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On the Stability of an Atomically-Dispersed Fe—N—C ORR
Catalyst: An In Situ XAS Study in a PEMFC

Davide Menga*,*® Yan-Sheng Li*,*® Ana Marija Damjanovi¢, Olivier Proux,”

Friedrich E. Wagner', Tim-Patrick Fellinger,

The stability of Fe—N—C oxygen reduction reaction (ORR)
electrocatalysts has been considered a primary challenge for
their practical application in proton exchange membrane fuel
cells (PEMFCs). While several studies have attempted to reveal
the possible degradation mechanism of Fe—N—C ORR catalysts,
there are few research results reporting on their stability as well
as the possible Fe species formed under different voltages in
real PEMFC operation. In this work, we employ in-situ X-ray
absorption near-edge structure (XANES) to monitor the active-
site degradation byproducts of an atomically dispersed Fe—N—C
ORR catalyst under a H,/O,-operating PEMFC at 90% relative
humidity and 80°C. For this, stability tests were carried out at

Introduction

Proton exchange membrane fuel cells (PEMFCs) represent a
crucial technology for clean-energy production and reduction
of CO, emissions; nevertheless, their cost is one of the
significant challenges for replacing the traditional combustion
engines.!" The core component of a PEMFC is the membrane
electrode assembly (MEA), consisting of a polymer electrolyte
membrane sandwiched between cathode and anode. In
cathodes, a high loading of platinum group metal (PGM)
catalysts, such as Pt, is typically required (>0.1 mgp.cm2s) in
order to catalyze the sluggish kinetics of the oxygen reduction
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two constant cell voltages, namely 0.4 and at 0.8V. Even
though the ORR activity of the Fe—N—C catalyst decreased
significantly and was almost identical at the end of the tests for
the two voltages employed, the analysis of the XANES recorded
under H,/N, configuration at 0.6 and 0.9 V within the stability
test suggests that two different degradation mechanisms occur.
They are demetalation of iron cations followed by their
precipitation into Fe oxides upon operation at 0.8V, versus a
chemical carbon oxidation close to the active sites, likely
triggered by reactive oxygen species (ROS) originated from the
H,O, formation, during the operation at 0.4 V.

reaction (ORR) and to deliver sufficient high-current density
performance in PEMFCs.>¥ According to a cost analysis on
80 kW PEMFC stacks, the ORR catalyst provides the major
contribution to total costs upon further increasing their
manufacturing volume.” Consequently, in order to reduce the
cost of PEMFC stacks, finding alternative ORR catalysts that can
reduce or replace PGMs has gained interest. In the family of
PGM-free ORR catalysts, transition-metal- and nitrogen-co-
doped carbon materials (M—N—C, where M=Fe, Co, or Mn) are
the most studied alternatives. In particular, among all the
M—N—C ORR catalysts, it was shown that Fe—N—C catalysts can
achieve a beginning-of-test (BoT) ORR activity in PEMFCs
comparable to those of Pt based ORR catalysts.””

Despite their promising initial performance in PEMFCs at
BoT, Fe—N—C ORR catalysts suffer from poor stability and
durability during PEMFC operations.® For a typical PEMFC
based on Pt or Pt-alloy ORR catalysts, the life time can achieve
hundreds of hours in an accelerated stress test (AST) with a
reasonable performance at end-of-test (EoT).”'" However, this
would be extremely challenging for PEMFCs based on Fe—N—C
ORR catalysts, because their performance drops significantly in
the initial few hours of durability and stability tests, far below
the demands for automotive applications.'>"® Studies have
attributed the poor stability and durability of Fe-N—C ORR
catalysts in PEMFCs to four possible degradation mechanisms,
namely demetalation,"' carbon oxidation (chemical and/or
electrochemical),"®'”, micropore flooding,"® and N-protonation
followed by anion adsorption.”” Among these four mecha-
nisms, the first two are generally believed to be more probable,
according to several theoretical and experimental findings.
Regarding micropore flooding, where the term “micropore”
relates to pores smaller than 2 nm, and N-protonation followed
by anion adsorption, contradictory results have been reported,

© 2024 The Authors. ChemElectroChem published by Wiley-VCH GmbH


http://orcid.org/0009-0006-0106-0373
http://orcid.org/0000-0003-0385-1815
http://orcid.org/0000-0002-7882-8516
http://orcid.org/0000-0001-6332-2347
http://orcid.org/0000-0001-8199-8703
http://orcid.org/0000-0002-3310-6587
https://doi.org/10.1002/celc.202400228
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fcelc.202400228&domain=pdf&date_stamp=2024-08-26

Chemistry
Europe

European Chemical
Societies Publishing

Research Article

ChemElectroChem doi.org/10.1002/celc.202400228

therefore no consensus has been achieved for these two
mechanisms.?”

Demetalation of Fe from the active site has been widely
reported in the literature'%?Y and different intermediates
have been proposed to play a key role in its mechanism.*"*?
This process would consist of a loss of the coordination
between nitrogen and atomic Fe in the Fe—N, active site,
resulting in a decay of ORR activity. Many groups proposed
that, after demetalation, the iron cations will ion-exchange into
the perfluorosulfonic acid (PFSA) ionomer and/or possibly
precipitate as iron oxide, depending on thermodynamics
(deducible from the Pourbaix diagram) and kinetics at the
specific conditions, like the concentration of iron cations, the
pH, and the potential during operation.®?2? On the other
hand, carbon oxidation is believed to reduce the specific
activity of the Fe—N, sites by introducing oxygen functionalities
on their carbon neighbors, changing the electron density at the
Fe active center.'” Other studies also suggested that a strong
oxidation may lead to the demetalation of Fe due to an
extensive damage of the carbon support itself.'®?? This
oxidation can be either purely electrochemical (i.e., at a cathode
potential higher than ~1.3 V)" or chemical (i.e. triggered
by H,0, and/or radicals attack)."” The latter oxidation path is
mainly attributed to the poor selectivity of Fe—N—C catalysts
toward the ORR (i.e., to relatively slow reduction mechanisms of
2 electrons/O, and/or 2+ 2 electrons/O, instead of a fast direct
4 electrons/O, pathway), increasing the probability of Fenton-
like reactions with further production of highly-reactive and
detrimental radical species.”” While all the above studies
attempted to investigate the structural changes of the catalyst,
there is no clear evidence on the potential dependency of one
specific degradation mechanism.

The general understanding on structure-performance rela-
tionships of Fe—N—C catalysts has been pushed forward by
spectroscopic techniques able to identify the active-site coordi-
nation environment at the atomic level. M&ssbauer spectro-
scopy, for example, has proven fundamental in the develop-
ment of Fe—N—C catalysts due to its ability to discern different
Fe phases as well as different Fe coordinations.****" On the
other hand, the low amount of Fe present in this type of
catalysts (usually <3 wt%) makes the data acquisition espe-
cially long. For this reason, X-ray absorption spectroscopy (XAS)
employing synchrotron radiation has also been considered as a
useful technique because of its high sensitivity and, conse-
quently, its capability to probe samples with low amounts of Fe
in the catalyst in a reasonable time. Therefore, XAS is often
used in situ or operando to understand the working mechanism
of Fe-N—C catalysts during operation.*****¥ Nevertheless,
Méossbauer spectroscopy and XAS are bulk techniques which
probe all Fe phases in the sample, therefore a Fe—N—C catalyst
free from side phases is desirable in order to obtain meaningful
data on the evolution of Fe active sites upon operation.?¥ For
this reason, one major challenge to understand the degradation
mechanism of Fe-N—C ORR catalysts is to have a material
containing mainly well-defined atomically-dispersed Fe—N,
active sites. Typically, it is difficult to prepare Fe—N—C catalysts
that are free from any Fe-containing side phases and with a
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high density of catalytically active sites. Lately, new synthetic
approaches have proven to be able to synthesize only the
desired active site free from side phases, pushing the under-
standing of these materials forward.®%*>=7

In this study, we investigate the voltage dependence of the
degradation of an atomically dispersed Fe—N—C ORR catalyst in
an operating PEMFC using a 5cm? membrane electrode
assembly (MEA) under differential flow conditions. We first
report the synthesis of an Fe—N—C catalyst on a Ketjenblack (KB)
carbon support, employing an active-site imprinting method
based on Zn?" ions followed by low- and high-temperature Zn-
to-Fe transmetalation. This method has proven to yield catalysts
with well-defined tetrapyrrolic active sites free from other side
phases like Fe carbide, Fe nitride, or metallic Fe.?**® Prior to the
MEA fabrications, Mossbauer spectroscopic data elucidate the
atomic structure of the as-synthesized catalyst powder, which
mostly consists of atomically dispersed tetrapyrrolic Fe—N—C
active sites (=90 wt% of total Fe content). To study the
potential dependent degradation of the as-synthesized catalyst
in a PEMFC, we employ constant-voltage stability tests at two
operating cell voltages, namely 0.4V and 0.8V in the H,/O,
environment at 80°C and 90% relative humidity (RH) over a
total time of 3 hours. Fe oxidation state and formation of
possible Fe side phases during the constant-voltage stability
tests is monitored by in situ XAS (specifically focusing on X-ray
Absorption Near-Edge Structure, XANES) at the beginning-of-
test (BoT) and after 10, 30, 105 and 180 minutes (as end-of-test,
EoT). The XAS spectra are collected under H,/N, (anode/
cathode) configuration at two cell voltages, namely 0.6 V (Fe?*)
and 0.9 V (Fe*™), to control the oxidation state of the Fe species
in the MEA. Based on the comparison of the XANES data
collected during tests with standard Fe phases as references,
we further discuss the evolution of Fe species upon degradation
at two cell voltages, namely 0.4V and 0.8 V.

Results and Discussion
Catalyst-Powder Characterization

To provide information about the Fe—N—C active-site structure
and detect the presence of other possible Fe species in the
catalyst powder, we first characterized it by Maossbauer
Spectroscopy.

Figure 1 shows the Mdssbauer spectrum obtained at 4.2 K,
consisting of two quadrupole doublets, usually identified as D1
(blue line, 75% in Table 1) and D2 (red line, 14% in Table 1),
which are assigned to atomically dispersed Fe—N, sites. Based
on literature reports and our previous work,@3¢*%% D1 js
assigned to a Fe"-N, site with an axial OH/O, ligand, while D2
is assigned to the square-planar Fe"-N, moiety without OH/O,
ligand. D1 is suggested to represent the real active sites, more
active but less stable during the PEMFC operation, whereas D2
is attributed to the active sites which are more stable but less
active.™ In addition, the spectrum also exhibits a sextet
component (= 11% of the total Fe in the sample, see Table 1)
attributed to nanoscopic Fe oxide. Due to their low amount
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Figure 1. Méssbauer spectrum of the as-synthesized catalyst measured at
4.2 K.

compared to the Fe—N, sites, their presence is considered
marginal for the XAS insitu analysis in the PEMFC. Upon
cathode electrode preparation, the active-site structure might
change due to coordination of OH/O, ligands to the Fe—N, sites,

but no significant formation of iron oxide should take place.”*”

Stability of the Catalyst During the Performance Diagnostic

At the very beginning of this section, we briefly explain the
rationale for designing the testing protocol used in this study
(see Figure 11), specifically, we provide the reason why we only
measured the LSV to determine the ORR activity at EoT. In
general, it is common to check the PEMFC performance
collecting a polarization curve or an LSV under O,-fed cathode
(either pure O, or air) and H,-fed anode between aging
procedures for a given testing protocol. This allows to track the
ORR activity change of the catalyst over the course of the aging
tests. Nevertheless, Fe—N—C ORR catalysts typically exhibit
extremely poor stability during fuel-cell operation. Thus, prior
to the investigation of the potential-dependent stability of the
here investigated catalyst, we first evaluate its stability upon
measuring consecutive LSVs to diagnose its ORR activity
changes between each of them.

Figure 2a shows ten consecutively measured LSVs from OCV
to 0.4 V cell voltage in H,/O, configuration at 90% RH and 80 °C,
using a slow scan rate of 2 mVs™". The cell voltages reported in
Figure 2 are corrected by the HFR (E.rree) determined at 0.6 V

. -2
Iueu [l“A th\IL’.A]

0.90 T

£
%
n

Ei] FR-free vl

0.80

im [A g;:ﬂ]

Figure 2. (a) HFR-corrected cell voltage (Eree) Of ten consecutively
measured LSVs (at 2 mVs™') obtained in H,/O, configuration at 90% RH,
80°C, and 150 kPa,pqer Using the portable fuel cell test station for in situ
XAS measurements. Each LSV is measured starting with OCV and scanning
the cell voltage to 0.4 V. The HFRs are determined at 0.6 V after each LSV
under the same conditions, and amount to 195 +5 mQcm?, upon
averaging 10 measurements. (b) Tafel representations of the ten consec-
utively measured LSVs obtained from (a) using the mass-normalized current
(iny Ag™' ;). The loading of the cathode electrode is ~3.5 mg.,,cm e The
black arrow indicates the trend from the 1% to 10" LSV, indicating that the
MEA performance gradually drops from the 1 to the 10" LSV.

right after each LSV using the PEIS technique (see Experimental
section). The HFRs of the ten LSVs average to 195+
5 mQcm?ea, Without any clear decreasing or increasing trend
during the 10 consecutive measurements. From the results in
Figure 2a it is evident that the H,/O, performance of the MEA
drops significantly while recording just LSVs. The geometric
current density (igeo) at Eperee=0.6 V decreases by ~60% after
consecutively ~ measuring 10 LSVs, namely from
~340 mAcm ™%, for the 1 LSV (in black) to ~ 130 mAcm ™2
for the 10™ LSV (in orange).

Mossbauer spectra of the catalyst powder at the temperature of 4.2 K.

Table 1. Isomer shift (IS), quadrupole splitting (QS), magnetic field (H) and

relative abundance (%) of each species obtained from the fitting of the

Assigned peak D1 D2 Sextet
IS Qs % IS Qs % IS H %
0.23 1.26 75 0.67 3.56 14 0.26 40.8 11
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To further extract the kinetic parameters regarding the
cathode catalyst for each LSV, the Tafel representations are
derived by normalizing the current shown in Figure 2a to the
catalyst loading (= 3.5 mg,.cm s to obtain the mass activity
(Ag™'). The mass-normalized current shown here is not
corrected for the H,-cross-over current and the ohmic shorting
current of the membrane. This is because Fe—N—C ORR catalysts
are not electrochemical active towards H, within the potential
window of PEMFC operation and the MEAs fabricated here did
not have ohmic shorting of the membrane. The initial ORR mass
activity determined at Eyppee=0.8V is ~9.6 Ag™', (in black),
whereas that of the 2" LSV is 5 Ag~'.,, (in red), corresponding
to a mass activity loss of already ~50% between the first and
the second LSV, despite the very short time scale of collecting
an LSV (only~5min per LSV). This shows that it was not
possible to check the LSV performance over the course of the
constant-voltage stability tests, as even the short LSV already
significantly affects the ORR activity. A similar experiment was
previously conducted by Osmieri etal, who also observed
significant activity losses of an Fe—N—C ORR catalyst upon
collection of polarization curves with O,-fed cathodes.” The
authors compared the voltage-cycling accelerated stress tests
(VC-ASTs) using a N,-fed cathode with and without measuring
polarization curves between them, and found that the tests
including polarization curves exhibited a much poorer ORR
activity at the EoT. Therefore, it was concluded that the impact
of the LSV performance test with an O,-fed cathode leads to
additional severe Fe—N—C catalyst degradation. While the
mechanism of this degradation needs to be further studied and
could be highly catalyst-dependent, it is crucial to avoid the LSV
diagnostic under H,/O, in our specific study, where we aimed to
solely understand and evaluate the potential dependency of
the Fe—N—C ORR catalyst degradation in a PEMFC.

Based on the results shown in Figure 2, aiming to avoid any
degradation due to the LSVs under H,/O, we conducted a
specific protocol that only measures a LSV in H,/O, (anode/
cathode) at EoT to determine the EoT ORR activity of the
catalyst. The details of the protocol are shown in Figure 11 in
the Experimental section. In brief, the stability tests were
conducted by using a constant-voltage protocol in H,/O,
configuration in two PEMFCs at different cell voltages of 0.4
and 0.8V, for a total of 3 hours. For the sake of simplicity, we
refer to the two protocols as “H,/O, @ 0.4 V" and as “H,/O, @
0.8 V". The XAS spectra are collected in H./N, configuration
within the stability tests to further elucidate the evolution of
the oxidation state of Fe in the catalyst. It should be noted that
the catalyst activity in the PEMFC was also tested by an LSV in
H./O, after 20 consecutive XAS spectra in H,/N, configuration
had been acquired over a total time of ~8.5 hours; the results
(data not shown) indicate that the ORR activity is not affected
by recording the XAS spectra of the cathode under H,/N,
configuration. Therefore, any change of the XAS spectra can be
only attributed to the stability tests.

ChemElectroChem 2024, €202400228 (4 of 16)

Geometrical Current Density during Constant-Voltage PEMFC
Tests for in situ XAS

Figure 3a and b show the geometrical current density (ize,
mA cm 2 during the 3 hours of constant-voltage stability test
in H,/O, @ 0.4V (a) and H,/O, @ 0.8V (b), respectively. Note
that the results in Figure 3 are exactly the PEMFCs used to
collect the XAS data reported later in this section.

Both profiles show a similar behavior, specifically, a fast
decay of iy, is observed in the first ~30 minutes, followed by a
much slower decay until EoT (after 180 minutes). To further
compare results from the two testing protocols, the geometrical
current densities at a given time (i, were normalized to the
initial current density (igeor—o), and the results plotted in
Figure 3c. It shows that a much stronger relative decay occurs
upon testing in H,/0,@0.8 V (blue curve) compared to that in
H,/0,@0.4 V (red curve). In the first ~30 minutes, ~80% of the
current is already lost in the former case, while only ~30%
decay is observed in the latter case. After 3 hours (EoT), 90 % of

| (a) H,/O, @ 0.4 V

3 Arrow: recording XAS

0 P T T I I '
L L B A E S —

0 [ PN RN TR A TR N TR N ’I ‘ ’.”MLIVJ

0 30 60 90 120 150 180

Time [min]

Figure 3. Geometrical current densities (ige,, MA cm %) over 180 minutes of

constant-voltage stability tests in H,/0,@0.4 V (a) and H,/0,@0.8 V (b),
recorded in H,/O, configuration (400 nccm for both anode and cathode) at
90% RH, 80°C, and 150 kPa,psner- The arrows correspond to the times where
XAS data were collected in situ in H,/N, configuration (at both 0.6 and 0.9V,
spectra shown in Figures 7 and 9), i.e., at 0 (BoT), 10, 30, 105 and

180 minutes (EoT). (c) Relative decay of the geometrical current density
normalized to its initial value at t =0 minutes (igeo /igeos—o in %). The loading
of cathode electrode for both MEAs is &23.5 mg,;cm Zyea.
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the current is lost upon testing in H,/0,@0.8 V, whereas 50 % of
the current remains upon holding the cell voltage in H,/
0,@0.4 V.

Compared to the literature, our results show similarities to
other studies on the stability of Fe—-N—C ORR catalysts upon
constant-voltage tests in PEMFCs; in particular, the literature
reports a fast current decay at initial stages of the test, followed
by a subsequently much slower current decay. For example,
Chenitz et al. reported an initial fast decay of the geometrical
current density in the firsta 25 hours, followed by a slow decay
(25-125 hours) using various constant cell voltages (from 0.2 V
to 0.8 V) in a single PEMFC under H,/air configuration.". Similar
observations were also reported by Zhang etal, using a
constant cell voltage of 0.6V in both H,/air and H,/O,
configurations.*? Both publications attributed this unique
current decay profile to the demetalation of Fe from the Fe—N,
active site. In the latter publication, a numerical fitting of the
resulting current decay profile was performed, suggesting that
the initial fast decay is attributed to the Fe demetalation from
active sites located in the micropores, whereas the slow decay
is attributed to those located in the mesopores. Nevertheless,
recently Yin etal. argued against the validity of this model
based on two reasons: firstly, that it is incorrect to use the
current decay obtained from the transport-controlled high-
current density region (i.e., at low cell voltage, <0.7V) to
extract kinetic information of the catalyst; secondly, that the
demetalation mechanism in micropores proposed by Zhang
et al., considering the Le Chatelier’s principle, would be over-
simplified, as the model neglects thermodynamic considera-
tions such as the demetalation enthalpy or the bonding energy
of Fe—N, sites.*® According to another study from Yin et al., the
current decay obtained upon holding the cell voltage at 0.84 V
fits well when considering a logistic (non-exponential) decay of
an autocatalytic model, which can result from the degradation
mechanism of *OH radical attack to the catalyst due to the
presence of H,0,.¥

While the actual reason leading to this unique current
density decay is still under debate, to further understand the
possible causes of this loss in current density for the presented
catalyst, we also tried to relate it to the presence of H,0, by
performing a rotating ring disk electrode (RRDE) experiment to
quantify the H,0, yield (H,0,%) of the catalyst (Figure A1). The
results indicate that our catalyst exhibits a higher H,0, yield at
~0.4-0.55 Vpye (6%), whereas it is negligible/non-detectable
(close to 0%) at 0.8 Vgye. Accordingly, the impact of H,O, on the
catalyst stability should be more significant in our case upon
holding the cell voltage at 0.4V in comparison to 0.8V,
apparently in contradiction with the observed much higher
current density decay (up to 90% loss, see Figure 3c) upon
holding the cell voltage at 0.8 V. Nevertheless, we would like to
reiterate the statement from Yin et al. that when holding the
cell voltage at relatively low voltage, as in our case at 0.4V, the
current density loss may not represent kinetic losses due to
typically high mass transport losses in the high-current density
region. Consequently, to compare the change in catalyst activity
upon the given stability tests, we performed an LSV at the EoT
for the two cases.

ChemElectroChem 2024, €202400228 (5 of 16)

ORR Activity at EoT in PEMFCs Tests for in situ XAS

Figure 4a shows the Tafel representations of the LSV at EoT
(with the current normalized to the cathode catalyst loading),
measured immediately after the stability tests in H,/0,@0.8 V (in
blue) and H,/0,@0.4V (in red). For comparison, the LSV of a
pristine MEA (i.e., not subjected to any preceding polarization
curve or LSV) is also plotted (in black). The cell voltages in
Figure 4a are corrected for the HFR (Ejr.free) determined at 0.6 V
right after each LSV, getting HFRs of 200 mQcm %, and
191 mQcm2y, for H,/0,@0.8 V and H,/0,@0.4 V, respectively,
which we consider essentially identical to the BoT HFR values (
~19545 mQcm ™ yep).

Pristine MEA |
H,/O,@ 0.4V
-H,/0, @ 0.8V

0.90

0.85

ot
%
S
/

E HFR-free [V]
e
~J
h

0.70 . ¥ \

0.65

0-60 IIIIIII 1 11 11111 1 A\
1 10

i [Ag

1
cat]

i, at 0.8 Vipp gree[AZ:

I
H,/0, /0,
@04V

Pristine
MEA @ 0.8V

Figure 4. (a) Tafel representation derived from the LSVs (2 mVs™") using the
flow fields for in situ XAS measurements and the portable test station in H,/
0, configuration (400 nccm for both anode and cathode) at 80°C, 90% RH,
and 150 kPa, ;e Of the pristine MEA (i.e., without any previous aging or
LSV measurement, in black), the MEA after a 3-hour constant voltage test at
0.8 V (in blue), and the MEA after a 3-hour constant voltage test at 0.4 V (in
red). The currents (i, Ag™',,) are normalized to the loading of cathode
electrode (=2 3.5 Mg, cM2ea in all cases). The cell voltages (Eyeppee) are
corrected by the HFR determined at 0.6 V under the same conditions (200
and 191 mQcm 2, for the H,/0,@0.8 V and the H,/0,@0.4 V condition,
respectively). (b) Mass activities (i,,) of the three MEAs calculated from
Figure 4a by extracting the value of i, at 0.8 Vi free-
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Similarly to what we observed for a different catalyst,®¥

looking at Figure 4a, the EoT Tafel representations for the
catalyst aged at both potentials surprisingly overlap and show a
significant performance loss compared to the pristine MEA. A
voltage loss of ~70 mV is observed at the same current density
up to =10Ag ' (=35mAcm 2. By considering simple
Tafel kinetics, this voltage drop indicates an increased ORR
overpotential for the aged MEAs. The determination of i, at the
reversible potential (i.e., the exchange current density) should
ideally be done by applying a linear regression to the Tafel
representation, covering at least a decade of current change.
However, as the Tafel representations in Figure 4a exhibit two
slopes for all the cases (pristine and aged MEAs), this may lead
to a misinterpretation. Generally, it is believed that the two
different Tafel slopes of the Fe—N—C catalyst originate from the
potential-dependent oxidation state of the iron in Fe—N, sites.
At high voltage (usually above 0.75 V), the Fe oxidation state is
high (close or equal to Fe’"), in which case adsorbed OH
species are postulated to limit O, adsorption, thereby decreas-
ing the ORR activity (leading to the low Tafel slope above
0.75V). On the other hand, when the voltage is low (usually
below 0.75 V), the Fe oxidation state is lower (close or equal to
Fe’"), in which case OH species are released, and the active
sites becomes available to the adsorption of molecular oxygen.
This typically results in the second, higher Tafel slope below
0.75 V). Nevertheless, it is noteworthy that substantial transport
loss across the electrode might occur for the here used very
thick cathodes (=100 um in our case), resulting in additional
voltage losses.

For this reason, to precisely quantify the ORR activity decay
after the stability tests, the mass activity is determined using i,
at 0.8 Virraee from Figure 4a, which is reported in Figure 4b. In
agreement with the Tafel representations in Figure 4a, it is
evident that the mass activities of aged MEAs after the
constant-voltage stability tests at both potentials are almost
identical (see blue and red bars in Figure 4b), showing a mass
activity loss of ~80% (to ~1.3-1.5Ag ') compared to the
pristine MEA (=~8.3 Ag™' ., see black bar).

To ensure that the similar mass activities at EoT of both
tests are not related to the special flow fields used for XAS data
collection, we replicated these tests using standard 5 cm? flow
fields (single channel/7-serpentines) tested on a Greenlight G60
fuel cell test station. A similar comparison, using a commercial
PGM-free cathode catalyst from Pajarito Powder, was previously
reported in a publication from our group, showing that both
setups provide comparable MEA degradation and ORR
activity.®¥ Consistent with this, essentially identical results are
obtained also here in the low-current density region (i.e., up to
~10Ag ', or 35 mAcm %), Where mass transport resistan-
ces are negligible (see Figure A2); consequently, the EoT ORR
mass activities at 0.8Virrpee Of 1.1 Ag™', for both potential
holds are very similar to those obtained with the in situ XAS
flow field (Figure 4b).

The observation that the ORR activities of the catalysts are
similar at EoT regardless of the potential during the aging test
suggests similar degradation kinetics of the catalyst at both 0.4
and 0.8 V. It is also important to remark on the poor stability of
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the Fe-N-C catalyst synthesized for this study, which degraded
severely within only 3 hours of the constant-voltage stability
test. In fact, comparing our results to those reported by Zhang
et al., Chenitz et al, and Yin et al, despite the similar current
density decay (i.e., initially fast followed by a slower decay), our
catalyst only exhibits 30 minutes fast initial current decay. In
contrast, the catalysts tested in those publications took at least
~ 10 hours or more."*424

Cyclic Voltammetry (CV) at BoT and EoT

To provide additional information on the catalyst characteristics
before and after the stability tests, Figure 5a and b present the
cyclic voltammograms of the cathodes used in the H,/0,@0.8 V
and H,/0,@0.4 V tests, respectively, recorded in H,/N, config-
uration (anode/cathode) at BoT and EoT (note that the currents
are normalized by the cathode catalyst loading [Ag ' ..]).
Comparing the two CVs at BoT (solid lines in Figure 5a and
b) demonstrates that the measurements are reproducible, with
two redox features at ~0.8V (anodic scan) and =075V
(cathodic scan), typically attributed to the Fe**/Fe’" redox of
Fe—N—C catalysts.®** After the stability tests, small differences
are observed: at EoT of the H,/0,@0.8V test, the Fe*'/Fe?"
redox feature in the CV (blue dashed line in Figure 5a) slightly
decreases; on the other hand, the CV after EoT of the H,/
0,@0.4 V test (dashed red line in Figure 5b) shows a remarkable
difference, namely a broad feature at ~0.4-0.8 V overlaying on
the Fe*"/Fe’* redox from BoT. Similar observations were
reported by Banham etal. and Osmieri et al>", who sug-

(@ H,/0,@0.8V

0.0 0.2 0.4 0.6 0.8 1.0
Ece]l[v]

Figure 5. CV recorded at BoT (solid lines) and EoT (dashed lines) in H,/N,
configuration (400 nccm both anode and cathode) at 80°C, 90% RH, and
150 kPa,pginier: (@) MEA used for the H,/0,@0.8 V test (blue); (c) MEA used for
the H,/0,@0.4 V test (red). The y-axis shows the mass-normalized current (i,
Ag'.) using the cathode catalyst loading of the MEAs (=23.5 Mg, CM %yen).-
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gested that this increase in pseudocapacitance corresponds to
the quinone/hydroquinone redox, i.e., to the contribution from
oxygen-containing functional groups on the carbon surface.
Their presence was previously ascribed to the chemical
oxidation of the carbon support due to the attack of reactive
*OH or other oxygen-containing radicals.*? It is hypothesized
that these radicals are produced through a Fenton-like reaction
due to the presence of H,0, and Fe in the Fe—N—C cathode.
This is indeed consistent with the much higher H,0, yield at
0.4V (see Figure A1), from which we conclude that the major
degradation mechanism during the H,/O,@0.4V test is likely
related to the radical attack on the carbon support. According
to Choi et al., such degradation is not linked to the loss of Fe
atoms from the Fe—N, sites, but to the formation of oxygen-
containing functional groups near the Fe—N, sites, which
weaken the binding energy between oxygen and the Fe active
sites, thereby decreasing the ORR activity."” However, these still
rather minor changes in the CVs are insufficient to provide a
solid conclusion. Therefore, the investigation on the degrada-
tion mechanism of the Fe—N—C catalyst will be complemented
by in situ XAS measurements, which are discussed in detail in
the following sections.

In situ XAS during the Stability Tests in PEMFCs

Before discussing the XAS data collected during the stability
tests in H,/O,, it is very important to understand the penetration
depth of the incident X-ray beam, as well as the attenuation of
the fluorescence beam. For the typically used high catalyst
loadings for PGM-free catalyst-based cathodes, rather thick
electrodes are obtained (~100 pm in our case).” For this
reason, if only a certain portion of the MEA is probed during
the experiments, e.g., only the cathode or even only a part of it,
and if this is not taken into account, misleading conclusions
might be drawn.

To calculate X-ray attenuation/transmission at a given
energy through different materials, online calculators are
available, like that provided by the GeoSoilEnviro Center for
Advanced Radiation Sources (GSECARS) at the University of
Chicago.™” For this calculation, the densities (o, gcm™) and
effective thicknesses (t. um, taking into account the porosity)
of each component in the MEA are needed, together with the
beam energies (45° incident beam at the Fe K-edge of 7112 eV
and 45° fluorescent beam at the K, Fe emission line of
6405 eV). Based on the calculations (see Table A2), the 0.5 mm-
thick graphite window is the component which most strongly
attenuates the incident beam (fraction transmitted of the
incident beam is ~8.7%). In the MEA, the electrodes can be
considered as =60 % porous carbon, with marginal attenuation,
while the PEM is approximated as a PTFE foil with a density of
~2 g/cm’, obtaining a transmitted beam fraction for the entire
MEA (i.e., GDLs, catalyst layers, and PEM) of ~38% (note that
the attenuation caused by the PEM water uptake is negligible).
This indicates that the signal measured in fluorescence is
characteristic of the entire MEA.
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Another important observation concerns the stability of the
X-ray absorption raw intensity (before normalization) during the
electrochemical stability test. From Figure A3 in the appendix,
no strong variation is evident in the edge jump at EoT
compared to BoT. This is strong evidence of the fact that most
of Fe stays in the MEA and is not washed away with the
produced water.

XANES Spectra of the Pristine MEA
Figure 6a shows the XANES spectra at the Fe K-edge of the

pristine MEA (without any preceding LSV or stability test)
recorded at different cell voltages under H,/N, on anode/
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Figure 6. (a) XANES spectra at the Fe K-edge of the pristine MEA (cathode
loading: ~3.5 mgcatcm’z) measured at cell voltages of 0.1, 0.4, 0.6, 0.65, 0.7,
0.75, 0.8, and 0.9 V in H,/N, (anode/cathode, both at 400 nccm) at 90% RH,
80°C, and 150 kPa,pq;- The darkest purple to the lightest purple solid lines
indicate the XANES recorded from 0.9 V to 0.1 V. The spectra of Fe reference
phases are Fe(lll)-phthalocyanine (Fe(lll)Pc, red-dashed line), FeO (green-
dashed line), and FeSO, (aq) (blue-dashed line). The spectra of FeSO, (aq) at
0.5 M concentration were digitalized from reference,?” while the data of
Fe(llPc is obtained from reference.”” (b) Detail of the shift in edge positions
with cell voltage extracted from the spectra in (a). (c) Calculated Fe oxidation
state of the pristine MEA (in blue, right y-axis) at each measured voltage
based on a linear combination fitting (LCF) of each spectrum shown in (a),
composed of the spectral response of the Fe(lll)Pc and FeO as Fe*" and Fe*"
reference samples, respectively. The details of this calculation are further
described in the text. The CV (plotted in black) is obtained from the BoT
sample (same as in Figure 5).
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cathode (from 0.9V to 0.1V, from the darkest to the lightest
purple line), acquired at 90% RH, 80°C, and 150 kPa,pne. The
XANES spectra of the pristine MEA show a strongly voltage-
dependent iron oxidation state, i.e., upon increasing the cell
voltage, the oxidation state of Fe is increased, as evident from
the shift toward higher energy of the edge position (see
Figure 6b). This observation is consistent with other studies
reporting in situ XANES experiments on Fe—N—C catalysts in
both RDE and fuel cell.® It has been suggested that the
fraction of Fe(ll) and Fe(ll) in the Fe—N—C active sites is
governed by the applied potential,”® which typically has a
redox transition at =0.6-0.8V, depending on the atomic
structure and the activity of the Fe-N—C catalysts.*?

To provide a quantitative insight on the potential-depend-
ent oxidation state of iron in the pristine MEA, we further
calculated the average oxidation state at each measured cell
voltage by using the approach given by Osmieri et al.®? In brief,
the XANES regions of the spectra (from 7104 eV to 7154 eV) are
analyzed using a linear combination fitting (LCF) of two
reference samples, namely FeO (green line in Figure 6a) and
Fe(ll)-phthalocyanine (Fe(ll)Pc, red line in Figure 6a), represent-
ing Fe’* and Fe’', respectively. This provides the atomic
fractions of Fe at each oxidation state, which can be multiplied
by the corresponding charges (i.e, Fe** and Fe’") and then
summed to get the average oxidation state. Please note that
according to Osmieri et al., the FeO instead of Fe(ll)Pc was
selected as reference sample to avoid the strong peak of
Fe(ll)Pc at the edge, which affects the edge position in the
XANES region and would lead to a higher uncertainty in LCF
analysis.

The calculated average Fe oxidation state of the pristine
MEA at each cell voltage is shown in Figure 6¢ (in blue, right y-
axis), superimposed to the CV (same as the BoT results shown
in Figure 5). The average Fe oxidation state ranges between
~2.55 at a cell voltage above 0.8V and ~2.25 at a cell voltage
below 0.6 V, showing a drastic decrease between ~0.85 and
~0.6 V, with a midpoint at ~0.75V, and a good agreement
with the Fe redox peaks in the CV. It is noted that in our
calculation, the highest oxidation state (i.e., ~2.55 above 0.8 V)
is lower than what was reported by Osmieri et al. (~2.85 above
~0.9 V). One possible reason for this discrepancy could be a
significant difference in the coordination environment of the
Fe—N, sites between the here examined catalyst and that
studied in Osmieri et al., which could lead to a difference in the
average Fe oxidation state. This, however, seem unlikely,
because it is not accompanied by a significant difference in the
XANES spectra at the edge. Therefore, a more likely reason
would be the leaching of iron ions (i.e., demetalation) during
the ink preparation or the warm-up step (i.e., prior to the
degradation test), followed by their coordination to the SO,~
groups of the ionomer. The leached iron cations would quickly
equilibrate in the ionomer phase of the entire MEA (electrodes
and membrane) during the warm up step (H,/N, configuration
at 90% RH without any load), due to the fast diffusion of
cations in the ionomer phase over the short distance across
cathode/membrane/anode (=100 um; based on the reported
diffusion coefficient of Ce’* of ~1.10°cm’s™" in a fully
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humidified Nafion membrane at 80°C,*” equilibration across
the MEA would require only~10%s). While iron cations
exchanged into the cathode ionomer would remain Fe’>™ when
the cell voltage (=cathode potential vs. RHE) is above ~0.75V,
those in the anode and in the membrane are preferentially
reduced to Fe’" due to the presence of cross-over H,, thus
sitting at a potential of ~0V vs. RHE. As the membrane can
host more iron cations compared to the cathode due to its
much  higher overall ionomer content (i.e, =~8.2
umMolsp;™ €M ™2ea in the membrane vs. ~2.4 pmolsy;™cm ™2y, in
the cathode), the average iron oxidation state in the MEA will
be reduced in the presence of significant amounts of leached
iron ions, even when the cell voltage is above 0.75 V; thus, since
the XAS measurements are probing the entire MEA, the XAS
signal would also include the contributions from Fe’" in the
membrane, leading to a lower average iron oxidation state. As
good representation of Fe’* and Fe*" coordinated to SO;~
group in the ionomer,”® we further plot the reference spectra
of FeSO, (ag) (blue line) in Figure 6a, digitalized from
reference™ that reports spectra of 0.5M sulphate solutions.
The edge position of FeSO, (aq) is at an even lower energy than
FeO, which would lead to a further underestimation of the
average Fe oxidation state in the pristine MEA that we had
calculated from the above XANES data.

Based on this analysis of the average Fe oxidation state as a
function of cell voltage, the here used testing procedure (as
reported in Figure 11) is designed to collect XANES data at two
cell voltages, namely 0.9V and 0.6 V, aiming to control the Fe
oxidation state at the cathode in order to discriminate the Fe
ions in the cathode from those ion-exchanged into the ionomer
phase of the MEA over the course of the constant-voltage
stability test.

XANES Spectra Over the Course of the H,/0,@0.8 V Stability
Test

Figure 7a and b show the XANES spectra at Fe K-edge recorded
under H,/N, configuration at 0.9V (high oxidation state) and
0.6 V (low oxidation state). Those spectra were collected at BoT
and during the stability test H,/O,@0.8 V after 10 (in green), 30
(in purple), 105 (in red), and 180 minutes (denoted as EoT, in
blue). After 10 minutes of the H,/0,@0.8V stability test, the
XANES spectra at the Fe K-edge recorded at 0.6V and 0.9V
remain similar to those at BoT (comparison between black and
green lines, Figure 7a and b). Additionally, their edge positions
(shown in the insets Figure7c and d for 09V and 0.6V,
respectively) are very close, indicating only a marginal change
of the Fe oxidation state. Considering the spectra after 30, 105
and 180 minutes (EoT), a gradual shift in edge position toward
higher energy can be observed (Figure 7c and d), suggesting a
gradual increase of the average Fe oxidation state over the
course of the H,/0,@0.8 V stability test.

With the aim of finding the Fe species that predominantly
lead to the XANES changes in Figure 7a-d, we first hypothesize
that demetalation is the degradation mechanism during the H,/
0,@0.8V stability test, and that the leached iron cations
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Figure 7. (a) and (b): XANES spectra at the Fe K-edge collected in H,/N, configuration (anode/cathode, both at 400 nccm) at 90% RH, 80°C, and 150 kPa,pqnet
acquired at 0.9 V and 0.6 V, respectively, over the course of the H,/O,@0.8 V stability test. The data collections occurred at BoT (in black), after 10 (in green), 30
(in purple), 105 (in red), and 180 minutes (in blue, EoT). (c) and (d) Detailed views of the edge positions from the results in (a) and (b), respectively. (e) and (f)
Comparison of BoT and EoT spectra to the standard reference data for FeSO, (aq) (orange) and Fe,(SO,); (aq) (gray; digitalized from reference 24 and also
shown in Figure 6a). (g) and (h): Comparison of BoT and EoT spectra to the standard reference for Fe oxides,***' namely FeOOH (red), Fe,0; (purple), and
Fe;0, (green). The XAS data acquisition times are marked by the arrows in Figure 3.

coordinate to the SO;™ groups of the ionomer across the whole
MEA. Figure 7e and f report the spectra at BoT (in black) and
EoT (in blue) together with the reference spectra of FeSO, (aq)
(orange) and Fe,(SO,); (aq) (gray), digitalized from reference®”
and also shown in Figure 6a (plotting FeSO, (aq)), which are
very comparable to spectra of iron cations coordinating to SO;~
in Nafion.”® As already mentioned, if iron ions are leached out
of the catalyst, they will quickly diffuse into the membrane and
anode under H,/N, at 90% RH and 80°C (conditions chosen
while recording XAS), equilibrating in the ionomer phase of the
entire MEA. Therefore, as discussed for Figure 5¢, a significant
amount of iron cations in the membrane/anode side will be
Fe?* (comparable to FeSO, (aq)) due to the presence of H, (Fe
ions being reduced), while they would be Fe** in the ionomer
phase of the cathode, that are oxidized under the presence of
0O, (comparable to Fe,(SO,); (aq)). In this case, the EoT spectrum
recorded at 0.9V under H,/N, (blue in Figure 7e) would be
expected to shift to lower energy (closer to the reference FeSO,
(aq), orange line). However, this is apparently not the case, as
the EoT spectrum in Figure 7e instead shifts to higher energy
(toward Fe,(SO,); (aq), gray line). Similarly, while recording the
spectra at 0.6 V under H,/N,, all the iron cations in the ionomer
phase should be Fe?*, together with the iron species at the
cathode electrode (when polarized to <0.75 V), leading to the
same expectation of an EoT XANES spectrum closer to FeSO,
(aq). However, this expectation is also contradicted by the result
shown in Figure 7f, as the edge position of the EoT spectrum
(blue line) shifts to higher energy and oxidation state, closer to
Fe,(SO,);. It is important to mention that, based on the above
discussion, we do not exclude a partial reduction of iron cations
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in the ionomer at the EoT, but rather, we want to point out that
it is not the major effect during the H,/O,@0.8 V stability test.

Since the EoT spectra (shown in Figure 7e and f) do not
support the mechanism of accumulating leached iron ions in
the ionomer phase, we evaluate the possible formation of Fe
oxide precipitates during the H,/O0,@0.8V test. Previously, Li
et al. reported that the demetalation of iron cations from the
active sites initially results in their coordination with SO;~
groups in the ionomer phase, followed by the formation of
Fe,O; nanoclusters upon extended exposure to air.”? To check
this hypothesis, Figure 7g and h compare BoT (black) and EoT
(blue) spectra with three different Fe oxide references, namely
FeOOH (red), Fe,O; (purple), and Fe;O, (green). The shift to
higher energy of the edge position of the EoT spectra (blue
line), regardless of the recording voltage (0.6 V or 0.9V in H,/
N,), fully agrees with the increasing presence of those Fe oxides,
which are not in electronic contact with the carbon support in
the cathode electrode but are located where they are not
polarizable. This is also in agreement with their formation from
the iron cations in the ionomer phase, which can electronically
insulate them. The chance of precipitation of Fe oxide particles
at the carbon, large enough to be at least partially insulated,
sounds unlikely. More likely is their precipitation at the ionomer
phase and at its interface with water.

To provide additional evidence and insight on our hypoth-
esis, we also performed linear combination fits on the EoT
spectra, combining the BoT spectra with either one of the three
different Fe oxide references or a combination of them.

The best fits are obtained using the FeOOH spectrum, also
yielding the lowest R-factor (reported in Table A2 for each
fitting). A good agreement between LCFs with the FeOOH
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spectrum and the EoT spectra is obtained for the spectra
acquired under H,/N, at both 0.9V and 0.6V, as evident from
the low residual signals left after the fittings (gray lines in
Figure 8). This analysis provides a rough estimate of the
percentage of demetalation referenced to the total amount of
Fe due to Fe(lll) oxide precipitation (using the LCF with the
FeOOH spectrum), yielding =31 and =37% for the data
recorded at 0.6 and 0.9V, respectively (see Table A2). It should
be noted that we do not exclude other Fe oxides possibly
formed at EoT, but the LCF analysis shown provides a high
probability of growing mainly FeOOH over the course of the H,/
0,@0.8 V stability test.

To justify the formation of Fe oxides during PEMFC
operation, one should consider the concentration of iron
cations in the ionomer phase, the local pH at the cathode
electrode governed by the displacement of H* in the ionomer
phase by Fe** ions, and the operating current density of the
cell. The formation of Co(OH), in the cathode of a Co®"
contaminated MEA based on Pt/C or Pt,Co catalysts in a PEMFC
was already reported in the literature.'®'*? There it was
suggested that the migration flux of Co’" ions to the cathode
at high current density leads to a Co’" ion enrichment in the
ionomer phase of that electrode, displacing the H™ in the

EoT spectra

1.5 o fit
— BoT Spectra
FeOOH

Normalized intensity [a.u.]

1.5 L () B/N,@ 0.6V

1.0

0.5

Normalized intensity [a.u.]

0.0
7100 7120 7140 7160 7180 7200
Energy [eV]

Figure 8. Results of the LCF on the EoT spectra of the H,/0,@0.8 V test (blue,
as in Figure 7) recorded under H,/N, at 0.9 V (a) and 0.6 V (b), using a
combination of the spectrum at BoT (black line, as in Figure 7) and of the
spectrum of FeOOH (red line). The purple circles represent the LCF curve,
while the gray line is the residual signal after subtracting the LCF from the
measured spectrum.
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cathode ionomer phase and thus increasing its pH to the point
where Co(OH), precipitation can occur.’? Based on recent
measurements, this appears to occur at current densities
beyond a1 Acm ¢, for Pt/C based MEAs with only ~5-10 um
thick electrodes.®

Since the operating current density is substantially lower
during the H,/0,@0.8V test shown in Figure3a (~5-—
30 mAcm ), at first glance one would not expect gradients
in the concentration of dissolved iron ions. Here, however, it
needs to be considered that for the very thick PGM-free
catalyst-based MEAs in our study (= 100 um), the back-diffusion
rate of Fe** ions in the ionomer phase would be at least an
order of magnitude slower, so that it is possible that even at
the much lower current density, a significant enrichment of
Fe’* ions in the cathode electrode ionomer phase near the
cathode/GDL interface could occur. Therefore, in the presence
of a significant Fe demetalation during the H,/O,@0.8 V test, the
local concentration of Fe** ions and thus the local pH could
increase to the point where Fe oxides can precipitate. Addition-
ally, once the Fe** ions precipitate as Fe oxides, their
concentration in the ionomer phase of the cathode would be
reduced, resulting in a decrease of their back-diffusion rate. By
taking the amount of precipitated iron oxide estimated from
the LCF analysis (~35% FeOOH, see Table A2) and the total
amount of Fe in the catalyst (for 2.7 wt% Fe content and a
loading of  3.5mg.Cm %  this  corresponds  to
~95 Ugr.CM *yea OF = 1.7 pmol,cm2y,), the amount of Fe
initially leached into the ionomer phase over the course of the
H,/0,@0.8 V test would be ~0.6 pmol;.cm™2 . Considering
dissolved iron ions at 0.8V would be Fe** ions, this could
replace = 1.8 pmoly, cm ™20, which would be ~75% of the H*
in the cathode ionomer phase at the above calculated SO;~
loading of ~22.4 pmolso; cm™2ea. This creates a scenario where a
significant increase of the local pH could enable the formation
of Fe oxides in the cathode during the H,/0,@0.8V test. It
should be noted that to calculate the exact local pH and iron
cation concentrations in the cathode ionomer would require an
accurate modelling study, since it is a dynamic process
involving the equilibrium between the leaching rate (demetala-
tion rate) of iron cations, their migration and back-diffusion, as
well as the precipitation rate of iron oxides, which is beyond
the scope of this work. In principle, during the insitu XAS
measurements under H,/N, (i.e., in the absence of current and
thus of Fe** migration), any Fe" ion concentration gradients
and thus any H® or pH gradients would vanish, so that
precipitated Fe oxides would dissolve,* unless the dissolution
process is kinetically hindered. Furthermore, the decrease in the
overall concentration of dissolved Fe species (also of Fe’" in
contact with H,) upon precipitation is in total agreement with
the LCF results after degradation. The presence of Fe?" in the
pristine MEA, evident and accounted for (see Figure 6), is not in
contradiction with the LCF evidences after degradation but, on
the contrary, fortifies them.

A further important remark is that we observed a significant
performance loss already after ~30 minutes of the H,/0,@0.8 V
test (see the result in Figure 3), while, however, the change in
shape of the XANES spectrum after 30 minutes is indeed very
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small (see Figures 7a-d). This observation suggests that the
utilization of the Fe—N, sites in our catalyst is very low, despite
having = 2.7 wt % of Fe in the pristine catalyst powder, of which
90% are Fe—N, sites (see Table 1). From this we can conclude
that small losses of accessible Fe—N, sites from the catalyst
result in significant performance losses (ORR activity) in the
PEMFC.

XANES Spectra Over the Course of the H,/O, @ 0.4 V Stability
Test

Figure 9a and b report the XANES spectra at the Fe K-edge
collected under H,/N, configurations at the cell voltage of 0.9V
and 0.6V, respectively, acquired over the course of the H,/
0,@0.4 V stability test, namely at BoT (black), and after 10
(green), 30 (purple), 105 (red), and 180 minutes (blue, EoT). In
contrast to the spectra in Figure 7 (from the H,/0,@0.8V
stability test), the edge positions of the spectra show a much
smaller shift to higher energy (evident in the zoomed-in views
in Figure 9c and d, plotted at the same scales as Figure 7c and
d), particularly for the XANES data collected at 0.6 V. Addition-
ally, it can be noticed that the intensity of the strongest peak
(the so-called white line) gradually increases for the spectra
recorded at both 0.9V and 0.6V, suggesting that the main
degradation mechanism and the main decomposition products
are different for the H,/0,@0.4 V versus the H,/0,@0.8 V stability
test.

In analogy to the above discussion of the results for the H,/
0,@0.8 V stability text, we examine the BoT and EoT spectra for
the H,/0,@0.4 V stability test by comparing them with reference

samples to elucidate the formation of possible Fe species at
EoT. Figure 9e and h show the comparison with reference
spectra for FeSO, (aq) (in orange) and Fe,(SO,); (aq) (in gray),
which considers the possibility of Fe demetalation and its
coordination to the SO;~ groups of the ionomer (showing very
similar XANES spectra®®). As already mentioned, under the
conditions used during XAS data collection, the iron cations
would ion-exchange into the ionomer phase in the electrodes
and the membrane. If ion-exchange were to occur, most of the
iron cations would be in the membrane (due to its highest
ionomer content) and would be reduced to Fe’* due to the
presence of cross-over H,. Consequently, the expected XANES
spectra would shift toward FeSO, (aqg). Nevertheless, as the
edge position shifts slightly to higher energy over the course of
the H,/0,@0.4V test, regardless of the cell voltage applied
during spectrum acquisition in H,/N, (0.6 or 0.9V), we can
conclude that the major degradation mechanism cannot be the
Fe demetallation of the catalyst followed by ion-exchange of
leached iron ions into the ionomer phase. On the other hand,
Figure 9g and h examine the possible formation of Fe oxides
over the course of the H,/O,@0.4 V test, namely of FeOOH (red),
Fe,O5(purple), and Fe;O, (green). A similar argument to that
used to described in Figure 7e and f can be used, from the
observation of only a very small shift of the edge position
between EoT and BoT spectra. Since those Fe oxides exhibit a
higher oxidation state (i.e., edge position at higher energies),
we can conclude that the changes in the spectra upon testing
in H,/O,@0.4V can at most marginally and not mainly be
ascribed to Fe demetalation followed by Fe oxide formation.
The main change in the spectra over the H,/0,@0.4V
stability test is the intensity increase of the white line over time,

1.5 T T T [ T T T 1 [T Trrerrrrees TTrerrrroey Trrrrrroesy
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Figure 9. (a) and (b): XANES spectra at the Fe K-edge collected in H,/N, configuration (anode/cathode, both at 400 nccm) at 90% RH, 80°C, and 150 kPa,pq e
acquired at 0.9 V and 0.6 V, respectively, over the course of the H,/0,@0.4 V stability test. The data collection occurred at BoT (in black), after 10 (in green), 30
(in purple), 105 (in red), and 180 minutes (in blue, EoT). (c) and (d): Detailed views of the edge positions from the results in (a) and (b), respectively. (e) and (f):
Comparison of BoT and EoT spectra to the standard reference sample for FeSO, (aq) (orange) and Fe,(SO,); (aq) (gray, same as in Figure 6a). (g) and (h):
Comparison of BoT and EoT spectra to the standard reference for Fe oxides, namely FeOOH (red), Fe,O; (purple), and Fe;O, (green). The XAS data acquisition

times are marked by the arrows in Figure 3.
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remaining at a similar peak position (see Figures 9a and b). In
general, the white line is attributed to the intense dipole-
allowed 1s—4p transition of the absorbing element, i.e., of Fe
in our case. An increase in white line intensity suggests that less
electrons are present in the 4p orbitals or that these orbitals
decrease their energy level. This happens if the number of
electron-withdrawing ligands around the absorbing atom
increases, i.e,, if the electron density is being pulled away from
the probed element, and if there is hybridization between 3d
(interacting with the ligands orbitals) and 4p orbitals, as
evidently is the case for Fe compounds.”>*® Another probable
degradation mechanism for Fe—N—C catalysts, likely related to
the unique changes in spectral features upon the H,/0,@0.4 V
stability test, is the attack from reactive oxygen species (ROS)!"”!
produced during the ORR, which would result in a chemical
carbon oxidation (note that for electrochemical carbon oxidation
higher potentials are required). This hypothesis is consistent
with the CV results at EoT, where an increase in the CV area at
~0.6 V (quinone/hydroquinone redox) is observed (Figure 5b).
Moreover, this degradation mechanism seems plausible at the
lower cell voltage (i.e., the lower cathode potential) due to the
higher current densities compared to that of the H,/0,@0.8 V
test (see Figure 3) in combination with the higher H,0, yield at
0.4 versus 0.8V (see Figure A1). This mechanism could even-
tually also result in Fe demetalation upon the accompanied
destruction of the carbon scaffold.®”*® The minor energy shift
of the Fe K-edge upon degradation can be related to this event,
observable but evidently marginal over the 3 hours of the
experiment.

How can the attack by ROS be linked to the observed XAS
trend? Choi etal. showed that the oxidation of the carbon
scaffold (regarded as functionalization by oxygen-containing
groups) would result in a depletion of electrons from the Fe
sites, resulting in a decrease in turn-over frequency (TOF) of the
active site."” This would indeed result in an increase of the
white line intensity, as also shown by Lim et al® and Mun
et al.®™ ROS attack could also result in a structural modification
of the Fe—N, sites if it takes place directly at the Fe atoms®" or
at the carbon atoms in close proximity to the Fe—N, sites, in the
same way that has been shown for Fe phthalocyanine.™” The
first case could suggest that the Fe—N, sites are being poisoned
by oxygen-containing radicals and that their binding energy is
too high to remove them even at a low potential, due to the
reduced TOF induced by carbon oxidation."” The second case
would involve the breaking of one or more Fe-N bonds,”
resulting in a possible transformation from the Fe—N, structure
to a FeN,O,-like structure with a lower activity,****’ accompa-
nied by a loss of N atoms, possibly in the form of NH,.%*%%
Garcia et al. also showed that the degradation-induced N loss of
Fe—N—C catalysts is more pronounced for N-pyrrolic sites (the
sites coordinating the Fe in our catalyst) than for N-pyridinic
sites.® Consistent with the XAS results, this would also result in
an increase of the white line intensity due to the electron
withdrawing effect of O atoms. Furthermore, in the case of
partial direct ROS attack of the active site, the edge positions of
the XANES data collected at 0.9 V in H,/N, should shift to higher
energy, which indeed is observed, even though it is not very
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prominent. A minor demetalation can also be the result of
multiple direct ROS attacks of the active sites.

To obtain further evidence for the loss of N atoms from the
catalyst after ROS attack, we conducted a simple experiment in
which we stirred the catalyst in 0.05M H,SO, at 80°C in the
presence of a Fenton reagent (H,O,+FeSQ,) to simulate the
conditions in a PEMFC. After 24 h, we tested the presence of
NH,™ ions in the solution using a qualitative analytical stripe-
test, which gave a positive result (Figure A4). Moreover, after
this test, the elemental analysis of the filtrated and washed
catalyst showed a decrease of ~4 wt% in N content, clearly
supporting the hypothesized loss of N due to the ROS attack.
This degradation mechanism further supports what had
recently been reported for the degradation of Fe phthalocya-
nine during the ORR in acidic electrolyte, where an attack by
*OH radicals, followed by NH; loss was proposed.”” Although
this simple qualitative experiment is not enough to conclusively
prove that ROS attack is resulting in a restructuring of the
Fe—N, sites, requiring further investigations to unravel the exact
pathway, it is clear that the main degradation mechanism
taking place over the course of the H,/O,@0.4 V stability test is
mainly related to ROS attack, which can be mitigated by the
addition of radical scavengers.”” A secondary (stable) active
site, which reduces very efficiently H,0,, close neighboring the
Fe—N—C sites, could prevent the attack to the vicinal carbons,
thus Fe-N—C deactivation at 0.4 V.

The EoT ORR activity after the H,/0,@0.4 V stability test is
essentially identical with that observed after the H,/0,@0.8 V
test (see Figure 4). This would be consistent with the degrada-
tion of most of the D1 sites (see Table 1) over the 3-hours
stability test in H,/O,, so that the remaining catalyst activity
would only be due to the more stable but less active D2 sites.

Conclusions

In this work, two different degradation protocols were used to
evaluate the stability of a Fe—N—C ORR catalyst in a PEMFC
operated with H,/O, (80°C, 90% RH), namely at 0.8V and 0.4V
for 3 hours. The PEMFC results show that the two cases exhibit
a similar current loss profile, with a fast decay within the first ~
30 min followed by a slower degradation. After operating the
cell at 0.8V for 3 h, a~80% loss in geometrical current density
is observed, while it is only ~50% upon operation at 0.4 V.
Nevertheless, after these 3 h tests, the ORR activity determined
at 0.8 Virraree IS Similar for both cases, decreasing by ~90% of
the initial activity. These results suggest that, independently of
the protocol employed, most of the active sites have degraded
in the 3 hours of the tests under H,/O, and, after this time, only
the most stable sites are contributing to the activity of the
catalyst.

XANES spectra were acquired over the course of these
stability tests, intermittently changing the gas feeds from H,/O,
to H,/N, (anode/cathode) in order to avoid any catalyst
degradation during the spectral acquisition time. They were
recorded at either 0.6 or 0.9V (80°C, 90% RH) to elucidate the
degradation mechanism, showing that upon H,/O, operation at
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0.8 V part of the Fe sites gradually increase their oxidation state
and that this oxidized Fe fraction is not reducible after cell
polarization at low potential. From this observation we can
conclude that part of the Fe undergoes demetalation. Further-
more, performing a linear combination fitting (LCF) of the EoT
spectra, based on a combination of the BoT spectrum and a
FeOOH reference spectrum, we estimate that =35 % of the total
Fe contained in the catalyst is precipitated as Fe (lll) oxide.
Upon H,/O, operation at 0.4V, the irreversible increase of the
average Fe oxidation state is barely observable, thus a direct
demetalation cannot be the major degradation mechanism. On
the other hand, an increase of the white line of the XANES
spectra over the course of the H,/O, operation at 0.4V can be
related to an attack to the carbon matrix in the vicinity of the
active sites by reactive oxygen species (ROS), increasing the
electron withdrawal from the Fe catalytic sites. This conclusion
is also supported by an increase of the quinone/hydroquinone
feature at ~0.6 V in the CV at EoT. A direct ROS attack of the
Fe—N, sites, possibly followed by a minor Fe demetalation, is
also possible, as demonstrated by detecting NH,™ after ex situ
chemical degradation of the pristine catalyst by ROS.

By employing constant potential measurements under H,/
0, and by probing the oxidation state of Fe under H,/N,, we are
here able to disentangle different degradation mechanisms
happening in a Fe—N—C electrocatalyst upon realistic operating
conditions in an actual PEMFC. We believe that this work will
help future research efforts aimed at improving the mechanistic
understanding of the degradation of Fe—N—C catalysts and at
developing more stable materials.

Experimental Section

Catalyst Synthesis

All commercially available chemicals were used without further
purification. The porous and conductive commercial carbon
Ketjenblack (KB) was used as support on which catalytically active
Fe—N—C was deposited. In the following, the composite material is
referred to as catalyst. In a typical synthesis, 1 g of KB (E-Type
carbon, Tanaka Kikinzoku Kogyo KK., Japan) was mixed with 1.3 g
of ZnCl, (anhydrous, >98%, Sigma Aldrich, Germany) and 1.3 g of
1-ethyl-3-methylimidazolium dicyanamide (Emim-dca, >98%, loli-
tech, Germany) in an Ar-filled glovebox (MBraun, Germany). The
resulting mixture was placed inside an alumina crucible covered
with a quartz lid and heated up to 850°C for 1 h in a tube furnace
(HTM Reetz, LK 1300-150-600-3, Germany) under a constant Ar 5.0
(99.999%, Westfalen AG, Germany) flow of 2 Lmin™", after an initial
heating rate of 2.5°Cmin~". After letting the sample naturally cool
down to room temperature, it was ground and washed with 0.1 M
HCl (prepared from concentrated 37 wt% HCI, Sigma Aldrich,
Germany) for several hours. The Zn—N—C sample was then filtered
and washed with deionized water until neutral pH was reached,
then dried at 80°C overnight. The material was subsequentially
degassed at 250°C under vacuum in a glass oven (B-585, Biichi,
Switzerland) and mixed with an eutectic mixture of FeCl,/LiCl (97 %
and 99%, respectively, from Sigma Aldrich, Germany, 4.13 mass
ratio) inside an Ar-filled flask in order to exchange the zinc cations
in the Zn—N—C materials with iron cations.®® After stirring at 170°C
for 5 h in the molten salt mixture, the sample was first washed with
deionized water to remove the salts, then stirred in 0.1 M HCl for
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~ 12 hours. The powder obtained after further water washing until
neutral pH and drying overnight was placed again in an alumina
crucible and pushed inside a tube furnace that was pre-heated at
800°C under Ar atmosphere (flash pyrolysis). After 20 minutes, the
furnace was turned off and opened to quickly cool down the
sample. The Fe content in the sample is 2.7 wt% as determined by
ICP-MS measurements. The surface area of the catalyst (446 m*g™")
was evaluated with N,-sorption porosimetry (performed on an
Autosorb iQ2 by Quantachrome, USA). Brunauer-Emmett-Teller
(BET) theory was employed to determine the specific surface area
using the Micropore BET Assistant provided in the Quantachrome
AsiQwin software.

Maossbauer Spectroscopy

Mossbauer measurements at a temperature of 4.2 K were per-
formed employing a standard transmission spectrometer using a
sinusoidal velocity waveform, with both the source (’Co in
rhodium) and the absorber immersed in the liquid-He bath of a
cryostat. To refer the measured isomer shifts to a-Fe at ambient
temperature, 0.245 mms~' was added to the measured values.

Rotating Ring Disk Electrode (RRDE) Measurements

Catalyst inks were prepared by dispersing 5mg of catalyst in
0.84 mL of Milli-Q water (Merck Millipore, Germany), 1.68 mL of
isopropanol, and 50 pL of 5 wt% Nafion suspension, followed by
bath sonication for 1 h. To obtain a catalyst loading of 0.1 mgcm™2,
10 uL of ink were drop-cast onto a well-polished glassy carbon
electrode (Pine Research Instrumentation, USA) and dried under an
infrared lamp for 60 min. The obtained electrodes were measured
in a three-electrode glass cell using 0.1 M HCIO, as electrolyte, Au
wire as the counter electrode, and a freshly calibrated reversible
hydrogen electrode (RHE) as the reference electrode. The RHE was
prepared by passing a negative current on the Pt wire immersed in
0.1 M HCIO, solution contained inside the electrode compartment
in order to evolve H,. A 60 wt% HCIO, solution (> 99 %, Guaranteed
Reagent, Kanto Chemical, Japan) was used to prepare 0.1 M HCIO,
solution. The dilution was performed with deionized ultrapure
water (Milli-Q Integral 5, 18.2 MQcm). The uncompensated resist-
ance of the electrolyte solution was determined by electrochemical
impedance spectroscopy. The ORR current was corrected for
capacitive contributions by subtracting from the data recorded in
O,-saturated electrolyte the current recorded in Ar-saturated
electrolyte. The H,0, production of the catalyst was quantified on
the Pt ring electrode, which was held at 1.2 Vg, while the potential
of the disk was swept between 1.0-0.1 Vyy. The collection
efficiency of the ring (N) was calculated from the ring-disk
geometry to be 0.255%7% and the fraction of H,0, was calculated
using equation 1:

2 fyyy

H,0,% —
io + "%y

M

where iz and i, represent the current measured at the ring and at
the disk, respectively.

Membrane Electrode Assembly (MEA) Preparation and Single-
Cell PEMFC Assembly

Prior to ink preparation, the PGM-free catalyst powder was dry ball-
milled using a 20 mL ZrO, milling-vessel with 10 ZrO, beads of
10 mm diameter (corresponding to a 30/1 beads/catalyst mass
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ratio) at 200 rpm for 90 min (planetary ball mill: Pulverisette 7,
Fritsch, Germany). The cathode catalyst ink was then prepared by
mixing the ball-milled powder, the ionomer solution (~25 wt% of
a low equivalent weight EW =700 in water, Asahi Kasei, Japan), the
solvent mixture of 1-propanol/H,0 (27 wt% of H,O in 1-propanol),
and 15 ZrO, beads of 3 mm diameter (corresponding to ~~15/1
beads/catalyst mass ratio) in an ARV-310 planetary mixer (Thinky,
USA) at 500 rpm for 10 min using a 20 mL vial. The catalyst ink had
a carbon content of 0.065 g mL;,. ' and an ionomer/carbon ratio (I/
C, wt/wt) of 0.5/1. The catalyst ink was then coated on a PTFE
substrate (thickness: 50 um, APSOparts, Germany) using a gap-bar
with 500 pm wet-film thickness and was dried under ambient
condition, targeting =23.5 mg.,cm *ya and a thickness of =~
100 um. The anode electrode was prepared with the method
reported previously,?**** using a commercial Pt/C catalyst
(19.6 wt% Pt on Vulcan carbon support, TEC10V20E, Tanaka
Kikinzoku Kogyo K.K., Japan). The ink was prepared by mixing the
same ionomer (I/C=0.65) with 1-propanol/H,0 mixture (10 wt% of
H,O content). The ink was coated on the same type of PTFE
substrate to achieve ~0.1 mgp,cm 22 and a thickness of ~ 10 um.
The MEA (having a geometrical electrode area of 5 cm?) was then
prepared using the catalyst-coated-membrane (CCM) method and
the decal transfer technique, consisting in a hot-press procedure
applied to a PEM (=45 um, Nafion 212, Fuel Cell Store, USA)
sandwiched between anode and cathode decals at 130°C and 4 kN
for 10 minutes. The PTFE substrates were subsequently peeled off
from anode and cathode sides of the MEA, yielding the final CCMs.
The 5 cm?yea single-cell PEMFCs employed at the beamline consist
of an in-house-designed graphite flow field and a modified fuel cell
hardware, previously reported in references.**”” The fuel cell
hardware (Fuel Cell Technologies, Inc., USA) is modified by
machining a conically shaped aperture for the X-rays, with the
lowest part in the middle of the hardware (1.5x2.6 mm? see
Figure 10a). The graphite flow field has a single-channel, single-
serpentine design (single channel with 3 serpentines and 2.0/
1.3 mm channel/land width and 1 mm channel depth, manufac-
tured by Poco Graphite, USA) and a rectangular X-ray window in
the middle, 0.5 mm thick to limit X-ray attenuation while prevent-
ing any gas permeation. The used gas diffusion layers (GDLs) were
H14C10 (=170 pm, Freudenberg, Germany) with a compression to
get 13+1% of thickness reduction upon cell assembly. This GDL
compression is controlled by adjusting the thickness of a PTFE-
coated glass-fiber subgasket (Fiberflon) and by assembling at an
applied torque of 12 N m (for further details see the paper from our
group by Simon etal).’" A sketch of all the cell components is
shown in Figure 10c (note that the illustration does not reflect real
relative dimensions of each components).

Beamline Setup and PEMFC Measurements

The beamline setup for PEMFC tests for in situ XAS data collection is
shown in Figure 10d. The gas flow, cell temperature, gas humid-
ification, and gas pressure were controlled by a customized
portable, semi-automated fuel cell test station (Fuel Cell Technolo-
gies Inc, USA, see upper right side of Figure 10d). All electro-
chemical measurements were performed with a VSP-300 multi-
channel potentiostat equipped with a 20 A booster board (Biologic
SAS, France, see left side of Figure 10d). The fuel cell hardware (the
yellow rectangle in Figure 10d) was placed by aligning the graphite
window of the flow field with the incident X-ray beam (red arrow in
Figure 10c and 10d), forming a 90-degree angle between incident
and emitted fluorescence beams (blue arrow in Figure 10c and 10d)
going into the detector (for more details see reference®). The
sequence of fuel cell tests and insitu XAS measurements is
sketched in Figure 11. All the PEMFC tests were performed at 90%
relative humidity (RH), 80°C, and 150 kPa,usinen Using a flow of
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Incident X-ray
Cathode

X-ray window (=500 pm)

GDL (=170 jum)

Ll Fe-N-C Cathode (=100 pm)

GDL (=170 pm)

(d) BT,

Potentiostat .‘ N-ray

detector

Figure 10. Photographs of the X-ray windows for XAS measurements on the
cathode-side of the cell hardware (a) and of the corresponding flow field (b)
employed for the in situ PEMFC tests. (c) Schematic representation of the
cross-sectional cell assembly of the single-cell hardware and MEA for the

in situ XAS measurements, indicating the thickness of each relevant
component (note that the schematic representation does not reflect the
actual relative dimension of each component). The incident X-ray beam (red
arrow) is illuminating the MEA through a part of the graphite flow field
thinned to ~0.5 mm, with a 45-degree angle between beam and surface of
the graphite window. The fluorescent X-ray beam from the sample (blue
arrow) is collected at a 90- and 45-degree angle between the incident X-ray
and the surface of the graphite window, respectively. (d) Top view
photograph of the experimental setup employed at the BM30 beamline of
the European Synchrotron Radiation Facility. The yellow rectangle indicates
the single-cell hardware used in this study (i.e., the flow field and the
assembly shown in (a), (b), and (c)). The fuel cell station, the potentiostat,
and the X-ray detector collecting the X-ray fluorescence are located on the
right side, left side, and upper part of the photograph, respectively.

400 nccm  (normal cubic centimeters per minute, defined at
standard conditions of 273.15 K and 101.3 kPa) for both anode and
cathode. Prior to any fuel cell test, the cell was warmed up under a
H,/N, (anode/cathode) configuration for 15 minutes (gray box in
Figure 11). Cyclic voltammograms (CVs) were recorded at BoT and
EoT under a H,/N, (anode/cathode) configuration, using a scan rate
of 100 mVs™' (green box in Figure 11). Prior to the CV measure-
ment, the cathode was purged with N, for 15 minutes to eliminate
any residual oxygen. The XAS measurements (blue box in Figure 11)
were conducted under H,/N, (anode/cathode) at two cell voltages
to control the oxidation state of the Fe species at the MEA, namely
at 0.6 V (Fe?") and at 0.9 V (Fe*"). The XAS spectra were recorded at
BoT and followed every constant-voltage stability test after 10, 30,
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- recorded in fluorescence mode using a Canberra 13-element Ge
(a) Warm up in H,/N, solid-state detector with a 45-degree angle between sample surface
and beam (see Figure 10¢), i.e., the incident X-ray (red arrow in

(b) BoT CV in H,/N,

After
(c) XAS m H,/N, |d€===; 10 mms
E = | 30 mins
(d) Constant-voltage | _1 105 mins
stability tes;[ir.lg in H,/O, 180 mins
(e) EoT CV in Hy/N,
« =
() EoT LSV in H,/0,

Figure 11. Schematic representation of the test protocol employed for
testing catalyst stability and recording in situ XAS data. The detailed
experimental conditions are described in the experimental section. The
testing sequence is as follows: (a) warming up of the cell prior to the testing;
(b) BoT cyclic voltametric (CV) measurement; (c) XAS data collection; (d)
constant-voltage-stability test with a cell voltage of 0.4 and 0.8 V; (e) EoT CV
measurement; and, (f) ORR activity determination of the catalyst at EoT via
LSV. Step (c) is repeated after 10, 30, 105, and 180 minutes of step (d).

105, and 180 minutes (end-of-test, EoT). The stability tests (red box
in Figure 11) were conducted at constant-voltage under H,/O,
(anode/cathode).

For these tests, two cell voltages (0.4 V and 0.8 V) were chosen for
two reproduced fuel cells and held for 3 hours in total. Two sets of
these experiments were carried out, one was performed at the
European Synchrotron Radiation Facility, using the portable fuel
cell test station for XAS insitu measurements; the other was
performed using a Greenlight G60 fuel cell test station in our
laboratory to validate the PEMFC results obtained at the synchro-
tron. This comparison followed the experimental design of a
previous publication from our group.?¥ The linear scan voltamme-
try (LSV, yellow box in Figure 11) was recorded at EoT only at a
scan rate of 2mVs™' from OCV to 0.4V under H,/O, (anode/
cathode). To correct the cell voltage for the ohmic drop, the high
frequency resistance (HFR) was recorded after each LSV. This was
performed using potentiostatic electrochemical impedance spectro-
scopy (PEIS) at a cell voltage of 0.6 V under the same conditions as
the LSV, acquired from 200kHz to 1Hz with 10 mV voltage
perturbation. The HFR was then derived from the Nyquist plot
using the linear extrapolation of the 45-degree line to the real part
of the impedance (x-axis of the Nyquist plot).

XAS Measurements

XAS spectra at the Fe K-edge were collected on the bending-
magnet beamline CRG-FAME (BM30) at the European Synchrotron
Radiation Facility (Grenoble, France). The beamline description can
be found in reference” and,®¥ where the same insitu cell was
used. The ring was operated at 6 GeV with a nominal current of
200 mA in the uniform mode. The beamline was equipped with a
liquid-nitrogen-cooled double-crystal Si (2 2 0) monochromator
surrounded by two Rh-coated mirrors for harmonic rejection. For
the Fe K-edge, the mirrors were set to 6 mrad to remove harmonics
and photons with energy higher than=10 keV. The beam size was
measured to be around 210 umx100 pm (H x V, full width at half
maximum values). The monochromator was energy calibrated at
the Fe K-edge by setting the first maximum of the first derivative in
the spectrum of metallic Fe to 7112eV. In situ spectra were
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Figures 10c and 10d) has a 90-degree angle with the fluorescence
X-ray (blue arrow in Figures 10c and 10d). The spectra were
collected between 7000 and 7960 eV, with 4 eV step and 2s per
step to 7080 eV, then 0.2 eV step and 2 s per step to 7180 eV and
finally a constant 0.05 A~ k-step and 2 s per step to 7960 eV. The
beam damage was minimized by moving between four different
spots while collecting consecutive spectra. Moreover, the possibility
of MEA failure due to beam damage was tested collecting
consecutive spectra on the same spot for 2 hours, similarly to
reference.”” No membrane failure was detected electrochemically,
and no spectroscopic change was visible during this time. The
Demeter software package was employed for normalization and
processing of the collected X-ray Absorption Near Edge Structure
(XANES) data.’”
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In situ XAS of an Fe—N—C catalyst in
Proton Exchange Membrane Fuel Cell
suggests two different degradation
mechanisms: demetalation of Fe
cations followed by their precipitation
into Fe oxides upon operation at

0.8 V, and chemical carbon oxidation
close to the active sites, triggered by
reactive oxygen species (ROS) origi-
nated from H,O, formation, upon
operation at 0.4 V.
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