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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• A high N/C ratio precursor such as 
melamine used to synthesize Fe–N–C 
catalysts. 

• FeN4C10 and FeN4C12 moieties formed 
during the synthesis. 

• Site Density of exposed Fe sites deter-
mined by in situ and ex situ analyses. 

• ORR activity demonstrated in RDE and 
MEA configurations.  

A B S T R A C T   

The overall performance of proton exchange membrane fuel cells is limited by the sluggish kinetics of the oxygen-reduction reaction (ORR). Among the most active 
PGM-free ORR electrocatalysts are metal-nitrogen-carbon (M-N-C), such as Fe–N–C. The Fe–N4 ensembles in these PGM-free catalysts, present in different config-
urations, are proposed to be the active sites for the ORR in acid. In this work, we have synthesized a Fe/N/C catalyst via thermal treatment of a polymeric CxNy 
precursor obtained by the wet-polymerization of melamine (a nitrogen rich molecule) and terephthaldehyde. The materials obtained (Im-FeNC-1HT and Im-FeNC- 
2HT) display high ORR activity in acid electrolyte compared to other Fe–N–C catalysts prepared with precursors different than 2-methylimidazole or ZIF-8. 
Characterization data indicate the formation of high- and low-spin Fe-Nx ensembles, with a site density of 4.4⋅1019 sitesFe⋅g− 1 estimated by electrochemical strip-
ping of NO. The ORR activity was evaluated in a RRDE configuration in 0.1 M HClO4 and in MEA configuration in a single cell.   
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1. Introduction 

The current energy model, based on the burning of fossil fuels, is 
perceived as a major risk to sustainable development. Equally impor-
tant, it entails the energy dependence on foreign, sometimes unstable 
countries, resulting in strong geopolitical tensions. That is why the Eu-
ropean Union has set a pathway to reach climate neutrality by 2050 [1]. 
In order to achieve this goal, we must follow an energy transition to 
replace fossil fuels with renewable energy. Green hydrogen, a term 
coined to identify the hydrogen produced from clean energy sources, is 
currently considered as a versatile energy vector that will be crucial to 
decarbonize several hard-to-decarbonize sectors such as transportation, 
heating and power for buildings or industry and steel production. The 
transportation sector is already changing into a better perspective of the 
world-wide future, trying to become a zero-emission industry. In order 
to reduce the CO2 emissions in vehicles, two main alternatives are in 
current development: batteries and fuel cells (FCs) [2]. Fuel cell tech-
nology relies on external factors, namely, the large-scale production and 
distribution network of green hydrogen and the research aimed at 
reducing the platinum amount in the electrodes or replace it by a 
catalyst free of platinum-group metals (PGMs) [3–5]. 

Fuel cells generate electrical energy by recombining hydrogen and 
oxygen in water as a main product. A fuel cell consists of two electrodes, 
namely, the anode, where H2 oxidizes into H+ releasing electrons via the 
hydrogen-oxidation reaction (HOR), and the cathode, where O2 is 
reduced via the oxygen-reduction reaction (ORR) to produce water. 
State-of-the-art proton-exchange membrane (PEM) FCs commonly use 
Pt-based catalysts on both electrodes, with higher loadings of Pt at the 
cathode [2]. Even though Pt works effectively, it also involves important 
drawbacks such as its high price, global scarcity and long-term corrosion 
[6]. Current research efforts on the ORR are focused on the development 
of novel catalysts made of more abundant materials. 

The most advanced alternative to Pt-based catalysts for the ORR are 
the so-called non-precious metal catalysts, in which a single transition- 
metal atom is stabilized within a nitrogen doped carbon matrix. The 
most common transition metals are iron and cobalt because they show 
better results than others in terms of activity and durability [7]. These 
FeCxNy ensembles contains different Fe-Ny moieties, which can partici-
pate in the ORR to a different extent. Although there is some controversy 
regarding the nature of the active sites, it is generally accepted that the 
FeN4 sites are the most active ones for the ORR in acid [7–11]. Recent 
studies have gone further and identified high-spin O2–Fe(III)N4C12 and 
low-spin Fe(II)N4C10 moieties to be the active sites for the ORR [12], 
with the former species displaying higher initial ORR activity, but lower 
stability than Fe(II)N4C10 [11,13]. 

The synthesis of Fe/N/C catalysts usually comprises several common 
steps: firstly, a mixture of iron, nitrogen and carbon precursors are 
mixed and subjected to one or more thermal treatments under flow of an 
inert or reactive gas (NH3) at high temperature (between 600 ◦C and 
1100 ◦C). Then, acid leaching of the pyrolyzed catalyst is carried out to 
remove spectator phases including metallic Fe, iron oxides, Fe3C and 
other metals used during the synthesis such as Zn particles. Lastly, 
another thermal treatment is further applied. The current research of 
new electrocatalysts englobes these common aspects coupled to a series 
of trial-and-error selection of precursors (metals, monomers and sup-
ports) and modifications of morphology and structure [14–16]. The 
most active catalysts obtained to date are produced from a 
Zn-containing zeolite imidazole framework (ZIF-8) mixed (either via 
wet or solid-state chemistry) with a nitrogen precursor such as 1,10 
phenanthroline and an iron source, typically FeCl3, Fe2O3 or others. In 
order to obtain the final catalyst, the mixture is subjected to one or 
several thermal treatments, usually followed by an acid leaching step 
and a further thermal treatment [10,11,17,18]. Other approaches in the 
literature focuses on the pyrolysis of molecular precursors with a high 
N/C ratio and high surface area, typically C–N-frameworks such as co-
valent organic frameworks (COFs) or covalent triazine frameworks 

(CTFs) [19–21]. These are usually prepared by wet or dry polymeriza-
tion of carbon and nitrogen precursors such as dicyanobenzenes under 
controlled conditions, resulting in Fe/N/C catalysts for the ORR [22]. 
Among these frameworks, Melamine (2,4,6-Triamino-1,3,5-triazine) 
could be a suitable precursor for the synthesis of atomically dispersed 
Fe/N/C catalysts for the ORR since it contains a high fraction of nitrogen 
atoms in its structure (N/C = 6/3), establishing as a very low-cost 
precursor. 

Recent studies have successfully demonstrated the feasibility of C–N- 
based materials as valid catalyst precursors: on one hand, Liu et al. have 
reported the synthesis of a covalent S,N-based organic polymer for the 
capture of CO2 and iodine from the one-pot polymerization of thiophene 
and melamine [23] and Sang et al. reported the synthesis of a N-rich 
porous organic polymer with high surface area, using melamine as the 
nitrogen precursor via a Schiff base reaction mechanism [24]. On the 
other hand, melamine has already been used as a precursor for the 
synthesis of Fe/N/C catalysts triggering the ORR in PEMFC environ-
ments, for instance via the production of N-containing aerogels [25], in 
the form of cyanamide [26] or by using it in the presence of other 
N-containing precursors. In this work, we have synthesized a novel 
Fe/N/C catalyst using melamine as the nitrogen source via the poly-
merization of melamine and terphthaldehyde. A N-rich imine-based 
framework was synthesized from the wet-polymerization of melamine 
and terephthalaldehyde, followed by the addition of Zn(NO3)2 and Fe 
(NO3)3. The material obtained was used as a precursor for the synthesis 
of Fe/N/C via thermal treatments under controlled atmosphere. The 
structure, composition, and morphology of the catalysts obtained has 
been determined by a combination of different techniques, including 
57Fe Mössbauer spectroscopy, XPS, XRD and BET. The quantification of 
the active sites has been conducted by both ex-situ CO 
cryo-chemisorption and in-situ, nitrite reduction stripping. Catalytic 
performance has been characterized in a rotating-disk-electrode (RDE) 
and demonstrated in membrane-electrode-assembly (MEA) 
configuration. 

2. Experimental section 

2.1. Synthesis of Im-FeNC 

The chemicals used in the synthesis of the Im-FeNC catalyst were 
purchased from Sigma Aldrich except for the iron (III) nitrate that was 
purchased from Alfa Aesar. Firstly, the desired quantities of melamine 
and terephthalaldehyde were dissolved in 120 mL of dimethyl sulfoxide 
(DMSO) in a flask under inert atmosphere with a water reflux system 
[27,28]. Once the mixture is completely homogeneous at 30 ◦C, Zn 
(NO3)2 and Fe(NO3)3 were added gently to the solution. The mixture was 
stirred and heated to 180 ◦C for 16 h under an inert atmosphere, 
obtaining a yellowish solid, which was filtered, washed with excess of 
acetone and dried overnight. The resulting material was subjected to a 
thermal treatment at 900 ◦C using a 20 ◦C/min ramp under a N2 flow of 
450 NmL/min. After 110 min at 900 ◦C, NH3 was flown in the reactor 
(N2/NH3 = 450/70 NmL/min), during 30 min. The material obtained 
after the first pyrolysis was labelled as Im-FeNC-1HT. Then, this catalyst 
was acid-leached in 2 M H2SO4 during 8 h at 70 ◦C, in order to remove 
metallic Fe phases. Finally, the catalyst was subjected to a second py-
rolysis following the same aforementioned steps. The catalyst obtained 
was named as Im-FeNC-2HT. Scheme 1 depicts an illustration of the key 
steps during the synthesis of the catalysts. 

2.2. Catalyst characterization 

The crystal structure of the catalysts was analyzed with an X-ray 
polycrystal PANalytical X’Pert PRO using nickel-filtered CuKα 
(1.541874 Å) radiation, with a 0.04◦ step size and accumulating 20 s per 
point. 

Raman spectroscopy was used to analyze the graphitic structure of 
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the catalysts. The spectra were recorded with a Renishaw Micro Raman 
spectrometer (λ = 532 nm) equipped with a 20 mW He–Ne laser emit-
ting at 532 nm. Spectra were recorded using 3 repetitions, 10 s of 
acquisition time and 0.2 mW of incident power. 

Surface area and pore size distribution of the samples were acquired 
by N2 adsorption/desorption isotherm (relative pressure range P/P0 =

0.05–0.30). The measurements were done at 77 K (nitrogen boiling 
point) in a Micrometritics Micromeritics ASAP 2000. The samples were 
degassed at 140 ◦C under vacuum for 24 h. 

Transmission Electron Microscopy (TEM) data was recorded on a 
JEOL 2100 field emission gun transmission electron microscope oper-
ating at 200 kV and equipped with an EDX spectrometer Oxford INCA 
Energy 2000 system. Specimens were prepared by depositing small 
portions of the samples on top of a Cu grid supporting a lacey carbon 
film. Deposition was achieved by preparing a suspension of the material 
in ethanol. 

57Fe Mössbauer spectra were recorded at room temperature and 8.5 
K in the transmission mode using a conventional constant acceleration 
spectrometer and a 57Co(Rh) source. The velocity scale was calibrated 
using a 6 μm thick α-Fe foil. All the spectra were computer-fitted and the 
chemical isomer shifts were referred to the centroid of the spectrum of 
α-Fe at room temperature. 

X-ray photoelectron spectroscopy experiments were performed at 
Versatile Soft X-ray (VerSoX) beamline B07 B branch endstation 1 at 
Diamond Light [29,30]. The VerSoX B branch endstation1 is equipped 
with a PHOIBOS150 2D CCD hemispherical electron energy analyzer, 
operating at 60◦ off the synchrotron beam. The spectra were collected 
with a photon energy of 600 eV and energy was calibrated with the Au 4f 
peak. The XPS spectrum of the Fe 2p core-level were recorded using a 
SPECS customized system equipped with a non-monochromatic X-ray 
source XR 50 and a hemispherical energy analyzer PHOIBOS 150. X-ray 
MgK line (1253.6 eV) was used as excitation (operating at 200 W/12 
kV). The energy regions of the photoelectrons of interest were scanned 
at increments of 0.1 eV and fixed pass energy of 20 eV. For the analyses, 
the C 1s core-level peak was set at 284.6 eV. Spectra were analyzed with 
the CasaXPS software using a Shirley background and 
Gaussian-Lorentzian line shape. 

2.3. Electrochemical tests in rotating-disk electrode 

To measure the ORR performance of the Im-FeNC catalysts an 
Autolab PGSTAT320 N potentiostat/galvanostat controlled by NOVA 
2.1 software was used. Measurements were performed using a three- 
electrode set-up. The electrocatalyst was deposited on a Rotating Disk 
Electrode (RDE, Pine Instruments), with a mirror polished glassy carbon 
disk electrode of 5 mm of outer diameter. Unless otherwise stated, a 
catalyst loading on the electrode of 0.6 mg cm− 2 was used. The ink was 
prepared by dispersing the catalyst in a mixture of ultrapure water 
(MilliQ 18.2 MΩcm), isopropanol and Nafion® 117 solution (5%) with a 
volume ratio of 1:1:0.052, to a final catalyst concentration of 6 mg mL− 1. 
This ink was sonicated with an ultrasonic tip and an ultrasonic bath for 
at least 10 min before it was placed onto the glassy carbon. When Pt/C 

(Johnson Matthey, Pt/C 40 wt%) was used as a benchmark the mass 
loading was 0.4 mg cm− 2. The reference and counter electrode were Ag/ 
AgCl (3 M) and a graphite rod respectively. In order to correct the Ag/ 
AgCl scale to the RHE scale, the hydrogen evolution reaction was 
measured using a Pt wire as working electrode. Potentials are reported 
vs the reversible hydrogen electrode (RHE) after iR correction (resis-
tance of 24 Ω in 0.1 M HClO4 measured by electrical impedance spec-
troscopy at open voltage). 

Before recording the ORR polarization curves, the catalyst was 
conditioned by recording several cyclic voltammograms between 0.05 
and 1.2 V in Ar-saturated 0.1 M HClO4 at 10 mVs− 1. Subsequently, the 
electrolyte was fully saturated of O2 and the ORR polarization curves 
were obtained by recording CVs at 10 mVs− 1 and 1600 rpm between 
0.05 and 1.2 V. Once the ORR curves were collected, a blank voltam-
mogram was recorded in Ar-saturated electrolyte under the same 
experimental conditions but without rotation. Pure Faradaic currents 
were obtained by subtracting the anodic sweeps of the ORR curve from 
the positive going branch of the blank voltammogram. 

The production of hydrogen peroxide during the ORR was studied 
with a rotating ring disk electrode (RRDE) with a platinum ring and a 
disk area of 0.2375 cm2. The potential of the Pt ring was set at 1.2 vs 
RHE to ensure the oxidation of the H2O2 produced during the ORR but 
preventing the oxidation of water [31]. The following equation was used 
to calculate the amount of H2O2 produced: 

% H2O2 =

2⋅iR
N

iD + iR
N

(Eq. 1)  

where iR and iD correspond to the ring current and disk current 
respectively and N is the collection efficiency of the ring (38%). 

Stability was evaluated by performing load cycle accelerated stress 
tests (AST) in Ar- or O2-saturated 0.1 M HClO4. For the AST, a potential 
program consisting on square-wave cycles between E1 = 0.6 V during 3 s 
and E2 = 0.925 V during 3 s, was applied. ORR polarization curves were 
collected at the beginning of the test (BoT) and after certain number of 
cycles. 

2.4. Quantification of active sites 

The mass site density (SDmass) of the catalysts was determined from 
in-situ nitrite stripping experiments, following a protocol reported by 
Kucernak’s group [32–34]. Experiments were carried out using the same 
set-up described for the electrochemical tests. However, in this case a 
0.5 M acetate buffer of pH 5.2 (prepared with sodium acetate and glacial 
acetic acid) was used as electrolyte. Briefly, (1) the working electrode 
was cleaned by performing 20 scans at 100 mV s− 1 and 10 scans at 10 
mV s− 1 between 1.05 V and − 0.4 V in Ar-saturated electrolyte. After-
wards, the working electrode was subjected to 6 cycles at 10 mV s− 1 

between the same potentials in O2-saturated acetate buffer. This pro-
tocol was repeated as many times as necessary until stable cyclic vol-
tammograms were obtained. (2) Next, the ORR performance (of the 
unpoisoned electrode) was measured. CV scans were carried out at 10 

Scheme 1. Synthesis of Fe/N/C. A yellowish solid is obtained from the polymerization of melamine and terephthalaldehyde in the presence of Zn(NO3)2 and Fe 
(NO3)3. Fe/N/C catalysts obtained from the pyrolysis, acid leaching and pyrolysis of such polymer. 
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mV s− 1 and 1600 rpm between 1.0 and 0.3 V in O2-saturated and in 
Ar-saturated electrolytes subsequently (to correct the ORR). Then, the 
baseline stripping CV was recorded at 10 mV s− 1 and 1600 rpm between 
0.4 and 0.6 V in Ar-saturated acetate buffer. (3) Afterwards, the working 
electrode was poisoned by washing it in a 0.125 M NaNO2 solution at 
OCP and 300 rpm for 5 min. Next, the electrode was immersed and 
washed in ultrapure water, acetate buffer and ultrapure water again at 
OCP and 300 rpm for 1, 5 and 1 min, respectively. (4) The ORR per-
formance, background and stripping CV of the poisoned electrode were 
measured following the same procedure described in step (2). Subse-
quently the last step (4) was repeated to verify that the catalyst was 
recovered after the stripping. 

2.5. Demonstration in a fuel-cell environment 

The characterization of Im-FeNC concludes with a proof-of-concept 
study that confirms the catalyst can enable the ORR in MEA configu-
ration, in an actual PEMFC system, and to evaluate its performance. The 
MEA-fabrication procedure begins with the growth of a catalytic deposit 
on top of gas-diffusion layer (GDL), done via drop-casting method. For 
this, inks were prepared by solving a certain amount of Im-FeNC in 
ethanol (98% absolute from Sigma Aldrich). Nafion 1100 EW solution 
(5 wt% in lower aliphatic alcohol and water, Sigma-Aldrich) was added, 
according to an ionomer/catalyst weight ratio of 2/3 (40/60 wt%). The 
inks were sonicated in an ultrasound bath at room temperature for at 
least 1 h and, using precision syringes, casted on carbon-based GDLs 
(Sigracet® 22 BB). The GDLs were fixed on the surface of a hotplate at 
90 ◦C during the deposition process. The MEAs were assembled by 
sandwiching a proton-exchange membrane (Nafion® 211) in between 
an Im-FeNC-coated GDL (cathode) and a commercial electrode consist-
ing in a GDL (Sigracet® 29 BC) covered with Pt/C 40 wt% catalyst 
(anode). Finally, the MEAs were pressed between flat graphite plates by 
tightening the clamping screws at a torque of 3 N m and heated at 90 ◦C 
for 15 min. 

Once assembled, MEAs were tested in a single-cell commercial 
hardware with a mixed-serpentine multichannel flow-field, made in 
graphite, of an active area of 1 cm2, and compatible with the differential- 
cell configuration. The test stand employed in this study was developed 
in-house at the German Aerospace Center (DLR), equipped with pro-
grammable logic controllers and a commercial electronic load (from 
H&H, model ZS506-4NV). The gas mass flow rates were regulated at the 
cell inlets whereas the pressure was controlled at the cell outlets. For 
humidifying the gases, water evaporators from Bronkhorst High-Tech B. 
V. were used, and gas lines connecting the humidifiers to the cell were 
heated up to avoid condensation. All the experiments were done under 
H2/air operation, fixing the relative humidity (RH) at 100%, the pres-
sure at 300 kPaabs, and the cell temperature at 80 ◦C. To avoid fuel 
starvation phenomena and preserve homogeneity, the gas flow was set 
constant at high-stoichiometry values. 

3. Results and discussion 

3.1. Physicochemical characterization 

As depicted in Scheme 1, the polymerization of melamine and ter-
ephthalaldehyde in the presence of Zn(NO3)2 and Fe(NO3)3 resulted in 
an amorphous material as deduced from the absence of diffraction peaks 
in the x-ray diffractogram, data not shown. The diffractograms of the 
catalysts obtained after the thermal treatments, namely Im-FeNC-1HT 
and Im-FeNC-2HT, are shown in Fig. S1a in the Supporting Informa-
tion. The XRD patterns exhibit broad peaks at ca. 25◦ and ca. 44◦ cor-
responding to the (002) and (101) planes of graphitic carbon. In 
addition, a weak peak at 44◦ can be observed for Im-FeNC-1HT, which 
can be ascribed to metallic Fe, Fe3C and/or FexN phases [35,36]. The 
intensity of this peak decreases significantly after the acid leaching and 
second thermal treatment, evincing the removal of Fe particles. A careful 

inspection of Fig. S1a reveals the presence of a very weak peak in the 
diffraction pattern of Im-FeNC-2HT around 80◦ which, in line with 
previous reports, can indicate the presence of a small fraction of iron 
particles (metallic iron and/or iron carbide) wrapped within several 
graphite layers remains in the catalyst after the acid leaching process 
[36]. The presence of such particles is confirmed from the TEM micro-
graphs shown in Fig. S2. Raman spectra of the catalysts are shown in 
Fig. S3. The presence of two peaks at ca. 1340 and 1608 cm− 1, usually 
identified as the D and G bands, respectively, indicates the generation of 
a graphitic material after the thermal treatments. Note that the Raman 
spectrum of the material obtained after the wet polymerization of the 
precursors previous to the thermal treatment. Finally, a moderate in-
crease of the relative intensity of the G/D bands from 1.9 to 2.1, is 
observed after the second thermal treatment. 

The specific surface area of the Im-FeNC-2HT was evaluated from the 
N2 adsorption-desorption isotherm. The catalyst showed a Type I(b) 
isotherm with a small H4 hysteresis loop, see Fig. S1b. This type of 
isotherm is common for microporous catalysts, which exhibit a quick 
uptake at low p/p0 due to improved adsorption in micropores. On the 
other hand, the hysteresis loop can be ascribed to its micro- 
mesoporosity, similar to previously reported Fe/N/C catalysts [16]. 
The BET surface area of Im-FeNC-2HT is 650 m2 g− 1 of which 370 m2 

g− 1 and 280 m2 g− 1 correspond to micropore and external surface area, 
respectively. 

It is well documented, that the catalysts obtained from the thermal 
treatment of iron/nitrogen/carbon precursors, such as the one reported 
in this work, present a small fraction of iron particles, along with 
atomically dispersed iron atoms coordinated to several N atoms in a 
graphitic carbon matrix. As shown above, XRD and TEM analysis iden-
tified the presence of iron particles, whereas the formation of a graphitic 
matrix was deduced from the Raman spectra. The identification of the 
presence and structure (coordination environment, oxidation state and 
abundance) of the atomically dispersed iron atoms is more difficult, and 
to date the most reliable approach to actually identify the nature of such 
isolated iron atoms is 57Fe Mössbauer spectroscopy. As shown in Fig. 1a, 
the room temperature Mössbauer spectrum for Im-FeNC-2HT is rather 
complex. It is dominated by intense, broad, paramagnetic signals in the 
center of the spectrum and some minor magnetic components. The 
spectrum resembles some of the spectra reported in the recent literature 
for atomically dispersed iron atoms in Fe/N/C like catalysts [12], and 
was fitted and interpreted using the species, and their corresponding 
assignments, given in such references. Fig. 1b shows a Mössbauer 
spectrum recorded a room temperature in a lower range of velocities to 
determine with better accuracy the hyperfine parameters of the various 
species. A low temperature spectrum, 8.5 K, was also recorded (Fig. 1c) 
to determine whether the doublets observed in the room temperature 
spectra contain contributions from superparamagnetic iron oxides. 

Our fit model considered one singlet, four doublets and three mag-
netic sextets. The hyperfine parameters and relative areas obtained from 
the fit of the room temperature data, together with their assignment to 
different chemical species, are shown in Table S1 of the Supporting 
Information. 

The most intense contribution, accounting for ca. 42% of the spectral 
area, corresponds to doublet D1 which has been recently associated with 
a high-spin O2–Fe(III)N4/C species in a FeN4C12 environment [12]. This 
doublet, having the same quadrupole splitting and a larger isomer shift 
(this increase resulting from the second-order Doppler shift), is also 
present in the 8.5 K spectrum confirming the Fe(III) high-spin character 
of this species since no temperature variation is expected for the quad-
rupole splitting in this case. The second most intense paramagnetic 
doublet (10% of the spectral area) corresponds to doublet D2 which has 
been attributed to a low-spin Fe(II)N4 species in a FeN4C10 configuration 
[12]. Similarly, to doublet D1, the quadrupole splitting of D2 does not 
increase with decreasing temperature, confirming its low-spin Fe(II) 
nature. The spectrum also contains two minor paramagnetic doublets 
with hyperfine parameters characteristic of doublets D3 y D5 [37], see 
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Table S1. 
The intense singlet observed in the room temperature spectrum has 

been associated with superparamagnetic α-Fe [37]. However, the singlet 
is also observed in the 8.5 K spectrum instead of the characteristic sextet 
that should be expected if the room temperature singlet was due to α-Fe. 
The occurrence of a singlet instead of a sextet at such lower temperature 
would imply an extremely small particle size as to remain paramagnetic 
at 8.5 K, something that appears to be unlikely. In our view, this singlet 
is more likely associated with the presence of γ-Fe since this compound, 
despite being antiferromagnetically ordered below 77 K, shows a 
broadened singlet at low temperatures and has been observed in other 

iron-carbon systems [38,39]. 
The room temperature Mössbauer spectrum also contains three 

magnetic sextets: a main one characteristic of α-Fe and two other minor 
ones associated to iron carbides having different stoichiometries. 
Finally, the 8.5 K spectrum does not show any magnetic sextet which 
could be associated to iron oxides, confirming that the sample does not 
contain any superparamagnetic iron oxide species. The observation of 
these species is consistent with the, XRD and TEM analyses shown in the 
supporting information, that reveal the presence of a small fraction of 
iron particles in both Im-FeNC-1HT and Im-FeNC-2HT, particularly in 
the former sample. The Fe 2p core-level (Fig. S4) spectrum of Im-FeNC- 

Fig. 1. (a) Room temperature 57Fe Mössbauer spectrum recorded from Im-FeNC-2HT; (b) Room temperature Mössbauer spectrum recorded in a narrower range of 
velocities; (c) Mössbauer spectrum recorded at 8.5 K. 

Fig. 2. a) ORR polarization curves recorded at 10 mV s− 1 and 1600 rpm in O2-saturated 0.1 M HClO4 (0.6 mgcat⋅cm− 2). Error bars were obtained by recording at least 
3 measurements from different batches; b) mass-specific normalized ORR activities; c) RRDE measurement of Im-FeNC-2HT at two different loadings: % H2O2 
released into the electrolyte (0.1 M HClO4) with its corresponding ORR polarization curves recorded at 10 mV s− 1 and 1600 rpm. 
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2HT shows two doublets with the Fe 2p3/2 core levels at ca. 709.5 and 
711.9 eV, ascribed to iron oxidized species, typically Fe (II) and Fe (III), 
with the former peak being ca 2 times more intense than the latter. The 
precise nature of the iron species cannot be determined only by the 
binding energy of the XPS peaks. However, the absence, or small in-
tensity, of the satellite peaks suggest that presence of Fe (II) species in 
low spin configuration, in good agreement with the Mössbauer analyses. 

3.2. Assessment of catalytic performance 

The background current density recorded in Ar-saturated electrolyte 
for Im-FeNC-1HT and Im-FeNC-2HT, which are related to the capacitive 
current, can be seen in Fig. S5. The backgrounds were rectangular 
shaped, as it is usually observed for carbonaceous materials [8,40]. The 
ORR polarization curves obtained in O2-saturated 0.1 M HClO4 (back-
ground and solution resistance corrected) are shown in Fig. 2 along the 
activity measured for Pt/C. Both Im-FeNC catalysts show similar ORR 
activity, regardless of the thermal treatment, even though the activity is 
still far from that obtained with a commercial Pt/C catalyst. In Table 1 
representative activity parameters for the ORR activity are collected. 
Eonset, defined as the potential at which a current of 0.1 mA cm− 2 is 
reached, was 0.90 and 0.93 V for Im-FeNC-1HT and Im-FeNC-2HT, 
respectively. Similarly, the half-wave potential, E1/2, difference be-
tween the values for Im-FeNC-1HT (0.77 V) and 2HT (0.76 V) is negli-
gible. As expected, more positive potentials were recorded for Pt/C 
(Eonset = 1.02 V and E1/2 = 0.92 V). Since the E1/2 values are similar for 
both homemade Fe/N/C catalysts, it can be assumed that the mixed and 
diffusional controlled regions are not much affected by the acid leaching 
and second pyrolysis step. Similarly, it seems that those steps do not 
have a slight impact on the active sites responsible for the ORR at low 
overpotential, indicating that the active sites for the ORR in acid are not 
affected by the acid leaching process. However, as observed in Fig. 2a, 
the error bars for the catalyst subjected to only one thermal treatment 
(Im-FeNC-1HT) are larger than the ones of the catalyst subjected to acid 
leaching and a second thermal treatment (Im-FeNC-2HT), especially 
within the diffusion limiting region. As shown below, comparable H2O2 
productions were obtained for both catalysts, so we ascribe the larger 
error bars recorded with Im-FeNC-1HT to a less homogeneous deposi-
tion of Im-FeNC-1HT on the RDE electrode, suggesting that the catalyst 
resulting after acid leaching and the second thermal treatment is 
dispersed more easily on the electrode. 

To compare the ORR activity of Fe/N/C catalysts mass activities are 
used. They are calculated from the kinetic currents obtained from mass- 
transport-corrected Faradaic currents using the Koutecky-Levich (K-L) 
equation: 

iK =

(
− if × ilim

)

if − ilim
(Eq. 2)  

where iK is the kinetic current, which is negative for reduction reactions, 
and ilim is the limiting current. The ORR mass activity is determined by 
the following formula: 

im =
ik

mcat
(Eq. 3)  

where im is the mass activity and mcat is the catalyst loading. 
The mass activities of both catalysts are depicted in Fig. 2b, with im 

values at 0.8 V collected in Table 1. It shall be noted that im values are in 
the same order of magnitude, 4.2 and 3.4 A g− 1 for Im-FeNC-1HT and for 
Im-FeNC-2HT. Concerning the Tafel slopes, values of 74 and 83 mV 
dec− 1 for Im-FeNC-1HT and Im-FeNC-2HT were estimated, pointing out 
that slightly different overpotentials are required to produce high cur-
rents. Hence, it can be asserted that imine-based polymers are an 
effective precursor to create high-performance Fe/N/C catalysts, dis-
playing ORR activities in line with the best Fe–N–C catalysts obtained 
without using 2-methylimidazole (or ZIF-8) precursors, see Table S2. 

The ORR is a multi-electron process that can proceed through a 4 e−

process or via a 2 + 2 e− pathway. When the serial pathway takes place, 
H2O2 is produced as an intermediate that can be further reduced to 
produce water. However, this pathway is undesired since hydrogen 
peroxide can lead to oxidation or degradation of the carbon structure in 
the catalysts, involving the detachment of active sites causing a per-
formance drop. 

In order to determine contribution of each pathway was assessed by 
performing RRDE experiments to quantify the production of H2O2 over 
the ORR. 

The polarization curves of RRDE experiments and the amount of 
hydrogen peroxide generated with two different catalyst loadings of Im- 
FeNC-2HT are shown in Fig. 2c. When a catalyst loading of 0.6 g cm− 2 

was used the amount of H2O2 detected was lower than that obtained 
with 0.2 g cm− 2 (~2% compared to 5.5% at 0.6 V, which is the potential 
at which the maximum hydrogen peroxide formation is observed). The 
number of electrons exchanged in the overall reaction is estimated using 
the equation: 

nº e− = 4 −
% H2O2

50 %
(Eq. 4) 

The number of electrons transferred during the ORR at 0.6 V with 
catalyst loadings of 0.6 and 0.2 g cm− 2 are ~3.96 e− and ~3.89 e− , 
respectively. Therefore, it was confirmed that using this catalyst the 
ORR proceeds via a direct pathway, which is the desired one. However, 
the low H2O2 generation detected in this study could be associated to a 
loading effect, which can lead to a dummy 4-electron estimation instead 
of a 2 + 2 electron pathway [16,31]. Given that only a slight increase in 
the number of exchanged electrons was observed for lower catalyst 
loadings, it can be concluded that the 4-electron pathway determined for 
this catalyst is not an artefact due to catalyst loading. As shown Fig. S7, a 
similar profile of H2O2 production is similar for both Im-FeNC-1HT and 
Im-FeNC-2HT, including similar error bars. 

To test the durability and stability of Im-FeNC-2HT the accelerated 
stress test (following DOE’s protocol) described in section 2 was applied. 
In Fig. 3 the ORR activity was depicted after different cycles in Ar- and 
O2-saturated electrolytes at 1600 rpm and using 0.6 g cm− 2 as catalyst 
loading. The ORR polarization curves collected after 10k cycles, in the 
Ar-saturated electrolyte, indicate that the ORR activity remains similar 
at 0.8 V to the initial activity. However, a slight decrease of the limiting 
current could be observed. After a 20k cycles a 27% loss of normalized 
mass activity was observed at 0.8 V vs RHE. On the other hand, when the 
AST was carried out in O2-saturated electrolyte the activity dropped 
much faster even though the polarization curve recorded after 1000 
cycles was close to the initial ORR curve. Performance drops of 55% and 

Table 1 
Parameters of interest extracted from ORR curves and mass activities results.   

Eonset (V) 
at − 0.1 
mA cm− 2 

E1/2 

(V) 
jk (mA⋅cm− 2) 
@ 0.8 V 

im (A⋅g− 1) 
@ 0.8 V 

Tafel slope 
(mV⋅dec− 1) 

Im-FeNC- 
1HT (0.1 
M HClO4) 

0.90 0.77 1.6 4.2 74 

Im-FeNC- 
2HT (0.1 
M HClO4) 

0.93 0.76 1.5 3.4 83 

Im-FeNC- 
1HT (0.5 
M acetate 
buffer) 

0.98 0.84 24.0 37.1 67 

Im-FeNC- 
2HT (0.5 
M acetate 
buffer) 

0.95 0.83 15.3 22.4 69  
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56% were detected after 5k and 10k cycles at 0.8 V. Moreover, the 
decrease in the limiting current was previously ascribed to a loss of 
active sites over the cycles in 0.1 M HClO4 [8,19]. This is proof of the 
formation of durable active sites with a similar performance and com-
parable to the best reported ones [41,42]. 

The evolution of the N-containing species after the ASTs in O2- and in 
N2- saturated electrolytes was studied by XPS using synchrotron radia-
tion. First, the N 1s core-level spectrum of Fe-imine-2HT-BoL (BoL, 
beginning of life) was recorded. Following previous literature, the N 1s 
region was deconvoluted into 5 peaks, corresponding to pyridinic-N, Fe- 
Nx, pyrrolic-N, N-graphitic and nitrogen oxides at ca. 398.6, 399.9, 
400.9, 401.8 and 403–405 eV, [43–46]. XPS spectra of the catalysts 
recovered after the AST in N2- (Fe-imine-2HT-EoL-N2) and in O2- 
(Fe-imine-2HT-EoL-O2) saturated electrolytes were also collected. The 
spectra are shown in Fig. 4. As observed, pyrrolic-N is the main species 
in Fe-imine-2HT-BoL, followed by pyridinic-N and Fe-Nx. After the ASTs, 
the intensity of the overall N 1s core-level region decreases suggesting 
the loss of the N-containing moieties during the ORR. A careful in-
spection of the spectra in Fig. 4 reveals that pyrrolic-N species decreases 
to a greater extent than those of pyridinic-N and Fe-Nx, suggesting that 
pyrrolic-N, especially during the AST in the O2-saturated electrolyte, are 
less stable during ORR than pyridinic-N species. This finding is in line 
with previous reports that indicate that pyridinic-N or FeN4C10-like 
ensembles, identified by the D2 doublets in the Fe Mössbauer spectra, 
are responsible for the long-term ORR activity of Fe/N/C like catalysts in 
acid electrolyte. On the other hand, FeN4C12 ensembles (D1 doublet) 
display higher initial ORR activity but lack stability [13,22]. 

Lastly, in order to deepen into the understanding of the kinetic ac-
tivity some kinetic metrics, such as the active metal site density (SDmass) 
and the catalytic turnover frequency (TOF), were estimated and 
compared to those previously reported for state-of-the-art Fe/N/C 
catalysts. 

Electrochemical stripping of NO was performed to determine the 
number of accessible sites. In the estimate it was assumed that one 
adsorbed NO is reduced per site and that NO stripping followed a three- 
electron reduction to produce hydroxylamine [11]: 

NO − Fe(III) − N4 + 3e− + 3H+ → Fe(III) − N4 + NH2OH (1)  

The number of accessible sites per gram of catalyst (site density, SDmass) 
was estimated from the electric charge necessary to reduce NO adsorbed 
onto Fe. The following equation was used to calculate the site density 
[34]: 

SDmass
(
sites ⋅ g− 1)=

Q[A⋅V⋅cm− 2]⋅NA
[
Atom⋅mol− 1

]

n⋅w [V⋅s− 1]⋅F
[
A⋅s⋅mol− 1

]
⋅L[g⋅cm− 2]

(Eq. 5)  

Where Q is the charge associated to NO reduction (grey area in Sup-
plementary Figs. S7d and S8d for Im-FeNC-1HT and -2HT, respectively), 
n is the number of electrons involved in the NO reduction (3 in this 

study); NA is the Avogadro’s constant, F is the Faraday’s constant, ω is 
the scan rate and L is the catalyst loading. The area is calculated from the 
difference between the current density obtained deducting the first 
voltammogram of the background scan to that recorded with the 
poisoned electrode between 0.4 V and − 0.3 V vs RHE (Figs. S7c and 
S8c). The value of SDmass estimated by stripping of NO generated from 
NO2

− for the Im-FeNC-1HT and Im-FeNC-2HT catalysts were 4.6⋅1019 

and 4.4⋅1019 sites⋅g− 1. As observed, the second heat treatment does not 
modify the site density of the catalysts. To put this value into context, a 
SDmass of 4.6⋅1019 sitesFe⋅g− 1

cat translates into ca. 0.4 wt% Fe in the 

Fig. 3. ORR polarization curves (10 mV s− 1 and 1600 rpm) for Im-FeNC-2HT at BoE and after10k and 20k load cycles recorded in a) in Ar-saturated 0.1 M HClO4 and 
b) in O2-saturated 0.1 M HClO4. 

Fig. 4. N 1s core-level spectra for Im-FeNC-2HT-BoL (bottom panel), Im-FeNC- 
2HT-EoL-N2 (central panel) and Im-FeNC-2HT-O2 (upper panel). Peaks for 
pyrrolic-N (blue), FexN (purple), pyrrolic-N (ochre), graphitic-N (magenta) and 
N-oxides (green) are observed. (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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catalyst. A Fe/C surface atomic ratio of 0.0043 has been obtained by 
XPS. This value corresponds to a (surface) Fe loading of ca. 2 wt% 
(assuming carbon as the other only component). In order to compare the 
SDmass obtained for the studied catalysts with other catalysts, it should 
be taken into account that most SDmass values reported in the literature 
were calculated by assuming a 5-electron reduction of NO [32]. We have 
recalculated the values reported in the literature by assuming a 3-elec-
tron reduction of NO. The SDmass values thus obtained are collected in 
Table 2. Im-FeNC-1HT and -2HT both exhibited a high amount of active 
sites, only exceeded by FeNC-CVD-750 [11], a ZIF-derived catalyst ob-
tained by chemical vapour deposition, which records the highest SDmass 
reported to date. 

The ORR polarization curves measured in the O2-saturated 0.5 M 
acetate buffer for Im-FeNC-1HT and Im-FeNC-2HT are shown in 
Figs. S7a and S8a, respectively. As observed, both catalysts display high 
ORR activity at such conditions. In both cases, the ORR activity dropped 
significantly after NO−

2 poisoning, in good agreement with previous 
reports [32,34]. After NO stripping the catalysts recovered their initial 
ORR activity. Thus, it was corroborated that adsorbed NO are the main 
responsible for the loss of the ORR performance detected. Since the 
activity did not drop completely after poisoning, due to the fact that not 
all of the active sites were blocked, the TOF was estimated by quanti-
fying the difference in the mass kinetic current (imass) between the 
unpoisoned and poisoned catalyst at a certain potential (0.8 and 0.85 V 
vs. RHE in this work). The Tafel plots and imass values are shown in 
Figs. S7b and S8b. The TOF was determined according to the following 
equation [34]: 

TOF
(
electron ⋅ site− 1 ⋅ s− 1)=

Δimass[A⋅g− 1]⋅NA
[
Atom⋅mol− 1

]

SDmass[sites⋅g− 1]⋅F
[
A⋅s⋅mol− 1

] (Eq. 6) 

The TOF values estimated for the catalysts studied here and for other 
benchmarking catalysts, recalculated assuming a three-electron reduc-
tion for the NO stripping, are gathered in Table 2. The TOF (0.8 V vs. 
RHE) values obtained for Im-FeNC-1HT and Im-FeNC-2HT are 4.2 and 
4.9 electron⋅site− 1⋅s− 1. Hence, even though the second thermal treat-
ment does not increase the site density it does seem to increase their 
yield. These TOF values are relatively high compared to those reported 
previously, which are usually below 4 electron⋅site− 1⋅s− 1 [32,34]. PAJ, 
synthesized via hard templating with fumed silica, is the catalyst whose 
TOF (4.34 electron⋅site− 1⋅s− 1) is the closest to that of Im-FeNC-2HT 
[34]. In fact, the TOF estimated at 0.85 V vs RHE (0.6 electro-
n⋅site− 1⋅s− 1) for Im-FeNC-2HT is higher than the TOF reported by Jiao 
et al. [11] for FeNC-CVD-750 at 0.85 V vs RHE (0.47 electro-
n⋅site− 1⋅s− 1). Note that the TOF values reported above have been 
determined from imass activities recorded in acetate buffer (pH 5.2) 

electrolytes. 
In order to benchmark the ORR activity of the catalysts reported in 

this work with the state-of-the-art catalysts in the literature, a site 
density–ORR turnover frequency map (SDmass–TOF ORR reactivity map) 
was plotted [34,49], see Fig. 5. Each catalyst falls on a hyperbolic 
iso-mass activity curve, im allowing to assess the effect of synthesis pa-
rameters on the catalytic activity and different strategies can be 
designed. From the map it can be inferred that, while catalyst activity 
can be improved by either increasing the SDmass or the TOF, focusing on 
the enhance of the site density is a better strategy since iso-mass activity 
curves are closer to each other [34]. Previously reported catalysts are 
found either at the low-SDmass region (bottom-side of the graph) or at the 
low-TOF region (left-side of the graph), as they fail to achieve high 
values on both properties at the same time, and leading to relatively low 
mass currents < 4 A g− 1 at 0.8 V vs RHE. On the contrary, Im-FeNC-2HT 
features both a considerably high SDmass and a relatively high TOF, 
falling around the middle position (elbow) of the iso-mass curves and 
reaching almost 35 A g− 1 at 0.8 V vs RHE. Nevertheless, the kinetic 
metrics at higher voltages (0.85 V vs RHE) of Im-FeNC-2HT (4 A g− 1) are 
yet lower than those of FeNC-CVD-750 (7 A g− 1), indicating room for 
improvement of Im-FeNC-2HT by increasing the SDmass (which can also 
be derived from its position in the map, slightly below the bisector of the 
first quadrant). 

The results reported in Fig. 5 have been obtained at pH = 5.2. It is 
known that the kinetics for ORR with Fe–N–C like catalysts is strongly 
dependent on the pH scale, displaying higher kinetics at high pH values. 
Thus, the ORR activity of a thermally treated Fe–N–C catalyst at high 
potentials is the same in the pH range between 0 and 9, increasing at 
higher pH values [32]. However, this not the case for the catalysts 
studied in this work. As observed in Table 1, the pure kinetic currents 
(jkin) and the mass-specific activity (imass) obtained in the buffer acetate 
electrolyte (pH = 5.2) are higher than those obtained in the RDE ex-
periments conducted in 0.1 M HClO4. Therefore, we have also calculated 
TOF of the Im-FeNC-2HT from the activity data recorded in 0.1 M 
HClO4. For that, we first determined the site density of Im-FeNC-2HT 
from ex situ CO cryo-chemisorption SDmass,CO (see Fig. S9). We ob-
tained a SDmass,CO of 10⋅1019 sites⋅g− 1, a value that, despite the different 
nature of the analyses, correlates well with the SDmass value obtained 

Table 2 
Kinetic metrics, mass-site densities (SDmass) and the turnover frequencies (TOF), 
calculated at 0.80 and 0.85 VRHE for the catalysts studied in this work and for 
state-of-the-art catalysts measured under the same reaction conditions. All of the 
TOF values reported in this table were obtained from the mass-specific ORR 
activities recorded in acetate buffer electrolyte (pH ca. 5.2). To estimate the 
SDmass it was assumed that NO stripping entailed a three-electron reduction.   

SDmass 

(sites⋅g− 1) 
TOF (electron 
site− 1⋅s− 1) 

Reference 

Im-FeNC-1HT 4.61⋅1019 4.20 This study 
Im-FeNC-2HT 4.40⋅1019 4.88 This study 
CNRS 2.40⋅1019 0.39 [47,48] 
ICL 1.43⋅1019 0.58 [33] 
PAJ 0.42⋅1019 4.34 [34] 
UNM 1.05⋅1019 2.07 [34] 
FPHEN3 0.71⋅1019 4.00 [16] 
FBPY1 0.37⋅1019 1.90 [16] 
FeNC-CVD-750 at 0.85 

VRHE 

10.0⋅1019 0.47 [11] 

Im-FeNC-2HT at 0.85 
VRHE 

4.40⋅1019 0.60 This study  

Fig. 5. SDmass–TOF ORR reactivity maps for the Im-FeNC catalysts reported in 
this work at 0.80 VRHE and at 0.85 VRHE. SDmass-TOF values for state-of-the-art 
catalysts (CNRS, ICL, PAJ and UNM [34], FPHEN3 and FBPY1 [16], 
FeNC-CVD-750 [11]) are reported for comparison. Mass-specific ORR activities 
used to calculate TOF values of all catalysts were obtained at pH = 5.2. SDmass 
values reported in this figure have been obtained from in-situ NO stripping (see 
experimental section). 
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from nitrite reduction. The CO-derived TOF (TOFCO) obtained for 
Im-FeNC-2HT (using the imass activity recorded in the 0.1 M HClO4 
electrolyte) is 0.22 electron⋅site− 1⋅s− 1. This value is lower than the one 
obtained in the acetate electrolyte, ca. 4.8 electron⋅site− 1⋅s− 1 (see 
Fig. 5). This trend, i.e., smaller TOF values obtained from SDmass,CO and 
imass at low pH of ca. 1 and lower, has been also reported by Primbs et al. 
for state-of-the-art pyrolyzed Fe–N–C catalysts in 0.5 M H2SO4 [34]. 
Note, nonetheless, that the TOFCO value for Im-FeNC-2HT are lower, yet 
in the same order of magnitude, that the TOFCO values reported for 
state-of-the-art catalysts measured in 0.5 M H2SO4, see Fig. 6. 

3.3. Single-cell proof-of-concept 

The testing in MEA configuration was restricted to the fully treated 
catalyst, Im-FeNC-2HT, as it exhibits a larger TOF value, being expected 
to display a higher ORR activity also in a PEMFC environment. Tests 
were carried out in potentiostatic mode and under the conditions 
described in section 2.5. A MEA with a catalyst load of 3.5 mg cm− 2 of 
Im-FeNC-2HT at the cathode was enclosed and clamped in the cell 
hardware by gradually tightening the screws up to a torque of 3 N m. At 
the beginning of the test, the MEA subjected to a load procedure con-
sisting of voltage-cycling periods and steady-state operation for 2 h. The 
polarization curve measured after activation can be seen in Fig. 7 (data 
presented without iR-correction). 

The maximum power density value of 170 mW cm− 2 shown by Im- 
FeNC-2HT in this study is superior to those shown by Fe/C/N catalysts 
obtained from melamine-based precursors [8,25,26]. Nevertheless, this 
performance remains low when compared with some of the latest 
Fe/C/N catalyst developed in the state of the art [3,5], mainly those 
derived from ZIF-8 precursors [11,17,18,37,48]. However, a straight-
forward comparison is often not possible due the large number of 
experimental parameters involved in single-cell testing, leading to a 
diverse zoology of characterization conditions in the literature. For 
instance, several of the referred studies use significantly larger catalyst 
loadings, though lower pressures, as well as employing pure O2 as an 
oxidant instead of air. In addition, recent studies have discussed the 
strong effect that the ink composition can have on the performance of 
Fe/C/N catalyst, highlighting the importance of a detailed optimization 

of the ink parameters [4]. Such differences in the testing procedures and 
ink composition, along with the relative low BET specific surface area of 
Im-FeNC-2HT (ca. 650 m2 g-1 vs ca. 1100 m2 g-1 of the state-of-the-art 
ZIF-8 based catalysts) may explain the moderate in-MEA performance 
obtained for the Im-FeNC catalyst despite their relatively large SDmass 
and TOF values recorded in RDE configuration. Still, the present results 
confirm that Im-FeNC-2HT promotes the ORR in MEA configuration, 
being possible to use it in a PEMFC under relevant conditions. 

4. Conclusions 

A novel Fe/N/C catalyst, Im-FeNC, with a high nitrogen/carbon ratio 
was synthesized via the wet-polymerization of an imine-based frame-
work. The polymer was later subjected to thermal treatments and acid 
leaching. It was observed that Fe particles were efficiently removed after 
acid leaching and the second pyrolysis. Furthermore, after the second 
heat treatment a further enhancement of the ORR activity is observed. 
Studies conducted in RRDE configuration showed that the catalysts 
obtained promoted the four-electron pathway to reduce O2 producing 
H2O. The catalyst was more stable in Ar-saturated electrolyte in com-
parison to O2-saturated electrolyte. Nevertheless, the catalyst activity 
only decreases significantly after 20k and 10k cycles in Ar- and O2- 
saturated electrolyte, respectively. Both Im-FeNC catalysts exhibited a 
high amount of active sites, with a SDmass around 4.4⋅1019 sites⋅g− 1. 
Moreover, the catalyst displays high intrinsic ORR activity, with a TOF 
value for Im-FeNC-2HT of 5.28 electron⋅site− 1⋅s− 1. In view of these re-
sults, namely high SDmass and TOF, it can be concluded that imine-based 
frameworks are suitable precursors to synthesize efficient Fe/N/C cat-
alysts for the ORR in acid electrolyte. Additionally, a concept-validation 
test was carried out in a PEMFC, demonstrating its feasibility for trig-
gering the ORR also in MEA configuration. 
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Thabaiti, S.N. Basahel, M.A. Peña, J.L.G. Fierro, S. Rojas, Effect of transition metal 
(M: Fe, Co or Mn) for the oxygen reduction reaction with non-precious metal 
catalysts in acid medium, Int. J. Hydrogen Energy 39 (2014) 5309–5318, https:// 
doi.org/10.1016/j.ijhydene.2013.12.078. 
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[36] C. Domínguez, F.J. Pérez-Alonso, M.A. Salam, S.A. Al-Thabaiti, M.A. Peña, F. 
J. García-García, L. Barrio, S. Rojas, Repercussion of the carbon matrix for the 
activity and stability of Fe/N/C electrocatalysts for the oxygen reduction reaction, 
Appl. Catal. B Environ. 183 (2016) 185–196, https://doi.org/10.1016/j. 
apcatb.2015.10.043. 
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