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A Simple Decagram-Scale Synthesis of an Atomically Dispersed, 
Hierarchically Porous Fe–N–C Catalyst for Acidic ORR#

Burak Koyuturka,=, Eliyahu M. Farberb,=, Friedrich E. Wagnerc, Tim-Patrick Fellingera,d*, David 
Eisenbergb*

Carbons doped with iron and nitrogen (Fe–N–Cs) are highly promising electrocatalysts for energy conversion reactions in 
the oxygen, nitrogen and carbon cycles. Containing no platinum group metals, they nevertheless compete with platinum-
based catalysts in crucial fuel cell reactions, such as oxygen reduction in acid. Yet deployment of Fe–N–Cs in fuel cells 
requires also a flow-enhancing pore structure, and a scalable synthesis procedure – a rarely-met combination of 
requirements. We now report such a simple synthesis of over 10 g of an Fe–N–C catalyst with high activity towards oxygen 
reduction in acid. Atomically-dispersed Fe-Nx active sites were designed orthogonally and simultaneously with the 
hierarchical micro-, meso- and macroporosity, by exploiting a dual role of magnesium ions during pyrolysis. Combining the 
“active site imprinting” and “self-templating” strategies in a single novel magnesium iminodiacetate precursor yielded a 
catalyst with high surface area (over 1600 m2 g–1), a flow-enhancing hierarchical porosity, and high relative abundance of 
the most desirable D1-type Fe-N4 sites (43%, by Mössbauer spectroscopy at 4.2 K). Despite the relatively low iron contents, 
the catalysts feature halfwave potentials up to 0.70 V vs. RHE at pH 1 and a mass activity of 1.22 A/g at 0.8 V in RDE 
experiments. Thanks to the simple and scalable synthesis, this active and stable catalyst may serve as a workhorse in 
academic and industrial research into atomically-dispersed ORR electrocatalysis.

Introduction
Proton-exchange-membrane fuel cells (PEMFCs) are efficient 
and clean power devices, an integral part of the vision of clean 
and sustainable energy economy. Electric PEMFC-powered 
vehicles running on carbon-neutral fuels (e.g. green 
hydrogen1) can help cut CO2 emissions and reduce our reliance 
on fossil fuels.2,3 To make PEMFCs commercially viable, the 
cathode catalysts for the oxygen reduction reaction (ORR) 
must use as little platinum group metals (PGMs) as possible.4,5 
Research into PGM-free ORR electrocatalysts began in 1964, 
when Jasinski reported molecular cobalt phthalocyanine to be 

active towards the ORR in alkaline medium.6 Recent years 
have witnessed an exponential increase in the number of 
heterogeneous ORR electrocatalysts, based on carbon and 
either free or low in PGMs.7–13 Lately, single atom catalysts 
(SACs) have emerged as a new frontier in ORR electrocatalysis 
research.14–19 Containing atomically dispersed, heteroatom-
coordinated metals (e.g. Fe-N4) on a conductive carbon matrix, 
such materials exhibit outstanding ORR activity and selectivity 
in acid and alkaline media in comparison to other PGM-free 
catalsts.18–26 
To translate the promise of SACs into practical fuel cell 
cathodes, highly active catalytic sites are not enough.27 First, to 
achieve high power density, the reactants and products must 
move fast through the material. This calls for hierarchically 
porous carbons, combining high surface areas for active site 
exposure, with a network of flow-enabling larger pores.28 
Second, the materials must be synthesized reproducibly and in 
large quantity, to enable extensive fundamental investigations 
and to allow for commercial scale-up. Most current syntheses 
of Fe–N–C SACs yield catalytic powders on the ten milligram 
scale,12,18,20,21,29–36 whereas a hundred gram scale is needed to 
power automotive fuel cell stacks at current performance 
levels.37–39 Large scale syntheses of Fe–N–C materials have 
been reported recently,40,41 albeit relying on commercial 
activated carbons, rich in micropores yet lacking significant 
flow-enhancing meso- or macroporosity. To the best of our 
knowledge, the only hierarchically porous, atomically 
dispersed Fe–N–C commercially produced on a gram scale is 
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the proprietary material developed by Serov, Atanassov et al., 
and offered by Pajarito Powders, USA.42–45,19

We now report a scalable, simple, decagram-scale synthesis of 
an active and stable Fe–N–C SAC for the ORR in acid (E½ = 
0.70 V vs. RHE). Our goal is to simplify the synthesis without 
losing activity, to allow researchers in academia and industry 
access to gram quantities of an efficient ORR catalyst. To this 
end, we successfully united two templating strategies in a 
single heat-treatment. The first strategy is active site 
imprinting, a novel approach towards well-defined, atomically-
dispersed iron-nitrogen moieties in carbon 
electrocatalysts.26,46,47 In this method, N-coordinated non-
precious cations such as Mg2+ or Zn2+ can be embedded via N-
coordination into a carbon surface during pyrolysis. Then, ion-
exchange (transmetalation) with iron yields iron-nitrogen 
moieties, at temperatures low enough (80 °C) to prevent 
carbothermal reduction of iron and the undesirable generation 
of Fe(0) or Fe3C phases.46–49 
In parallel, in order to create a flow-enhancing hierarchical 
porosity, we relied on the self-templating strategy.50–55 In this 
method, pyrolysis of a metal-organic coordination polymer 
yields a carbon skeleton embedded with metal oxide or 
carbonate particles; removal of the inorganic phases by simple 
washing leaves behind a heteroatom-doped, hierarchically 
porous carbon with a high specific surface area (SSA). Typical 
templating metals include alkaline earth metals (Mg2+, 
Ba2+)50,52–55 or lanthanides (La3+, Eu3+).56 Iron itself, however, 
cannot be employed to yield single atom Fe–N–Cs directly, 
since carbothermal reduction of iron would result in iron 
phases as undesirable side products, leading to pore blocking49 
and corrosive Fenton activity.57

Thus, we took advantage the ability of Mg to act as a dual 
template, both imprinting active sites46 and templating 
hierarchical porosity.52–54 By pyrolyzing a novel and 
inexpensive magnesium iminodiacetate precursor, followed by 
washing and low-temperature transmetalation, we obtained a 
hierarchically porous, graphitized carbon, containing a 
significant proportion (43%) of desirable “surface Fe-N4” (also 

called “D1”) sites.58–60 Moreover, the synthesis was 
successfully scaled-up from the hundred mg to over ten gram 
scale. We provide an active, stable, and scalable material with 
the potential to become a useful workhorse for academic and 
industrial research groups interested in PGM-free, 
hierarchically porous, atomically-dispersed ORR catalysts.

Results and Discussion
Magnesium iminodiacetate (Mg-IDA), a metal-organic 
coordination polymer (MOCP), was precipitated in hot water 
from basic magnesium carbonate and iminodiacetic acid 
(NH(CH2COOH)2, IDA) at a 1:1 molar ratio. During pyrolysis, the 
iminodiacetate ligand is carbonized into an N-doped carbon, 
while the magnesium carboxylates decompose to give MgO 
nanoparticles and CO2.61 Exothermic crystallization of MgO 
was observed by thermal gravimetric analysis between 750 
and 1000 ˚C (Figure S1),53,61 making this temperature range 
useful for pyrolysis, due to expected variations in the MgO 
particle sizes and degrees of agglomeration.52–54 Mg-IDA was 
pyrolyzed at a range of temperatures (Tpyrolysis = 800, 850, 900, 
950 ˚C), resulting in fine black powders (denoted as 
Mg/NC_Tpyrolysis). The carbons are highly porous, foam-like, and 
dotted with bright particles, as seen by scanning electron 
microscopy (SEM, Figure 1a). The particle sizes are in the 10–
100 nm range, and are composed of crystalline MgO (powder 
X-ray diffraction, XRD, Figure S2). Scherrer analysis reveals 
typical coherent scattering lengths of 8–10 nm (Figure S2, 
inset). This is smaller than the particle size, indicating 
agglomeration and/or defects.55 The MgO was removed by HCl 
washing, leaving behind a sponge-like, hierarchically porous 
morphology (Figure 1b), expected to be beneficial for mass 
transport during electrocatalysis. Importantly, the carbon 
texture is robust across the 800–950 ˚C temperature range. 
Transmetalation was then carried out in an anhydrous 
methanolic solution of FeCl2, under reflux at 80 °C. The 
resulting Fe–N–Cs are named [Fe(NC_Tpyrolysis)], adapting on 
the nomenclature used in coordination chemistry.
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Figure 1. Scanning electron micrographs of (a) MgO@NC as pyrolyzed, (b) Mg/NC after washing, (c) [Fe(N/C)] after transmetalation.

Figure 2. (a-d) N2 physisorption isotherms on Mg/NC (black) and [Fe(N/C)] (red) samples, pyrolyzed at different temperatures. (e-h) Cumulative and differential pore size 
distributions (QS-DFT model).

To quantify the hierarchical porosity, the carbons were 
characterized by N2 physisorption porosimetry at 77 K, both 
before and after transmetalation (Figure 2a–d). All isotherms 
belong to the H4 type.62 A steep increase in gas uptake at low 
p/p0 values reveals the presence of micropores (< 2 nm). The 
subsequent slope, the indicated plateau, and desorption 
hysteresis arise from N2 physisorption in mesopores (2–50 
nm), while the further uptake at high p/p0 values indicates 
additional macropores (> 50 nm). The steep desorption at p/p0 
≈ 0.4 is characteristic for cavitation/blocking effects, indicating 
that the mesopores are connected via small bottle-necks.62,63 
All carbons exhibit high specific surface areas (SSAs) and large 
total pore volumes (1100–1700 m2 g–1, Table 1), as calculated 
by Brunauer-Emmett-Teller (BET) theory. Both the high SSA 
values and the significant mesopore content make these 
carbons promising for mass transport during electrocatalysis. 
Pore size distributions, calculated from the adsorption 
isotherms using a quenched-solid DFT model for slit, cylindrical 
and spherical pores, shows three similar peaks in the carbons, 
centred at diameters of 1.0, 3.5 and 6.5 nm (Figure 2e–h). 
Importantly, the isotherms retain their shape following 
transmetalation, revealing that the ion exchange does not 
harm the hierarchically porous morphology of the catalysts. 
The micropore surface area (Smicro) is reduced slightly (by 3–
12%) following the ion-exchange, due to some blocking of 
micropores by residual iron oxides (see below). For 
[Fe(N/C_800)], [Fe(N/C_850)] and [Fe(N/C_950)] the 
characteristic pore sizes remain unchanged after 
transmetalation. Overall, the active site imprinting is 

orthogonal to the design of the hierarchically porosity of the 
carbon support.
To be active in electrocatalysis, carbons must be electrically 
conductive, which requires a sufficient degree of 
graphitization. The latter can be estimated by Raman 
spectroscopy, using the intensity ratio between the D band (ʋ 
= 1350 cm–1, typical of defects) and the G band (ʋ = 1580 cm–1, 
typical to graphitic regions).53 All Mg/NC samples exhibit 
similar Raman spectra (Figure 3), with graphitic domains 
ranging in length (La) between 13.4–14.4 nm (Table 2). This 
degree of graphitization indicates sufficient and similar 
conductivities in the material.53,64

Table 1. Porosity analysis for Mg/NC and [Fe(N/C)] catalysts derived from N2 sorption

Sample
SSA 

(m2/g)
Smicro 

(m2/g)
Smeso 

(m2/g)
Vmicro 

(cm3/g)
Vtotal 

(cm3/g)

Mg/NC_800 1175 372 803 0.14 1.34

[Fe(N/C_800)] 1116 183 933 0.08 1.35

Mg/NC_850 1780 686 1094 0.27 1.52

[Fe(N/C_850)] 1569 477 1092 0.20 1.40

Mg/NC_900 1565 563 1002 0.22 1.49

[Fe(N/C_900)] 1614 471 1143 0.20 1.62

Mg/NC_950 1708 666 1042 0.25 1.46

[Fe(N/C_950)] 1496 505 991 0.20 1.31
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Figure 3. Deconvoluted Raman spectra of the Mg/NC samples, pyrolyzed at different temperatures.

Nitrogen surface functionalities play a key role in forming the 
active sites. X-ray photoelectron spectra (XPS) in the N 1s 
region were collected for the Mg–N–Cs, and deconvoluted into 
five different types of nitrogen (Figure 4a–d): pyridinic (398.2–
398.8 eV), metal-bound (399.4–400.0 eV), pyrrolic (400.1–
400.5 eV), graphitic (401.2–401.5 eV) and oxidized nitrogen 
species (>403 eV).65,66 The effect of pyrolysis temperature on 
the surface concentrations of nitrogen, carbon and oxygen is 
summarized in Table 2. The total surface nitrogen content is 
constant between 800 °C and 900 °C, and decreases at 950 °C. 
With increasing pyrolysis temperature, the proportion of edge-
located nitrogen atoms (pyridinic, pyrrolic) decreases, and that 
of graphitic nitrogen increases. This reveals the lateral growth 
of graphitic nanostructures, and relates to enhanced 

conductivity.46,52,65 Metal-nitrogen bonds are found at the 
surface both before and after transmetalation, indicating the 
coordination of Mg2+ and then Fe2+ to nitrogen moieties. 
Following transmetalation, the N 1s spectra retain their 
general shape (Figure 4e–h), as well as the surface 
concentration of graphitic nitrogen atoms (Table 2). The 
relative proportion of Me-N bonds rises with the pyrolysis 
temperature and peaks at 900 °C, indicating an optimal 
coordination environment at this temperature. Trace amounts 
of Mg (0.13–0.22 wt%) remain in the bulk of the acid washed 
material, as revealed by inductively coupled plasma mass 
spectrometry (ICP-MS, Table S1), and supporting the case for a 
strong Mg-N4 coordination.67

Figure 4. Deconvoluted XPS spectra in the N 1s region, for the (a–d) Mg/NC and (e–h) [Fe(N/C)] samples.
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Table 2. Chemical composition of the materials, as measured by XPS and Raman spectroscopies.

Surface elemental 
composition (at%)

Surface nitrogen distribution (%) Graphitization
Sample

C N O Pyridinic Pyrrolic Metal-N Graphitic N-O ID/IG La (nm) 68

Mg/NC _800 87.90 6.61 5.49 35.92 30.38 18.17 11.85 3.69 1.4 13.7

[Fe(N/C)_800] 87.76 6.60 5.64 31.51 32.73 21.36 11.60 2.80

Mg/NC _850 88.20 6.29 5.51 34.39 29.44 21.47 11.01 3.69 1.38 13.9

[Fe(N/C)_850] 87.16 6.04 6.81 31.11 28.05 25.95 10.60 4.28

Mg/NC _900 89.44 6.78 3.77 31.95 24.53 23.63 14.50 5.39 1.43 13.4

[Fe(N/C)_900] 88.93 5.63 5.44 32.97 22.30 24.40 14.16 6.18

Mg/NC _950 91.11 5.02 3.87 28.57 26.43 18.56 17.13 9.31 1.33 14.4

[Fe(N/C)_950] 90.06 4.81 5.12 30.00 23.28 23.73 17.10 5.89

Finally, the robustness of the carbon composition along the 
pyrolysis was investigated by heating Mg/NC_800 in argon 
from room temperature to 950 °C in a thermogravimetric 
setup coupled to mass spectrometry (Figure S3). Following the 
initial steep mass decrease due to desorption of physisorbed 
gases, CO2 signals (m/z = 44, 45, 22) and NO signals (m/z = 30) 
evolve only after 700 °C. This slow and steady loss of carboxylic 
and nitrogen groups corroborates the SEM observations that 
the carbons are not significantly changed over a broad 
pyrolysis range, and that their synthesis is robust.
[Fe(NC)_900] was selected for further analysis and tests, 
exhibiting the highest proportion of metal-bound nitrogens 
(24.4%) and the highest SSA (1614 m2 g–1). To observe the 
finest nanopores (< 5 nm), high-resolution transmission 
electron microscopy (HR-TEM) was performed for Mg/NC_900 
and [Fe(N/C_900)] (Figure 5a,b). The carbon is homogeneously 

nanoporous, corroborating the hierarchical porosity, and 
promising fast flow to active sites during catalysis. The 
dispersion of nitrogen and iron dopants in the transmetalated 
sample was mapped using a high angle annular dark field 
(HAADF) detector and energy dispersive X-ray spectroscopy 
(EDS) in scanning transmission electron microscopy (STEM) 
mode.49,69 The micrographs reveal atomically dispersed Fe 
atoms, along with an even distribution of nitrogen atoms, 
overall revealing a successful ion-exchange process toward Fe–
N–C SACs (Figure 5c–f). Some Fe-based nanoparticles (2–4 nm) 
are also observed as side products of the transmetalation, 
albeit at a low concentration. Such iron-containing 
nanoparticles explain the slight decrease in micropore area 
that follows transmetalation (Table 1), as they likely block 
micropores.
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Figure 5. HRTEM micrographs of (a–b) Mg/NC_900; (c) [Fe(N/C_900)]; HR-STEM mapping of (d) nitrogen and (e) iron in [Fe(N/C_900)]; (f) EDS spectrum of [Fe(N/C_900)].

To identify the iron species in [Fe(NC_900)], the sample was 
studied by Mössbauer spectroscopy at 4.2 K. Recently, room 
temperature measurements were shown to potentially cause 
overestimation of Fe-N4 moieties, since oxidic iron 
nanoparticles/clusters may appear as doublets at room 
temperature.47,70 Such oxidic nanoclusters reveal their 
characteristic magnetism in measurements at 4.2 K, where a 
magnetic hyperfine splitting can be observed because the 
particles are magnetically ordered and superparamagnetic 
relaxations are blocked. The 4.2 K Mössbauer spectrum of 
[Fe(NC_900)] exhibits a sextet and two doublets (Figure 6). The 
sextet is assigned to oxidic Fe nanoparticles, which may have 
formed through iron coordination with oxygen surface groups, 
or during the aqueous acid work-up that follows the 
transmetalation step. The two quadrupole doublets in the 
spectrum correspond to the doublets named D1 and D3 in the 
literature47 according to their isomer shift and electric 
quadrupole interaction (Table S2). The D3 doublets, typically 
arising from high spin Fe2+,47 were reported in room 
temperature Mössbauer measurements of Fe–N–C 
electrocatalysts, but could not be correlated to ORR activity. In 
contrast, the intensity of the D1 doublets correlates positively 
with the ORR activity.58–60 Importantly, D1 contributes as much 
as 43 % to the total iron content of 0.8 wt% of the studied 
catalyst, which could be calculated from the total absorption 
of the Mössbauer spectrum (Tables S2, S3, and S4), making 
[Fe(NC_900)] a promising electrocatalyst with many utilizable 
single atom catalytic sites.

Figure 6. Mössbauer spectrum of [Fe(N/C_900)] obtained at 4.2 K.

The electrocatalytic ORR activity of the obtained Fe–N–C was 
tested in a standard three electrode rotating disc electrode 
(RDE) setup in 0.1 M HClO4 electrolyte and compared to the 
respective Mg/NCs. The thin-film electrodes were prepared by 

drop-casting, at catalyst loadings of 200 and 500 µg/cm2. All 
four Mg/NC samples exhibited poor ORR activities: The linear 
sweep voltammograms (LSVs) show onset potentials of 0.7 V 
vs. RHE at pH = 1, and low current densities of 1.5–2.5 mA cm–2 
at 0.2 V (Figure 7). Transmetalation with iron improved the 
ORR activity drastically: the kinetic region is shifted positively 
by more than 300 mV, the onset potential increases to 0.83 V, 
and current densities at 0.2 V are in the range of 4 mA cm–2. 
The kinetics remain limiting over the potential range. Half-
wave potentials (E½), typical (though loading-dependent) ORR 
activity descriptors, ranged between 0.63–0.70 V vs. RHE 
(Table 3), indicating high ORR activity of these Fe–N–C 
electrocatalysts.71 The mass activities extracted from LSV 
curves are similar to that of commercially available Fe-N-C 
catalysts.72

Figure 7. ORR activities of Mg–N–C (200 µg/cm2, black), Fe–N–C (200 µg/cm2, red solid) 
and Fe–N–C (500 µg/cm2, red dashed), following pyrolysis at four temperatures. LSVs in 
O2-saturated 0.1 M HClO4, rotating at 1600 rpm, scan rate 10 mV/s. 

Table 3. ORR activity descriptors of the Fe–N–C materials.

Sample E½ (V) Im (A/g) at 0.8 V
[Fe(NCs)]_800 0.63 0.36±0.10
[Fe(NCs)]_850 0.68 0.96±0.12
[Fe(NCs)]_900 0.69 0.95±0.04
[Fe(NCs)]_950 0.70 1.22±0.11

The stability of the carbon electrocatalysts towards corrosion 
was measured for [Fe(N/C_900)] by repeated cycling 
experiments in an N2-saturated electrolyte. Corrosive 
conditions at the cathode may be caused by the start-up and 
shut-down of PEM fuel cells .73 The voltage was cycled 
between open circuit potential (OCP) and 1.4 V vs. RHE, 
revealing a small increase in double layer capacitance and 
pseudo-capacitive currents, and a slight decrease in current 
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density after 1000 cycles (Figure S4).74 For carbons with such 
large SSA (>1100 m2/g), relatively large pore sizes (> 6 nm), 
and significant oxygen content (> 5.44 at% in [Fe(NC_900)] by 
ICP-MS), this degradation is remarkably low, indicating that 
carbon corrosion is very moderate.
The hierarchically porous, atomically dispersed Fe-N-C 
electrocatalysts reported herein are also very easy to produce. 
To demonstrate the scalability of the synthesis, we carried out 
a five-fold increase in scale of the Mg-IDA precipitation, and 
then repeated the synthesis. A total of about 0.2 kg Mg-IDA 
was prepared. The next stages of the synthesis – pyrolysis at 
900 °C, acid wash, drying and transmetalation in methanolic 
FeCl2 solution – were done in two batches, yielding 25 g of 
MgO@NC_900 and finally 10.1 grams of [Fe(N/C_900)]. The 
Raman spectra and HRSEM micrographs are identical, 
revealing remarkably similar degrees of graphitization and 
porous microstructure (Figure 8). The isotherms are similar in 
shape. The large batch carbon has a lower surface area (1323 
vs 1614 m2 g–1) and a higher gas uptake near p=p0, suggesting 
a slightly higher degree of large meso- and small macropores. 
ICP-MS measurements reveal identical nitrogen content (7.8 
and 7.6 wt% for the small and large batches, respectively). The 
electrochemical activity of the batches is also similar (Table 
S4), with identical onset potentials (0.84±0.01) and half-wave 
potentials (0.69±0.005).

Figure 8. Comparing small batch (0.1 gr, black) and large batch (10.1 gr, red) syntheses 
of [Fe(N/C)_900]: (a) Raman spectra of Mg(N/C_900). (b) N2 sorption isotherms of 
[Fe(N/C_900)]. (c) HRSEM micrographs of [Fe(NC_900)].

Conclusions
We report a simple and scalable (decagram scale) synthesis of 
an atomically-dispersed, hierarchically porous Fe–N–C 
electrocatalyst for acidic ORR. Pyrolysis of magnesium 
iminodiacetate yielded Mg-N4 sites that could later be 
transmetalated with iron (“active site imprinting”), as well as 
MgO nanoparticles and particle agglomerates that served as 
templates for meso- and macroporosity (“self-templating”). 
Thorough material characterization by XRD, HRSEM, HRTEM, 
XPS, Raman spectroscopy, N2 sorption and Mössbauer 
spectroscopy at 4.2 K revealed the structure of the active sites 

(43% of the iron as surface-embedded Fe-N4) and the flow-
enhancing porosity of the carbon support. Rotating disk half-
cell tests revealed halfwave potentials of 0.7 V vs. RHE in 0.1 M 
HClO4, high mass activity, and high stability against carbon 
corrosion. The carbon could be scaled up by a factor of 100 
very simply, while conserving the morphology and activity. The 
straightforward synthesis of the active ORR electrocatalyst 
provides simple access to reasonable amounts of single-atom 
Fe–N–C catalysts also for researchers not specialized in 
synthesis.
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