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In this study, ex situ and operando X-ray absorption spectro-
scopy (XAS) is employed to shed light on structure and
degradation mechanism of Fe-based catalysts for the oxygen
reduction reaction (ORR) in proton exchange membrane fuel
cells (PEMFCs). Ex situ XAS on pristine Fe0.07Zr0.93O2-δ/C catalyst
confirms the incorporation of Fe3+ in the ZrO2 structure and
clearly exclude any significant presence of Fe� N� C-type
structures. The edge shift in data on in-house aged samples
demonstrates a mixed oxidation state of Fe (Fe3+ and Fe2+),
consistent with Fe demetalation from the ZrO2 structure.
Furthermore, a more symmetric coordination in the pre-edge

shape points towards the formation of oxidic Fe clusters upon
aging. Fe demetalation is inferred also from the edge shift to
higher energy (presence of Fe3+) in operando XAS data at 0.3 V,
due to Fe phases not electrically polarizable/reducible at the
applied voltage. Electrochemical data exclude any correlation
between extent of aging and type of test, also for a commercial
Fe� N� C catalyst by Pajarito Powder. The observed faster aging
for Fe0.07Zr0.93O2-δ compared to Fe� N� C is attributed to an
improved mass transport to/from active sites, manifest also in
very similar initial current densities at 0.3 V, despite much
higher catalyst activity for Fe� N� C.

Introduction

Proton exchange membrane fuel cells (PEMFCs) are considered
electric-vehicle powertrains that can drastically reduce pollution
and the carbon footprint of the transport sector, if fueled by
hydrogen from renewable energy sources, with the final aim to
mitigate the global climate change.[1,2] In the last years, after
extended research efforts, several automotive companies
commenced the commercialization of fuel cell electric vehicles
(FCEVs). Still, the capital and operating costs of FCEVs are
significantly higher compared to battery electric vehicles
(BEVs).[3] Thompson et al.[4] projected stack costs for light-duty

vehicles at a production volume of 0.5 million units/year and
concluded that the cost of the platinum-based catalysts would
amount to 41% of the total costs. This large fraction can be
significantly reduced using platinum-group-metal (PGM)-free
catalysts on the cathode, where most of the platinum is needed
because of the kinetically sluggish oxygen reduction reaction
(ORR).[5] In the last decade, studies about PGM-free ORR
catalysts focused on Fe-based catalysts, mainly on the so-called
Fe� N� C catalysts[6] whose performance in the kinetic region of
the ORR (i. e., at low overpotentials) has come close to that of
carbon-supported Pt nanoparticles.[7]

Unfortunately, rapid degradation upon operation is the next
important challenge to overcome for Fe� N� C catalysts, as
reviewed in some articles throughout the last years.[8–12] A
recoverable activity decay, under conditions where no ORR
occurs, was originally reported and attributed to polymeric
anions reversibly binding to the N-groups that are protonated
at pH of 1 and below.[13,9] Already for the first synthesized
Fe� N� C catalysts, it was evident, during active-site stability tests
using the rotating ring-disk electrode (RRDE) method, how H2O2

could strongly contribute to the decomposition of catalytic
sites.[14,15] Therefore, the gradual performance degradation in
PEMFCs was interpreted as a result of the chemical attack on
catalytic sites by H2O2 produced during ORR.[14] Later on, H2O2

generation during PEMFC tests was again hypothesized as
origin of the long-term performance degradation together with
the low graphitic character of the carbon support matrix.[16]

Voltage cycling tests to high cathode potentials in an RDE
configuration (between 20 °C and 80 °C) showed a simultaneous
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degradation of active sites and N-doped carbon, strongly
increased at elevated temperature, and attributed to carbon
corrosion as first step leading to both the dissolution of FeNx-
based active sites and a collapse of the electrode structure.[17,18]

The electrochemical oxidation of the carbon surface in an
operating PEMFCs, thereby changing its surface properties from
hydrophobic to hydrophilic, was also proposed to cause micro-
pore flooding and to be the origin of the initially rather rapid
fuel cell performance decay.[19] This hypothesis was readily
criticized after examining the double layer capacitance in
PEMFCs, reporting that the wetting of micropores already
occurred prior to any stability tests and that the small changes
in the double layer capacitance following a degradation test
were too small to relate to the observed strong performance
degradation.[20] Carbon oxidation by H2O2 as primary origin of
the performance decay was further postulated afterwards, still
without excluding active-site protonation/anion binding and
micropore flooding as side mechanisms, but, on the contrary,
discarding demetalation.[21] Another article also postulated the
same origin of degradation of the carbon support adjacent to
the active sites in H2O2 acidic environment, and related this to a
mechanism of weaker O2 binding on Fe-based sites, which are
left untouched.[22] On the contrary, demetalation was reported
more recently as origin of the initial loss of ORR activity,
hypothesizing the dissolution of Fe in the water phase that is
filling the micropores.[23] An Fe� N� C catalyst, synthesized in a
way as to avoid impurities of metallic Fe phases and containing
only atomically dispersed Fe active sites, was degraded via an
RDE-based potential-cycling accelerated stress tests, confirming
Fe cleavage from the active site, even with formation of Fe
clusters, as well as carbon corrosion as causes of degradation.[24]

A further confirmation of the same origin of the activity loss
using similar tests was reported,[25,26] ascribing the effect to H2O2

and reactive oxygen radical species produced by a Fenton’s
reaction on the Fe sites obtained after demetalation. A
comparison between Co� N� C and Fe� N� C catalysts reported
carbon oxidation combined with a demetalation mechanism,
with a weaker effect in the case of the Co-based catalyst,
presumably due to its lower activity for the Fenton’s reaction.[27]

X-ray absorption spectroscopy (XAS) at the Fe K-edge
revealed to be an essential characterization technique to probe
Fe� N� C catalytic moieties. Oxidation state and coordination
geometry can be inferred using X-ray absorption near-edge
structure (XANES), while coordination numbers, bond distances,
and local order can be inferred from extended X-ray absorption
fine structure (EXAFS). Ex situ XAS analyses on Fe� N� C catalysts
allowed for the structural characterization of various Fe sites
and their correlation to different ORR activities, aiming at an
improved synthesis towards an optimized ORR
performance.[28,29] In situ measurements are fundamental for
identification of electronic and structural properties in real
active sites, i. e., during actual ORR conditions.[30]

The first reproduced and evident correlation between in situ
XAS data and electrochemical parameters was the monotonous
shift of both XANES and EXAFS features upon potential polar-
ization of Fe� N� C electrodes.[31–35] This behavior was attributed
to the adsorption-desorption step (H)O� Fe3+� N4 !Fe2+� N4,

[30]

chemically depicting water activation forming Fe3+ at high
potentials, gradually shifted to oxygen-uncoordinated Fe2+ at
low potentials, which is considered the real ORR active site. This
activation/deactivation mechanism is the origin of the long-
known direct correlation between ORR-polarization onset
potentials and Fe3+/Fe2+ redox intrinsic potentials, character-
istic of each Fe� N� C catalyst.[31–34,36] This mechanism allowed
the theorization of the dynamic site-blocking effect, related to
� O(H) coverage (blocking) of Fe2+ active sites and governed by
the relation between cathode operating potential and Fe3+/
Fe2+ catalyst intrinsic redox potential.[33,37,38] The consequences
of this effect are that ORR currents are limited at high potentials
purely by specific catalytic activity, while at low potentials they
are limited either by site blocking and/or by specific activity,
depending on the Fe3+/Fe2+ intrinsic redox potential.

Comparing in situ and ex situ data,[33] it was evident that ex
situ Fe� N� C moieties (in contact with air) are comparable to
in situ oxygen-coordinated Fe3+ sites at high potentials,[31] and
have been confused with the uncoordinated real active sites. A
combination of XANES and EXAFS analyses contributed further
to structural understanding of the most active sites and their
behavior upon oxygen adsorption in comparison to Fe
phthalocyanine.[33,37] While oxygen-uncoordinated Fe phthalo-
cyanine showed the typical square-planar Fe2+� N4 structure
(D4h symmetry) - where Fe2+ is brought out of plane upon
oxygen coordination - oxygen-uncoordinated Fe2+ is located off
the Fe2+� N4 plane and moves back to the planar configuration
upon oxygen adsorption on the most active pyrolyzed
catalysts.[33,37] Density functional theory (DFT) calculations[33]

suggested that the off-plane oxygen-uncoordinated configura-
tion suppresses Fe-to-N electron back-donation, increasing the
d-electron density on Fe, thus allowing an easier coordination
to oxygen and a higher redox intrinsic potential. Furthermore,
the in-plane oxygen-coordinated Fe3+ weakens the Fe� O bond,
thereby improving the ORR activity. XANES fingerprints of
different Fe species can support the speciation of inactive sites
after degradation of Fe-based catalysts with the help of
complementary analytical techniques.[39]

While many studies are available on in situ XAS character-
ization of Fe� N� C catalysts and their degradation in PEMFCs,
such studies are still missing for the PGM-free catalyst
Fe0.07Zr0.93O2-δ/C, whose synthesis and characterization we had
reported in our publication.[40] In this previous article, we shed
light on the structure of our as-synthesized catalyst using soft
X-ray techniques and Mössbauer spectroscopy, demonstrating
that it consists of Fe3+ ions in high-spin state, which substitute
Zr4+ ions in nanometric tetragonal ZrO2. DFT calculations
suggested that the substitution of aliovalent cations in the
structure would enhance the formation of oxygen vacancies,
being the likely reason for the increased specific ORR activity vs.
pure nanometric tetragonal ZrO2. ZrO2 was studied as PGM-free
ORR catalyst in one of our previous publications for its potential
stability in the strongly acid PEMFC environment but showing
need of strong improvements in ORR activity.[41]

In this work, first, we report ex situ XAS data to obtain
confirmation and further structural information about pristine
and aged Fe0.07Zr0.93O2-δ/C ORR catalysts. Furthermore, using
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operando XAS we strengthen the conclusions drawn from ex
situ data, aiming at understanding which degradation mecha-
nism rules the performance losses experienced during PEMFC
operation of in-house synthesized PGM-free catalyst, and at
finding any possible correlation between catalyst degradation
and the specific PEMFC operating conditions. We also compare
XAS and electrochemical data on Fe0.07Zr0.93O2-δ/C to similar data
collected using a commercial Fe� N� C catalyst provided by
Pajarito Powder, discussing possible discrepancies between
them.

Results and Discussion

Ex situ XAS on Pristine and Aged Samples

Fe0:07=Zr0:93O2� d=C catalyst ðFe K � edgeÞ: Ex situ XANES spectra
at the Fe K-edge for pristine and aged gas diffusion electrodes
(GDEs) prepared with the in-house synthesized Fe0.07Zr0.93O2-δ/C
catalyst are reported in Figure 11>a in comparison to FeO,[42]

Fe3O4, Fe2O3 and Fe� N� C (digitalized from literature data[33])
reference materials. The pristine GDE (dark blue line) shows an
edge position at the highest energy (comparable to Fe2O3, red
line) and an intense so-called white line. Both observations are
conclusive for a very prominent oxidic environment around a
scattering Fe3+ ion, likely characterized by better defined
energy levels in the density of states than standard oxide
samples, inferred by the intense dipole-allowed 1s!4p tran-
sition (white line) and consistent with a metal substitution in an
insulating ZrO2 matrix. The difference between fingerprint
XANES features of the GDE with the pristine Fe0.07Zr0.93O2-δ/C
catalyst and Fe2O3 confirms once again that Fe is not
segregated from the ZrO2 structure.[43] The comparison with

XANES data of a pure Fe� N� C catalyst digitalized from literature
data[33] (blue line) shows once more the completely different Fe
oxidation state and coordination of the Fe0.07Zr0.93O2-δ/C catalyst
in the pristine GDE, clearly excluding a significant presence of
Fe� N� C moieties for the in-house synthesized Fe0.07Zr0.93O2-δ/C
catalyst, as already concluded in our previous publication.[40]

Further information about the redox state of Fe can be
obtained by analysis of the pre-edge of XANES data, related to
the 1s!3d (quadrupolar) electronic transition.[44] A shift towards
higher energies also reflects an increased Fe oxidation state.
The pre-edge data of pristine GDE with the Fe0.07Zr0.93O2-δ/C
catalyst (Figure 1b) confirm a high-energy position due to Fe at
high oxidation state (similar to Fe2O3, red line), clearly shifted in
comparison to that of the Fe� N� C catalyst (blue line, very
similar to FeO, dark yellow), and a low peak intensity due to
asymmetric/disordered Fe coordination with neighboring
atoms. From both portions of XANES data we can confidently
conclude once more that our catalyst consists of Fe ions inside
the structure of ZrO2 nanoparticles and that no Fe� N� C
moieties are present.

From the in-house-conducted testing protocol for ex situ
XAS data collection, (see the paragraph “Single-cell PEMFC Test
Conditions and Protocols” in the experimental section) XANES
data at the Fe K-edge (Figure 1a) of aged GDE with the
Fe0.07Zr0.93O2-δ/C catalyst (dark cyan line) show a drastic shift of
the edge position to lower energy (comparable to Fe3O4, green
line) and a decreased white-line intensity. These observations
are respectively consistent with lower and mixed (Fe2+ and
Fe3+) Fe oxidation states and less defined electronic energy
levels (i. e., at least a decreased amount of Fe in the ZrO2

structure). The pre-edge data shown in Figure 1b confirm a
shift of the peak onset to lower energy due to the appearance
of a shoulder and show a more intense peak due to more

Figure 1. a) XAS spectra at the Fe K-edge in the XANES region of pristine (dark blue) and aged (dark cyan) GDEs with the Fe0.07Zr0.93O2-δ/C catalyst compared to
the standard reference samples: FeO,[42] Fe3O4, Fe2O3, and Fe� N� C (digitalized from Ref. [33]). b) Pre-edge after background subtraction of normalized XANES
spectra in a). c) k2-weighed Fourier transform of EXAFS spectra from electrodes and standard samples in a), not corrected for phase shift. d) XAS spectra at the
Fe K-edge in the XANES region of pristine (black) and aged (gray) GDEs with the Pajarito Powder (PP) catalyst compared with reference materials Fe0, FeO,[42]

Fe3O4, and Fe2O3. e) Pre-edge after background subtraction of the XANES normalized spectra in d) (the pre-edge of the pristine GDE with the PP catalyst is not
shown because of masking by Fe0). f) k2-weighed Fourier transform of EXAFS spectra from the samples in d), not corrected for phase shift.
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symmetric coordination around the Fe ions. All the observations
are consistent with Fe ions at lower oxidation state leaving, at
least partially, the ZrO2 structure and forming more ordered,
likely oxidic iron clusters. We also considered the possibility of
the interaction of Fe ions with the proton-exchange sites in the
ionomer, which we evaluated by preparing a Nafion membrane
exchanged with Fe ions and collecting XAS data on it. In the
XANES data (not shown), the iron pre-edge of such an Fe ion
exchanged membrane has very low intensity (expected asym-
metric/disordered interaction) and a different edge shape,
allowing us to conclude that this cannot be the main final
degradation product after disassembly and storage of the
electrochemically aged MEA in ambient air.

Fourier transforms of EXAFS data from GDEs and standard
reference samples are reported in Figure 1c (the relative full
spectra in energy- and k-space are reported in Figure S1a and
b). At a first glance, in both pristine and aged GDEs with
Fe0.07Zr0.93O2-δ/C catalyst, the presence of peaks at a position
<2 Å is evident and is very similar to that of the iron oxide
standards, in agreement with the conclusions from XANES. The
absence of peaks at a position >2 Å evidences a missing outer
shell for both pristine and aged GDEs, hinting towards structural
disorder. The Fourier transform of the data from the aged GDE
looks to have an intensity ratio of the peaks at 1.1 and 1.5 Å
more similar to that of the Fe3O4 standard compared to that of
the pristine GDE with the Fe0.07Zr0.93O2-δ/C catalyst.

Fe� N� C catalyst by Pajarito Powder. Figure 1d shows XAS
spectra in the XANES region at the Fe K-edge for pristine and
aged GDEs with the Pajarito Powder catalyst and Fe0, FeO,[42]

Fe3O4 and Fe2O3 standard materials. Comparing XANES finger-
prints of the Fe0 reference (purple line) and the pristine GDE
(black line), a similarity is evident in terms of the presence of an
edge feature at low energies (7112–7118 eV) and of a broad
feature between 7150 and 7170 eV, demonstrating the pres-
ence of Fe0 in large amount. The XANES spectrum of the aged
GDE (gray line) shows an obvious disappearance of the above-
mentioned features attributed to Fe0, concomitant with a
white-line intensity increase, both indicating an Fe shift to
higher oxidation states.

The k2-weighed Fourier transforms of EXAFS data (see
Figure 1 f, the relative full spectra in energy- and k-space are
reported in Figure S1c and d) show evident peaks at 2.2 and
4.5 Å for the pristine catalyst (black line), confirmed to be
related to Fe� Fe nearest and next-nearest neighbors from their
comparison with the Fe0 reference sample (purple line) and
with literature data.[29,32,33,37,45,46] Furthermore, a shoulder at <2 Å
can be assigned to Fe� N nearest neighbors (and in much lower
extent to Fe� O from oxygen coordination), characteristic of the
active sites of Fe� N� C catalysts.[29,30,32,33,37,47,48] The k2-weighed
Fourier transform of EXAFS data from the aged GDE (gray line)
shows the disappearance of the Fe� Fe neighbors at 2.2 and
4.5 Å. Furthermore, the presence of a peak at a lower radial
distance of 1.4 Å, attributable to Fe� N and/or Fe� O nearest
neighbors, becomes more evident as in all the reference
samples (apart from metallic Fe). From these considerations, the
EXAFS data confirm the strong evidence from the XANES
fingerprints in the pristine GDE of a high amount of metallic Fe

and its disappearance in the aged GDE, suggesting Fe0 leaching
upon electrochemical aging.

Regarding the pre-edge analysis (Figure 1e), using Wilke
et al.[44] as reference to validate our results, a positive shift of
1 eV is evident in our case, simply explained by the different
energy calibration of the first inflection point of data from the
Fe0 reference (7112.00 eV from FAME beamline at ESRF
compared to 7111.08 eV in Wilke et al.).[44]

Taking a closer look to the pre-edge after background
subtraction in Figure 1e, the aged GDE shows broad intense
features starting at low energy that, comparing them to Fe2O3,
Fe3O4 and FeO reference data, can be assigned to a mixture of
Fe2+ and Fe3+ oxidation states. It is noteworthy that very similar
pre-edge features are observed for the aged GDEs of both
Pajarito Powder and Fe0.07Zr0.93O2-δ/C catalysts, pointing towards
similar final degradation products.

Knowing the strong variation between XANES fingerprints
for Fe0 and for oxidized Fe phases, a linear combination fitting
(LCF) of the XANES data has been attempted to roughly
understand the weight fraction of Fe0 over the total Fe present
in the pristine GDE with Pajarito Powder catalyst. With this aim,
we used the standard Fe0 data and the aged GDE as
components, being aware that the latter surely contains
leached phases that could provide a systematic error to the
fitting; this yielded an estimate of �60 wt% of Fe0. Unfortu-
nately, because of such a high weight fraction of metallic Fe in
the pristine catalyst, further insights on the nature of Fe� N� C
active sites and on their degradation upon operation are
precluded.[45,46]

Fe0:07=Zr0:93O2� d=C catalyst ðZr K � edgeÞ: Figure 2a and 2b
shows, respectively, ex situ XANES spectra at the Zr K-edge and
k2-weighed Fourier transforms of EXAFS data for pristine (dark
blue) and aged (dark cyan) GDEs with the Fe0.07Zr0.93O2-δ/C
catalyst, in comparison to pure nanometric ZrO2/C (orange)
reported in our previous studies.[41,49,50] XANES and EXAFS data
for pristine Fe-substituted and pure ZrO2/C show similar results,
with a minor broadening of the XANES white line for the former
(Figure 2a). After Fourier transform of EXAFS data (Figure 2b,
the relative full spectra in energy- and k-space are reported in
Figure S2a and b), a decrease in the peak at 3.3 Å for the
pristine Fe0.07Zr0.93O2-δ/C catalyst compared to the ZrO2/C
reference material further hints towards structural changes due
to Fe incorporation in the ZrO2 structure.

[43] The XANES white
line broadening is evidently increased in the aged GDE, as a
likely result of Fe leached out of ZrO2, producing a more vacant
and disordered structure. This is further confirmed by the
complete absence of the peak at 3.3 Å in the Fourier transform
of EXAFS data, hint of a very disordered outer shell after aging.
In summary, XAS data at the Zr K-edge confirm the conclusions
drawn from Fe K-edge data, namely that Fe is progressively
leaving the ZrO2 structure upon aging of the Fe0.07Zr0.93O2-δ/C
catalyst.
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Test in PEMFC and Operando XAS

Validation of operando PEMFC setup. To validate that the H2/O2

performance and its degradation obtained using different flow
fields and test stations are comparable, three PEMFC tests with
the cathode GDEs based on the Fe� N� C catalyst by Pajarito
Powder were performed (Figure 3). Linear sweep voltammetry
(LSV) measurements in H2/O2 before and after a cell potential
hold at 0.3 V were collected. Figure 3a shows the results using
the in-house graphite flow fields (shown in the inset) and a G60
Greenlight test station, as standard comparison. The graphite
flow fields used for operando XAS were tested at both fuel-cell
test stations (Figure 3b). Comparing the initial H2/O2 LSVs
collected with the Greenlight test station, a significant perform-
ance difference is observed using flow fields for operando XAS
measurements (red line in Figure 3b) vs. standard flow fields
(solid green line in Figure 3a). In particular, the current density
at 0.7 V is �2.5 times lower (125 mAcm� 2MEA vs.
300 mAcm� 2MEA) for flow fields used for operando XAS data
collection. The reason for this is the higher mass transport
limitations at the MEA with operando flow fields, because of
the larger and non-optimal channel and land widths, designed
to avoid breaking of the locally thinned graphite flow field

serving as X-ray window, while accommodating channels that
are sufficiently wide for the X-ray beam. Additionally, also the
high frequency resistance is different for the different flow
fields, showing a 2.5-times higher value for the operando flow
fields (100 mΩcm2 vs. 250 mΩcm2). At the same time, Fig-
ure 3b shows that the initial LSVs collected at different test
stations are basically identical, demonstrating that the two test
stations give consistent results. The part of the LSV recorded at
the portable test station that is deviating from the smooth
decay of voltage vs. current is related to a sporadic deviation of
the oxygen pressures (solid blue line in Figure 3b). The cells
measured at the different test stations using operando XAS
flow fields have different performance after holding at 0.3 V
(blue dashed line vs. red dashed line in Figure 3b), likely due to
the different operation hold times (120 min vs. 160 min); the
hold times were here varied to evaluate the endurance of the
cell for the XAS operando measurements. In summary, while
different H2/O2 performance is observed for different flow-fields,
the data suggest that the overall degradation mechanisms do
not relate to the flow-field design.

Fe0.07Zr0.93O2-δ/C Catalyst

Electrochemical tests in PEMFCs. Figure 4a to d show details
about the various testing protocols conducted with nominally
identical cells employing cathode GDEs with Fe0.07Zr0.93O2-δ/C

Figure 2. a) XAS spectra at the Zr K-edge in the XANES region of
Fe0.07Zr0.93O2-δ/C pristine (dark blue) and aged (dark cyan) GDEs compared to
a powder sample of pure nanometric tetragonal ZrO2 supported on
Ketjenblack carbon (orange), synthesized similarly and reported in previous
papers from our group.[41,49] b) k2-weighed Fourier transform of EXAFS
spectra from electrodes and reference sample in a), not corrected for phase
shift.

Figure 3. a) Initial H2/O2 LSV performance of a GDE with 4.0 mgcat cm
� 2

MEA

Pajarito Powder catalyst, measured in-house on a standard Greenlight test
station (solid green line) with single-channel/7-serpentines flow field (shown
in inset) as well as an LSV after 120 min hold at 0.3 V (dashed green line). b)
Initial H2/O2 LSV performance of the same GDE type, measured using flow
fields designed for operando XAS (shown in inset) either at the standard
Greenlight test station (solid red line) or at the portable Fuel Cell
Technologies test station for operando measurements (solid blue line).
Dashed lines represent H2/O2 LSVs after 0.3 V hold for 120 min (red dashed
line, standard test station) and 160 min (blue dashed line, portable test
station). The segment of LSV curve recorded at the portable test station that
deviates from the smooth voltage vs. current curve is related to an
unintended deviation in the oxygen pressure. All LSVs were recorded with
constant 400 nccm flow of H2 and O2 on anode and cathode respectively, at
145 kPaabs, 80 °C cell temperature, and 90% RH.
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(cell voltage in black and current density in dark cyan), all
conducted at constant H2/O2 flows at the anode/cathode (for
more details see paragraph “Single-cell PEMFC Test Conditions
and Protocols” in the experimental section). Two cells were
tested with a constant voltage segment at 0.3 V (shown in
Figure 4a and 4b further on referred to “FeZr-0.3V-A” and
“FeZr-0.3V-B”), a third cell with a constant voltage segment at
0.6 V (Figure 4c, further on referred to “FeZr-0.6V”) and one last
cell subjected to a voltage stepping procedure (Figure 4d,
further on referred to as “FeZr-Step”). The time periods during
which H2/O2 LSVs and XAS data were collected are marked by
vertical light blue lines and orange shaded regions, respectively.
The experiments were designed to monitor both the perform-
ance degradation and the change in Fe oxidation state or Zr
coordination to neighbors, aiming at correlating XAS to electro-
chemical performance.

Figure 5a shows LSVs for all the tested cells at the
beginning of test (BoT) and the end of test (EoT), while
Figure 5b reports the corresponding current densities at BoT
(dark-colored bars) and EoT (light-colored bars) acquired at 0.75
and 0.65 VHFR-corr. (� voltage corrected for the high-frequency-
resistance) during LSVs, with the numbers inside the bars
representing the average current-density decays between BoT
and EoT in units of mAcm� 2MEAh

� 1. It is noteworthy that the
cells with the highest current densities at the BoT (FeZr-0.3V-A
and FeZr-Step) are those tested after a shorter OCV period (see
also Figure 4a and 4d), where evidently the catalyst already
degrades. The results from these two cells confirm that the LSVs

collected after similar OCV periods show similar results, where-
by only very marginal deviations arise from loading differences
(maximum �10%), proving data reproducibility. At EoT, all
measured cells show similar LSV performances, whereby the

Figure 4. Current density (dark cyan) and potential profiles (black) for electrochemical tests conducted with cathode GDEs based on Fe0.07Zr0.93O2-δ/C catalyst,
a) and b) during a constant 0.3 V hold under H2/O2; c) during a 0.6 V hold under H2/O2; d) while varying the cell voltage under H2/O2. The vertical light blue
lines refer to the periods during which LSVs where recorded, while the orange shadowed regions correspond to operando XAS data collection. All tests and
LSVs were recorded with constant 400 nccm flow of H2 and O2 on anode and cathode, respectively, at 145 kPaabs, 80 °C cell temperature, and 90% RH.

Figure 5. a) LSVs recorded at the beginning of test (BoT, solid lines) and at
the end of test (EoT, dash dotted lines) for the four tested cells using
cathode GDEs based on the Fe0.07Zr0.93O2-δ/C catalyst. All LSVs were recorded
with constant 400 nccm flow of H2 and O2 on anode and cathode,
respectively, at 145 kPaabs, 80 °C cell temperature and 90% RH. b) Current
densities at 0.75 V and 0.65 VHFR-corr. taken from the LSVs at BoT (darker bars)
and EoT (lighter bars); The numbers written inside the bars represent
average current-density decays in units of mAcm� 2h� 1 between EoT and
BoT.
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current densities at 0.75 and 0.65 VHFR-corr. are roughly one order
of magnitude lower than at BoT. Furthermore, the differences in
the current-density decay values (numbers inside the bars of
Figure 5b) are only related to the BoT performances (the higher
the current density at BoT, the faster the degradation) showing
no correlation between catalyst degradation and the different
electrochemical testing protocols. The difference in current
density decays between 0.75 and 0.65 VHFR-corr. scales, as
expected, with the difference in current density between the
two voltages.

Operando XAS. During electrochemical tests, operando XAS
spectra at Fe and Zr K-edges for the Fe0.07Zr0.93O2-δ/C catalyst
were collected over the course of the different testing protocols
for each cell (orange shaded areas in Figure 4). The recorded
spectra were corrected for pre-edge and post-edge background
and normalized for edge intensity. Figure 6a shows XAS
operando spectra in the XANES region at the Fe K-edge
collected for cell FeZr-0.3V-A (see Figure 4a) that was subjected
to a potential hold at 0.3 V. The signal-to-noise ratio of the
collected data is relatively low because of both the very low Fe
concentration in the sample and the X-ray attenuation in the
operando setup. For this reason, the data in the EXAFS region
of operando spectra are too noisy and could not be considered.

By comparing the first spectrum recorded at the BoT at OCV
(black line) to the pristine GDE with the Fe0.07Zr0.93O2-δ/C catalyst
that was collected ex situ (dark blue, same as in Figure 1a) an
edge shift to lower energies is already evident after the BoT
OCV period. The extent of related partial Fe3+ reduction to Fe2+

can be estimated by comparing the edge position of the OCV
BoT sample to pristine GDE (dark blue, pure Fe3+) and FeO (dark
yellow, pure Fe2+), providing a rough 50% of reduction of Fe3+

to Fe2+. This effect must be related to a etching/demetalation
of Fe3+ from the ZrO2 structure, followed by its transport
through the polymer electrolyte to a part of the MEA where H2

reduces it to Fe2+. The second spectrum was collected after 3 h
at 0.3 V (green line) and shows a strong edge shift to a position
very similar to FeO (dark yellow).

This is in line with literature observations on Fe� N� C
catalysts, where it is attributed to � O(H) desorption (unblock-
ing) and reduction of the Fe sites, which become active.[30] This
observation demonstrates that also in our synthesized
Fe0.07Zr0.93O2-δ/C catalyst (though very different from Fe� N� C) Fe
sites have a very important role in ORR electrocatalysis, as
already concluded in our previous papers.[40,50] The spectrum at
the second OCV step (red line) shows an edge position very
close to the pristine GDE, demonstrating that, at this step, the
oxidation state also of the Fe etched from the ZrO2 structure is
mainly Fe3+. Such change of oxidation state in the etched Fe
species is evidently related to an increased Fe demetalation and
cannot be explained with a Fe redistribution into the cell that
would cause an increase of Fe2+ concentration in contact to the
H2 side, opposite to the observed trend. The possible reasons
for such increase of oxidation state upon Fe demetalation will
be discussed in another publication from our group; one
hypothesis is related to a neutralization of the acid Nafion
ionomer, causing a pH change in the cell, with possible
precipitation of Fe3+ phases, most likely closer to the cathode,

where Fe ions are etched. A further jump to 0.3 V causes a
smaller edge shift to lower energies in the spectrum (light blue
line), evidence of the impossibility to polarize part of the Fe,
which must be far from the electrode, namely further etched
from it. If no demetalation would have happened, the Fe-
cations oxidation state would be only related to the applied
voltage, without any change upon operation. The spectrum
collected at OCV at EoT (dark cyan line) is similar to the previous
OCV step, i. e., shows again Fe mainly as Fe3+. In summary, the
operando XANES spectra collected at the Fe K-edge further
demonstrate the demetalation of Fe and its correlation to
catalyst aging.

Figures 6b, c and d show XAS operando spectra in the
XANES region at the Zr K-edge collected during the testing
protocols with-potential holds at either 0.3 V (see Figure 4b),
0.6 V (see Figure 4c) and during the testing protocol with
several potential steps (see Figure 4d). As expected, the
changes upon aging are more subtle for Zr ions, but a
decreased broadening of the white line appears upon aging
with all the testing protocols, hinting toward a more ordered
oxygen coordination around Zr. This is opposite to what is
reported in the aged sample of Figure 2a and must be related
to different aging and storage of the ex situ samples. The little
edge shift (�0.5 eV) to higher energy from OCV to the first
0.3 V step in Figure 6b is not significantly larger than the error
in the energy scale, thus it is considered meaningless.

Fe� N� C Catalyst by Pajarito Powder

Electrochemical tests in PEMFCs. The details about the electro-
chemical testing protocols conducted with two nominally
identical cells employing cathode GDEs with Pajarito Powder
catalyst are shown in Figure 7 (cell voltage in black and current
density in light blue) and were all conducted at constant H2/O2

flow at the anode/cathode, similarly to the cells with
Fe0.07Zr0.93O2-δ/C. The two electrochemical tests consisted of a
voltage stepping procedure (PP-Step, Figure 7a, further on
referred to “PP-Step”) and a constant voltage segment at 0.3 V
(Figure 7b, further on referred to “PP-0.3V”). The time periods
during which H2/O2 LSVs and XAS data were collected are
marked by vertical solid orange lines and yellow shaded
regions, respectively. The experiments were design to monitor
both the performance degradation and the change in Fe0

content and/or Fe oxidation state. The performance degrada-
tion for both PP-0.3V and PP-Step cells after a definite number
of hours of operation and at the EoT is evident from the LSVs
reported in Figure 8a. The part of the LSV in the PP-0.3V cell
that is deviating from the smooth decay in voltage vs. current is
caused to a sporadic deviation of the oxygen pressure.

In addition, Figure 8b reports the corresponding geomet-
rical current densities at BoT (filled bars), after 2.8 or 5 h (bars
with diagonal stripes) and EoT (bars with vertical stripes)
acquired at 0.9 and 0.8 VHFR-corr. during LSVs, with the numbers
inside the bars representing the average current-density decays
between BoT and 2.8 or 5 h (for PP-Step and PP-0.3V,
respectively), and between 2.8 or 5 h and EoT in units of
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Figure 6. XAS operando spectra obtained for GDEs based on Fe0.07Zr0.93O2-δ/C catalyst in the XANES region over the course of aging in a PEMFC upon potential
hold at 0.3 V: a) at the Fe K-edge (see also Figure 4a) and b) at the Zr K-edge (see also Figure 4b). Further data at the Zr K-edge are collected: c) upon
potential hold at 0.6 V (see also Figure 4c) and d) upon potential stepping (see also Figure 4d). Data from pristine GDEs and FeO[42] are reported for
comparison to Fe3+/initial and Fe2+, respectively. The operando spectra are compared with those at OCV at the beginning and end of test.

Figure 7. Current density (blue) and potential profiles (black) for electro-
chemical tests conducted on cathode GDEs with Pajarito Powder catalyst: a)
varying the cell voltage and b) during potential hold at 0.3 V, both under H2/
O2. The vertical brown lines refer to the periods during which LSVs were
recorded, while the yellow shadowed regions correspond to operando XAS
data collection. All tests and LSVs were recorded with constant 400 nccm
flow of H2 and O2 on anode and cathode, respectively, at 145 kPaabs, 80 °C
cell temperature, and 90% RH.

Figure 8. a) LSVs recorded at the beginning of test (BoT, solid lines), after 2.8
or 5 hours of testing (dash dotted lines) for step and 0.3 V testing procedure,
respectively, and at the end of test (EoT, dotted lines) for the two cells using
cathode GDEs based on the Pajarito Powder catalyst. All LSVs were recorded
with constant 400 nccm flow of H2 and O2 on anode and cathode
respectively, at 145 kPaabs, 80 °C cell temperature and 90% RH. The segment
of LSV curve that deviates from the smooth decay in voltage vs. current is
related to an unintended deviation in the oxygen pressures. b) Current
densities at 0.9 V and 0.8 VHFR-corr. taken from the LSVs at BoT (solid bars),
after 2.8 or 5 hours of testing (diagonally-striped bars) and EoT (vertically-
striped bars); the numbers marked inside the bars represent the average
current-density decays in units of mAcm� 2h� 1 between recorded LSVs.
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mAcm� 2MEAh
� 1. The geometrical current densities at 0.9 and

0.8 VHFR-corr. at BoT (solid lines in Figure 8a and filled bars in
Figure 8b) for the two cells show good reproducibility. The PP-
Step cell shows a loss in current density of �40% at both 0.9
and 0.8 VHFR-corr. after 2.8 h of operation (light blue bars with
diagonal stripes in Figure 8b), with 0.6 V as last voltage step.
The geometrical current densities at the EoT (potential stepping
down to 0.2 V and back to OCV, light blue bars with vertical
stripes in Figure 8b) shows, in comparison to the BoT, a total
significant loss of about 90% and 80% at 0.9 and 0.8 VHFR-corr.,
respectively. In the case of the PP-0.3V cell, after 5 h of
operation at 0.3 V (dark blue bars with diagonal stripes in
Figure 8b), LSVs show a significant loss in current density of
�50% for both 0.9 and 0.8 VHFR-corr.. At EoT (after �6.5 h), the
geometrical-current-density loss at 0.9 and 0.8 VHFR-corr. further
increased to �80 and 60%, respectively (dark blue bars with
vertical stripes in Figure 8b). Comparing PP-0.3V to PP-Step cell,
the former shows lower degradation at EoT, but without
experiencing additional 4–5 h of OCV, likely reason for the
discrepancy. Furthermore, from the current-density decays
reported in Figure 8b, a similar degradation is evident using the
two different testing procedures, as reported also for
Fe0.07Zr0.93O2-δ/C cell results, excluding any correlation between
catalyst degradation and the different testing procedures. The
difference in current-density decays between 0.9 and 0.8 VHFR-corr.

scales, as expected, with the difference in current density
between the two voltages. The results also confirm literature
reports already showing Fe� N� C catalysts fast degradation
usually in the first several hours of operation.[9]

Comparing current-density decays upon operation of cells
based on cathode GDEs with Pajarito Powder catalyst (Fig-
ure 8b) with those based on Fe0.07Zr0.93O2-δ/C (Figure 5b), the
degradation is significantly faster in the case of the oxide-based
carbon-supported catalyst. A likely explanation for this behavior
is the remarkable difference in active site accessibility for the
two catalysts. Fe0.07Zr0.93O2-δ is supported on a commercial
graphitized Ketjenblack (EA-type carbon), which does not have
any microporosity, as reported also in a paper published by our
group,[51] thus the active sites are easily accessible via large
mesopores, improving mass transport and water management,
but also the probability of Fe demetalation and catalyst
degradation. On the other hand, in Pajarito Powder catalyst one
fifth of pore volume consists of microporosities[52] and, as many
other very active Fe� N� C catalysts, it is based on active sites
grown in internal micropores formed in situ during catalyst
synthesis. Such more difficult accessibility slows down the mass
transport of oxygen reduction products away from the active
sites,[52] decreasing also the rate of catalyst deactivation. The
huge difference in mass transport limitations between the two
catalysts is also evident by comparing their average current
densities at 0.3 V (Figure 4a and Figure 8b). Despite a much
higher catalytic activity for Pajarito Powder catalyst, the average
current densities just after applying 0.3 V are both
�500 mAcm-2

MEA, indicating significant increased mass trans-
port limitations for Pajarito Powder catalyst. In summary, more
efficient mass transport and water removal result in higher

access of O2 to the active site, promoting a better catalyst
utilization but also a faster degradation.

Operando XAS. During electrochemical tests, operando XAS
spectra at the Fe K-edge for the Pajarito Powder catalyst were
collected over the course of the different testing protocols for
each cell (yellow shaded areas in Figure 7). The recorded
spectra were corrected for pre-edge and post-edge background
and normalized for edge intensity. Figure 9a and 9c shows XAS
operando spectra at the Fe K-edge in the XANES region
collected for the cells PP-Step and PP-0.3V, respectively. In both
cases, there is a gradual increment upon operation of the
white-line intensity (at �7130 eV, red arrow), which is ap-
proaching the in-house aged GDE. This trend is evident already
by comparing the spectra of pristine GDE and aged GDE from
the ex situ analysis (Figure 1d) and it is related to an oxidation
of metallic Fe particles over the course of aging. The decreased
features at about 7115 eV (blue arrow) and 7160 eV (black
arrow), characteristic of Fe0 fingerprint, confirm this conclusion.

Using a linear combination fitting of the ex situ data from
standard Fe0 and aged GDE (with the assumptions for the aged
GDE that metallic Fe is negligible and that the fingerprint of
oxidized Fe species is not varying significantly upon aging) we
estimated the fraction in wt% of Fe0 over the total Fe present in
the catalyst layer of the pristine sample and over the course of
aging. In both PP-Step and PP-0.3V cells, Fe0 is already
decreasing (from the initial LCF-estimated content of 60 wt% in
the pristine GDE) after OCV hold before testing protocols to a
reproducible 49 and 45 wt% (for PP-Step and PP-0.3V, respec-
tively, see Figure 4a and c), evidencing significant Fe0 etching in
the strongly acidic PEMFC medium. Upon operation, the
amount of Fe0 from LCF decreases down to 36 and 30 wt%
after 4 and 4.5 hours of degradation for PP-Step and PP-0.3V,
respectively. At the EoT, the presence of Fe0 decreases to
34 wt% for PP-Step cell (7 h of total test time) and to 18 wt%
for PP-0.3V cell (8 h of total test time). The PP-Step cell reaches
the minimum amount of metallic Fe after the lowest applied
voltage of 0.2 V, showing no further Fe0 etching despite two
subsequent steps at relatively higher potential. On the other
hand, the PP-0.3V cell shows a further decrease of Fe0 to
18 wt% after prolonged 0.3 V constant voltage. Since there is
no remarkable difference between the last LSVs of PP-Step and
PP-0.3V cells (Figure 8a and b), we can conclude that the Fe0

etching does not correlate with catalyst degradation, thus likely
presume that Fe0 does not contribute to catalyst ORR activity.
The Fourier-transform analysis of EXAFS data in Figure 9b and
9d (the relative full spectra in energy- and k-space are reported
in Figure S3a to d) show a gradual decrease of both peaks at
2.2 and 4.5 Å, which can be assigned to the two closest Fe� Fe
neighbors in body-centered cubic Fe0, confirming the decreas-
ing trend for the content of Fe0 observed in XANES LCF. On the
other hand, the intensity of a shoulder at �1.5 Å is increasing
with time, reaching a defined single peak at �1.4 Å in the aged
electrode, which is attributable to N or O neighbors in Fe� N� C
catalyst and/or in Fe species resulting from its degradation. As
already pointed out in literature,[45,46] the significant presence of
Fe0 in the catalyst (see also Figure S4) makes very difficult to
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discriminate during degradation any change in Fe species only
attributable to Fe� N� C catalyst or its degradation products.

Conclusion

In conclusion, both pre-edge and fingerprint of XANES ex situ
data collected on Fe0.07Zr0.93O2-δ/C confirm the incorporation of
Fe3+ ions in the ZrO2 structure and clearly exclude any
significant presence of Fe� N� C-type structures. XANES data
collected on in-house aged samples demonstrate lower and
mixed oxidation state of Fe ions (Fe3+ and Fe2+) from the edge
shift, and less defined electronic energy levels from the so-
called white line, both consistent with the demetalation of Fe
from the ZrO2 structure. Furthermore, a more symmetric
coordination in the pre-edge shape points towards the
formation upon aging of Fe oxidic clusters. Fe demetalation can
be inferred also from the edge shift to higher energy upon
aging in operando XANES data at 0.3 V, due to Fe phases not
electrical polarizable and reducible by the applied voltage. The
electrochemical data exclude any correlation between the
extent of aging and the testing protocol, also confirmed for a
commercial Fe� N� C catalyst by Pajarito Powder. For the latter,
the significant presence of metallic Fe in the pristine sample
and its oxidation upon operation as ORR catalyst in a PEMFC is
evident from both ex situ and operando XAS data, making it
impossible to gain further understanding of Fe� N� C active sites

and of their degradation. The observed faster aging for
Fe0.07Zr0.93O2-δ/C vs. Fe� N� C is attributed to an improved mass
transport to/from active sites in the former, manifest also in
very similar initial current density at 0.3 V, despite much higher
catalytic activity for Fe� N� C. This observation demonstrates
once more the need of improvement in anchoring and
protecting active sites from acid attack and metal etching.

Experimental Section

Synthesis of the Fe0.07Zr0.93O2-δ/C ORR Catalyst

The catalyst was prepared similarly to a previously reported
procedure,[40] with the difference in the impregnation step, for
which the incipient wetness technique was used to increase the
batch size. The pore volume of graphitized Ketjenblack (EA-type
carbon, Tanaka Kikinzoku Kogyo K.K., Japan) was titrated with
chloroform and the corresponding value was used to dissolve the
required amount of metal phthalocyanines. The amount of ZrCl2Pc-
(t-Bu)4 (synthesized as reported in our previous publication,
similarly to FePc(t-Bu)4)

[40] was adjusted to achieve the desired
theoretical loading of 12 wt% of ZrO2. The solution in chloroform of
Fe and Zr phthalocyanines in the correct atomic ratio was slowly
pipetted onto the graphitized Ketjenblack and the obtained
mixture was first sonicated for one hour in an ice-cold ultrasonic
bath and then dried in an oven at 80 °C overnight. This powder was
then heat treated in a tube furnace (HTM Reetz, Germany) in a
quartz boat using the following procedure. First, the tube furnace
was purged at room temperature with Ar and subsequently heated

Figure 9. a) XAS operando spectra at the Fe K-edge in the XANES region obtained in a PEMFC with a cathode GDE using Pajarito Powder catalyst, over the
course of aging upon potential stepping (PP-Step, see also Figure 7a) compared to pristine and aged GDE measured ex situ (see Figure 1d). b) k2-weighed
Fourier transform of the EXAFS spectra from the cell in a), not corrected for phase shift. c) XAS in situ spectra obtained at OCV in a PEMFC with a cathode GDE
using Pajarito Powder catalyst, over the course of aging upon potential hold at 0.3 V (PP-0.3V, see also Figure 7b) compared to pristine and aged GDE
measured ex situ. d) k2-weighed Fourier transform of EXAFS spectra from the cell in c), not corrected for phase shift.
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under flowing 5% H2 in Ar (1000 nccm) to 1073 K, with a heating
rate of 10 Kmin� 1 up to 973 K and with 1 Kmin� 1 to the final
temperature to avoid a temperature overshoot. After holding the
final temperature with the same gas flow for 2 h, the gas was
switched to partial oxidative treatment with 2.5% H2 and 0.5% O2

in Ar (2100 nccm) for another hour. Subsequent cooling occurred
naturally under 5% H2 flow in Ar (1000 nccm).

Membrane Electrode Assembly (MEA) Preparation

The PGM-free catalyst Fe0.07Zr0.93O2-δ/C synthesized in our group (Fe
content as metal �0.36 wt%cat) was compared with a commercially
available Fe� N� C catalyst provided by Pajarito Powder (USA, Fe
content as metal �0.5–1.0 wt%cat, batch number: PMF011904). The
catalyst inks with either one of the catalysts were prepared by
mixing 0.6 g of catalyst powder with 4.3 g 1-propanol at 500 rpm
for 5 min in an ARV-310 planetary mixer (Thinky, USA), with 3 mm
zirconia beads to cover the bottom of a 12 mL mixing vessel with
two layers of beads. Then �2 g of a water/propanol dispersion of
ionomer (20 wt% of a low equivalent weight EW �700, Asahi Kasei,
Japan) was added and mixed at the same conditions. The inks were
coated onto the microporous layer of a gas diffusion medium
H14C10 (Freudenberg, Germany) using a 400 μm gap bar, and dried
in an oven at 40 °C. The coating was repeated to get the desired
loading, using a 450 μm gap bar, considering the thickness of the
first dried layer (�50 μm). The obtained gas diffusion electrodes
(GDEs) were cut out using a cutting tool (Spahn, Germany) to the
size of 5 cm2. The cathode catalyst layers for both catalysts had a
loading of 4.0�0.4 mgcat cm

� 2
MEA and an ionomer/carbon (I/C) ratio

of 0.65/1. Electrode thicknesses were between 120 and 140 μm for
both catalysts, measured by a Mitutoyo dial gauge (accuracy of
�3 μm, series 543). Anode electrodes were prepared using a Pt-
based catalyst (TEC10V20E, 20 wt%Pt, Tanaka Kikinzoku Kogyo K.K.,
Japan) and a Pt loading of 0.1 mgPt cm

� 2
MEA. Anode catalyst layers

were prepared following the decal-transfer procedure reported in
our previous studies.[53,54] MEAs were obtained by first hot-pressing
the anode decal onto the membrane (Nafion 212, 50 μm) at 155 °C
for 5 min under 4 kN force. Then, the cathode GDEs and the anode-
coated membrane were directly assembled in a single-cell PEMFC
(see below) without hot pressing.

Single-cell PEMFC Test Conditions and Protocols

All PEMFC measurements were conducted in a 5 cm2 single cell. In-
house measurements were performed on an automated fuel cell
test stations (G60, Greenlight Innovations, Canada) using in-house
manufactured cell hardware with graphite flow fields (Poco Graph-
ite, USA). The in-house measurements on the automated test
stations were carried out using a Reference3000 potentiostat
(Gamry, USA), and the electrochemical measurements conducted
with the operando set-up were collected with a VSP-300 potentio-
stat (BioLogic, France). The flow-field design of the in-house tested
cells is based on a single channel with 7 serpentines and with 0.8/
0.8 mm channel/land width and 0.8 mm channel depth. Operando
XAS measurements were performed with a portable, semi-auto-
mated fuel cell test station (Fuel Cell Technologies, USA) with
special in-house designed and produced cell hardware for this
purpose.[55] The graphite flow fields used here have an X-ray
graphite window on the cathode side that is thinned to 0.5 mm
thickness, so that beam attenuation is limited also in fluorescence
mode. Flow fields designed for operando XAS have a single channel
with 3 serpentines and 2.0/1.3 mm channel/land width and 1 mm
channel depth. The two different flow-field designs are shown in
the insets of Figure 3. In both cases, the GDL compression was set
to be 20.0�1.0% by adjusting the thickness of PTFE-coated glass-

fiber subgaskets (Fiberflon), assuming 7% compression at the
applied force of assembly (torque of 12 N m).

During the electrochemical characterization and operation, the
same testing conditions were used for the two different cell setups.
The otherwise typically used conditioning of the cell prior to
electrochemical characterization was not applied in this study, due
to the low electrochemical stability of the PGM-free catalysts.[9]

Initially, the cell was heated to 40 °C under H2/N2 flows (200/
50 nccm, 100%/0% RH) at anode/cathode, followed by cyclic
voltammograms (CVs) of the cathode. The CVs were recorded at
three different scan rates (50, 100 and 150 mVs� 1), and at each scan
rate three cycles were collected with nitrogen feed on the cathode
(50 nccm, 90% RH) and hydrogen feed on the anode (100 nccm,
90% RH) at 145 kPaabs pressure (inlet controlled). After recording
the CVs, an initial linear sweep voltammogram (LSV) from open
circuit voltage (OCV) to 0.65 V at a scan rate of 1 mVs� 1 was
recorded under oxygen feed on the cathode (400 nccm) and
hydrogen feed on the anode (400 nccm), with 145 kPaabs pressure
on both sides, a cell temperature of 80 °C, and temperature of
anode and cathode humidifiers set to 78 °C, resulting in 90%
relative humidity (RH). Electrochemical impedance spectroscopy
(EIS) was recorded before LSV at OCV under hydrogen and oxygen
on anode and cathode, respectively, in order to determine the high
frequency resistance (HFR) and evaluate the cell ohmic resistance,
which was later used for the cell-voltage correction (to get data in
VHFR-corr.). Gas pressures, relative humidity and cell temperature were
kept the same for EIS and LSV measurements. The used EIS
frequency range was 1–100 kHz, with 10 points per decade and
with 3.5 mV voltage perturbation. This electrochemical-character-
ization step (LSV and EIS at OCV) was repeated after certain
degradation steps, as described in the following paragraph.

Electrochemical tests for ex situ XAS measurements were con-
ducted in-house on both catalysts, using the above-described H2/O2

test conditions, 5 cm2 single-cell hardware, and automated fuel-cell
test stations. The cell voltage was consecutively held at OCV, 0.8 V,
and 0.3 V for 2 hours each step, collecting a CV, an LSV, and an EIS
at OCV before testing and an LSV and EIS at after 2 hours OCV at
each operation cycle. The tested MEAs were stored at ambient
condition before XAS data collection.

Two different electrochemical testing protocols were used for
operando XAS measurements, based on different applied cell
potentials, and hold times. The first testing protocol consisted of
potential stepping from OCV down to 0.2 V, with 0.1 V step size,
and coming then back to OCV through only two voltage steps (0.5
and 0.7 V). The cell was held at each cell potential for at least
30 min, needed for XAS data collection. The second testing protocol
consisted of a constant potential hold (at 0.3 V or 0.6 V) for several
hours. During the electrochemical tests, the H2/O2 operating
conditions were kept constant as those described above for the
LSVs. LSV and EIS at OCV were recorded after certain time of
operation and, at the end of the test, CVs were recorded as
described above.

XAS Experimental Details

XAS spectra at Fe and Zr K-edges were collected at the European
Synchrotron Radiation Facility (Grenoble, France) on the bending-
magnet beamline CRG-FAME (BM30B). The ring was operated at
6 GeV with a nominal current of 90 mA in the 16-bunch mode. The
beamline was equipped with a liquid-nitrogen-cooled double-
crystal Si(220) monochromator surrounded by two Rh-coated
mirrors for harmonic rejection. For Fe and Zr K-edges, the mirrors
were set to 6 mrad and 2.8 mrad to remove harmonics and photons
with energy higher than �10 keV and �21 keV, respectively. The
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beam size on the sample was 220×140 μm (H × W, FWHM) The
monochromator was energy-calibrated at both Fe and Zr K-edges
by setting the first maximum of XAS-spectrum first derivative of
metallic Fe and Zr foils to 7112 eV and 17998 eV, respectively.
Operando spectra were recorded at the Fe and Zr K-edge in
fluorescence mode, at a 45° angle between sample surface and
beam, using a CANBERRA 30-element Ge solid-state detector at 90°
angle to the beam, while reference and ex situ samples were
recorded in transmission mode. XANES-focused Fe K-edge data
were collected between 7000 and 7550 eV, with 4 eV step and 2 s
per step from 7000 to 7080 eV, then 0.2 eV step and 2 s per step to
7180 eV, while in the EXAFS region a k-step of 0.2 Å� 1 was used to
the ending energy in order to facilitate the background subtraction.
More precise operando spectra were collected between 7000 and
7960 eV, with 4 eV step and 2 s per step to 7080 eV, then 0.2 eV
step and 2 s per step to 7180 eV, while in the EXAFS region a k-step
of 0.05 Å� 1 was used to the ending energy. The same more precise
data collection was performed also on reference and ex situ
samples. For the Zr K-edge, detailed data were recorded between
17850 and 18740 eV, with 5 eV step and 2 s per step to 17950 eV,
then 1 eV step and 4 s per step to 18000 eV, while in the EXAFS
region a k-step of 0.05 Å� 1 was used to the ending energy.

The beam damage was minimized by switching between several
different spots while recording consecutive data. Furthermore, a
possible MEA damage was tested by collecting data on the same
spot continuously for 3 hours in an operando cell with 1.5 bargas N2

on the anode and 0.4 bargas H2 on the cathode, to electrochemically
detect any membrane deterioration. No spectroscopic change was
detected during this recording time.

XAS data were analyzed using the Demeter software package for
normalization and processing of XANES and EXAFS data.[56] The
EXAFS was extracted from the raw data and Fourier transform (FT)
was obtained from the k2×χ(k) functions without phase correction.
The pre-edge peaks were obtained by background subtraction of a
low-degree interpolation function (spline), fitted on data a few eV
before and after the pre-edge peaks.[44]
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