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Structural and mechanistic basis for the high activity
of Fe–N–C catalysts toward oxygen reduction†
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The development of efficient non-platinum group metal (non-PGM) catalysts for oxygen reduction reaction

(ORR) is of paramount importance for clean and sustainable energy storage and conversion devices. The

major bottleneck in developing Fe–N–C materials as the leading non-PGM catalysts lies in the poor

understanding of the nature of active sites and reaction mechanisms. Herein, we report a scalable metal

organic framework-derived Fe–N–C catalyst with high ORR activity demonstrated in practical H2/air fuel cells,

and an unprecedented turnover frequency (TOF) in acid in rotating disk electrode. By characterizing

the catalyst under both ex situ and operando conditions using combined microscopic and spectroscopic

techniques, we show that the structures of active sites under ex situ and working conditions are drastically

different. Resultantly, the active site proposed here, a non-planar ferrous Fe–N4 moiety embedded in

distorted carbon matrix characterized by a high Fe2+/3+ redox potential, is in contrast with those proposed

hitherto derived from ex situ characterizations. This site reversibly switches to an in-plane ferric Fe–N4 moiety

poisoned by oxygen adsorbates during the redox transition, with the population of active sites controlled by

the Fe2+/3+ redox potential. The unprecedented TOF of the active site is correlated to its near-optimal Fe2+/3+

redox potential, and essentially originated from its favorable biomimetic dynamic nature that balances the

site-blocking effect and O2 dissociation. The porous and disordered carbon matrix of the catalyst plays pivotal

roles for its measured high ORR activity by hosting high population of reactant-accessible active sites.

Broader context
Oxygen reduction reaction (ORR) constitutes a critical element in the commercialization of electrochemical energy conversion and storage devices. Consequently,
the replacement of unsustainable noble metal catalysts with earth-abundant materials constitutes a vital technological strategy towards fixing the twin challenge
of energy security and climate change. The success in this regard requires the development of scalable non-precious metal catalysts with high performance in
practical devices, and proper understanding of the nature of active sites and reaction kinetics. In this work we developed a scalable Fe–N–C catalyst with high
ORR activity demonstrated in practical H2/air fuel cells, as well as an unprecedented turnover frequency in acid, measured with a rotating disk electrode.
Combined ex situ and in situ characterizations identify a non-planar ferrous Fe–N4 moiety embedded in distorted carbon matrix characterized by a high Fe2+/3+

redox potential as the active site, and verify the redox mechanism. Such insights form a critical step in our ability to design and scale up future ORR catalysts.

1. Introduction

Eliminating noble metals such as those of the platinum group
(PGM) for cathodic oxygen reduction especially at the interface
with polymer membranes provides for market transformation
of several key technologies ranging from energy conversion in
fuel cells to energy storage devices.1,2 The rapid escalation
of catalytic activity of non-platinum group metal (non-PGM)
catalysts reported recently has shown great promise for M–N–C
materials (M = Fe and/or Co).3,4 M–N–C materials synthesized
through pyrolysis of precursors comprising of transition metals,
nitrogen, and carbon at high temperatures (700–1100 1C)
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constitute the leading non-PGM candidates for the oxygen
reduction reaction (ORR) thus far.5–9 In view of the present
trial-and-error approach optimizing performances via tuning
the synthetic routes and precursor materials, further improve-
ments relies heavily on proper understanding of the nature of
active sites and their catalytic roles toward ORR.

Significant efforts have been devoted to elucidating the
active sites in M–N–C catalysts.5,10–18 To date, three types of
active sites have been shown to exhibit decent ORR activity in
acidic media: metal–nitrogen moieties embedded in carbon
(denoted as MNxCy),9,11,14,16,18,19 nitrogen–carbon moieties
(denoted as NxCy),

20,21 and nitrogen doped carbon encapsulating
inorganic metal species (denoted as M@NxCy).

6,22,23 The major
difference within the three types of active sites lies in the role of
the transition metal M. As for MNxCy moieties, it is widely
believed that the metal M constitutes the core of the active
site,11,18,19,24,25 and the high turnover frequency (TOF) of MNxCy

moieties is controlled by a moderate M–O binding energy.14,16,26

Contrarily, others argue that the transition metal only serves to
catalyze the formation of NxCy active sites during the pyrolysis
rather than being part of the active sites, and the ORR activity
is exclusively attributed to metal-free NxCy sites.27,28 While it is
debatable whether N–C materials prepared with precursors
containing M are really ‘‘metal-free’’ given that even trace
amount of MNxCy moieties can significantly boost the ORR
activity of M–N–C materials,21,29 unadulterated N–C materials
do show some ORR activity in acidic media.20,30 Guo et al.20

recently showed that the active sites of N–C materials are the
carbon atoms next to pyridinic N with Lewis basicity. These may
also be the active sites of M@NxCy species, for which the
encapsulated M does not participate in the ORR directly but
facilitates the ORR via favorable modification of the electronic
properties of the carbon matrix.6,23

While a consensus has been reached that all three types of
active sites are to different extents catalytically active toward
ORR in acidic conditions, the relative contributions of each
type of site to the overall ORR activity of pyrolyzed M–N–C
materials is still a controversial subject. This is mainly because
all three types of active sites co-exist in most of the pyrolyzed
M–N–C materials, rendering difficult correlations between the
overall measured activity and the iron speciation. Given that
NxCy sites are always present in pyrolyzed M–N–C materials,
numerous efforts have attempted to separately evaluate the
specific activity and selectivity of M@NxCy and MNxCy species.5,6,31

Most recently, Fe–N–C catalysts without any Fe@NxCy species were
successfully developed and exhibited exceptional ORR activities and
near 4e� pathway in acidic media.5,31 The authors accordingly
inferred that the Fe@NxCy species made insignificant contributions
to the overall ORR activity in acid electrolyte relative to the
contribution from co-existing FeNxCy moieties. This is in line
with Dodelet’s study that shows the ORR activity of the state-of-
the-art Fe–N–C catalysts containing FeNxCy moieties are usually
much higher than those of Fe–N–C catalysts containing only
inorganic Fe species.32 However, a metal organic framework
(MOF)-derived Fe–N–C catalyst free of any FeNxCy species
was recently developed, having an ORR activity comparable to

state-of-the-art Fe–N–C contemporaries in acidic media.6 This
can be explained as the reactivity of M@NxCy species varies
with the thickness of the N-doped carbon shells surrounding
the metal core.33,34 This thickness may depend from the
different preparation routes and/or using different precursors.
Despite the uncertainty of M@NxCy species’ catalytic roles, high
ORR activity is demonstrated on Fe–N–C catalysts that do not
contain any Fe@NxCy species. The ORR activity is mostly
attributed to FeNxCy moieties rather than NxCy sites since the
ORR activities of NxCy sites are generally significantly inferior,
at least in acidic media, to their FeNxCy counterpart sites.29,35

Alternatively, some researchers believe that both FeNxCy moieties
and NxCy sites are required to efficiently perform the 4 electron
ORR on the basis of dual site mechanisms.15,36

Although ample experimental5,14,17,18,31,35 and computa-
tional14,37–39 evidence reported thus far point to the pivotal
roles of FeNxCy moieties for the ORR activity of pyrolyzed Fe–N–C
catalysts, the exact structures of the FeNxCy moieties formed
upon high temperature pyrolysis are still under extensive debate,
and how these sites mediate the ORR in electrochemical
conditions also remains elusive, with little operando spectro-
scopic data being available hitherto. There appears to be a growing
consensus that at least two types of Fe–N4 moieties coexist, namely
a ferrous low-spin Fe–N4 site (D1) and a ferrous intermediate spin
Fe–N4 site (D2),5,11,17,18,31,40 and that D1 is mainly responsible for
the ORR activity.11,12,17,31 The high intrinsic ORR activity of D1
is ascribed to the high electron density at the central Fe ion.12 It
is noted that these results are drawn largely on the basis of
ex situ Mössbauer spectroscopy characterizations. Different
results have been reported based on other techniques. Most
recently, Zitolo et al.5 argued that the two Fe–N4 moieties shall
be assigned to in-plane or near in-plane Fe–N4 porphyrinic
architectures with two different O2 adsorption configurations
(the central Fe is hexa- or penta-coordinated with 5th and/or 6th
axial oxygen ligand), and the site is formed via integration of
Fe–N4 moieties at the bridging edges of graphitic pores or zigzag
graphene edges, based on ex situ X-ray absorption spectroscopy
(XAS) analysis. Moreover, they stated that the high ORR activity
of the sites is not solely determined by the local geometry of the
active sites but is also positively tuned by the basicity of the
N-doped carbon matrix, which was also shown to be critical for
the ORR activity of NxCy sites recently.20 In parallel, by employing
in situ XAS, we recently confirmed the Fe–N4 local configuration
of Fe-sites in macrocycle-derived and polymer-derived Fe–N–C
materials. However, the central Fe cation was found to be out-of-
plane under reducing electrochemical conditions.14,16 Moreover,
we demonstrated that the central Fe moves back in the N4-plane
at high potential, following oxidation state change and adsorption
of oxygen adsorbates. This behavior is opposite to that observed
with non-pyrolyzed Fe–N4 macrocycles.14 This unusual in-plane/out
of plane switching behavior accounts for the superior ORR activity
of pyrolyzed Fe–N–C materials by optimizing the bond strength
between the Fe center and the ORR intermediates. Overall, these
recent advances using in situ synchrotron-based X-ray spectroscopy
techniques appear to highlight the complexity of such materials. It
is unclear whether these discrepancies are induced by the different
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structures of active sites between ex situ and in situ conditions,
or by the bias caused by the inherent limitations of different
techniques, or both. The verifications of these questions will
greatly advance the fundamental understanding of the nature of
active sites in M–N–C materials.

In this work, a highly active MOF-derived Fe–N–C catalyst
with a majority of Fe as FeNxCy moieties and a minimum
amount as Fe@NxCy sites is developed using a facile and
scalable method. A variety of microscopic and spectroscopic
techniques including ex situ Mössbauer and in situ XAS are
combined to elucidate the structural and mechanistic basis of
the high performance of this catalyst. In particular, detailed
comparison analysis between ex situ XAS and Mössbauer
results, and between ex situ and in situ XAS is conducted to
address the discrepancies regarding the nature of active sites.
We show that the discrepancies can be addressed by assigning
the D1 site to an in-plane high-spin Fe3+–N4 moiety rather than
a low-spin Fe2+–N4 moiety previously proposed based on ex situ
characterizations. The local configuration of D1 under ex situ
conditions cannot be directly linked to the measured activity
as it is identical to the configuration identified at elevated
potentials when the site is ORR inactive with the central Fe
cation poisoned by oxygen adsorbates. The local configuration

switches to an out-of-plane Fe2+–N4 configuration when the
potential is decreased below the Fe2+/3+ redox potential. The
close correlation between the Fe2+/3+ redox potential and
the onset of ORR observed electrochemically is rationalized
by the findings that the number of available active sites
decreases sharply when the applied potential crossing the redox
potential anodically. This verifies that the site-blocking effect
governed by the Fe2+/3+ redox potential plays a dominant role
for the catalytic activity of FeNxCy sites. A comprehensive under-
standing of the unprecedented TOF value of the active site in this
catalyst is given on the basis of the established redox mechanism.

2. Results
2.1 Physicochemical characterizations

The FePhenMOF–ArNH3 catalyst is synthesized by mixing the
metal organic framework (MOF) template formed via the reactive
ball milling with Fe and N precursors, followed by two heat
treatments, first in Ar and then in NH3, respectively (Fig. 1).
Multiple techniques are combined to characterize the MOF-
derived material at different synthesis stages to track the
formation of the final products. The powder X-ray diffraction

Fig. 1 Schematic illustration of the synthesis procedure of the FePhenMOF–ArNH3 catalyst and the physicochemical characterizations. (a) X-ray
diffraction pattern of non-pyrolyzed MOF, FePhenMOF and Basolite Z1200s. (b) X-ray diffraction pattern of FePhenMOF–Ar and FePhenMOF–ArNH3.
(c) TEM image of FePhenMOF–ArNH3 before acid wash; scale bar, 50 nm. (d) Raman spectrum of FePhenMOF–ArNH3 after acid wash. (e) SEM image of
FePhenMOF–ArNH3; scale bar, 500 nm (f) TEM image of FePhenMOF–ArNH3 after acid wash; scale bar, 200 nm. (g) XPS spectra of N 1s for FePhenMOF–ArNH3.
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(XRD) spectra of the MOF synthesized through a solid state
reaction, in comparison with the as-received Basolites (Sigma,
Basolite Z1200) confirm the formation of the crystalline ZIF-8
structure (Fig. 1a). This structure remains undisturbed upon
ball milling of the mixture of the as-prepared MOF and iron(II)
acetate and 1,10-phenanthroline, though extra peaks from
the phenanthroline are observed in the product FePhenMOF
(Fig. 1a). This suggests the presence of free 1,10-phenanthroline
in the near-surface region rather than in the inner body, other-
wise a positive shift in XRD peaks caused by encapsulation of
phenanthroline within the MOF would be observed, as shown in
our previous work.6 In that work, the phenanthroline and iron(II)
acetate were mixed with other precursors via a wet chemical
method during the formation of the MOF. The Fe-species in the
final products are exclusively inorganic Fe species encapsulated
by graphitized carbon (Fe@NxCy), which is ascribed to the
effective encapsulation of phenanthroline and iron(II) acetate
promoted by the synthesis route. On the other hand, in the
present study the MOF had already been formed via the solid
state reaction prior to the addition of phenanthroline and iron(II)
acetate. The Fe-species including both FeNxCy and metallic Fe are
preferentially formed in the near surface regions in a decorated
manner, which is reasonably attributed to the absence of encap-
sulation of Fe and N precursors in this route. These comparison
results clearly show that the final products in MOF-derived
materials are controllable, despite their extreme sensitivity to
the synthesis route.

The formed FePhenMOF precursor is subjected to pyrolysis
(1050 1C) in Ar atmosphere (denoted as FePhenMOF–Ar here-
after), followed by a second pyrolysis at 1050 1C in NH3

(denoted as FePhenMOF–ArNH3 hereafter). The first pyrolysis
transforms the crystalline FePhenMOF precursor into a disordered
carbonaceous material as shown by the absence of sharp XRD
diffraction lines, except for two broad peaks typical for amorphous
carbon (Fig. 1b). The high disorder of the carbon matrix is
further supported by the Raman spectra where the intensity
of the D-band (disorder vibration mode) is higher than that of
G-band (graphitic carbon) (Fig. 1d).41 The amorphous MOF-
derived materials also exhibit porous, alveolar, and interconnected
hollow structures as clearly seen by transmission electron micro-
scopy (TEM) (Fig. 1c), and abundant macropores (50–100 nm)
displayed in the scanning electron microscopy (SEM) images
(Fig. 1e). These properties have been previously observed on
analogous MOF-derived materials,5,6,8 and demonstrated to
facilitate the mass transportation of ORR-related species and
water towards and away from the catalytic active sites that is
critical for fuel cell performance. Another advantage of the MOF
is the high BET area that is closely related to active site
population.8,17,42 The second pyrolysis in NH3 drastically
increases the BET area from 378 m2 g�1 to an ultra-high value
of B1360 m2 g�1 (ESI,† Fig. S1). More specifically, the surface
area of micropores increases drastically from 115 to 872 m2 g�1

(ESI,† Table S1). This is critical for ORR activity as the micro-
pores host most of the active sites, and a nearly linear correlation
between the micropore surface area of Fe–N–C catalysts and the
ORR activity has been reported.43,44 The enhanced porosity is

ascribed to the formation of pores by the etching of the carbon
by NH3, and more time and space for trapped Zn atoms to
escape as volatile products.

While the high temperature (Z700 1C) pyrolysis brings on
many favorable aspects of the FePhenMOF–ArNH3 catalyst, it
also causes the formation of agglomerated inorganic Fe species
as seen by TEM (Fig. 1c), which becomes indiscernible upon
acid-leaching of the catalyst (Fig. 1f). Only minimal amount of
inorganic Fe species is observed by Mössbauer spectroscopy
and X-ray absorption spectroscopy (XAS) as shown later in
Fig. 3. These results together demonstrate that the inorganic
Fe species in FePhenMOF–ArNH3 is nearly completely dissolved
in acid, which differs from most previously reported pyrolyzed
Fe-based catalysts,6–8,15,18 for which some inorganic Fe species
encapsulated in carbon (Fe@NxCy) is stable in acid. The
absence of Fe@NxCy is likely related to the omission of the wet
impregnation step during the synthesis, given that the Fe-based
catalysts free of Fe@NxCy after acid-leaching recently reported by
Bogdanoff’s and Kramm’s31 and Jaouen’s5 groups were also
synthesized via a dry mixing preparation method. In addition,
the complete removal of inorganic Fe species upon acid-leaching
in this work supports the hypothesis that such species were
selectively formed in the near-surface region, easily accessible to
the acidic electrolyte. Since the catalytic role of Fe@NxCy is
unclear so far,6,15,31 the absence of these species in FePhen-
MOF–ArNH3 offers good opportunity to elucidate the structure–
activity correlations of FeNxCy moieties.

The FeNxCy species in the near-surface region of FePhenMOF–
ArNH3 was first probed by X-ray photoelectron spectroscopy
(XPS). XPS confirms that the nitrogen content in FePhenMOF–
ArNH3 is B6.0 wt% with varying contributions from pyridinic,
Fe–Nx, pyrrolic, quaternary, and graphitic nitrogen species
(Fig. 1g) (full information of the at% and wt% of C, N, O, and
Fe detected by XPS are given in ESI,† Table S2). Such high
concentration of nitrogen requires chemical coordination of the
metal sites as directly evidenced by the relatively high Fe–Nx peak
intensity (binding energy of 399.9 eV). The ultra-high content of
pyridinic N (398.7 eV), which was proposed to be a descriptor for
edge plane exposure since it is preferentially located at the edges
of the carbon layers,45 has been positively related to the ORR
activity for metal-containing catalysts.35 In addition, distorted
FeNxCy species also contribute to the pyridinic nitrogen XPS peak.35

Therefore, the high content of pyridinic N in FePhenMOF–ArNH3

indicates high content of distorted FeNxCy species embedded in
the defects and edges populated in the porous carbon matrix as
corroborated by XAS shown below.

2.2 Electrochemical testing

The FePhenMOF–ArNH3 catalyst was electrochemically characterized
with a rotating ring disk electrode (R(R)DE) and in a practical H2/air
proton exchange membrane fuel cell (PEMFCs) (Fig. 2). It
exhibits a current density of B50 mA cm�2 at 0.8 V in a PEMFC
(without IR corrections) and a peak power density of B0.4 W cm�2

at 0.4 V (or a current density of 1 A cm�2), reaching approxi-
mately 64% the power density of the Pt-cathode under the
same operating conditions (Fig. 2a). The performance of the
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FePhenMOF–ArNH3 catalyst is among the highest activities of
non-PGM cathodes reported in real PEMFCs.5–8 In addition, the
FePhenMOF–ArNH3 catalyst has been successfully scaled up to
150 grams of the MOF precursor and 6 grams of the final
catalyst out from the 30 grams of FePhenMOF precursor (the
yield of the heat treatments is 20%, which is comparable with
our lab-scale synthesis) with comparable PEMFC performance
at the present stage (ESI,† Fig. S2 with detailed procedure for
scale up provided).

FePhenMOF–ArNH3 also exhibits exceptional ORR activity in
RDE. It shows an onset potential (Eo defined as the potential
with the associated current density reaching 1% of the limiting
current density) of 0.98 V vs. reversible hydrogen electrode (RHE)
(hereafter, all the potentials mentioned in this paper are versus RHE
unless otherwise specified) and a half-wave potential (E1/2) of
B0.78 V (Fig. 2b). This represents only B55 mV deviation from
that of commercial Pt/C (46 wt% Tanaka) despite the ultralow Fe
loading (0.5 wt% as confirmed by inductively coupled plasma mass
spectrometry (ICP-MS)), implicating the high intrinsic activity of
active sites in this catalyst. The unprecedented TOF of the active site
in this catalyst will be reported and thoroughly discussed later.

As clearly seen in Fig. 2c, the ORR onset of the catalyst
is strongly correlated to the Fe2+/3+ redox peak obtained by

square-wave voltammetry (SWV). This correlation has been
previously observed on various Fe–N–C catalysts, and considered
as strong evidence for the direct involvement of the central Fe ion
in the ORR via the redox mechanism.14–16,24 This Fe2+/3+ redox
peak is indiscernible in the broad CV of FePhenMOF–ArNH3,
likely a result of being overwhelmed by the high double layer
capacitance (Fig. 2c and ESI,† Fig. S3). Interestingly, the FePhen-
MOF–Ar catalyst without the subsequent pyrolysis in NH3 exhi-
bits a much narrower CV and a pair of well-defined Fe2+/3+ redox
peaks around 0.78 V, comparable to the redox potential of
FePhenMOF–ArNH3 obtained by SWV. Moreover, both the double
layer capacitance and the ORR polarization curve in the kinetic
region of FePhenMOF–Ar nearly overlap those of FePhenMOF–
ArNH3 divided by a factor of five (Fig. 2c). The effective electro-
chemical surface area (Sa) derived from the double layer capacitance
(detailed calculations are provided in ESI†)46,47 is close to the
micropore surface area for both catalysts (ESI,† Table S1). This
strongly suggests that the micropores, which by themselves are
hardly accessible by electrolytes and molecules,47,48 make
significant contributions to the Sa that is primarily contributed
from pores accessible by the electrolytes and molecules.48 This
is made possible by the relatively populated mesopores and
macropores that effectively transport reactants and products

Fig. 2 (a) H2/air fuel cell polarization curves and corresponding power density curves for same MEA collected with FePhenMOF–ArNH3 (loading of
2 mg cm�2), a Pt/C (0.4 mgPt cm�2 loading) cathode reference was used for comparison (detailed experimental information provided in the Experimental
section). (b) Rotating ring disk electrode (RRDE) ORR polarization plots collected with FePhenMOF–ArNH3, Tanaka Pt/C in O2-saturated 0.1 M HClO4

electrolyte at 20 mV s�1 with rotation rate of 1600 rpm at room temperature. (c) Cyclic voltammogram (CV) plots collected with FePhenMOF–ArNH3 and
FePhenMOF–Ar in Ar-saturated 0.1 M HClO4 electrolyte at 20 mV s�1 at room temperature, together with the ORR polarization plots (cathodic scan) with
rotation rate of 1600 rpm; the plots of FePhenMOF–ArNH3 are divided by a factor of 5 for comparison purposes; the comparison plots without scaling
are displayed in ESI,† Fig. S3. The Fe2+/3+ redox peak of FePhenMOF–ArNH3 (blue dashed line) is obtained by square-wave voltammetry. (d) Percentage of
H2O2 released during ORR. The ring currents were collected concurrently with the disk currents shown in (c) for FePhenMOF–ArNH3 and FePhenMOF–Ar.

Energy & Environmental Science Paper

Pu
bl

is
he

d 
on

 1
0 

Ju
ne

 2
01

6.
 D

ow
nl

oa
de

d 
by

 N
or

th
ea

st
er

n 
U

ni
ve

rs
ity

 o
n 

27
/0

1/
20

17
 0

3:
26

:0
5.

 
View Article Online

http://dx.doi.org/10.1039/C6EE01160H


This journal is©The Royal Society of Chemistry 2016 Energy Environ. Sci., 2016, 9, 2418--2432 | 2423

toward and away the active sites in micropores.49 This indicates
that while the second pyrolysis in NH3 greatly increases the
population of active sites available for ORR by increasing the
population of pores accessible to the electrolyte and molecules,
it does not alter the nature of the active sites. This is in line with
the recent findings on analogous MOF-derived Fe–N–C catalysts
that the XANES and Mössbauer spectra before and after the
second pyrolysis in NH3 are identical,5 and multiple heat treatments
enhance the utilization of active sites.40 Therefore, the improved
ORR activity induced by the second pyrolysis in NH3 is attributable
to the increased active site population accessible for ORR, and/or
the higher basicity of the carbon matrix, as proposed by Zitolo
et al.,5 rather than assigned to a hypothetical change in the
structure of the active sites. These results together strongly
suggest that the redox mechanism we established on intact
macrocycles, macrocycle-derived, and polymer-derived Fe–N–C
catalysts14–16 are also applicable to the MOF-derived Fe–N–C
catalysts, which will be confirmed by in situ XAS shown below.

The low percentage of H2O2 released during ORR as evidenced
with the measured ring current in the RRDE indicates the full
4e� reduction of oxygen to water (Fig. 2d) for both catalysts. The
comparable H2O2 yields between the two catalysts, despite their
drastically different active site population, further suggests that
the 4e� reduction is delivered by one active site rather than two
adjacent active sites through dual site mechanisms.15,36

To probe the structural and mechanistic basis of its high
ORR activity, the FePhenMOF–ArNH3 catalyst was subjected to

ex situ Mössbauer and in situ XAS characterizations. Both of
these spectroscopic techniques have proven extremely suitable
for characterizing Fe-based catalysts as they are ultra-sensitive
to the electronic configuration and coordination environment
of the central Fe ions in the complex materials.5,6,11,14–18

Furthermore, the combination of these two complementary
techniques offers unique advantages in elucidating the nature
of the active sites as the in situ XAS can quantitatively determine
the bulk average bond distance, coordination number, oxidation
state of the central Fe under operating conditions, while
Mössbauer can distinguish between analogue Fe–N sites with
different oxidation and/or spin states.

2.3 Ex situ characterizations

The Mössbauer spectrum of the FePhenMOF–ArNH3 catalyst
was fitted with two doublets, in addition to a singlet assigned to
g-Fe (Fig. 3a) representing 6.5% of the resonance area. The
doublet D1 has been widely observed in both Fe-macrocycle-
pyrolyzed catalysts10–12 and Fe–N–C catalysts synthesized from
individual Fe, N, and C precursors,5,17,18 and commonly
assigned to the low spin Fe2+–N4 moiety. The isomer shift (IS)
and quadrupole splitting (QS) values of D2 are typical for the
square-planar intermediate-spin Fe2+–N4 moiety in the ferrous
iron phthalocyanine (FePc).25,50 Bulk FePc is thus measured by
XAS here to obtain a reference spectrum of D2. The shoulder at
7117 eV in the XANES (Fig. 3c), which arises from the 1s - 4pz

transition with simultaneous ligand to metal charge transfer,51

Fig. 3 Room temperature Mössbauer absorption spectrum and its deconvolution for the FePhenMOF–ArNH3 dry powders (a) and the corresponding
ex situ FT-EXAFS (b), XANES (c), and the first derivative of XANES spectra (d). The Mössbauer measurement was performed at room temperature and
calibrated vs. a-Fe foil. The XAS spectra of FePc, FePcCl, and FeTPPCl were included as references.

Paper Energy & Environmental Science

Pu
bl

is
he

d 
on

 1
0 

Ju
ne

 2
01

6.
 D

ow
nl

oa
de

d 
by

 N
or

th
ea

st
er

n 
U

ni
ve

rs
ity

 o
n 

27
/0

1/
20

17
 0

3:
26

:0
5.

 
View Article Online

http://dx.doi.org/10.1039/C6EE01160H


2424 | Energy Environ. Sci., 2016, 9, 2418--2432 This journal is©The Royal Society of Chemistry 2016

is the fingerprint of square-planar Fe2+–N4 moieties (D4h

symmetry).14,16 While this feature is not perceptible in the
XANES of the FePhenMOF–ArNH3 catalyst (Fig. 3c), it does
emerge in the first derivative of the XANES (Fig. 3d). The
faintness of this feature appears to contradict the high relative
area of D2 determined by Mössbauer (58.4% of the resonance
area, Table 1) at first glance. It is noted that the line width
(1.22 mm s�1) of the D2 site in this catalyst lies in the range of
that (1.1–1.4 mm s�1) reported for the D2 in various pyrolyzed
Fe–N–C materials,5,31,52–54 but is much larger than that of bulk
FePc (0.39 mm s�1),55 underlining the multiplicity of the local
iron environments. This is not surprising as the D2 sites in the
MOF-derived catalyst are hosted in highly disordered carbon
matrix as shown above, which is drastically different from
the carbon environment of the D2 sites in bulk FePc. This
difference is further supported by the EXAFS data. The Fourier
Transforms (FT) peaks between 2–3 Å present for the bulk FePc,
which arise from the coherent scattering of the carbon atoms
in the second shell (Fig. 3b), are absent for the FePhenMOF–
ArNH3 catalyst owing to the incoherent scattering from the
disordered carbon. It is thus reasonable to infer that the
square-planar Fe–N4 structure is somewhat distorted when
embedded in the disordered carbon matrix, which accounts
for the weakness of the fingerprint feature as it is extremely
sensitive to the local D4h symmetry and will be greatly suppressed
by the distortion.51,56

The ex situ FT-EXAFS data also show the presence of Fe–Nx

and inorganic iron species (Fig. 3b) in FePhenMOF–ArNH3. The
low intensity of the Fe–Fe scattering peak at B2.1 Å (without
phase corrections) is indicative of the minimal amount of
inorganic Fe species (Fig. 3b), in agreement with the low
resonance area g-Fe obtained by Mössbauer. Therefore, the
ex situ Mössbauer and XAS data converge to the co-existence
of multiple Fe–Nx moieties and minimal amount of inorganic
Fe species in the catalyst.

However, profound discrepancies between ex situ Mössbauer
and XAS results lie in the coordinates and oxidation state of the
Fe–Nx species. The overall XANES profiles of the FePhenMOF–
ArNH3 dry powders are more analogous to those of iron(III)
phthalocyanine chloride (FePcCl), iron(III) meso-tetraphenylporphine
chloride (FeTPPCl) (Sigma-Aldrich) (Fig. 3c), and OH–Fe3+–N4

sites,14,57 rather than those of the iron(II) phthalocyanine or
porphyrins. In addition, the EXAFS fitting results further suggest
that the average first shell coordinate number (CN) of the central
Fe is greater than four (ESI,† Table S3). These ex situ XAS results
together suggest that some of the D1 and/or D2 species in the dry
powders are Fe3+–N4 moieties covered by oxygen adsorbates.

These discrepancies also exist in the previous work reported by
Zitolo et al.5 They claimed that the O2–Fe–N4 with two different
oxygen binding configurations are the active sites of the highly
active MOF-derived Fe–N–C catalysts on the basis of ex situ XAS
analysis, although their Mössbauer results point to the two
Fe2+–N4 species (D1 and D2). It should be noted that the low-
spin Fe2+–N4 moiety (D1) cannot be distinguished from the
high-spin Fe3+–N4 moiety only on the basis of Mössbauer
analysis due to their comparable Mössbauer parameters such
as isomer shift and quadrupole splitting.58 Some researchers
indeed assigned D1 to a six-coordinate Fe3+ compound.10,59

However, such an assignment encounters another problem that
the six-coordinate Fe3+ compound is coordination saturated and
not accessible by oxygen molecules. The affinity of O2 for six-
coordinate Fe3+ compound has not yet been reported.55

2.4 In situ characterizations

These difficulties are well addressed by in situ XAS studies that
characterize the local structure of active sites under operating
conditions, hereby capturing structural and oxidation changes
during ORR.14 As shown in Fig. 4a, the Fe K-edge XANES of the
FePhenMOF–ArNH3 catalyst collected in O2/N2-saturated 0.1 M
HClO4 electrolyte shifts toward higher energy when the applied
potential is increased from 0.1 to 1.0 V. These XAS spectra as a
function of applied potential are reversible. The concurrent
increase in the intensity of the Fe–N/O scattering FT-EXAFS
peak (Fig. 4b) is indicative of the adsorption of OHads as
confirmed by the EXAFS fittings (ESI,† Table S3). The corre-
sponding Dm-XANES data (Fig. 4c) can be nicely reproduced by
the theoretical Dm-XANES obtained by subtracting the XANES of
the bare FeN4Cx model from that of the FeN4Cx model with an
axially bonded oxygen atom (Fig. 4d).14,16 These XAS results,
which have been previously observed on various Fe–N–C catalysts,14

point to the Fe2+–N4/Ox–Fe3+–N4 redox transition associated with the
oxygen species adsorption. The oxygen adsorbates come exclusively
from water activation in the N2-saturated 0.1 M HClO4 electrolyte
(eqn (1)), and/or ORR (eqn (2)) in the O2-saturated 0.1 M HClO4

electrolyte. The identical in situ XAS signals obtained in O2/N2-
saturated electrolytes indicate that the Fe2+–N4/OHads–Fe3+–N4

transition is controlled by the redox potential of the site in
aqueous conditions.

Fe2+–N4 + H2O 2 OHads–Fe3+–N4 + H+ + e� (1)

Fe2+–N4 + 1/2O2 + H+ + e� - OHads–Fe3+–N4 (2)

Significantly, the ex situ XANES, FT-EXAFS, and Dm-XANES data
of the FePhenMOF–ArNH3 dry powders nearly overlap those of

Table 1 Mössbauer parameters and relative absorption area obtained for each component from the fitting of the experimental spectrum recorded at
room temperature. The isomer shift is given versus that of a-Fe

Relative
area/%

Isomer
shift/mm s�1

Quadrupole
splitting/mm s�1 Linewidth/mm s�1 Assignment Ref.

Singlet 6.5 0.01 — 0.42 g-Fe or superparam�Fe 5, 12, 17 and 31
D1 35.0 0.35 1.05 0.71 Ox–FeIII–N4 high spin 10 and 59
D2 58.5 0.35 2.71 1.22 Distorted FeII–N4 intermediate spin 5, 12, 17 and 31
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the in situ electrode at potentials above the redox potential such
as 1.0 V or the open circuit voltage (OCV = 0.98 V) (Fig. 4). This
provides unequivocal evidence that the exposed active sites in
FePhenMOF–ArNH3 at ex situ aerobic conditions are in the
form of Fe3+–N4 moieties covered by oxygen adsorbates (coming
from the air) as under elevated potentials, rather than the
reduced Fe2+–N4 moieties at low potentials. These results are
in direct contrast with the absence of ferric Fe signal in electron
paramagnetic resonance (EPR) for Fe–N–C catalysts that solely
contain FeNxCy moieties (i.e. showing only doublets D1 and D2
in Mössbauer spectroscopy).31 However, the ex situ XANES of
their Fe–N–C samples with poorly defined XANES features are
similar to that of the ferric FeTMPPCl/C or to that of our
FePhenMOF–ArNH3 dry powders, but drastically different from
that of ferrous FePc/C (Fig. 4 in ref. 31) with well-defined XANES
features.31 Although no explanation for the discrepancies can
be proposed at this time, it is worth noting that their Fe–N–C
sample was subjected to intense deoxygenation pre-treatment
before the EPR measurements that were conducted at 5 K,31

whereas the ex situ electrodes for the XAS measurements here
had been exposed to air at room temperature without any
pre-treatments. Considering the comparable Mössbauer para-
meters between zero-spin Fe2+–N4 and high-spin Fe3+–N4

moieties, the D1 site is assigned to the high-spin Ox–Fe3+–N4

rather than low-spin Fe2+–N4 moiety here. This assignment is

strongly supported by the fact that the IS and QS values of D1
are close to those (IS = 0.18 mm s�1; QS = 1.00 mm s�1) of the
m-oxo derivative of FePc with the local configuration of high-
spin Fe3+ coordinated by four equatorial nitrogen atoms and
one axial oxygen atom.55 This assignment attractively solves the
discrepancies between ex situ Mössbauer and in situ XAS
results. The coordinate saturation difficulty is naturally resolved
because the active sites during ORR are not the Fe3+–N4 moieties
covered by oxygen adsorbates identified at ex situ conditions or
in situ at potentials higher than the Fe2+/3+ redox potential, but
the counterpart Fe2+–N4 moieties below the Fe2+/Fe3+ redox
potential for pyrolyzed moieties.

In addition to the Fe oxidation state and coordinates, the
bulk average Fe–N bond distance (RFe–N) also changes drastically
upon the Fe2+/Fe3+ redox transition, which is however not
manifested in eqn (1) and (2). The RFe–N obtained at 1.0 V or
dry powders (1.99 Å) agrees well with those of analogous
MOF-derived Fe–N–C catalysts given by combined EXAFS and
XANES analysis (1.99–2.01 Å).5 This RFe–N is identical to that of
iron porphyrins (1.99–2.01 Å) and the analogous MOF-derived
Fe–N–C catalysts,5 suggesting the in-plane Fe configuration for
both D1 and D2 sites corroborated by ex situ Mössbauer results.
On the other hand, the RFe–N obtained at 0.1 V (2.07 Å) is much
longer, which strongly indicates the presence of ferrous FeNxCy

moieties with out-of-the-plane Fe configuration. This is further

Fig. 4 Ex situ and in situ XANES (a), FT-EXAFS (b), and Dm-XANES (c) of the FePhenMOF–ArNH3 catalyst. Ex situ data were firstly collected on the dry
electrode, and the in situ spectra were collected at 0.1–1.0 V on the same electrode in O2/N2-saturated 0.1 M HClO4 at room temperature; not all in situ
data are displayed in (a) for simplicity, and the figure with full dataset is provided in ESI,† Fig. S4; and (d) theoretical Dm-XANES obtained by FEF9
calculations using the structural model (Fe–N4–C8) (inset) with/without axially bound O atom. The Fe, N, C, and O atoms are represented by yellow, blue,
grey, and red spheres, respectively.
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confirmed by XANES spectra that are ultrasensitive probes of
the electronic configuration and local geometry of the probed
atoms.14 As seen in Fig. 5, FePc and FePhenMOF–ArNH3 exhibit
the features A–E with different amplitude and/or position,
which are diagnostic of the local structure differences within
the Fe2+ complexes with varied Fe–N bond distances or local
symmetry.14 While the features A–E of FePc are the fingerprints
of the square-planar Fe–N4 structure, the features A–E of
FePhenMOF–ArNH3 (MOF-derived), FeTPP-800/C (macrocycle-
derived), and PANI–Fe–C (polymer-derived) catalysts14 are fairly
similar, and represent an non-planar Fe–N4 structure (a detailed
discussion regarding the XANES analysis can be found in
our previous publication)14 (Fig. 5). These in situ XANES results
are in agreement with the recent findings that almost all
the pyrolyzed Fe–N–C catalysts contains both D1 and D2 sites
irrespective of the precursor materials.5,17,18 Given the in-plane
Fe configuration of D2, D1 must have a distorted Fe–N4 struc-
ture featured with out-of-plane Fe displacements and elongated
Fe–N bond distances. The central Fe ion in D1 moves back
toward the N4-plane upon the adsorption of oxygen species, and
the corresponding in-plane Ox–Fe–N4 moiety is the site seen
under ex situ conditions. This Fe–N switching behavior has been
previously assigned to D3 with a fifth ligand X–Fe2+–N4 by us14

on the basis of in situ XAS analysis, in addition to the fact that it
is a typical Fe–N switching behavior for non-coplanar Naxi–Fe2+–N4

sites in biological macrocycles such as myoglobin.60 However, the
presence of D3 in FePhenMOF–ArNH3 is not supported by
Mössbauer. We therefore conclude that it is the D1 site that
exhibits the unusual Fe–N switching behavior mimicking that of
biological macrocycles despite the lack of the fifth ligand.

Compiling all the above results, D1 at low potential (below
Fe2+/3+ redox) is composed of a distorted Fe2+–N4 moiety
embedded in amorphous carbon matrix characterized with
out-of-plane Fe displacements. The central Fe ion moves back
towards the plane upon the adsorption of oxygen species in the
axial position at high potential (above Fe2+/3+ redox) (Scheme 1).

These characteristic aspects of D1 are strikingly different from
those of intact macrocycles such as FePc61 or FeTPP:14 a square-
planar Fe2+–N4 moiety in ordered carbon environment with the
central Fe shifting away from the N4-plane upon oxygen species
adsorption. These essential differences account for the superior
ORR activity of the active site formed upon pyrolysis to that of
the nonpyrolyzed Fe-macrocycle compounds. The poor ORR
activity of D2 in acid is mainly attributed to the strong Fe–O
binding energy that hinders oxygen adsorbate desorption,62 as
well as the completely filled dz2 orbital of the intermediate-spin
Fe that prevents the end-on adsorption of molecular oxygen.18

Both of these detrimental factors are largely eliminated by
the opposite Fe–N switching behavior of D1.14 Specifically,
the Fe–O binding energy of the in-plane O–Fe3+–N4 moiety is
weaker than that of the out-of-plane Ox–Fe3+–N4 moiety; and
the dz2 orbital of the out-of-plane Fe2+–N4 motif is only partially
filled.14 This also supports the previous report by Kramm
et al.12 that attributed the higher TOF of D1 to the higher
electron density of the central Fe, as the longer Fe–N bond
distance of D1 decreases the Fe-to-ligand back-donation resulting
in an increase of the electronic charge at the Fe center.63 The
weakening of the Fe–O binding energy, or the enrichment of
the electron density is expected to increase the Fe2+/3+ redox
potential. Indeed, the Fe2+/3+ redox potential of the D1 in
FePhenMOF–ArNH3 (0.78 V) is higher than that of the D2 in
bulk FePc (0.64 V) (ESI,† Fig. S5).24 If assuming the local
structures of the D2 in FePhenMOF–ArNH3 and in bulk FePc
are not drastically different as supported by their similar
Mössbauer parameters, the superior activity of D1 to that of
D2 can be largely attributed to the higher redox potential, or
equivalently the weaker Fe–O binding energy, that significantly
alleviate the site-blocking effects according to the redox mechanism
discussed below.

Fig. 5 XANES spectra of FePhenMOF–ArNH3 collected at 0.1 V in
N2-saturated 0.1 M HClO4; the XANES spectra of bulk FePc as a square-
planar Fe2+–N4 standard is included as a reference of D2 (inset). XANES
spectra of PANI–Fe–C and FeTPP-800/C collected at the same conditions
(reproduced from our earlier work14) are also included for comparison.
Note the differences in the relative intensity of features C and D.

Scheme 1 The proposed local structure of D1, and the derived Fe–N
switching behavior governed by the Fe2+/3+ redox potential is illustrated by
the structural model (Fe–N4–C8) with/without axially bound O atom. The
Fe, N, C, and O atoms are represented by yellow, blue, grey, and red
spheres, respectively.
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3. Discussions

Based on in situ XAS studies on macrocycle-derived and
polymer-derived Fe–N–C catalysts, we recently proposed that
the ORR process is mediated by the reversible Fe2+/3+ redox
transition that is driven by the potential difference between the
redox potential and the applied potential, and the population
of the catalytically active sites and the reaction rate can be
expressed as:

Nactive ¼ Ntotal
1

1þ e
F
RT

E�Eredoxð Þ
(3)

YO� ¼
Ntotal �Nactive

Ntotal
¼ 1

1þ e�
F
RT E�Eredoxð Þ

(4)

J / Ntotal 1�YO�ð Þ exp �DH�

RT

� �
exp �E � E0

b

� �
(5)

where J is the kinetics current density obtained at the applied
potential E. Nactive and Ntotal are the available and total number
of surface active sites, respectively; F is the Faraday constant; R
is the universal gas constant; T is the temperature; Eredox is the
redox potential under the relevant operation conditions; YO* is
the coverage by adsorbed oxygen species at potential E; DH* is
the activation entropy for the electrocatalytic process; E0 is the
standard potential for the Faradaic process; and b is the value
of the Tafel slope.

The redox mechanism is also applicable to MOF-derived
Fe–N–C catalysts. The Fe2+/3+ redox behaviors (Fig. 4 or eqn (1)
or (2)) of FePhenMOF–ArNH3 under reactive conditions have
been clearly observed by in situ XAS and RDE, and shown to be
closely linked to the ORR onset (Fig. 2c). This is rationalized by
in situ XAS results that the Fe3+–N4 moieties with the central Fe
poisoned by oxygen adsorbates at elevated potentials are ORR
inactive, and start to switch to catalytically active Fe2+–N4 sites
once the applied potential approaches the Fe2+/Fe3+ redox
potential cathodically. The corresponding site-blocking effects
as described by eqn (5) can be quantitatively evaluated using
the surface sensitive Dm-XANES technique.14 The increasing Dm
amplitude (denoted as |Dm|) with increasing potential up to
1.0 V (Fig. 4c) indicates that the Fe2+–N4 sites are progressively
occupied by OHads until reaching occupancy saturation at 1.0 V.
Thus the |DmE|/|Dm1.0V| represents the relative OHads coverage
(YO*) at a potential E. As seen in Fig. 6, the YO* quickly decrease
with decreasing potentials from 0.9 to 0.6 V (black), highlighting
the dominant role of site-blocking effects in the ORR kinetic
region. The YO* has the same onset as that of the theoretical
YO* derived from eqn (4) using the experimental Fe2+/3+ redox
potential of D1 (0.78 V) (Fig. 6), but the overall shape is more
spread-out. This generally means that more than one species
undergo the redox transition within the ORR kinetic region.14,64

Indeed, the Fe2+/3+ redox transition of D2 is supported by the
gradual drop of the shoulder at 7117 eV (fingerprint of the
square-planar Fe–N4) in the first derivative of XANES with
increasing potentials (the inset in Fig. 4a). The similar phenom-
enon has been observed on various original Fe–N4 macrocycles

including FePc/C,61 FeTMPP/C,64 and those pyrolyzed at low
temperature without decomposing the square-planar Fe–N4

configuration such as FePc-300/C (FePc pyrolyzed at 300 1C,
ESI,† Fig. S6) and FeTPP-300/C.14,16 Furthermore, the theoretical
YO* (green dashed curve) calculated by using the relative
content of both D1 and D2 derived from the relative areas given
by Mössbauer (Table 1) closely matches the experimental YO*

(black dots). This provides strong evidence that both D1 and D2
are directly involved into the ORR, but with different contributions
to the measured activity discussed below.

A comprehensive understanding of the ORR activity of
Fe–N–C catalysts can be gained from eqn (5). First, a highly
active Fe–N–C catalyst shall have abundant catalytically active
sites (D1) accessible by reactant molecules as reflected by the
first term Ntotal. This requires high micropore surface area as
they are closely related to active site population.8,17 In addition,
only a fraction of the active sites in many Fe–N–C catalysts are
accessible by O2, and thus the utilization of the active sites also
contributes to Ntotal.

40 These understandings highlight the
necessity of multiple pyrolysis applied here and elsewhere,5–8

as it greatly increases the Sa and BET area shown above, hereby
improving the utilization of the active sites as recently demon-
strated by Sahraie et al.40 Moreover, our decoration synthesis
method that forms active sites preferentially in the surface
regions can also increase the utilization of the active sites.
This compensates the relatively low Fe content of the catalyst
(0.5 wt%) and makes important contributions to the high
activity of the catalyst.

The site-blocking effect is represented in the pre-exponential
factor (1 � YO*). It indicates that the activity is proportional
to the unoccupied active sites at the target potential. Since
the YO* as a function of E exhibits a sharp slope centered at the

Fig. 6 The experimental YO* (black) as a function of potential for the
FePhenMOF–ArNH3 catalyst, in comparison to the calculated YO*(s)
derived from eqn (4) using the redox potential of 0.78 V for D1 (red) and
0.64 V for D2 (blue), respectively. In addition, the theoretical YO* calculated
by using the relative content of D1 and D2 (A1% and A2%) derived from the
relative areas given by Mössbauer (black line) is also included. The room
temperature of 298 K is used for calculations. The vertical error bars refer to
errors involved in determining YO* from multiple experimental scans
collected at each potential. The normalized ORR current density derived
from Fig. 2b is also presented (green dashed line).
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Eredox (Fig. 6), the Eredox of a catalytically active site is not
expected to be significantly lower than the target potential to
ensure enough active sites are available for ORR. At the
potential of 0.8 V, which is typically used for non-PGM catalyst
activity evaluation, 99.8% of the electroactive D2 sites with a
redox potential of 0.64 V are poisoned by oxygen adsorbates
according to eqn (4); whereas only 70% of D1 sites with a redox
potential of 0.78 V are poisoned. This provides the fundamental
basis of the previous findings that D1 is responsible for the
ORR activity of pyrolyzed Fe–N–C catalysts in acidic media,
whereas D2 makes negligible contribution.11,12,17 This is further
supported by the observation that the normalized ORR current
density derived from Fig. 2b correlates better with the theoretical
YO* of D1 than that of D2 or the experimental YO* (Fig. 6).
Therefore, the superior ORR activity of D1 to that of D2 can be
largely attributed to the higher Fe2+/3+ redox potential that
significantly suppresses the site-blocking effects.

In addition to D1 and D2 sites, NxCy sites are also presented
in the catalyst as supported by the abundant pyridinic nitrogen
(Fig. 1g). Given that activities reported for the sites were far
inferior to those of Fe–N–C catalysts in acid,20,29,30,32,65 their
contributions to the measured ORR activity of FePhenMOF–
ArNH3 is negligible. This is directly supported by Dodelet
et al.’s recent work showing that the similar MOF material
exhibits an onset potential of B0.8 V in acid, which is more
than 150 mV lower than that of the counterpart MOF-derived
Fe–N–C catalyst.29

Lastly, the kinetic effect lies in the exponential factor

exp �DH�

RT

� �
, which determines the intrinsic activity, or the

turn-over frequency (TOF) of the FeNxCy center. It is noted that
the TOF and Eredox are strongly coupled to each other as both
are largely determined by the intrinsic property of the active
site. While a high Eredox can effectively eliminate the site-
blocking effect, the corresponding overly weak metal–oxygen
binding energy may lead to low TOF such as the cobalt
phthalocyanine with a redox potential of B1.0 V in the pH = 1
solution.62,66 By taking both TOF and Eredox factors into con-
siderations, it is suggested that the optimal Eredox is in the range
of 300–400 mV lower than the E0 of the ORR (1.23 V).67,68 The
high TOF of the D1 site in our catalyst is therefore justified by the
Fe2+/3+ redox potential (B0.78 V) approaching this region.
Indeed, the TOF of the D1 site at 0.8 V calculated following
the protocol in the recent work31 is 2.40 e s�1 sites�1, which is
B40 times higher than the TOF of the Fe–N–C catalyst reported
in that work, and about eight times higher than that of the
Fe–N–C catalyst reported by Zitolo et al.5 (details for the calcula-
tions of TOF and site density and the comparisons are given in
the ESI† and Table S5).

It is noted that the TOFs are evaluated based on the total D1
content estimated by Mössbauer. However, Sahraie et al.40

recently showed that only a fraction of D1 sites contribute to
the measured activity of Fe–N–C catalysts because not all the D1
sites are accessible by O2 by using polyaniline-derived Fe–N–C
materials as model systems. In addition, a large fraction of the
O2-accessible D1 sites are poisoned by oxygen adsorbates at

0.8 V (Fig. 6). Therefore, the TOFs estimated by this method
are much lower than the intrinsic TOFs. The TOF of the
polyaniline-derived Fe(Mn)–N–C catalysts (B1.5 e s�1 sites�1)
obtained by considering the active site utilization determined
by CO pulse chemisorption40 is much higher than the corre-
sponding TOF obtained following the method used here with-
out considering the active site utilization (B0.93 e s�1 sites�1),
but still lower than ours. The only TOF value that exceeds ours
was reported by Dodelet’s group18 on the D3 site: (N–FeN2+2� � �NH+/
C: TOF (0.8 V) E 10 e s�1 sites�1). However, they recently
abandoned this site on the basis of new experimental results.29

Despite the lack of a rigorous evaluation of the TOF of Fe–N–C
sites today, the high TOF of the D1 site in FePhenMOF–ArNH3 is
sufficiently confirmed by the comparisons, as well as the high
ORR activity demonstrated in both RDE and PEMFCs with low
Fe loading (B0.5 wt%). The high TOF is attributable to the high
utilization of D1, and more importantly the nearly optimized
Fe2+/3+ redox potential that balances the site-blocking effects
and O2 dissociation.

Overall, the high ORR activity of the FePhenMOF–ArNH3

catalyst is ascribed to the combination of the abundance of the
reactant-accessible D1 sites with high TOF and near-optimal
Fe2+/3+ redox potential as manifested by eqn (5). The elucidation
of the factors that make important contributions to the overall
catalytic activity may pave the way to the rational design of non-
PGM catalysts.

4. Conclusions

In this work, we have reported a MOF-derived Fe–N–C catalyst
synthesized via a facile and scalable route and demonstrate its
exceptional ORR activity in both R(R)DE and practical H2/air
PEMFCs. The non-planar ferrous Fe–N4 moiety embedded in
disordered carbon matrix has been identified as the active site
(D1) responsible for the high ORR activity. This site reversibly
switches to an in-plane ferric Fe–N4 moiety covered by oxygen
adsorbates when the applied potential crosses the Fe2+/3+ redox
potential anodically, with the population of the available active
sites controlled by the redox potential. The biomimetic
dynamic nature of this site is opposite to that of the intact
square-planar ferrous Fe–N4 moiety (D2) in original macro-
cycles. This key difference in dynamic nature between the D1
and D2 sites accounts for the weakened Fe–O binding energy
and higher Fe2+/3+ redox potential of D1 sites, and responsible
for the superior intrinsic activity of D1 to that of D2. These
results, in combination with our previous studies on macrocycle-
derived and polymer-derived Fe–N–C catalysts, has demonstrated
that the FeNxCy moieties (D1 and/or D2) mediate the ORR via
the redox electrocatalytic process with potential-dependent
population of active sites, with the intrinsic activity governed
by the redox potential. On the basis of these findings, the
exceptional ORR activity of the FePhenMOF–ArNH3 catalyst
can be largely ascribed to the highly porous and disordered
carbon matrix environment that embrace (1) the favorable local
environment anchoring distorted D1 sites with high TOF; (2) the
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high density of reactant-accessible D1 sites; and (3) efficient
mass transportation of ORR-related species.

5. Experimental
5.1 Catalyst preparation

Zinc oxide was heat treated at 400 1C in air prior to use. 0.81 g
zinc oxide, 1.64 g 2-methylimidazole, and 0.053 g ammonia
sulfate were ball milled for one hour in the presence of 10 mL
methanol. The addition of a small amount of a liquid phase
during reactive ball milling synthesis is to improve the reaction
rate by enhancing the mobility and avoiding the limitations
related to solubility. The reaction between ZnO and the ligand
forming ZIF-8 structure is promoted by salt additive (NH4)2SO4

through the protonation of 2-methylimidazole.69 75 mL poly-
propylene grinding vial and two 3/8 inch methacrylate balls
were used as the container and the grinding media, respectively.
Then 0.0435 g iron(II) acetate and 3.60 g 1,10-phenanthroline
monohydrate were added and ball milled for two hours. The
excess amount of Phenanthroline is required to give the best
ORR performance for lab-scale catalysts, probably to prevent the
exchange of metal ions between ZIF-8 and the Fe complex. The
resulting light pink solid, FePhenMOF, was subjected to a first
heat-treatment in argon at 1050 1C for one hour (denoted as
FePhenMOF–Ar) with a ramping rate of 15 1C min�1 and then
naturally cooled down to room temperature in the furnace with
the heat off. A second heat treatment in ammonia was done at
1050 1C for 18 minutes (denoted as FePhenMOF–ArNH3) with a
ramping rate of 15 1C min�1 and then cooled down the same
way as the Ar heat treatment. Ar/NH3 was flowed into the tube
furnace half an hour before applying any heat till the furnace
cooled down to room temperature, and 1.3–1.5 gram catalysts
was obtained after these two heat treatments with a yield of
22–25%. The catalyst was subjected to acid leaching in 0.1 M
HCl at 80 1C overnight (412 hours) with continuous stirring.
The Fe loading in the FePhenMOF–ArNH3 catalyst is 0.77 wt%
before acid wash and 0.5 wt% after acid wash as confirmed by
inductively coupled plasma mass spectrometry (ICP-MS).

5.2 Electrochemical measurements

Catalysts inks were prepared by dispersing 3.1 mg catalyst in a
volume of 1 : 3 millipore water:isopropyl alcohol with 1 vol% of
5 wt% Nafions as a binder. The ink solution was then sonicated
approximately 60 minutes. 30 mL of the ink was pipetted on the
glassy carbon disk to reach a loading of 600 mg cm�2. All electro-
chemical measurements were carried out at room temperature in a
standard electrochemical cell (Chemglass) using a rotating ring
disk electrode (R(R)DE) setup from Pine Instrument Company
connected to an Autolab bipotentiostat (PGSTAT302N). Cyclic
voltammetry was run in 0.1 M perchloric acid (HClO4) bubbled
with argon. ORR measurements was carried out in the same
electrolyte solution bubbled with pure oxygen gas with rotations
at 400, 625, 900, and 1600 rpm at a scan rate of 20 mV s�1. All
voltages reported were with respect to a reversible hydrogen
electrode (RHE) made from the same solution as the electrolyte.

The commercial Pt/C (46%) electrocatalyst used as a reference in
this study is obtained from Tanaka Kikinzoku International
KK (Japan). Square-wave voltammetry (SWV) experiments were
performed using a step potential of 5 mV, potential amplitude
of 20 mV, and scan frequency of 10 Hz. Catalyst mass activity
(Im) in units of A g�1 was calculated according to Im = Ikin/
Lcatalyst, where Lcatalyst is the geometric catalyst loading (mgcatalyst

cm�2
geo) and Ikin is the geometric kinetic current density, which

was estimated according to: Ikin,0.8V = I0.8V � Ilim/(Ilim � I0.8V),
using the geometric current density at 0.8 V versus RHE, I0.8, and
the diffusion limited current density, Ilim.

5.3 PEMFC measurements

Membrane Electrode Assemblies (MEAs, 5 cm2) for fuel cell
testing were prepared from Gas Diffusion Electrodes (GDE)
pressed onto 211 Nafions membrane with PTFE-impregnated
glass-fiber sub-gaskets at 131 1C for 10 minutes under 450 psi,
then allowed to cool under 1 psi pressure. The gas diffusion
electrode were sprayed using Sono-tek Exacta-Coat automated
spray system delivering 2 mL min�1 ink through a 25 kHz
ultrasonic nozzle onto SGL 25BC Gas Diffusion Layer (GDL)
materials heated to 65 1C. Cathode ink was deposited in a rate of
40 mg cm�2 per deposition pass, for a total of 2 mgcatalyst cm�2.
The ink was composed of 4 mL Isopropyl Alcohol, 2 mL
deionized water, 200 mg of catalyst mixed, 300 mg D2021
Nafions dispersion. A 50 mL vessel containing the ink ingredients
was placed in a water bath and mixed for 30 minutes using an IKA
T-18 high shear mixer with S18-19G dispersing element set for
18 000 rpm. Anode was similarly prepared using JM Hispec 2000
catalyst (10 wt% Pt/C) with 30 wt% Nafion used and 1 mg cm�2

of Pt/C deposited on 25BC for total precious metal loading for
0.1 mgPt cm�2. The MEAs were loaded into the cell testing
assembly using single serpentine pattern graphite flow plates
and the cell hardware was assembled using 4.5 N torque. The
fuel cell was operated at 80 1C under a feed 200 sccm of 90% RH
air and H2 and 2 bar back pressure.

5.4 Physicochemical characterizations

X-ray diffraction (XRD) was performed on a Rigaku (model
Ultima-IV) diffractometer with Cu Ka radiation (l = 1.5418 Å)
at 40 kV and 44 mA. The count time was 1.5 s and the step
width was 0.11. N2 adsorption analysis was performed on a
Quantachrome NOVA 2200e at 77 K. Total surface area was
determined by the Brunauer–Emmett–Teller (BET) method,
and pore size distribution was determined using Non-Local
Density Functional Theory (NLDFT) split pore method from the
NovaWin software. Particle morphology and chemical composition
were performed on a Hitachi S-4800 field emission scanning
electron microscope (SEM) with an accelerating voltage of
3–5 keV. Samples were mounted on a carbon-free adhesive
stub attached to an aluminum sample stage. For transmission
electron microscope (TEM), Karaa JEOL 2010 field emission
gun TEM was used at an acceleration voltage of 200 kV with
samples deposited on a holey carbon film on a 300 mesh copper
grid. Raman spectra were collected using a DXRxi Raman micro-
scope. X-ray photoelectron spectroscopy (XPS) spectra were acquired
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on a Kratos Axis Ultra DLD X-ray photoelectron spectrometer using
an Al Ka source monochromatic operating at 150 W. Acquisition
times were 4 min for survey spectra, 3 min for C 1s s spectra,
and 7 min for N 1s spectra. Data analysis and quantification
were performed using XPSpeak41 software. The weight percentages
of Fe in FePhenMOF–ArNH3 catalyst before and after acid wash
were quantified using ICP-MS.

5.5 X-Ray absorption spectroscopic (XAS) measurements

The ex situ and in situ XAS studies were performed at the 10-ID
beamline (MRCAT) of the Advanced Photon Source (APS, Argonne
National Laboratory, IL), and the X3B beamline National
Synchrotron Light Source (Brookhaven National Laboratory). A
detailed description of the in situ spectro-electrochemical cell
design is given elsewhere.70 Spectra at Fe K-edge were collected
in fluorescence mode using a 32-elements GE solid state dectector
(X3B) or a pips detector (10-ID). Measurements were performed at
different electrode potentials from 0.1 V to 1.0 V vs. RHE (all the
potentials mentioned in this paper are versus RHE unless other-
wise specified). Details of electrochemical procedure associated
with the in situ XAS measurements, and the XAS data analysis are
described in our previous work,71–73 and also provided in the ESI.†

5.6 57Fe Mössbauer spectroscopy measurements

The ex situ Mössbauer spectroscopy studies were performed at
ICGM-AIME (Montpellier, France). 57Fe Mössbauer spectra were
measured with a 57Co:Rh source. The measurements were
performed keeping the source and absorber at room temperature.
The spectrometer was operated with a triangular velocity wave-
form, and a gas filled proportional counter was used for the
detection of the g rays. Velocity calibration was performed with
an a-Fe foil. The spectrum was fitted with appropriate combinations
of Lorentzian lines. In this way, spectral parameters such as the
isomer shift (IS), the electric quadrupole splitting (QS), the linewidth
at half maximum (LW), the hyperfine fields (H) and the relative
resonance areas (A) of the different components were determined.
All values of the isomer shift are reported relative to a-Fe at
room temperature.
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