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ABSTRACT: Nonplatinum metal (NPM) catalysts for the oxygen
reduction reaction (ORR) in proton exchange membrane fuel cells
(PEMFCs) have been developed; however, NPM catalysts still need to
be improved in terms of both their catalytic activity and durability. To
overcome these problems, an Fe active site contained within a more
compact ligand than conventional, porphyrinic, 16-membered ring
ligands, or more specifically, a hexaaza macrocyclic ligand with a 14-
membered ring (14MR), was developed. In this study, the durability of
the Fe-14MR complex was compared to that of Fe phthalocyanine
(FePc), which has a 16-membered ring ligand, using in situ X-ray
absorption spectroscopy; demetalation of the Fe complexes was
directly observed during electrochemical experiments performed under
acidic ORR conditions. It was found that Fe-14MR is significantly more resistant to demetalation than FePc during the ORR.
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■ INTRODUCTION

The development of nonplatinum metal (NPM) oxygen
reduction reaction (ORR) catalysts with high activities and
durabilities in proton exchange membrane fuel cells
(PEMFCs) is challenging, as NPM catalysts are easily corroded
in the acidic environment of PEMFCs.1−3 Iron catalysts
prepared by pyrolyzing iron, carbon, and nitrogen (Fe−N−C)
precursor mixtures have been found to have relatively high
activities and durabilities during the ORR in acidic media;
however, their performance remains inferior to that of Pt-based
catalysts.4−9 To understand and enhance the catalytic perform-
ance of Fe−N−C catalysts, the active structures of Fe−N−C
catalysts have been investigated by many research
groups.2,3,6,10−13 As a result, single Fe sites embedded in
nitrogen-doped carbon materials, or more specifically, FeN4

sites, have been proposed as ORR active sites.6,12,13 However,
the FeN4 sites in nonpyrolyzed Fe precursors or complexes,
e.g., Fe phthalocyanine (FePc) and Fe porphyrin, are not
stable under acidic ORR conditions due to demetalation
triggered by the ORR.14,15 If highly stable and active Fe
macrocyclic complexes are prepared, new types of durable
NPM catalysts can be developed by modifying the ligands of
the catalyst to tune the electronic structure of the Fe centers
and building them up into catalysts with three-dimensional
architectures.

The structure performance of Fe−N−C catalysts during the
ORR is of great interest, as it has been revealed that Fe−N−C
catalysts contain two types of FeN4 active sites embedded in
graphene structures, which show different catalytic activities
and durabilities during the ORR.2,3,10,11,13 The porphyrinic
FeN4 active site is surrounded by a 16-membered ring (the so-
called S1 site) and is highly active but shows poor durability
during the ORR under acidic conditions. The more compact
FeN4 active site is surrounded by a 14-membered ring (the so-
called S2 site) and less active than the S1 site but has a much
higher durability.2,3 In addition, the previous studies on FePc
and Fe porphyrins have suggested that Fe−N distance can tune
their stability.16 Therefore, one may consider that FeN4
structures with compact moieties, more specifically, short
Fe−N bonds, are desirable for new Fe−N−C catalysts.17,18 In
fact, our research group has recently developed an Fe complex
with a 14-membered hexaaza macrocyclic ligand (Fe(II)
1,14:7,8-ditethenotetrapyrido-[2,1,6-de:2′,1′6′-gh:2″,1″,6″-
kl:2‴,1‴,6‴-na][1,3,5,8,10,12]hexaazacyclotetradecine, re-
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ferred to as Fe-14MR), as shown in Figure 1.17 The number of
N atoms in Fe-14MR is the same as that of FePc, but the

numbers of all atoms surrounding the Fe centers are smaller
than FePc. In fact, a previous study demonstrated that Fe-
14MR has a shorter Fe−N bond length (1.9 Å) than Fe
porphyrin (2.0 Å).17 Furthermore, Fe-14MR exhibits better
ORR activity than FePc under both acidic and basic electrolyte
conditions.17 It is assumed that the superior catalytic activity of
Fe-14MR is attributed to the strong coordination of the
compact macrocyclic ligand. One may expect that the compact
ligand also has the advantage of stability, as it strongly holds
the Fe center; however, the stability of Fe-14MR has not yet
been studied.
As such, we are interested in fully investigating the stability

of Fe-14MR under electrochemical conditions. According to
the literature, one of the main reasons for the degradation of
FeN4 active sites in pyrolyzed Fe−N−C catalysts is
demetalation during the ORR, which is caused by the
protonation of basic N atoms and/or the degradation of
carbon by reactive oxygen species.2,3,19−21 The kinetics of Fe
demetalation at controlled potentials has been directly
evaluated in a pyrolyzed Fe−N−C catalyst using in situ 57Fe
Mössbauer spectroscopy, which revealed demetalation of 80−
90% of the S1 site and almost no variation of the S2 site after
50 h of operation at 0.5 V in PEMFC single-cell tests.2,22 Real-
time observations of demetalation in half-cell tests have been
performed using in situ inductively coupled plasma mass
spectrometry (ICP-MS); in this method, electrolyte solutions
containing dissolved metals from pyrolyzed Fe−N−C catalysts
can be monitored during electrochemical measure-
ments.20,23−25 However, ICP-MS does not provide information
on the electronic state or local structure of Fe active sites.
Meanwhile, in situ X-ray absorption spectroscopy (XAS) has
been used to investigate structural variations in Fe−N−C
catalysts and their redox during the ORR in electrolyte
solutions and PEMFC single-cell tests.19,20,25−28 Although the
in situ XAS technique has not been applied in the quantitative
analysis of demetalation, it has the potential to record
demetalation in real time by monitoring Fe signals, which
depend on Fe concentration.
In the present study, we quantitatively analyzed the

degradation of Fe-14MR under electrochemical conditions in
real time by in situ XAS. Carbon-supported Fe-14MR (Fe-
14MR/C) and FePc (FePc/C) were prepared, and their
structures and demetalation behavior were evaluated to
compare the durability of the Fe active site in a 14-membered
ring to that in a 16-membered ring. The relationship between

Fe−N bond length and catalyst durability is discussed to
provide new insights into the development of durable
macrocyclic complexes for the ORR under acidic conditions.

■ RESULTS AND DISCUSSION
Fe-14MR was synthesized according to a previous report.17 Fe-
14MR/C was prepared by impregnating an aqueous solution of
Fe-14MR with carbon black (Ketjen EC600JD) at 85 °C. The
amount of Fe in Fe-14MR/C was determined to be 0.6 wt %
by electron probe microanalysis (EPMA). Furthermore, the
electrochemically active Fe density was evaluated to be 19
μmol g−1 using a NO2

− reduction method.29 As a reference
catalyst, FePc/C was prepared by impregnating a H2SO4-based
solution of FePc with carbon, as reported in the literature.27,28

The amount of Fe and the electrochemically active Fe density
in FePc/C were determined to be 0.7 wt % and 9 μmol g−1 by
EPMA and a NO2

− reduction method, respectively. The Fe
amounts and the electrochemically active Fe densities of the
catalysts are summarized in Table 1.

The structure of Fe-14MR/C was analyzed by ex situ XAS.
Figure 2(a) shows the Fe K-edge X-ray absorption near edge

structure (XANES) spectra of Fe-14MR/C, Fe-14MR, and
FePc/C. Fe-14MR/C exhibits spectral features that are slightly
different than those of Fe-14MR. Specifically, the pre-edge
peak for Fe-14MR/C is of higher intensity than the pre-edge
peak for Fe-14MR. A pre-edge peak is also observed in the
FePc/C spectrum. An increase in the pre-edge peak intensity
indicates that the symmetry around the Fe species is distorted
by Fe-14MR being loaded on carbon.30 Thus, one can consider
that the axial ligands of Fe-14MR are changed by the
adsorption of Fe-14MR on carbon. Figure 2(b) shows the
Fourier transforms (FTs) of the Fe K-edge extended X-ray
absorption fine structure (EXAFS) spectra of Fe-14MR/C, Fe-
14MR, and FePc/C; peaks are observed at 1−2 Å (Figure S1:
EXAFS oscillations). Table 2 presents the curve-fitting analysis
results for the peaks observed at 1−2 Å. The Fe-14MR/C peak
is fitted by a model comprising four Fe−N bonds with lengths
of 1.90 Å and two Fe−O bonds with lengths of 2.12 Å. The R-

Figure 1. (a) The Fe-14MR complex used in this study, which has a
14-membered hexaaza macrocyclic ring. (b) FePc with a 16-
membered ring, which was used as a reference catalyst. The numbers
of the rings, 14 and 16, indicate the numbers of atoms surrounding
the Fe centers.

Table 1. Fe Loadings and Electrochemically Active Fe
Densities of Fe-14MR/C and FePc/C

sample Fe loadinga/wt% active Fe densityb/μmol g−1

Fe-14MR/C 0.6 19
FePc/C 0.7 9

aDetermined by EPMA. bDetermined by a NO2
− reduction method.

Figure 2. Fe K-edge (a) XANES and (b) FT EXAFS spectra of Fe-
14MR/C, Fe-14MR, and FePc/C.
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factor suggests that the model is the most accurate. The Fe−N
and Fe−O bond lengths are nearly identical to those of Fe-
14MR and those determined previously by single-crystal
analysis.17 For FePc/C, the peak at 1−2 Å is well-fitted by a
model comprising four Fe−N bonds with lengths of 2.03 Å and
one Fe−O bond with a length of 1.85 Å. Therefore, Fe-14MR/
C has shorter Fe−N bonds than FePc/C. In other words, the
Fe active sites within Fe-14MR/C have a smaller coordinated
structure than those within FePc/C.
Linear sweep voltammetry (LSV) was performed on Fe-

14MR/C using a rotating disk electrode (RDE) at 2500 rpm in
an O2-saturated, 0.5 M H2SO4 aqueous solution. To evaluate
the durability of Fe-14MR/C, ORR curves were obtained
before and after 50 potential sweep cycles between 1.0 and 0 V
at 50 mV sec−1 in O2-saturated 0.5 M H2SO4. For comparison,
the ORR performance of FePc/C was also determined under
the same conditions as those for Fe-14MR/C. To compare the
catalytic activity of Fe-14MR/C and FePc/C, their turnover
frequencies (TOFs) were evaluated from the current at 0.75 V
vs RHE (before 50 potential sweep cycles) and the Fe active
site densities. As presented in Table 3, the TOF of Fe-14MR/

C showed a significantly higher value than that of FePc/C.
Therefore, the electrochemically active Fe site of Fe-14MR/C
has higher catalytic activity for the ORR than that of FePc/C.
For both catalysts, the ORR onset potential shifted to a

lower potential after cycling (Figure 3), suggesting that the
catalysts degraded during the ORR. However, the shift in the
onset potential for Fe-14MR/C was much smaller than that for
FePc/C, indicating that Fe-14MR/C is more stable than FePc/
C during the ORR under acidic conditions. It is reasonable to
consider that the high stability of Fe-14MR/C is derived from
the active Fe species being highly resistant to demetalation in
acidic media during the ORR.2,22,23,25 Meanwhile, previous
works have suggested the low stability of Fe-14MR (without
carbon support) for acidic ORR, which is different from the
results of this study.17,18 The difference would be derived from
the supported form of Fe-14MR/C, since in the previous

studies, the stability of Fe-14MR was evaluated using a simply
mixed catalyst of Fe-14MR and carbon black.
To determine the dissolution behavior of the Fe species in

Fe-14MR/C, in situ XAS measurements were performed
according to the procedure outlined in Table 4. First, the redox

behavior of the Fe species was evaluated under N2 by cyclic
voltammetry (CV, step 1), and XANES spectra were obtained
with the cathode potential held at either 0.9 or 0.3 V vs RHE
(steps 2 and 3, respectively). Then, the electrode Fe content
during CV under N2 and O2 was determined from the X-ray
fluorescence of the Fe species during synchrotron X-ray
radiation (8214 eV) (steps 4 and 5, respectively). It should be
noted that the reason for monitoring the X-ray fluorescence of
Fe species under both N2 and O2 is to confirm that the ORR
triggered demetalation.14,15 Changes in the redox behavior and
structure of the catalyst after 155 potential cycles were
evaluated by additional XAS measurements (steps 6 and 7)
and CV under N2 (step 8). FePc/C was studied in the same
manner for comparison.
The CV results for Fe-14MR/C under N2 (step 1) are

shown in Figure 4(a), and anodic and cathodic peaks are
observed at 0.75 and 0.72 V, respectively. Figure 5(a) presents
the XANES spectra of Fe-14MR/C obtained during steps 2
and 3 at 0.9 and 0.3 V, respectively; these potentials were
higher and lower than the CV peaks, respectively. The features
of the Fe-14MR/C spectrum changed with the applied
potential. Specifically, the X-ray absorption edge shifted to a
lower energy as the potential changed from 0.9 to 0.3 V. This
edge shift indicates that Fe-14MR/C was reduced. Considering
the previously reported relationship between edge energy and
formal Fe valence,17 Fe in Fe-14MR/C was presumably

Table 2. EXAFS Curve-Fitting Results for Fe-14MR/C, Fe-
14MR, and FePc/Ca

sample atom Nb Rc/Å σ2d/Å2 E0
e

R-
factor

Fe-14MR/C N 4 1.90(4) 0.005(2) 7117(7) 0.035
O 2 2.12(7) 0.017(19)

Fe-14MR N 4 1.88(2) 0.003(1) 7116(4) 0.016
O 2 2.14(4) 0.014(9)

FePc/C N 4 2.03(2) 0.004(1) 7117(2) 0.007
O 1 1.85(2) 0.001(2)

aFT range: 3−14 Å−1, curve-fitting range: 1.0−2.0 Å. bCoordination
number. cAtomic distance. dDebye−Waller factor. eAbsorption edge
energy.

Table 3. TOFs of Fe-14MR/C and FePc/C for the ORR at
0.75 V vs RHEa

sample TOF/e site−1 s−1

Fe-14MR/C 0.39
FePc/C 0.08

aTOF = i/d/F, where i is the current per unit catalyst weight (A g−1)
at 0.75 V vs RHE, d is the electrochemically active Fe density (mol
g−1), and F is the Faraday constant (C mol−1).

Figure 3. ORR LSV curves for Fe-14MR/C (red curve) and FePc/C
(blue curve) before (solid curves) and after (dotted curves) 50
potential sweep cycles between 1.0 and 0 V. The RDE was rotated at
1600 rpm in O2-saturated 0.5 M H2SO4.

Table 4. In Situ XAS Procedure during Electrochemical
Measurements

step no. measurement

1 CV under N2

2 XANES at 0.9 V under N2

3 XANES at 0.3 V under N2

4 X-ray fluorescence monitoring during CV; 30 cycles under N2

5 X-ray fluorescence monitoring during CV; 125 cycles under O2

6 XANES at 0.9 V under N2

7 XANES at 0.3 V under N2

8 CV under N2
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reduced from Fe3+ to Fe2+ when the potential was swept from
0.9 to 0.3 V. Thus, the CV peaks in Figure 4(a) are considered
to involve Fe3+/2+ redox. The XANES spectra of Fe-14MR/C
after the CV cycles performed in steps 6 and 7 are also shown
in Figure 5(a). The spectrum at each potential was similar to
that obtained before the CV cycles performed in steps 2 and 3,
confirming that the chemical structure surrounding the Fe
centers was retained even after 155 potential cycles and Fe3+/2+

redox.
Figure 4(b,c) show the CV curves obtained at steps 4 and 5.

The features of the CV curve did not change during CV
cycling under N2 (step 4). In contrast, the CV features clearly
changed during CV cycling under O2 (step 5). The CV cycling
caused an increase of peaks at 0.55 and 0.8−0.9 V, while the
current at 0.75 V did not significantly change. Although the
reason for the variation of the CV feature has not yet been
revealed, it seems that demetalation of Fe is not the main cause
of the variation of the CV feature, because the current at 0.75
V was almost constant during the CV cycles. It should also be
noted that the XANES spectra obtained after the CV
performed in steps 6 and 7 were slightly different from those
obtained after steps 2 and 3, suggesting that the coordination
environment around the Fe species slightly changed. Thus, the
difference in the CV curves as well as that in the ORR curves
(Figure 3) may be due to changes in the ligands such as
variation of the amine groups to imine groups within Fe-14MR
during the ORR. More importantly, the intensity of the CV
peaks was not diminished after 125 cycles under O2, suggesting
that Fe-14MR/C is resistant to Fe dissolution during the ORR.
For comparison, the CV curves for FePc/C obtained at steps

1, 4, and 5 are presented in Figure 4(d−f). In addition, the
XANES spectra of FePc/C before and after CV cycling are
shown in Figure 5(b). The XANES spectra change due to the
redox of FePc/C; the absorption edge energy shifts due to Fe3+

transforming into Fe2+. This result is consistent with those of a
previous report on FePc/C.27,28 The change in the FePc/C
spectra is similar to that observed in the Fe-14MR/C spectra.
However, trends in the CV curves for FePc/C are different
from those in the CV curves for Fe-14MR/C. The intensity of
the CV peaks for the FePc/C decrease with increasing CV
cycle number, especially under O2 (Figure 4(f)). This suggests
that FePc/C is vulnerable to the dissolution of Fe species
during the ORR.
To evaluate the demetalation of the catalysts during the

ORR, changes in the amount of Fe in the catalysts during CV
cycling under N2 and O2 (steps 4 and 5) were investigated; Fe-
derived X-ray fluorescence was monitored under X-ray
irradiation at 8214 eV. The Fe-derived X-ray fluorescence of
the catalysts was determined by subtracting the X-ray
fluorescence of a blank in situ XAS cell without the catalysts
from the X-ray fluorescence of XAS cells with the catalysts.
Then, relative changes in the Fe concentration of the catalysts
were evaluated. Figure 6 shows the relative decrease in Fe
concentration observed for Fe-14MR/C and FePc/C during
the CV cycles performed in steps 4 and 5. The relative
concentration of Fe in Fe-14MR/C was nearly unchanged
under N2 but decreased under O2 with repeated cycling. This
result indicates that leaching of Fe species into the electrolyte
solution is faster under O2. Thus, the demetalation of Fe
species is considered to be caused by activated oxygen species
formed during the ORR.2,14,15,20,31 More importantly, the
relative concentration of Fe decreased less and more slowly in
Fe-14MR/C than in FePc/C. The smaller decrease was

Figure 4. CV curves for Fe-14MR/C obtained by in situ XAS during
(a) steps 1, (b) 4, and (c) 5, together with (d−f) those for FePc/C.

Figure 5. In situ Fe K-edge XANES spectra of (a) Fe-14MR/C and
(b) FePc/C obtained at 0.9 V during step 2 (red solid curve) and step
6 (pink dotted curve) or at 0.3 V during step 3 (blue solid curve) and
step 7 (light blue dotted curve).
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confirmed by the raw XANES spectra before absorption
normalization (Figure S2). Therefore, Fe-14MR/C is more
stable than FePc/C with respect to the leaching of Fe species
during the ORR. The high stability of Fe-14MR/C accounts
for its highly durable ORR performance (Figure 3). It should
also be noted that the decreased ratio of Fe content in Figure 6
is not consistent with that of ORR activity in Figure 3. More
specifically, the ORR activity of FePc/C was almost completely
diminished after only the 50 CV cycles, but about 50% of Fe
content was remained on FePc/C even after the 125 CV
cycles. In other words, the Fe content should be much smaller
if all Fe species detected in the in situ XAS experiment had
been active for the ORR. The results suggest that some of Fe
species exist as inactive species on an electrode after the CV
cycles. There are two possible structures of ORR-inactive Fe
species: Fe oxide nanoparticles and bulk Fe species in a stack
or crystalline of Fe complexes. If the Fe oxide nanoparticles
had been formed as the main deactivated species, the XANES
spectral feature would have largely changed after the CV
cycles. But the actual change in XANES spectra of the Fe
complexes is slight, suggesting that the Fe species in the inside
of a stack or crystal are the main inactive Fe species remaining
after the CV cycles. As described above, the amount of exposed
Fe active species in Fe-14MR/C is about twice as large as that
in FePc/C at almost the same Fe content (Table 1). This
means that the difference in the stability between Fe-14MR/C
and FePc/C is more than that observed in Figure 6. In other
words, the stability of Fe-14MR/C is significantly superior to
that of FePc/C. It is reasonable to consider that the shorter
Fe−N bond length in Fe-14MR, with respect to the Fe−N
bond lengths in conventional Fe complexes with 16-membered
rings, is key to the stability of the Fe species in Fe-14MR
during the ORR.

■ CONCLUSIONS
The structural effect of the FeN4 moiety on durability under
acidic ORR conditions was investigated by comparing Fe-
14MR/C and FePc/C. Structural analysis using EPMA and
XAS confirmed that Fe-14MR/C and FePc/C contain a similar
amount of Fe species, but Fe-14MR/C has a shorter Fe−N
bond length. An electrochemical ORR study indicated that Fe-
14MR/C is more durable than FePc/C. In situ XAS analysis
demonstrated that the demetalation of Fe-14MR/C is
accelerated under O2, and more importantly, Fe-14MR/C is
more resistant to demetalation during the ORR than FePc/C.
Therefore, it is revealed that 14-membered ring ligands can

improve the durability of Fe catalysts during the ORR by
improving the resistance of these catalysts to Fe leaching in
acidic media. The results of this study are consistent with the
structure−property relationships observed in Fe−N−C cata-
lysts. More importantly, the results suggest that compact Fe
complexes with 14-membered ring ligands can be used for the
ORR under acidic conditions without pyrolysis, whereas
conventional Fe complexes with 16-membered rings cannot
be used because of their poor stability. Therefore, a new and
more rational NPM catalyst design may be developed by
preparing 14-membered Fe complexes with three-dimensional
architectures or loading them onto catalytic supports with high
surface areas. Further studies will be performed to modify the
ligand structure and tune the catalytic activity and stability of
these promising Fe complexes.

■ METHODS

Catalyst Preparation

Fe-14MR was synthesized according to a previous study.17 Fe-14MR/
C was prepared by impregnating an aqueous solution (200 mL) of Fe-
14MR (101 mg) (yellow-blue in color) with Ketjen black (500 mg) at
85 °C. After stirring for 2 h, the suspension was filtered; then, the
solid was washed with water (100 mL) and dried overnight at 120 °C
to obtain Fe-14MR/C. FePc/C was prepared according to the
literature.27,28 FePc (20 mg) was dissolved in H2SO4; Ketjen black
(49 mg) was then added. The suspension was stirred for 1 h at room
temperature, diluted with water (200 mL) in an ice bath, and then
filtered. The suspension was washed with water until the pH of the
filtrate was 6−7; the residue was dried overnight at 110 °C to obtain
FePc/C.

Catalyst Characterization

The amount of Fe in Fe-14MR/C and FePc/C was determined using
an electron probe microanalyser (JXA-8100, JEOL) with a wavelength
dispersive spectrometer; an LIFH crystal was used to detect Fe.
EPMA samples were prepared by pelletizing catalyst powders; no
binder was used. Electrochemically active Fe density was evaluated
using a NO2

− reduction method.29 In this method, NO2
− was

coordinated to Fe active sites by immersing Fe14MR/C in a NaNO2
aqueous solution and then reduced by sweeping potential from 0.4 to
−0.3 V vs RHE, where cathodic current was obtained by reductive
stripping of NO on the Fe active sites. From the cathodic current, the
amount of electrochemically active Fe species was determined.

XAFS measurements were performed at the BL5S1 beamline at the
Aichi Synchrotron Radiation Center in Japan. The spectra were
obtained in transmission mode. The spectral analysis was performed
using Athena and Artemis software included in the Demeter package.

ORR Activity Tests

ORR durability tests were performed using a Nikko Keisoku RDE-1
system with an HZ-7000 bipotentiostat (Hokuto Denko). A catalyst
ink was prepared by dispersing the catalyst powder (5 mg) in a
solution containing water (150 μL), ethanol (150 μL), and Nafion
DE521 (Sigma-Aldrich, 50 μL). The prepared ink (4 μL) was coated
on the glassy carbon disk (0.283 cm2) of a rotating ring-disk electrode
(RRDE) to a final loading of 200 μgcat cm

−2 (Figure S3). Linear
sweep voltammograms (10 mV sec−1) were obtained at a rotation
speed of 1600 rpm in a N2-saturated, 0.5 M H2SO4 aqueous solution
and an O2-saturated solution. The current resulting from the ORR
was determined by subtracting the current obtained under N2 from
that obtained under O2. After the LSV measurements, 50 potential
sweep cycles were carried out between 1.0 and 0 V at 50 mV sec−1 in
the same O2-saturated, 0.5 M H2SO4 aqueous solution; these cycles
were performed to accelerate degradation. After cycling, LSV was
performed under O2 and N2.

Figure 6. Changes in the relative concentration of Fe in Fe-14MR/C
(●) and FePc/C (Δ) during CV cycling under N2 (step 4) (blue)
and O2 (step 5) (red).
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In Situ XAS Measurements

A schematic diagram of the in situ XAS setup is presented in Figure
S4.32 The catalyst ink was dispersed on a polished, glassy carbon
plate; the ink formed a circle with a diameter of 0.5 cm, and the
catalyst loading was 0.4 mgcat cm

−2. The catalyst-coated plate acted as
the working electrode. An RHE and a Pt counter electrode were
placed in a glass cell filled with a 0.5 M H2SO4 aqueous solution. The
electrolyte was saturated with N2 or O2 by bubbling the solution with
each gas at a flow rate of 20 mL min−1 for 10 min. The electrodes
were connected to an HZ-7000 potentiostat (Hokuto Denko Corp.).
Fe K-edge X-ray absorption and X-ray fluorescence were measured by
irradiating the catalyst on the carbon plate with synchrotron X-rays;
the potential of the working electrode was controlled. X-ray
fluorescence was monitored with a multielement, solid-state silicon
drift detector (SSD). The Fe content was evaluated from the X-ray
fluorescence at 8214 eV acquired for 40 s, which corresponds to the
time for 1 cycle of CV. The in situ XAS experimental protocol is
presented in Table 4. In situ XAS measurements were performed at
the BL5S1 beamline at AichiSR. The spectra were analyzed using
Athena software included in the Demeter package.
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