 1.4 mgnnmc-cm 2, respectively.

If one combines this confirmation of Fe-dissolution with the shift in the Fe distribution

towards smaller sizes inferred from the histograms, Fe-leaching in the course of this ‘Air-0.5V’
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protocol must occur mainly from within voxels with fewer metal atoms. Indeed, Fe precipitates
with a size around 20-50 nm like the ones imaged by HAADF would consist of at least a couple
of thousand Fe atoms within one voxel (assuming a ferrite body-centered cubic crystal structure
and sizes as those seen by HAADF). Importantly, from integrating the total Fe content of voxels
with intensities > 1000 atoms, no significant differences between the pristine and post-mortem
sample after the ‘Air-0.5V’ protocol are inferred. In other words, the absence of significant
changes in the Fe contents of the pristine and end-of-life samples within the range of high
intensity voxels assignable to Fe-based nanoparticles implies that these side-phases did not
undergo any demetallation (in agreement with what was qualitatively inferred from the
HAADF images), and indirectly suggests that the loss of Fe deduced from the histograms’
integration likely stems from the partial demetallation of the atomically dispersed FeNy sites in

this NNMC.

Beyond its specific origin, the confirmation that Fe dissolves upon PEMFC operation
at 0.5 V may imply the presence within the CL of Fe-cations that could aid the decomposition
of ORR-produced H>O> into aggressive radicals that would in turn chemically degrade the
membrane and ionomer. On top of this, such cationic species could additionally place-
exchange with the protons in the ionomer and membrane’s sulfonic acid groups, effectively
decreasing their H*-conduction capabilities. Either of these effects should therefore be
detectable in the impedance spectra of the post-mortem sample, which essentially featured the
same RHrr as the pristine CL and a =~ 10 % higher Ru+, et Value (see Figures S10 and S11 for
the impedance spectra and corresponding Rurr and Rus, eff Values derived from their fits,
respectively). These minor changes in the impedance results indicate that the operative release
of Fe did not result in noticeable H2O2-related degradation of the membrane and/or the
ionomer, at least within the rather short time scale (1 h) of this ‘Air-0.5V’ protocol. Notably,

the lack of ionomer degradation was also confirmed by the F-EDS cross-section images of the
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CLs acquired by STEM, where there was no clear difference in fluorine distribution between
the pristine CL and the sample submitted to the ‘Air-0.5V” protocol (Figure S6g, h). On the
other hand, the slight increase in Ru+, eff Observed for the post mortem CL may be partially
caused by the poisoning of the ionomer’s sulfonate groups with leached Fe-ions. More
precisely, based on the CL’s NNMC-loading (1 mg-cm2) and ICR (0.7), along with the
ionomer’s equivalent weight (1100 g/molsos-), the = 10 % higher Ru+ eff value would result
from the release of = 6 % of the CL’s iron content as Fe®" (assuming that each of these ferric
ions poisons three sulfonate groups). Notably, this would correspond to leached iron that would
be trapped within the CL, implying that the total amount of dissolved Fe would be larger than
the ~ 15 % decrease of the metal inventory estimated by the above XRF measurements (which

would correspond to Fe-ions leaving the cell).
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Figure 4. STEM and XRF analysis of pristine vs. end-of-life samples before and after the ‘Air-
0.5V’ stability test. Overview images of the samples prepared for STEM and XRF
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section of the MEA prepared for STEM imaging on a copper grid (top) and an SEM image of
the 40 um pillar used for 3D XRF-CT measurements (bottom), whereby the red frames indicate
representative regions of interest for each measurements. STEM-EDS map of the relative

counts of the Fe Ka line in a microtomed cross-section of the end-of-life CL (b) and comparison
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of the number of Fe precipitates per 2.5 x 2.5 um? image and of the distribution of the particle
size inferred from their Feret diameter for the pristine or end-of-life CLs (purple vs. red,
respectively) (d). Note that the error bars in (c) correspond to one standard deviation, whereas
in (d) the boxes correspond to 1%, 2" and 3 quartiles, the whiskers represent outliers (1.5x
interquartile range) and the stars stand for the mean values. 3D rendering of the Fe Ka line for
the pristine and end-of-life CLs based on tomographic reconstructions of the XRF-CT
measurements (with a voxel size of 200 nm?), with the pristine and end-of-life layers on the
left vs. right of the image, respectively (e). Note that the color scale is limited between 0 and
4 ng-mm 2. Fe distributions within the pristine and end-of-life CLs inferred from 3D XRF-CT,

with the inset depicting the total loss of Fe atoms throughout the complete volume of 6000 pm?

().

Following this investigation of the processes in the degradation tests at 0.5 V, we now
assess the performance changes in the protocols performed at a higher potential of 0.8 V that,
as discussed above, is likely to entail the electrochemical corrosion of the catalyst’s
carbonaceous matrix. Since the onset potential of this reaction is expected to strongly depend
on the graphitization degree of the NNMC type,? 22 we performed a preliminary PEMFC
experiment to assess the corrosion-resistance of our catalyst by submitting a pristine NNMC
CL to the same protocol and conditions used for the recording of the polarization curves, but
using N2 as cathode feed instead of air. The resulting current-potential plot is displayed in
Figure 5a, and shows that the electrochemical oxidation currents recorded on this NNMC
become significant at potentials > 0.7 V. Moreover, these oxidative currents appear to also be
responsible for the systematic deviation from a 70 mV-dec™ linear slope observed at high
potentials in the Tafel plots in Figure 2b,f,d,h, which has been proposed to be a consequence

of the ORR-mechanism on NNMCs.*° To assess this possibility, the currents in the beginning-
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of-life, H2/Air polarization curve (iorr measured) Were corrected for the oxidative currents in this

Ha2/N2 test (ioxidation) USiNG the equation:
iORR,corrected = iORR,measured - ioxidation (3)

yielding a corrected current (iorr corrected) that, as showcased in Figure 5b, now features a fully
linear slope of 70 mV-dec™ at all potentials > 0.8 V. As such, this result suggests that the
curvature observed in the Tafel plots at high potentials is exclusively caused by the
contributions of a simultaneous oxidative process to the overall measured currents. On the other
hand, at the current stage we cannot exclusively ascribe this oxidative current to the electro-
oxidation of the catalyst to CO,. More precisely, if one assumes that all of the oxidative charge
in the “N2-0.8 V" test (accounting to =~ 33 mAh-cm 2 — cf. Figure S4d) were to correspond to the
oxidation of the carbon in the NNMC to CO», roughly a third of the catalyst’s carbon would
have been fully corroded. By comparison, a comparatively smaller loss of = 10 % of the carbon
inventory in Pt/C CLs is known to result in the collapse of their porous network and cell
failure®® — a complete loss of performance that is not observed at the end-of-life of the ‘No-
0.8V’ protocol, and that suggests that an undetermined fraction of the charge in that test may
result from reactions other than the complete oxidation of carbon to CO> (e.g., the formation

of C-O surface functionalities).
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the Tafel plot of the pristine sample recorded in Ho/Air at 1.5 baras, 80 °C and 100 % relative
humidity with the loading of 1 mgnnmc-cm ™2 before and after correcting the measured current

with the oxidative current in panel ‘a’ using equation 3 (b).

Having confirmed that the NNMC undergoes an oxidative process at the 0.8 V at which

this second set of degradation protocols is carried out, we analyzed the performance decay at
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this potential in both the presence and absence of O.. The recorded polarization curves and the
corresponding Tafel plots are displayed in Figure 2e-h and show that the Air-0.8V’ protocol
(expected to entail carbon electro-oxidation together with H2O,-related effects) leads to drastic
performance losses both in the kinetic and high current density regions (whereby the former
experienced a ~ 95 % drop with regards to the beginning-of-life value — see Figure 3). In the
‘N2-0.8V’ test, however, there was no change in high current density performance, while a
~ 60 % decrease in the ORR activity was determined from the Tafel plot at 0.8 V (see Figure
S5 for the ORR activities). This indicates that carbon electro-oxidation alone is highly
detrimental to the NNMC’s ORR-activity even in the absence of Oz and concomitant H2O»-
related effects. It is also worth noting that cyclic voltammograms recorded after these two
protocols at 0.8 V featured a slightly larger double layer current (possibly relatable to the
corrosion of the carbon®!) along with a partial disappearance of the redox peaks at ~ 0.75 V
present in the CV of the pristine NNMC layer (see Figure S12b). These redox peaks have been
correlated to these catalysts’ ORR activity by some studies,>® but other works have opposed
this interpretation.>® Notably, that lack of redox-peak vs. ORR-activity correlation would also
be endorsed by our results, since the CVs of the end-of-life NNMC layers submitted to the
protocols at 0.5 V are essentially identical to that of the pristine catalyst (see Figure S12a),
even if both CLs suffered from a significant drop of their ORR activity in both tests (i.e., = 70
vs. = 30 % losses in ‘Air-0.5V’ vs. ‘N2-0.5V”’, respectively — see Figure 3). On top of this, we
also assessed the effect of this high potential hold on the catalyst’s carbonaceous matrix by
performing Raman spectroscopy measurements on pristine and post mortem CLs (i.e., prior to
and after the ‘N2-0.8V’ protocol, respectively). As shown in Fig. S13, the two layers feature
almost indistinguishable Raman spectra with a line shape typical of carbon materials submitted
to a heat treatment at temperatures < 1000 °C. In the first-order region, the spectra are

characterized by two maxima at =~ 1350 and = 1600 cm™* assigned to the so-called “D” and “G”
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lines. In this regard, the intensity of the “D” line and the width of both the “D” and “G” lines
clearly indicate that the layers are formed by of a highly defective carbon material with a low
average in-plane crystallite size (< 2-3 nm) and that also contains a high amount of point
defects. In such cases, the direct use of the intensity ratio between these lines (Io/lc) does not
allow the determination of the average in-plane crystallite size. However, it is clear that these
results do not indicate a massive corrosion of the carbonaceous material, and this is also the
case when considering the second-order region of the spectra (not shown here), which also
showed no significant changes between pristine and post mortem CLs. On the other hand, the
results cannot exclude the formation of different carbon-oxygen functionalities that are always
very difficult to detect analyzing carbon-based materials. Specifically, this could be regarded
as indicative of a C-corrosion mechanism in which the electro-oxidation of the catalyst’s
graphene domains leads to an enhancement of their hydrophilicity that in turn causes their
dissolution in the aqueous electrolyte, as previously proposed for the electrochemical oxidation

of glassy carbon in alkaline medium.>*

An STEM analysis was also performed on the end-of-life CL submitted to the ‘Air-
0.8V’ protocol to assess the morphological and compositional changes caused by this test. As
before, F and Fe elemental mapping (Figure S6 f, i), semi-quantitative analysis (Figure S6 j-k)
and HAADF imaging and analysis of the Fe agglomerates (Figure S7 c-e) were performed.
Similar to the post-mortem CL that had undergone the ‘Air-0.5V’ test, the end-of-life CL after
the ‘Air-0.8V’ protocol contained numerous Fe clusters, whose signal did not display an
appreciable change compared to that of the pristine CL, and the number and morphology of the
Fe agglomerates imaged by HAADF showed no significant changes. As showed by the STEM
and XRF measurements carried out on the ‘Air-0.5V’ sample, though, these observations do
not rule out a subtle change in the Fe content of the layers; we note in passing that,

unfortunately, it was not possible to perform such the time-demanding, synchrotron-assisted
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measurements on the post mortem ‘Air-0.8V’ sample. On the other hand, the impedance
measurements of the end-of-life CLs after the protocols at 0.8 V featured no significant changes
in the Rurr and Ru+eff values (with regards to the beginning-of-life) regardless of the cathode
feed (see Figure S10c,d and Figure S11). This indicates that, and unlike in the case of the
sample submitted to the ‘Air-0.5 V’ protocol (that featured a = 10 % increase of the proton
transport resistance), none of these higher potential samples should have suffered from the
poisoning of the ionomer by leached Fe-ions discussed above for the lower-potential analogue
(i.e., ‘Air-0.5V"). Instead, the H*-conduction properties of the membrane and ionomer in the
CL were completely unaffected by the presence or absence of Oz in these tests, even if in this
case their duration added up to =~ 250 h. Notably, this stability of the ionomer was also
confirmed by F-EDS cross-section images of the CLs acquired by STEM, from which no clear
differences in fluorine distribution were observed between the pristine CL and the sample

submitted to the ‘Air-0.8V’ protocol (Figure S6g, i).

Having discussed all degradation protocols, we now revise the ORR activity
losses caused by each of them and plotted in Figure 3. The latter clearly illustrates that the two
tests entailing the use of air at the cell’s cathode are unambiguously more detrimental to the
ORR-activity than those performed in Nz, as already indicated by some recent studies.?” %
Interestingly, when one isolates the effects of the potential hold at 0.5 V and of carbon electro-
oxidation at 0.8 V based on the extents of degradation observed in the complementing N.-tests
(i.e., ‘N2-0.5V” and ‘N2-0.8V’, respectively), the remaining activity losses in the air protocols
and ascribable to H20»-related degradation account for ~ 40 % of the overall activity decay.
This fraction is irrespective of the potential at which these tests were performed, and would
therefore imply that these H.O»-effects are only dependent of the ORR charge transferred in
the course of the test. Such a conclusion would in turn be at odds with the potential-dependent

H20,-yields generally observed for NNMCs in the rotating ring disk electrode (RRDE)
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experiments customarily used to assess their ORR-selectivity.>® This contradiction could stem
from the significant differences between the testing environments in these RRDE tests and
actual PEMFC MEAs (e.g., liquid vs. solid electrolyte, different mass transport limitations,
etc.), which has been widely discussed in the literature in the specific context of Pt-based
catalyst®® and also observed for NNMCs.>” As for the results observed in the tests using N at
the cathode, the smaller ORR-activity losses observed in the protocol at 0.5 V vs. 0.8 V imply
that carbon electro-oxidation at the latter potential is more detrimental to the ORR-activity than
the Fe-demetallation caused by the former, even if the effects of that test at 0.5 V were by no

means negligible.

To finalize this study, we delve in the effects of the different stability tests and
corresponding degradation mechanisms on the mass transport properties of these CLs. To this
end, the mass transport overpotentials( n.,s) of the pristine CL and of the CLs submitted to
each of the degradation protocols were estimated from the potential difference between the

extrapolated Tafel lines and the polarization curves corrected for all ohmic losses (i.e., Ryrg
and RIG-:If'{,cathode)’ and displayed in Figure S14. Figure 6 then features the change in mass

transport overpotential (An,,) inferred by each testing condition, which was calculated as the
difference between the n,, of the pristine CL and that of each end-of-life sample (i.e., Npristine —
Tpost-mortem), iN all cases at a current of 0.8 A-cm ™2 (see Figure S15). The results in Figure 6
indicate that the mass transport worsened after the two protocols performed in air, in which the
increase in 1, qualitatively scales with the loss of the kinetic activity (see Figure 3). In other
words, the increase in the i, was ~ 25 mV larger in the post-mortem sample submitted to the
‘Air-0.8V’ protocol, for which the ORR-activity loss was also higher compared to sample
submitted to the ‘Air-0.5V’ protocol (= 95 vs. = 70 % with regards to the beginning-of-life
value, respectively). This observation qualitatively confirms the correlation between the
number of ORR-active sites in this type of NNMC and its CLs’ mass transport (whereby more
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vs. less sites imply a lower / higher n,, value) postulated in our recent work,*? and originally
reported for Pt—based ORR-catalyst.!! Additionally, in the case of the ‘Air-0.8V’ test, the
electro-oxidation of the catalyst’s surface expected at high potential is known to increase the
hydrophilicity of the CL, further worsening its mass transport properties. In the case of both
N2 protocols, however, the mass transport properties of the end-of-life CLs systematically
improved when compared to the pristine sample. For the N-test at a low potential of 0.5 V,
this improvement can be attributed to the potential-driven reduction of the catalyst’s surface
(e.g., hydroguinone groups),?® which would entail the removal of hydrophilic O-functionalities
and increase the CL’s hydrophobicity, thus leading to a better water management. On the other
hand, the enhancement of the mass transport observed for the CL having undergone the Na-
protocol at 0.8 V is more puzzling, since we would expect that the above discussed electro-
oxidation of the carbon surface at this high potential would increase the CL’s hydrophilicity
and worsen its mass transport properties. We hypothesize that this effect may be counteracted
by localized C-electro-oxidation to COz, which may expose more graphitic (and thus
hydrophobic) domains and eventually lead to an additional re-distribution of the ionomer that

may lead to a net improvement in mass transport along this CL.
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Figure 6. Summary of the changes in mass transport overpotential (Anx = Tpristine — T|post-mortem)

after each degradation protocols, whereby red- vs. green-shaded areas represent worse Vvs.

better mass transport properties, respectively.
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CONCLUSIONS

In this study, we aimed to disentangle the relative contributions to the overall PEMFC-
performance losses of the three main NNMC-deactivation paths proposed in the literature (i.e.,
demetallation, electrochemical carbon oxidation and H:O»-related effects) by using four
degradation protocols implying different cathode gas feeds (i.e., air vs. N2), potential holds and
durations. Our results indicated that H20-effects on the catalyst’s ORR-activity appear to
depend only on the ORR-charge, and not on the test’s operative potential. Interestingly, the
chemical degradation of the ionomer and/or membrane that might originate from H>O>-derived
species does not seem to significantly contribute to the performance decay observed under air
operation, at least within the duration of protocols presented here. Complementarily, we found
that electrochemical carbon oxidation in the protocols at a higher potential of 0.8 V contributes
to the ORR-activity loss more significantly than Fe-demetallation at 0.5 V, even if the effect
of the latter mechanism was not negligible. Notably, this observation is likely to be highly
dependent on the potentials chosen for these tests, since demetallation vs. C-oxidation are
expected to be exacerbated as the potential decreases or increases, respectively.® 4 Moreover,
the CLs’ mass transport properties worsened after both of the protocols performed using air at
the cathode, and the observed increase of the nix qualitatively matched with the extent of ORR
activity loss. On the other hand, the mass transport systematically improved after the protocols
performed under N2 both at 0.5 and 0.8 V; the former potential possibly implies a reduction of
the catalyst’s surface that would enhance the CL’s hydrophobicity leading to this decreased 7ix,

while the reason for the improvement obtained in the 0.8 V protocol remains unclear.

We believe that the combination of durability tests presented herein can help to differentiate
and quantify the impact of these degradation mechanisms on NNMCs’ stability. Specifically,
the combined protocols may prove extremely useful for comparing catalysts with well-

established metal speciations (e.g., Co vs. Fe-based, featuring other single atom vs. metal NP
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ratios) and physicochemical features (e.g., surface composition, carbon graphitization extent),
as it could serve to establish ties between these properties and the relative impact of different
instability mechanisms. The knowledge gained through such comparisons could in turn be used
to guide the design of NNMCs with the sufficiently high durability required for their

implementation in commercials PEMFCs.
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