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• NEXAFS reveals FeNxCy moieties in
pyrrolic and pyridinic ensembles.
• FeNx-pyridinic ensembles are more
active for the ORR in acid electrolyte.
• Nx-pyridinic and FeNx-pyridinic more
stable than pyrrolic ones.
• IL-TEM reveals the formation of iron
oxides during the ORR.
• CO chemisorption allows to quantify the
density of active sites.
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The nature and evolution of FeNxCy moieties in Fe/C/N catalysts has been studied by analysing Fe and N en
vironments. TEM and Fe-XAS reveal the presence of FeNx moieties and Fe3C particles in the fresh catalyst.
NEXAFS reveals the presence of two groups of (Fe)NxCy ensembles, namely (Fe)Nx-pyridinic and (Fe)Nx-pyrrolic.
The architecture of the FeNxCy ensembles and their evolution during the ORR has been analysed by XAS,
NEXAFS, and identical locations TEM. NxCy, FeNxCy and Fe3C species are partially removed during the ORR,
resulting in the formation of Fe2O3 and Fe3O4 particles with different morphologies. The process is more severe
in acid electrolyte than in alkaline one. (Fe)Nx-pyrrolic moieties are the main ones in the fresh catalysts, but (Fe)
Nx-pyridinic groups are more stable after the ORR. The correlation between the evolution of the ORR activity and
that of the FeNxCy ensembles indicates that FeNx-pyridinic ensembles are responsible for the ORR activity.

1. Introduction
Electrochemical technologies are expected to play a crucial role in
the transition to a carbon-decoupled society. For instance, the

transportation sector is moving swiftly towards the implementation of
electric vehicles using advanced batteries and fuel cells (FCs) [1,2].
However, the wider implementation of FCs has stalled mostly due to cost
and durability issues. FCs combine two redox processes, namely the

* Corresponding author.
** Corresponding author.
E-mail address: srojas@icp.csic.es (S. Rojas).
https://doi.org/10.1016/j.jpowsour.2021.229487
Received 27 November 2020; Received in revised form 30 December 2020; Accepted 6 January 2021
Available online 28 January 2021
0378-7753/© 2021 The Authors.
Published by Elsevier B.V. This is an open access
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

article

under

the

CC

BY-NC-ND

license
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hydrogen oxidation reaction (HOR) and the oxygen reduction reaction
(ORR), to generate electrical work. Due to its sluggish kinetics, the ORR
is a major source of efficiency losses in fuel cells, so the proper design of
ORR electrocatalysts is of keen interest. The state-of-the-art ORR elec
trocatalysts are based on nanosized Pt, PtCo and PtNi particles [3].
However, Pt and Co are scarce, critical raw materials, so there is a great
interest in replacing them by more abundant materials [4]. The most
likely PGM-free candidates for the ORR in acid and alkaline electrolytes
are based on transition metals (Fe, Co) coordinated to N atoms in a
carbon matrix, referred to as Fe/N/C [5–9]. Many approaches for the
synthesis of Fe/N/C catalysts have been reported, but in general, the
most active catalysts are prepared by mixing N, C and Fe precursors (wet
or solid chemistry) followed by one or several thermal treatments under
inert or NH3 containing atmospheres at temperatures 700–1100 ◦ C. At
present, there is a wide consensus in that the Fe/N/C active sites for the
ORR in acid electrolyte are formed by FeNx moieties, in which Fe atom is
coordinated to 4 N atoms in pyrrolic or pyridinic rings [10–13], dis
playing a FeNx environment akin to the iron phthalocyanine/porphyrin.
The actual nature of the Fe atoms in the FeNx ensembles has been
investigated extensively using XPS, XAS, AC-TEM/EELS and Mössbauer
spectroscopies and in situ techniques [10,14–17]. Among the different
Fe configurations considered, low-spin ferrous FeN4 and high-spin
NFeN2+2—NH+ moieties are proposed as the (most) active ones in
acid electrolyte [14]. These assignments are still under debate, and some
authors claim that high spin ferrous species Fe(III)N4C12 at the catalyst
surface are the most active ORR species [10]. In addition to FeNx sites,
the catalysts usually display Fe-free N–C moieties in different configu
rations in the carbon matrix [18], along with isolated iron clusters
(metallic iron, iron carbide or nitride) wrapped within several graphitic
carbon layers [14,15]. Although the actual contribution of such graphite
wrapped Fe3C particles to the ORR has been discussed in the literature,
recent reports demonstrate that they lack significant ORR activity in
acid electrolyte [19]. To a lesser extent, these species also display ORR
activity in alkaline electrolyte [18,20].
However, whereas the importance of N atoms for the coordination of
Fe is indisputable; the same level of detail achieved in the understanding
of the Fe environment has not been reached hitherto for the identifica
tion of N environment on the FeNxCy architecture. XPS has demon
strated an useful tool to identify/quantify surface N atoms in different
configuration, namely pyrrolic, pyridinic, graphitic [18,21–23]. Two
types of FeNxCy configurations have been considered/identified, namely
FeNx-pyrrolic (FeN4C12) and FeNx-pyridinic (FeN4C10); however, their
actual role in the catalytic process and their stability during the ORR
have received little attention to date [24]. DFT studies usually assume a
pyridinic-like configuration (FeN4C10), which is supported by Aberra
tion Corrected-TEM/EELS and Fe K-edge XAS [12,24–26]. FeNx-pyrro
lic-like configurations (Fe–N4C12) have been also proposed by DFT
studies and identified by XAS (Fe and N K edges) [11,27,28]. Finally, a
recent study combining theoretical and experimental approaches iden
tifies the presence of Fe(III)N4C12 and Fe(II)N4C10 moieties in pyrolyzed
Fe/N/C catalyst, the former one being responsible for the catalytic ac
tivity [10]. A recent Fe-XAS and Mössbauer study by Lee et al. claims
that FeN4C10 and FeN4C12 species are responsible for the initial ORR
activity of pyrolyzed Fe/N/C in acid electrolyte [29]. They also identify
that FeN4C10 species is stable in acid, being the main contributor to the
ORR activity after 50 h operation. Recently, Nabae et col. studied the
ORR performance in acid and alkaline media of model FeN4-pyridinic
and FeN4-pyrrolic catalyst [30]. Their results indicate that FeN4-pyr
idinic displays a superior performance in terms of ORR activity and
H2O/H2O2 selectivity.Whereas most studies concerning Fe/N/C cata
lysts aim to develop materials that are more active, durability and sta
bility issues have received less attention from the scientific community.
In recent times, studies dedicated to understand the source of catalyst
degradation are starting to appear in the literature [31–33]. These
studies focus on the evolution of the Fe species during the ORR; but, to
the best of our knowledge, durability studies focusing on the fate of the

N-groups are lacking.
The main sources of catalyst deactivation are demetallation, carbon
corrosion, oxidation of the carbon surface and protonation-anion
adsorption of nitrogen groups. Carbon corrosion is a major source of
catalyst deactivation, both for Fe/N/C and Pt/C based catalysts. When
subjected to potentials above ca. 1.0 V, carbon oxidizes into CO2 [8],
compromising the structural integrity of the materials, resulting in the
loss of metallic active centers. This phenomenon usually occurs during
star/stop accelerated stress tests and is more severe in acid electrolyte
than in alkaline one [32–34]. Carbon oxidation generates oxygen groups
at the carbon matrix, increasing material’s hydrophilicity, loss of elec
tron percolation through the electrode, and in the most critical cases,
collapse of the porous electrode structure [35,36]. The ORR can take
place via 4 e− or 2e− pathways, producing H2O or H2O2, respectively.
The latter pathway is less desirable because is less efficient and because
H2O2 is a strong oxidant molecule that can oxidize carbon surface via
Fenton-like reactions [37]. When H2O2 reacts with Fe2+ species, such as
those in FeN4 moieties, strongly oxidizing oxygen radicals are formed
promoting the formation of oxygen functionalities on the carbon matrix,
especially epoxy groups. The formation of such oxidized groups de
creases the electron density around the Fe center, weakening the
O2-biding energy in FeN4 ensembles therefore decreasing the TOF of the
ORR [37]. Iron sites remain untouched by H2O2 effect and it is observed
in acid electrolytes but not in alkaline. Demetallation in acid media
under load cycling conditions (between 0.6 and 1.0 V) has been reported
[38]. Under these conditions, Fe species such as iron particles, including
metallic iron, iron carbides and oxides, and unstable FeNx moieties are
prone to become oxidized hence dissolving into the electrolyte. Despite
such Fe species may lack of ORR activity, especially in acid electrolyte, if
dissolved during fuel cell operation, they can inhibit proton mobility and
generate undesired radicals, that compromise MEA performance [38,
39]. In order to avoid this issue, Fe/N/C catalysts are usually subjected
to acid leaching to remove non-stable soluble iron species. Recently, it
has been observed that Fe/N/C catalysts subjected to ammonia
heat-treatment during the synthesis, exhibits higher demetallation rates
in acidic medium than Ar-treated ones. By contrary, slower demetalla
tion rates are observed in alkaline electrolytes, irrespectively of the
thermal treatment [32]. Concerning deactivation by protonation,
Fe/N/C catalysts synthesized under NH3 flow usually present basic
N-groups, which show ORR activity. These basic groups are prone to be
protonated during operation in PEMFC, thus losing their activity. On the
other hand, these sites are stable in AEMFC (anion exchange membrane
fuel cells) [32].
In this work, we present a detailed characterization of the Fe and N
environments of a Fe/N/C catalyst synthesized by thermal treatment of
a covalent triazine framework of dicyanobencene in the presence of iron
precursors [21]. The catalyst obtained show high ORR in acid and
alkaline electrolytes. The fresh catalyst and the catalysts recovered after
an Accelerated Stability Test (AST) have been carefully characterized.
The nature of the Fe species in the fresh and used catalyst have been
monitored by identical locations TEM (IL-TEM) and Fe K-edge X-ray
Absorption Spectroscopy (XAS). In addition, the nature of the N-en
sembles in the fresh and used catalysts has been carefully monitored by
N K-edge X-ray Absorption Spectroscopy (XAS). This combined study
allowed to unveil the stability (or lack of thereof) of Fe- and N-con
taining species during the ORR.
2. Experimental section
2.1. Synthesis of Fe–N-DCB
All chemicals were purchased from Sigma Aldrich except ZnCl2 that
was purchased from Alfa Aesar. The synthesis of Fe/N/C catalysts from
dicyanobenzene has been reported by our group elsewhere [21]. Briefly,
1,3 dicyanobenzene (1,3-DCB), zinc chloride and iron acetate (II) were
mixed in a glove box in 1:1 DCB:ZnCl2 and 1:4 Fe:N2 molar ratios. The
2
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mixture was sealed under vacuum in a Pyrex vial and heat-treated in a
furnace for 46 h at 400 ◦ C. The resultant solid was milled in a
stainless-steel vessel in a planetary ball milling during 60 min. The
polymer obtained was subjected to a thermal treatment consisting of a
20 ◦ C ramp to 900 ◦ C in N2 where it remained for 30 min under NH3/N2,
and the cooled to room temperature under N2. In order to remove the
non-stable Fe phases, the resulting powder of the pyrolysis was washed
in 0.5 M H2SO4 at 60 ◦ C during 4 h and rinsed with H2O until the pH of
the recovered water was ca. 7. The solid recovered was subjected to a
second thermal treatment under the same conditions as described above,
and the catalyst obtained is labelled Fe–N-DCB.

Then the AST test was performed and the Au grid is recovered, and the
exact same regions of the catalysts are analyzed by TEM and by Energy
Dispersive X-ray Spectroscopy (EDX). Before recording TEM images of
the used catalyst, the excess of electrolyte was removed by mild rinsing
in H2O.
XAS measurements at room temperature were carried out at the B18
and B07 (VerSoX) beamlines of Diamond Light Source, the UK syn
chrotron facility [40,41]. The Fe K-edge (E ~ 7120 eV) data were
collected at the B18 beamline with different conditions for standards
and studied materials. Reference samples were prepared in form of a
pellet by mixing less than 10 mg of standards with cellulose, and
measured in transmission mode, acquiring 3 repetitions of 3 min (total
ca. 10 min per sample). However, for the materials under study, the
transmission edge jump was too low, so data were collected in fluores
cence mode by means of Ge solid state detector with 36 repetitions of 4
min (total of about 2 h per sample). The treatment of the data was
performed with ATHENA software [42]. XANES linear combination fits
have been performed in range − 20 to 80 eV using as standards the initial
sample and 4 potential species (Fe phthalocyanine, metallic Fe, Fe3C,
Fe2O3, and Fe3O4). Near Edge X-ray Absorption Fine Structure (NEX
AFS) measurements at the N K-edge were carried out at the B07 VerSoX
beamline. Data were measured in total electron yield mode, using the
analyzer cone as detector (at a distance around 0.25 mm from the
sample). I0 was collected with an Au mesh immediately before the
analysis chamber. The photon energy has been corrected according to
data from R. Arrigo et al. [43].

2.2. Physicochemical and electrochemical characterization
C, H and N contents were measured with an elemental analyzer
(LECO CHNS-932). The specific surface area of the catalyst was analyzed
using a Micromeritics ASAP 2000 apparatus. Surface area was evaluated
from the adsorption/desorption nitrogen isotherm within the relative
pressure range P/P0 = 0.05–0.30. The volume of gas adsorbed to the
surface is measured at − 196 ◦ C (nitrogen boiling point). The sample is
finally degassed at 140 ◦ C under vacuum for 24 h.
Electrochemical tests were recorded using a computer controlled
Autolab Pgstat 302 N potentiostat/galvanostat connected to a rotating
ring disk electrode (RRDE). 0.1 M KOH or 0.1 M HClO4 solutions were
used as electrolyte. A 0.196 cm2 area glassy carbon disk was used as the
working electrode. Ag/AgCl KCl (Sat’d) Metrohm electrode was used as
the reference electrode. A graphite rod or a gold wire was used as the
counter electrode in acidic and alkaline electrolyte, respectively. A
catalyst loading of 0.6 mgcat/cm2 was deposited on the working elec
trode by means of ink. The ink was prepared by dispersing 6 mg of
catalyst, 780 μl Millipore MilliQ® water, 200 μl of isopropyl alcohol, and
20 μl of 5 wt % Nafion in an ultrasonic bath for 30 min.
The cyclic voltammetries were performed between 0.05 and 1.2 V, at
10 mV s− 1 and 1600 rpm. Previous to the ORR measurements, the sur
face of the catalyst was conditioned by recording several cycles in Ar
purged electrolytes. ORR polarization curves were recorded from O2saturated electrolytes. After the ORR cycles, a cyclic voltammogram in
Ar-saturated electrolyte was collected and used as background to
calculate the pure faradaic currents. Measurements were conducted a
minimum of three times with different inks to ensure reproducibility.
For the AST, 250 ORR cycles were recorded between 0.05 and 1.2 V in
O2-saturated electrolytes at 10 mVs− 1, 1600 rpm. Potentials are reported
vs RHE. An Ag/AgCl KCl (Sat’d) reference electrode was used for the
collection of the electrochemical data. Potentials are reported vs the
RHE scale calculated from Equation (1).
0
ERHE = EAg/AgCl + EAg/AgCl
+ 0.059 pH

3. Results and discussion
The atomic composition of Fe–N-DCB was determined by elemental
analysis, obtaining a weight composition of N 1.68%, C 90%, and H 1%,
the rest corresponding to O and Fe. The specific surface area, determined
from the N2 adsorption-desorption isotherm (see Fig. S1) using the BET
method, was 537 m2 g− 1. The micropore and external areas were 253
and 284 m2 g− 1, respectively. The X-ray diffraction (XRD) pattern of
Fe–N-DCB shows a set of weak reflections ascribed to graphitic carbon
and Fe3C, see Fig. S2.
3.1. ORR performance in acid and alkaline media
The electrocatalytic performance of Fe–N-DCB for the ORR was
measured in O2-saturated 0.1 M HClO4 and 0.1 M KOH electrolytes
(measurements were repeated at least three times to ensure reproduc
ibility, see Fig. S3). Fig. 1a shows the polarization curves for the catalyst
in both electrolytes and Fig. 1b presents the mass-normalized kinetic
activities obtained in both media. The mass activity was calculated from
the pure kinetic currents (ik) derived from the Koutecky-Levich equation
(Eq. (3)):

[1]

The potential was corrected by the ohmic electrolyte resistance,
obtained from Electrical Impedance Spectroscopy (EIS) at open voltage
(R values ~29 Ω and ~45 Ω were obtained in 0.1 M HClO4 and 0.1 M
KOH, respectively) following this formula:
Ecorrected = Eapplied − i⋅R

ik =

(− if ⋅ ilim )
if − ilim

(3)

where ik is the kinetic current, which is negative for reduction reactions
and ilim is the limiting current. The ORR mass activity was determined
from:

Eq.2

TEM images were obtained using a 200 KV field emission gun
transmission electron microscope (JEOL 2100F) and equipped with an
EDX X-Max 80 spectrometer (Oxford Instruments). TEM specimens were
prepared by dropping the solution of the sample in ethanol on a lacey
carbon TEM grid. For the Identical Location-TEM (IL-TEM) experiments,
lacey carbon Au grids were used. IL-TEM analyses were performed by
depositing a drop of the catalyst ink (the same composition used for the
electrochemical measurements, see below) on the Au grid. Then TEM,
Scanning TEM (STEM), High Resolution TEM (HRTEM), and electron
diffraction (ED) of selected regions of the catalyst on the grid were
performed. Once the catalyst was characterized, the Au grid was placed
on top of a glassy carbon electrode by using a homemade cover/adapter.

im = −

ik
m

Eq.4

where m is the loading of the catalyst in the electrode.
Table 1 shows the most relevant indicators to benchmark the ORR
performance of Fe–N-DCB in acid and alkaline electrolytes, namely
Eonset (the potential to reach 0.1 mA cm− 2), half-wave potential (E1/2),
mass activity (im) at 0.8 V and area-specific kinetic current densities at
0.8 V before and after the ASTs.
In line with previous results, the ORR activity of Fe–N-DCB in terms
of Eonset and kinetics is better in alkaline than in acid electrolyte [44].
3
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instance, pyrrolic-N4-Fe species display higher ORR activity in alkaline
than in acid electrolyte [27]. Quinone groups at the carbon surface
display ORR activity via the 2 e− pathway, in alkaline electrolyte [16,
46]. N-doped carbon groups display higher ORR activity, via the 2 e−
pathway, in alkaline electrolyte than in acid one [47].
The ORR polarization curves obtained with Fe–N-DCB in O2-satu
rated 0.1 M HClO4 and 0.1 M KOH are shown in Fig. 1a. In both elec
trolytes, the polarization curves reach a plateau at low potentials,
indicating that the catalyst reaches the limiting current in both media.
The values of E1/2 and im at 0.8 V shown in Table 1 compare well with
the best ones reported in the literature in alkaline electrolyte [48], for
instance E1/2 values of 0.79 V and 0.84 V reported in Artyushkova et al.
[18] and Hoseen et al. [49], respectively. The mass-specific kinetic ac
tivity in acid electrolyte of 0.4 A/gcat at 0.8V is lower than that of the
state-of-the-art Fe-PANI + DCDA catalyst of 6.5 A/gcat at 0.8 V reported
by Gupta et al. [50]. Nonetheless, the activity in acid recorded by
Fe–N-DCB is line with that reported for other PGM-free catalysts with
similar characteristics, recording mass activities of 0.6 A/gcat [51] or 0.3
A/gcat @ 0.8 [52]. Tables S1 and S2 report a more thorough comparison
of the activity of Fe–N-DCB with the literature. A comprehensive review
about the catalytic performance of Fe/N/C catalysts can be found in
Refs. [48,53]. It is well admitted that the ORR activity correlates well
with the fraction of FeNx ensembles in the catalysts. To date, only few
techniques can provide a rough estimation of the number of FeNx active
sites at the catalyst surface, namely CO chemisorption and NO stripping
[54,55]. We have quantified the amount of active Fe surface sites in
Fe–N-DCB using CO cryo-chemisorption, see Fig. S4 and comments
therein. CO cryo-chemisorption of Fe–N-DCB reveals a surface density of
6.5⋅1018 surface sites per gram of catalyst. This value is lower than the
best reported in literature of ~0.7⋅1020 surface sites per gram of catalyst
[54]. This value translates into a turn over frequency (TOF) value of 0.55
electrons per site per second, which compares well with TOF values
obtained for Fe/N/C catalysts with higher kinetic densities ranging be
tween 0.2 and 0.7 for Fe/N/C catalysts with mass activities between ca.
0.6 and 3.0 A/g at 0.8 V [55,56], with a value of 1.4 electron/site/
second for a catalyst displaying ca. 20 A/g at 0.8 V [54]. Since to date
only very few papers report the iron surface site density of Fe/N/C
catalysts, it is not possible to establish more detailed comparisons with
catalysts displaying ORR activity similar to that reported here for
Fe–N-DCB. However, it can be concluded that the moderate activity of
Fe–N-DCB accounts to the low amount of surface site density of FeNx in
our catalyst; but the intrinsic activity of the Fe-sites (TOF) in Fe–N-DCB
compares well with that of the best catalysts reported in the literature.
In order to assess the stability and the evolution of the active sites
during the ORR in acid and alkaline electrolytes, Fe–N-DCB was sub
jected to ASTs in both media. As observed in Fig. 1, the ORR activity loss
is more severe in acid than in alkaline electrolyte. For instance, the mass
activity at 0.8 V decreases from 0.4 A/gcat to 0.2 A/gcat and the E1/2
decreases from 0.71 to 0.68 V after the AST in acid electrolyte. The loss
of activity is less pronounced after the AST in alkaline electrolyte, with
the mass activity at 0.8 V decreasing from 19.2 A/gcat to 13.9 A/gcat,
with only a minor shifting in the E1/2 from 0.87 to 0.86 V after the AST in
alkaline. In line with previous reports [57], a slight increase of the
double layer capacitance is observed after the AST test (see Fig. S5)
suggesting the either the generation of a higher level of porosity via the
degradation of the carbon matrix and/or the generation of
oxygen-bearing groups at the surface of the catalyst.
As discussed above, H2O2 can be a major source of catalyst deacti
vation. The production of peroxide in both electrolytes was determined
using a RRDE with at Pt ring. A higher production of hydrogen peroxide
was recorded in acid (13–17%) than in alkaline (4–6%), see Fig. S6.
In the next section, a detailed study of the evolution of the structure,
composition and morphology of Fe–N-DCB after the AST in both media
is presented.

Fig. 1. (a) Polarization curves (positive going scan) for Fe–N-DCB collected in
O2-saturated 0.1 M KOH (blue lines) and 0.1 M HClO4 (red lines) electrolytes at
1600 rpm and 10 mVs− 1 before (straight line) and after (dotted lines) the AST.
(b) Tafel plots (E vs log im) from the curves reported in (a). (For interpretation
of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)
Table 1
Onset potential (Eonset), half-wave potential (E½), mass activities (im) and kinetic
current densities (jk) before and after the AST in both media.
Electrolyte

Eonset/
V

E1/
2/V

im/A
g− 1
@ 0.8
V

jk/mA
cm− 2geom @
0.8 V
Before AST

jk/mA cm− 2geom @
0.8 V After AST (250
cycles)

0.1 M
HClO4
0.1 M KOH

0.84

0.71

0.57

0.4

0.2

0.98

0.87

27.25

19.2

13.9

Although the origin of the higher ORR rate of Fe/N/C catalysts in
alkaline electrolyte is not well understood yet [45], it can be speculated
that it accounts, at least in part, to the presence of species with high ORR
activity in alkaline electrolyte, being (almost) inactive in acid ones. For
4
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3.2. Identical locations TEM (IL-TEM)

which the graphitic layers have been slightly shifted allowing the partial
dissolution of the particle.
The effect of the ASTs in the carbon matrix was also followed by ILTEM. As observed from the HRTEM images in Fig. S9, the AST in acid
electrolyte is more aggressive for the carbon matrix, resulting in a sig
nificant loss of carbon crystallinity compared to that produced in alka
line electrolyte.
A very interesting observation is that the ASTs in both electrolytes
lead to the formation of iron particles deposited in the TEM grid (Figs. 3
and 4). Figs. 3a and 3b show TEM images of the catalyst before and after
AST in 0.1 M HClO4, respectively. Fig. 3b (blue squared zone) reveals the
formation of iron particles after the AST. The compositional analysis of
these particles by EDX (Fig. 3c) reveals the presence of Fe and O, sug
gesting the formation of iron oxides. As shown in Fig. 3d, the iron oxide
particles display a rod-like morphology with an aspect ratio of ca. 80 nm
width and 300–400 nm long. The FFT of the HRTEM image of the rods
(Fig. 3e) can be indexed as the [100] of Fe2O3 (trigonal symmetry).
The formation of iron particles is also observed after the AST in 0.1 M
KOH, see Fig. 4a (fresh catalyst) and Fig. 4b (used catalyst). The EDX
map (Fig. 4c) of the particles indicates the formation of iron oxides,
displaying sphere-like (Figs. 4d and 4e) or sheet-like (Figs. 4f and 4g)
morphologies. The SAED patterns of both arrangements are shown in the
inset to Figs. 4e and 4g. The diffraction rings of the sphere-like particles
are shaper and better defined than the ones of the sheet-like structure,
indicating a higher crystallinity degree of the former domains. Both
SAED patterns show mainly 4 rings at 2.9 (very diffuse), 2.5, 2.1 and 1.4
Å, that could be indexed as the most intense reflections of the Fe3O4
(magnetite) structure as; (022), (113), (004), and (044), respectively.
However, due to the low crystallinity of the particles, the presence of
Fe2O3 nanoparticles in the sample cannot be ruled out.
IL-TEM results indicate that Fe is dissolved during the AST, especially
in acid electrolyte. The iron dissolved during the AST, can be redepos
ited as iron oxides, Fe2O3 and Fe3O4 particles. In addition, the structure
of the carbon matrix is also compromised after the AST, resulting in a

Figure S7 shows representative STEM and TEM images of Fe–N-DCB.
The micrographs reveal the presence of a small fraction of Fe3C particles
encapsulated into layers of graphitic carbon, dispersed into a carbon
matrix.
The evolution of the exact same regions of Fe–N-DCB before and after
the ASTs in 0.1 M HClO4 and 0.1 M KOH was followed by IL-TEM. Fig. 2
shows representative TEM micrographs of Fe–N-DCB before and after
AST in 0.1 M HClO4 (Figs. 2a) and 0.1 M KOH (Fig. 2b). As observed in
Fig. 2a a large number of Fe3C particles disappear after the AST in acid.
The loss of Fe3C particles is less evident after the AST in alkaline
(Fig. 2b) indicating that the dissolution of Fe3C in alkaline is slower than
in acid electrolyte. The process whereby Fe3C particles disappear in acid
electrolyte is clearly observed from the STEM-HAADF images shown in
Fig. 2c. Whereas certain Fe3C particles disappear from the catalyst, other
particles remain visible, although their size is clearly smaller after the
AST. This observation indicates that the loss of Fe3C takes place via a
gradual dissolution of Fe3C, rather than by detachment from the catalyst
that will result in the removal of the entire particles. The evolution of the
particle size distribution after the ASTs is shown Fig. S8. The Xc
(maximum of the fitted peak) after the AST shifts towards smaller par
ticle sizes, from 19 nm to 12 nm in acid and from 20 to 17 in alkaline.
The shifts are consistent with a faster dissolution of Fe3C acidic media.
Representative HRTEM images of the dissolution process can be
observed in Fig. 2d and e. Fig. 2d shows how a crystalline Fe3C particle
(cohenite) wrapped within graphite layers is dissolved during the AST in
acid resulting into 3 smaller particles without any crystalline order
(inset to Fig. 2d). These particles are not wrapped within graphite layers,
suggesting that the dissolution of Fe3C particles is due to the removal
(degradation) of such protective layers. Fig. 2e shows the process in
alkaline media. The Fe3C particle remains stable after the AST, showing
the presence of graphite layers around it. A minor dissolution of the Fe3C
particle is observed in the region highlighted by a blue line in Fig. 2e, in

Fig. 2. TEM micrographs of Fe–N-DCB catalyst (a) before and after AST in 0.1 M HClO4, (b) before and after AST in 0.1 M KOH. Red and blue arrows show particles
reducing size or disappearing after the ORR reaction. STEM-HAADF micrograph (c) before and after ORR in 0.1 M HClO4. Red arrows shows particles that disappear,
yellow arrows particles that remain, and circled one particle partially dissolved. HRTEM images (d) before and after the AST in acidic media, (e) before and after the
AST in alkaline electrolyte. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. (a) TEM micrograph before and (b) after AST in 0.1 M HClO4. (c)
Magnified area showing new Fe particles formation. (c) EDX map showing the
presence of Fe and O. (d) Magnified image of the FeOx particles (e) HRTEM and
FFT in the inset along the [100] of the Fe2O3 structure.

loss of crystallinity, which again is more pronounced in the test in acid
electrolyte.
3.3. Fe K-edge XAS study of the catalyst before and after ORR
The identification of the iron species on Fe–N-DCB, namely Fe
environment, coordination and oxidation and their evolution after the
ASTs has been accomplished by the Fe K-edge XAS, using Fe Phthalo
cyanine (with Fe2+ coordinated to N in FeN4), Fe3C, Fe-oxides and
metallic Fe as standards. Fig. 5a depicts the XANES region of the spectra
of the catalysts and standards. The edge position for Fe–N-DCB suggests
that the sample comprises a mixture of iron species in Fe2+ (similar to
Fe2+ in FeNx sites in Fe-phthalocyanine) and Fe0 (from Fe3C) oxidation
states. However, the Fe2+ atoms in Fe–N-DCB do not display the same
geometry than in Fe-phthalocyanine (Fe-Ph). The spectrum for Fe-Ph
shows a pre-peak characteristic of Fe atoms in the square-planar envi
ronment of FeN4 ensembles [58]. This pre-peak is not observed in the
spectra of Fe–N-DCB, a feature reported for similar Fe/N/C catalysts
[21]. The absence of this pre-edge feature in Fe–N-DCB can be related to
a bending of FeNx moieties or to the occupation of some of the axial
empty positions of the square planar FeN4 moieties [26]. A careful in
spection of the spectrum for Fe–N-DCB reveals the presence of a feature
around 7115 eV. This peak is clearly observed in the spectrum for Fe3C,
and it is therefore indicative of the presence of iron carbide in
Fe–N-DCB.
The inset to Fig. 5a shows the evolution of the XANES edge before
and after the ASTs in acid and alkaline media. As observed, the edge of
the catalyst after the AST in acid is shifted to more oxidized Fe species,
the edge of the catalysts after the AST in alkaline is slightly shifted to
more reduced Fe. This shift is also observed from the second derivative
of XANES edges (Fig. S10), where a shifting to lower or higher energies
is observed after the acid and alkaline ASTs, respectively.
These results are also observed in the Fourier Transform (FT) of the
EXAFS signal shown in Fig. 5b. The spectrum of Fe–N-DCB presents 2
main peaks of similar intensity at 1.82 Å and 2.26 Å corresponding to

Fig. 4. (a) and (b). Low magnification TEM images of the grid reveal the
appearance of novel phases after the AST in 0.1 M KOH. (c) EDX map of the
squared region in Fig. 4b. (d) TEM of a sphere-like morphology. (e) HRTEM of
the surface of the spheres showing nanoparticles and its corresponding SAED
pattern in the inset. (f) TEM of a sheet-like morphology. (g) HRTEM of the
sheets and its corresponding SAED pattern.

Fe–N and Fe–Fe scatterings, in FeN4 moieties and the Fe3C phase,
respectively. The assignment of the peak at ca. 1.8 A to Fe–N species
should be taken cautiously since Fe–O scatterings also display features at
ca. 1.8 Å. However, Fe–O also leads to high intense features between 2.5
and 3.0 Å (see Fig. S11). The spectrum for Fe–N-DCB lacks of features at
those radial distances, so the peak at 1.8 Å can be ascribed to Fe–N
species. This observation agrees well with the TEM/EDX analysis of
Fe–N-DCB that reveal the lack of iron oxides in the fresh sample (see
above).
After the AST in acid, the relative intensity of both Fe–N and Fe–Fe
scatterings changes and the intensity of the Fe–N scattering is higher
than that of the Fe–Fe one. The relative higher intensity of the Fe–N
signal in the used sample suggests that FeNx moieties are more stable
than Fe3C during the AST in acid. This line of reasoning also explains the
shifting of the XANES edge to higher energies after the AST in acid
(Fig. 5a). Admittedly, this trend can also account to the formation of Fe
oxides during the AST in acid, since the Fe–N and Fe–O scatterings are
similar. Note that both the dissolution of Fe3C and the formation of iron
oxides have been also identified by IL-TEM (see above).
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Fig. 5. Fe K-edge XAS results. (a) XANES spectra of Fe–N-DCB before and after AST study and standards for comparison. (b) Corresponding Fourier Transform of the
EXAFS signals.

The EXAFS spectrum of the catalyst after the AST in alkaline shows
the opposite trend and the intensity of the Fe–N shell is slightly lower
than that of the Fe–Fe one. This trend indicates that the loss of FeNx
moieties is slightly higher than that of the Fe3C particles. Again, this
observation is in good agreement with the IL-TEM results above that
reveal that Fe3C particles are more stable in alkaline than in acidic
electrolyte. Again, this result is in good agreement with the shift of the
XANES edge to lower energy after AST in alkaline.
The evolution of Fe species in the catalyst after the ASTs has been
quantified by performing linear combination fittings (LCF) of the XANES
spectra of the used catalysts, along with those of the initial catalyst
(Fe–N-DCB), Fe3C, Fe-phthalocyanine, Fe2O3 and Fe3O4. The LCF of the
Fe–N-DCB spectrum after the AST in acid (Fig. S12) indicates that 81.4%
of the Fe in the used sample has the same environments than the initial
Fe–N-DCB catalyst, with 12.6% in Fe2O3, 3.6% in Fe3O4 and 2.4% in Fe
phthalocyanine-like environment. Note that this analysis does not
indicate the actual amount of Fe loss during the AST or the Fe loading in
the final catalyst, but the relative composition of iron species remaining
in the used catalyst. Thus, the actual environment of the main fraction of
iron atoms remaining in the used Fe–N-DCB (81.4%) is not affected by
the AST in acid, and display the same environment than in the initial
catalyst. However, the preferential dissolution of Fe3C results in a
relative enrichment in FeNx species in the used catalyst, as indicated by
the contribution of an additional 2.4% of Fe-phthalocyanine needed to
adjust the spectrum. Finally, and in accordance with the IL-TEM results,
iron oxides are formed after the AST.
The LCF of the spectrum after the AST in alkaline (Fig. S13) reveals
that a 79.2% of Fe atoms in the used catalyst display the same envi
ronment than the initial Fe–N-DCB catalyst, with 13.4% is in Fe3C, 3.8%
in Fe2O3 and 3.6% in Fe3O4. Similar to the AST in acid, after the AST in
alkaline, ca. 80% of the remaining Fe species are still in the same FeN4
and Fe3C environments than in the initial sample. The contribution of
further Fe3C (13.4%) indicates that Fe3C is more stable than FeN4
moieties in alkaline, in agreement with IL-TEM results. The formation of
iron oxides, although evident, is less significant than in acid electrolyte.
Even if the alkaline media is less aggressive, a demetallation process
takes place in both electrolytes and part of the initial FeN4 and Fe3C
species are removed from their initial environments generating iron
oxides.
Together, IL-TEM and Fe K-edge spectra indicate that Fe–N-DCB
display Fe3C particles wrapped within graphite layers and FeNx moieties
and that both species are dissolved during the ASTs, the actual rare
depending on the electrolyte, leading to the formation of iron oxides.
However, these results fail to identify the actual nature of the FeNxCy
and NxCy moieties present in Fe–N-DCB and their stability/evolution
during the ASTs. In order to address these issues, we have studied the
environment of the N-atoms in the fresh and used catalysts by recording

N K-edge NEXAFS experiments before and after ASTs in both media.
3.4. N K-edge XAS study of the catalyst before and after ORR
Fe/N/C catalysts prepared by thermal treatments display N atoms in
different configurations, typically pyrrolic and pyridinic that may
display different ORR activities [28,59]. For instance, in alkaline media
N-pyridinic has been proposed to promote the ORR via the 4 e−
pathway, while N-graphitic is claimed to promote the 2 e− pathway of
O2 to H2O2 [18,60]. On the other hand, in acid media, it has been pro
posed that those responsible for the ORR are mainly FeNx sites, but also
N-doped carbon plays an important role. Therefore, it is essential to
determine the actual environment of the N atoms in the catalyst and to
assess their evolution during the ORR.
The Fe–N-DCB N K-edge raw spectra for the fresh and used catalysts
are shown in Fig. 6a. The regions corresponding to pi- and sigmaresonances describe the typical spectroscopic features in N K-edge
spectra. The pi-resonance region can be explained by a variety of N
chemical configurations, which can be associated to pyridinic, pyrrolic,
quaternary and graphitic N species [28,43,47,61,62]. As shown in
Fig. 6a, the intensity of the N signal in the spectra of the used catalysts is
lower than that of fresh Fe–N-DCB, indicating the loss of N species,
either coordinated to Fe or not, during the AST. This effect is more
evident in acid media, confirming a higher degradation of the catalyst in
acid electrolyte.
The resonance assignments in the pi-region of the N K-edge spectra
associated to the most relevant N environments for the ORR, namely Npyridinic, FeNx-pyridinic, N-pyrrolic and FeNx-pyrrolic are indicated in
Fig. 6b. The peaks have been assigned after references [28,43,59,61,62].
The peaks at ca. 398.7, 399.6, 400.5 and 401.2 eV have been assigned to
N-pyridinic, FeNx-pyridinic, N-pyrrolic, FeNx-pyrrolic, respectively.
As observed in the spectrum of the fresh Fe–N-DCB (Fig. 6b), the
signal of the N atoms in N-pyridine and FeNx-pyridine species is
significantly smaller than the signal for N-pyrrolic and FeNx-pyrrolic
ones, indicating that the initial catalyst is mainly composed of N-pyrrolic
species, including FeNx sites in a pyrrolic environment. The prepon
derance of N-pyrrolic species in the thermal treated Fe–N-DCB catalyst is
in good agreement with XPS results for similar Fe/N/C catalysts [21].
Taking into account that the contribution of FeN4C12 sites (pyridinic) to
the ORR activity in acid of pyrolized Fe/N/C is higher than that of
FeN4C10 sites (pyrrolic) [10,29], the predominance of FeNx-pyrrolic
species in Fe–N-DCB explains its moderate ORR activity in acid.
The spectra for the used catalyst (Figs. 6b and S14) reveal a strong
decrease of the intensity of the pyrrolic-like resonances after the ASTs in
both media and in fact, the signal for N-pyrrolic species, including FeNx
in pyrrolic environments, is almost absent in the spectrum collected
after the AST in acid electrolyte. The spectrum collected after the AST in
7
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Fig. 6. (a) N K-edge NEXAFS signal Fe–N-DCB (black) and of the catalyst after AST in acid (red line) and alkaline (blue line). (b) π-resonance region of the N K-edge
NEXAFS spectra, where the resonances corresponding to the pyridine-like and pyrrolic-like configurations, both with and without Fe atoms, are marked. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

alkaline electrolyte shows a less pronounced loss of the FeNx-pyrrolic
ensembles than in acid. The decrease of both FeNx-pyrrolic and N-pyr
rolic signals suggests that Fe is not removed from the N-pyrrolic sites via
demetallation, but the whole FeNx-pyrrolic ensemble disappears after
the AST, especially in acid electrolyte.
The evolution of the pyridinic region is more difficult to analyze due
to the relatively low amount of such sites in the fresh Fe–N-DCB. The
spectra of the catalyst recovered after the ASTs in acid and alkaline
electrolyte clearly shows the presence of pyridinic-N species, including
FeNx-pyridinic, suggesting that these species are more stable during the
ORR than pyrrolic ones. If we assume that the ORR activity in acid
electrolyte is dominated by FeN4 species, and taking into account that
the strong loss of FeNx-pyrrolic sites does not lead to a strong decay in
the ORR activity of the initial catalyst (see Fig. 2), it is reasonable to
assume that the ORR activity is dominated by FeNx-pyridinic sites. This
observation is in line with a recent stability study of Fe/N/C during the
ORR, in which the analysis of the Fe sites by Fe-XAS and Mössbauer
identify FeN4C10 species as more active and stable than FeN4C12 ones
[29]. In that study, it is proposed that Fe sites in pyrrolic environments
are prone to oxidize resulting in demetallation by formation of Fe2O3
species. However, since both Fe-XAS and Mössbauer techniques are only
sensitive to the Fe atoms, the evolution of the N sites is not followed.
In our study, the removal of iron from the catalysts and the formation
of iron oxides during ASTs in acid and alkaline electrolyte have been
observed from the Fe-XAS and IL-TEM/EDX results. In addition, the
NEXAFS results presented in this work reveal the disappearance of the
signals for FeNx-pyrrolic and N-pyrrolic suggesting that Fe is not
removed from the N-pyrrolic sites (only) via demetallation, but the
whole FeNx-pyrrolic ensemble collapses under the AST used in this
work. On the other hand, N- and FeNx-pyridinic sites are not removed
during the AST in both electrolytes.

species are lost during the AST in acid and alkaline electrolytes, espe
cially in the former medium, leading to the appearance of iron oxides.
However, the relative fraction of FeNx-pyridinic/FeNx-pyrrolic and Npyridinic/N-pyrrolic ensembles in the used samples is significantly
higher than in the fresh ones, indicating that the species displaying a
pyridinic architecture are more stable than the ones adopting a pyrrolic
configuration. The characterization results presented in this work,
particularly the NEXAFS ones, identify FeNx-pyridinic species as the
actual active sites for the ORR in acid electrolyte, which can be a
guideline for the designing of more active ORR catalysts.
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