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Abstract

The development of electrocatalysts composed of earth-abundant elements is essential for
advancing the commercial application of Proton Exchange Membrane Fuel Cells (PEMFC).
Among these, single-atom electrocatalysts, such as Fe-N-C, show great promise for the
oxygen reduction reaction (ORR). This study aims to improve the ORR activity and stability
of Fe-N-C electrocatalysts by fine-tuning the straightforward 1,10-phenanthroline-iron
complexation synthesis method. Key parameters, including iron-to-phenanthroline ratio,
carbon powder surface area, and pyrolysis temperature were systematically varied to
evaluate their influence on the resulting electrocatalysts. The findings of this study revealed
that the electrocatalysts synthesized with 1,10-phenanthroline (Phen) and high-surface-area
Black Pearls (BP) possessed much better ORR activity than electrocatalysts prepared by
using Vulcan carbon (lower surface area). Interestingly, electrocatalysts prepared with BP,
but with a non-bidentate nitrogen-containing ligand molecule, such as imidazole, showed
a much poorer activity, as the resulting material predominantly consisted of inactive
structures, such as encapsulated iron nanoparticles and iron oxide, as evidenced by HR-
TEM, EXAFS, and XRD. Therefore, the results suggest that only the synergistic combination
of the bidentate ligand phenanthroline (Phen) and the high-surface-area carbon support
(BP) favored the formation of ORR-active Fe-N-C single-atom species upon pyrolysis. The
study also unveiled a significant enhancement in electrocatalyst stability during accelerated
durability tests (and air storage) as the pyrolysis temperature was increased from 700
to 1300 ◦C, albeit at the expense of ORR activity, likely resulting from the generation of
iron particles. Pyrolysis at 1050 ◦C yielded the electrocatalyst with the most favorable
balance of activity and stability in rotating disk measurements, while maintaining moderate
durability under PEM fuel cell operation. The insights obtained in this study may guide
the development of more active efficient and durable electrocatalysts, synthesized via a
simple method using earth-abundant elements, for application in PEMFC cathodes.

Keywords: oxygen reduction; Fe-N-C; single-atom; PEM fuel cell cathode; earth-
abundant electrocatalysts
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1. Introduction
Hydrogen-powered proton exchange membrane fuel cells have so far demonstrated

potential viability for vehicles and stationary applications [1]. For the cathode, the state-of-
the-art platinum and other noble metal-based electrocatalysts have been globally tested and
admired as promising candidates to catalyze the sluggish kinetics of the oxygen reduction
reaction (ORR). Up to now, the most frequently employed electrocatalysts are alloys and
nanoparticles of Pt or Pd, supported on high-surface-area carbon powders [2]. From
the perspective of computational calculations acquired through density functional theory
(DFT), these noble metals have so far occupied the peaks of electrocatalyst volcano plots,
owing to their potentially high catalytic activities. However, the scarcity and exorbitant
prices of platinum and its counterparts have hampered its validity appeal over a broad
spectrum of applications, mass production, and commercialization of fuel cells. Thus,
it is likely to either reduce or eliminate the use of platinum and other noble metals to
make PEMFCs cost-competitive with respect to conventional technologies (for instance,
batteries and internal combustion engines). Therefore, the scientific community worldwide
is striving to explore novel low cost and easily accessible alternatives for platinum and
other noble metal-based catalysts in fuel cells for automotives.

Two types of technological approaches have been paved to cope with the challenge of
highly priced platinum-group metals (PGM) electrocatalysts. In this regard, one way is to
introduce low loading PGM catalysts (with low dosage of noble metals), and another way is
to launch an alternative or platinum-group metal-free catalysts (PGM-free), by inculcating
the employment of earth-abundant metals such as Fe, Cu, Co, and Mn [3]. Significant
developments have bestowed the hope for acquiring the “holy grail” of incorporating
low-priced metals like Fe and Co to PEMFCs [4]. However, it is woeful to mention that,
nevertheless, Fe and Co-based PEMFCs are more vulnerable to a conundrum of stability and
performance issues, especially in harsh acidic and oxygen (or air)-containing atmosphere
protocol of the proton membrane fuel cells, which severely provokes the devastation of
the catalyst. Recently, these stability and catalytic performance concerns associated with
use of PEMFCs have persuaded researchers globally to explore deep insights into their
stability, durability, and activity issues [5,6]. The main degradation mechanisms include
peroxide and radical attack (formation of hydrogen peroxide and reactive oxygen species,
leading to corrosion of carbon and active Fe-N-C sites) [7–9], which is more severe in acid
than in alkaline [10]; electrochemical carbon corrosion (high potentials experienced by the
cathode during fuel cell shutdown or start-up); demetallation (leaching of Fe ions, reducing
the density of active sites) due to iron corrosion [11,12]; protonation (the acidic PEM
condition may lead to the protonation of the nitrogen atom, decreasing the electrocatalyst
turn over frequency and/or weakening the metal–nitrogen coordination and diminishing
ORR activity) [13]; and micropores flooding (hampers the accessibility of oxygen to Fe-Nx
sites thereby declining the performance of the fuel cell [14]. Attempts to enhance the
electrocatalytic activity of Fe-N-C ORR electrocatalysts are also under focus. Researchers
have explored a range of strategies, such as increased Fe-N coordination (optimizing
pyrolysis conditions and precursor ratios); single-atom dispersion (involving techniques
like atomic layer deposition [15,16], and the use of chelating agents, e.g., phenanthroline);
dual-metal doping (incorporating secondary metals) alongside iron [17] and number of
iron atoms [18], which can synergistically enhance the electronic structure, ORR kinetics,
and structural and morphological control (Porous Carbon Frameworks, and/or 3D Carbon
Architectures); electronic structure tuning (heteroatom doping); and synthesis optimization
(controlled or multi-step pyrolysis or post-pyrolysis treatments) [19,20].

The single-atom dispersion can involve the use of chelating agents, such as phenan-
throline [21–23]. The use of Phen as a nitrogen-rich organic ligand in the synthesis of
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Fe-N-C catalysts has emerged as an effective strategy for generating high-performance
electrocatalysts for the oxygen reduction reaction (ORR) [16]. Phenanthroline is a het-
eroaromatic compound containing two nitrogen atoms with strong chelating ability, which
ensures the formation of stable Fe-N coordination complexes. This approach enables pre-
cise control over the incorporation of Fe-N sites and, thus, enhances the distribution of
active sites in the carbon matrix. M. Kim et al. [22] reported the study of phenanthroline
isomers used as precursors to reveal the correlation between precursor coordination and
ORR activity of Fe-N-C electrocatalysts. The results showed that the preferential formation
of Fe-Nx active sites was achieved only with 1,10-phenanthroline (higher degree of Fe-N
coordination; bidentate), featuring homogeneously distributed Fe single-atoms, and highly
retained pyridinic N [24–26]. This result evidenced the role of the precursors with multiple
coordination for the effective derivation of Fe-Nx active sites for the ORR. Considering that
the phenanthroline-complexation method for preparing Fe-N-C electrocatalysts is relatively
simple, and that studies focused on its optimization as well as on activity and durability
tests in half-cells and PEM fuel cells remain scarce, the present work is devoted to a sys-
tematic investigation of synthesis parameters, including the effect of pyrolysis temperature
on the electrocatalyst activity and stability, both during operation and storage. The goal is
to enhance the electrocatalytic performance and operational stability of Fe-N-C, thereby
advancing the development of precious-metal-free electrocatalysts for PEM fuel cells.

2. Results and Discussion
2.1. Characterization

The first attempt of this study was related to the study of the effect of relative nitrogen
and iron content on the resulting Fe-N-C material. The nominal iron-to-nitrogen atomic
ratio was changed from 1:4 to 1:27, by varying the initial relative weight of the components
for the complexation step during the synthesis, as presented in Table S1, and the pyrolysis
was set at 1050 ◦C, in Argon atmosphere [27]. Here, it is worth mentioning that increas-
ing the nitrogen content beyond 1:27 was not experimentally feasible, as the resulting
impregnated carbon material exhibited a vitreous appearance rather than a powdered form.
Therefore, the maximum attainable Fe-to-N ratio was limited to 1:27, which already exceeds
the stoichiometric requirement of the [Fe(Phen)3]2+ complex (see Experimental Section).
As shown in the X-ray Diffraction (XRD) patterns in Figure 1a, increasing the amount of
phenanthroline leads to the gradual vanishing of the diffraction peak at approximately 36◦,
which is associated with iron oxide species (there are only the presence of two broad peaks
related to the amorphous carbon powder). The complete suppression of the diffraction
peak is observed exclusively upon the use of the highest phenanthroline loading. For lower
amounts of Phen, it is likely that the “lack” of N-containing molecules (Phen) leads to a
low number of N-doped carbon sites for the proper Fe anchoring during the pyrolysis step
and, so, it may allow the agglomeration of iron [28]. The progressive disappearance of
particulate structures with increasing phenanthroline content is further corroborated by
Transmission Electron Microscopy (TEM) analysis (Figure S1), which shows an absence
of detectable particles at an Fe-to-N ratio of 1:27. (When all synthesis parameters are held
constant and the iron loading is increased to 5 or 10 wt.%, additional diffraction peaks
emerge, corresponding to the formation of metallic iron, iron carbide, and iron nitride
phases, as shown in Figure S2). This indicates a loss of efficiency in achieving atomic iron
dispersion at higher Fe loadings).
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(a) (b) 

Figure 1. X-ray powder diffraction for the Fe-N-C Phen BP electrocatalysts synthesized with different
iron-to-nitrogen ratios (a) and X-ray powder diffraction for the Fe-N-C electrocatalysts synthesized
using Phen and Vulcan carbon (blue) or Black Pearls (red) (b). The symbols indicated the presence of
iron oxide (circle) and metallic iron (rhombus) species.

Notably, when imidazole was employed as the nitrogen precursor under the same
synthesis conditions and maintaining an Fe-to-N ratio of 1:27, XRD analysis revealed the
presence of crystalline iron oxide phases, rather than the formation of atomically dispersed
iron species (Figure S3). These findings underscore that, beyond the requirement for
nitrogen in excess to achieve effective carbon doping, strong coordination between the
iron center and the ligand is essential to stabilize isolated Fe-N-C sites and suppress the
aggregation into less active iron-containing phases. Interestingly, when the synthesis was
performed using the optimized phenanthroline content, corresponding to the maximum
Fe-to-N ratio of 1:27, but employing Vulcan carbon (Fe-N-C Phen VC) instead of BP, the
resulting material exhibited features similarly to those obtained with lower phenanthroline
loadings on BP (Figure 1b).

Further analyses were carried out via X-ray Absorption Spectroscopy (XAS). The
Fourier Transform (FT) of the Extended X-ray Absorption Fine Structure (EXAFS) oscil-
lations, at the Fe K edge, for electrocatalysts synthesized with Phen (in excess, i.e., 1:27)
and Vulcan or Black Pearls carbon powder is shown in Figure 2a. The reference spectra
for iron oxide, iron nitrate, and metallic iron were included for comparison. For Fe-N-C
Phen VC, one can note a peak at around 1.5 Å, indicating Fe-N coordination, but with
one additional peak at about 2.8 Å, which reveals the Fe-O-Fe coordination, implying the
presence of iron oxide particles, in corroboration with the XRD result [29]. On the other
hand, for Fe-N-C Phen BP, it is only observed a peak around 1.5 Å, suggesting the Fe-N
coordination [23,30]. Figure 2b displays the STEM results with elemental mapping for the
Fe-N-C Phen BP and Fe-N-C Phen VC samples. The elemental maps clearly show that
the Fe-N-C Phen BP electrocatalyst exhibits a highly homogeneous dispersion of iron and
nitrogen on the carbon matrix. Conversely, the images for Fe-N-C Phen VC display distinct
agglomerates composed of iron and oxygen, indicative of iron oxide formation, which
aligns well with the observations from XRD and EXAFS measurements (additional imagens
with the mapping for iron, nitrogen, oxygen, and carbon are presented in Figure S4). The
presence of iron oxide particles was further validated by Scanning Transmission Electron
Microscopy measurements (STEM) coupled with elemental mapping and High-resolution
Transmission Electron Microscopy (HR-TEM) analyses, as shown in Figure S5A,B. The
HR-TEM image in Figure S5B clearly reveals crystalline domains consistent with iron
oxide, as evidenced by the lattice fringes and corroborated by the corresponding elemental
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mapping presented alongside. As shown in Table S2, the surface area of pyrolyzed pure BP
and VC carbons is 1700 m2 g−1 and 230 m2 g−1, respectively. The corresponding Fe-N-C
materials, synthesized with Phen, Fe-N-C Phen BP, and Fe-N-C Phen VC, exhibit surface
areas of 840 m2 g−1 and 255 m2 g−1, respectively, thus reflecting the trend imposed by
the surface area of the carbon precursors. Given that the high-surface-area BP carbon was
required to achieve atomic dispersion, it can be concluded that the carbon support plays a
pivotal role in suppressing iron aggregation. Furthermore, in addition to the necessity of
nitrogen excess for effective carbon doping, strong iron chelation by the nitrogen precursor
is also essential to favor the formation of atomically dispersed and catalytically active
Fe-N-C sites.
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Figure 2. (a) Fourier Transform of the EXAFS oscillations, K3-weighted, at the Fe (7112 eV) K
edge, for the Fe-N-C electrocatalysts synthesized with phenanthroline and Vulcan carbon (blue) or
phenanthroline and Black Pearls (red). The reference spectra for iron oxide (FeO) and iron nitrate
were included for comparison; (b) STEM images and the corresponding elemental mapping for iron
(red) for the Fe-N-C electrocatalysts synthesized using phenanthroline and Black Pearls (top) or
Vulcan carbon (bottom).

For the electrocatalyst synthesized with a high phenanthroline loading (Fe-to-N ratio
of 1:27), no diffraction peaks were observed by XRD, and elemental mapping revealed no
signs of iron agglomeration. To further investigate the structural nature of the iron species,
additional characterization was carried out using HR-TEM and Aberration-corrected High-
angle Annular Dark Field Scanning Transmission Electron Microscopy (AC HAADF-STEM).
As shown in Figure 3a–d, both HR-TEM and AC HAADF-STEM images confirm the
absence of iron-containing nanoparticles or aggregates, strongly suggesting the formation
of atomically dispersed Fe-N-C species. In particular, Figure 3d displays isolated bright
spots uniformly distributed over the carbon matrix, which are consistent with individual
iron atoms coordinated in Fe-N-C moieties, known to be active for the oxygen reduction [22].
The Fe content of the Fe-N-C Phen BP (1050 ◦C, 1:27) electrocatalyst was determined by
acid digestion followed by Inductively Coupled Plasma Mass Spectrometry (ICP-MS)
analysis, yielding 1.1 wt.% Fe. Combining this bulk composition with the electrode loading
(which is utilized in the electrochemical experiments of the next section; 0.6 mg cm−2)
results in an RDE iron loading of approximately 6.0 µg Fe cm−2. The literature reports
typical Fe-N-C ink loadings in the range of 200–400 µg cat cm−2. For instance, a loading
of 200 µg cm−2 with 1.0 wt.% Fe yields 2.0 µg Fe cm−2, which is representative of typical
RDE loadings for Fe-N-C catalysts (200 µg cm−2). X-ray photoelectron spectroscopy (XPS)
analysis performed on the Fe-N-C Phen BP sample revealed the characteristic signals of
iron and nitrogen (Figure S6). Notably, the absence of the peak at ~706.7 eV indicates the
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nonexistence of iron metallic nanoparticles or aggregates, in agreement with the HR-TEM,
STEM, and XAS results. The results evidence the presence of pyridinic and graphitic
nitrogen species, both of which are recognized for their crucial contribution to the oxygen
reduction activity of the electrocatalyst. Curiously, for high-temperature ORR systems,
such as those employed in Solid Oxide Fuel Cells (SOFCs), it is the presence of oxygen
species and/or oxygen vacancies, rather than nitrogen, that plays a dominant role in
determining catalytic performance, as previously demonstrated [31]. In summary, the
results demonstrate that the formation of ORR-active Fe-N-C single-atom species during
pyrolysis is enabled exclusively by the synergistic interplay between the bidentate ligand
and the high-surface-area carbon support.

 

Figure 3. HR-TEM (a), STEM with different magnifications (b,c), and Aberration-corrected HAADF-
STEM images of the Fe-N-C electrocatalyst synthesized with Phen and BP carbon (1050 ◦C 1:27); the
bright spots in (d) show the iron single-atom species.

2.2. Electrochemical Results

The obtained linear sweep voltammetry (LSV) curves for the ORR on the electrocata-
lysts synthesized with different iron-to-phenanthroline ratios are shown in Figure 4a. One
can observe a progressive increase in the half-wave potential as the Phen load is increased,
indicating an increase in the ORR activity as more single-atom moieties are formed. Increas-
ing the iron loading in the electrocatalysts to 5 and 10 wt.% resulted in a marked decrease
in the half-wave potential in the LSV curves (Figure S7), attributed to the formation of
ORR-inactive iron particles during pyrolysis (Figure S2). Interestingly, when imidazole
(Imi) was used as the nitrogen precursor instead of Phen, the resulting electrocatalyst
exhibited significantly lower ORR activity (Figure S8). These results clearly demonstrate
that imidazole fails to promote the formation of catalytically active Fe-N-C sites, with XRD
analysis revealing the presence of an ORR-inactive metallic iron phase (Figure S3), in sharp
contrast to the outcomes obtained with phenanthroline. Figure 4b presents the LSV curves
for the ORR on the synthesized Fe-N-C Phen VC and Fe-N-C Phen BP electrocatalysts,
revealing a markedly higher half-wave potential for the material prepared using Black
Pearls carbon. Complementary, cyclic voltammetry (CV) measurements (Figure S9) show
significantly higher pseudocapacitive currents for the BP-based electrocatalyst, consistent
with its substantially higher surface area (Table S2). Collectively, these results indicate that
the inferior ORR activity of the Vulcan carbon-derived electrocatalyst arises from its lower
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surface area, which limits the extent of Fe-N-C site formation by hindering iron dispersion
and favoring the formation of iron particles.

 
(a) (b) 

Figure 4. Linear sweep voltammetry curves for the oxygen reduction on Fe-N-C electrocatalysts
synthesized using phenanthroline and Black Pearls carbon, with different iron-to-nitrogen ratios (a),
and synthesized using phenanthroline and Black Pearls or Vulcan carbon (b), obtained in O2-saturated
0.5 mol L−1 H2SO4 electrolyte, with scan rate of 1.0 mV s−1 and rotation rate of 1600 rpm.

As an attempt to enhance the ORR activity of the Vulcan-derived material, the sample
was subjected to an additional pyrolysis step in an NH3 atmosphere at 900 ◦C. However,
as shown in Figure S10, the ORR polarization curve displayed only a marginal positive
shift in potential. EXAFS analysis (Figure S11) revealed that the NH3 treatment promoted
the conversion of iron oxide into metallic iron nanoparticles, which are inactive toward
the ORR and unstable under acidic conditions due to dissolution. The slight activity
enhancement may be attributed to the limited formation of Fe-N-C moieties upon NH3

exposure, indicating that this treatment is not effective for extensive Fe-N-C site generation.
These results further demonstrate that pre-existing iron particles cannot be fully converted
into single-atom species under a reductive NH3 atmosphere. Although pyrolysis under
argon could, in principle, favor such conversion, the intrinsically low surface area of Vulcan
carbon remains unfavorable for achieving high iron atomic dispersion.

D. Xia et al. [32] reported an effective strategy to significantly improve both catalytic
and storage stability through high-temperature pyrolysis. In line with this approach,
further synthesis optimization was carried out in the present study by investigating the
effect of pyrolysis temperature on electrocatalyst activity and stability, while maintaining
all other parameters at their optimized values (1.0 wt.% Fe and an Fe:N ratio of 1:27). The
XRD patterns of electrocatalysts synthesized at pyrolysis temperatures ranging from 700
to 1300 ◦C are presented in Figure 5. When the temperature reaches 1200 ◦C, additional
diffraction peaks assigned to iron carbide, metallic iron, and iron oxide become evident,
indicating the agglomeration and phase transformation of iron species. As suggested in
Ref. [32], this phenomenon is linked to nitrogen depletion at elevated temperatures, which
disrupts Fe-N coordination and facilitates iron migration and structural rearrangement.
In addition to XRD, Raman spectroscopy was performed on the Fe-N-C Phen BP samples
pyrolyzed at different temperatures. As shown in Figure S12, the spectra display slight
variations in the D′ and D′′ bands. The D′ band (~1610–1620 cm−1) originates from graphitic
domains, whereas the D′′ band (~1500–1550 cm−1) is attributed to disordered amorphous
carbon networks, or poor structural ordering. Notably, the D′/D′′ intensity ratio increases
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with pyrolysis temperature, reflecting an enhancement in the graphitic character of the
carbon powder, consistent with earlier observations [32].

Figure 5. X-ray powder diffraction for the Fe-N-C electrocatalysts synthesized using Phen and Black
Pearls carbon pyrolyzed at different temperatures. The symbols indicated the presence of iron oxide
(circle), metallic iron (rhombus), and iron carbide (asterisk) species.

Figure 6 presents the ORR polarization curves for electrocatalysts prepared at different
pyrolysis temperatures. The half-wave potentials for the samples synthesized at 700 ◦C
and 1050 ◦C are essentially identical, indicating comparable activity. In contrast, catalysts
obtained at higher pyrolysis temperatures (1200 and 1300 ◦C) exhibited a pronounced
decrease in activity. It is worth noting that a synthesis at 500 ◦C was also performed;
however, the resulting material showed poor ORR stability, with activity declining sharply
after the first LSV cycle, and was therefore not further investigated. The reduced ORR
performance observed for the samples prepared at 1200 and 1300 ◦C is likely associated
with a lower density of Fe-N-C active sites, resulting from increased carbon graphitization
and nitrogen loss during high-temperature pyrolysis, as previously reported [28,31].

 

Figure 6. Linear sweep voltammetry curves for the oxygen reduction on Fe-N-C synthesized using
Phen and BP, pyrolyzed at different temperatures, as indicated in the figure inset, obtained in O2-
saturated 0.5 mol L−1 H2SO4 electrolyte, with scan rate of 1.0 mV s−1 and rotation rate of 1600 rpm.
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The shelf-life (storage in air) of most ORR-active electrocatalysts (synthesized at
700 and 1050 ◦C) was monitored. Their activities were assessed after storage in the labora-
tory, and the obtained polarization curves are shown in Figure S13. The results indicated a
considerable decay in the activity for the material pyrolyzed at 700 ◦C, measured months
after being synthesized. In contrast, for the material pyrolyzed at 1050 ◦C, the ORR curves
were highly stable, even after 9 months under the same storage conditions. This indicates
that stability during storage is strongly dependent on the pyrolysis temperature. Acceler-
ated Stability Tests (AST) for the synthesized electrocatalysts were carried out, involving
10 k potential steps from 0.6 to 0.9 V vs. RHE, in O2-saturated electrolyte, followed by linear
voltammetry measurements for the ORR, at 1600 rpm. The obtained LSV for the ORR,
after the AST, on Fe-N-C Phen BP, pyrolyzed at 700, 1050, 1200, and 1300 ◦C are presented
in Figure 7. One can note expressive higher stability for the electrocatalyst pyrolyzed at
1200 and 1300 ◦C, but at the cost of lower ORR half-wave potential. The material prepared
at 700 ◦C demonstrated high ORR activity but exhibited poor stability. Conversely, the elec-
trocatalyst pyrolyzed at 1050 ◦C achieved the optimal balance between ORR activity and
stability. The activity and stability of the best performing Fe-N-C electrocatalyst (optimal
balance activity–stability) was also evaluated in a PEM fuel cell. The obtained polarization
curve for the Fe-N-C Phen BP 1050-assembled PEM fuel cell, presented in Figure 8a, shows
a peak power density of ca. 0.225 W cm−2, which is relatively low when compared to
high-active Fe-N-C electrocatalysts in the literature (ca. 0.6 W cm−2) [32]. On the other
hand, it maintained moderate durability under PEM fuel cell operation during 50 h.

The pyrolysis temperature, as noted, is a critical parameter that governs both the
activity and durability of phenanthroline-iron complex-derived Fe-N-C electrocatalysts [33].
This parameter directly affects the degree of carbon graphitization, nitrogen retention,
and the dispersion of iron species. At low pyrolysis temperatures (<700 ◦C), incomplete
carbonization and low graphitization occur, resulting in high nitrogen retention but with
unstable Fe-N-C moieties. The less ordered carbon matrix is more susceptible to oxidation
and electrochemical corrosion under ORR conditions, which explains the poor storage
stability and accelerated degradation observed during accelerated stress tests (AST). In
the intermediate temperature range (~800–1050 ◦C), a balanced degree of carbon ordering
and nitrogen retention favors the optimal formation of N-coordinated iron moieties (Fe-N4)
and promotes good dispersion of iron atoms. In this range, sufficient graphitization
enhances corrosion resistance, while the Fe-N coordination is relatively well preserved,
maintaining active site integrity over time. Consequently, at least for the synthesis method
utilized herein, this interval represents the optimal compromise between activity and
durability. At high pyrolysis temperatures (>1100 ◦C), the carbon matrix reaches a high
degree of graphitization, but significant nitrogen loss occurs, leading to partial collapse
of Fe-N coordination and increased mobility of Fe species. These conditions promote the
aggregation of Fe into metallic nanoparticles or carbides (Figure 5), which are inactive
toward the ORR. As a result, the ORR activity decreases despite the structural robustness
of the carbon matrix. Interestingly, the stability of the electrocatalysts prepared at 1200
and 1300 ◦C is remarkable under potential cycling. In particular, the material prepared at
1200 ◦C, whose ORR half-wave potential remains relatively high, appears to be a promising
candidate for future optimization strategies aimed at improving electrocatalytic activity
without compromising its inherent stability.
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(a) (b) 

(c) (d) 

Figure 7. Linear sweep voltammetry curves recorded before and after 10 k cycles during the AST
protocol for the electrocatalysts synthesized at pyrolysis temperatures of 700 ◦C (a), 1050 ◦C (b),
1200 ◦C (c), and 1300 ◦C (d), obtained in O2-saturated 0.5 mol L−1 H2SO4 electrolyte, with scan rate
of 1.0 mV s−1 and rotation rate of 1600 rpm.
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Figure 8. Activity and stability performance measurements of the Fe-N-C Phen BP 1050 electrocatalyst
in PEMFCs: (a) polarization plots and corresponding current density–power density curves in H2/O2

PEMFCs. Testing conditions: H2/O2 flow of 200 mL min−1 H2/O2 partial pressure of 2.0 bar, H2/O2

relative humidity of 100%, anode catalyst loading of 0.4 mgPt cm−2, cathode catalyst loading of
4.0 mgFeNC cm−2; (b) chronoamperometry curve @ 0.5 V at the same conditions.

The focus of this manuscript was the optimization of the synthesis condition (bidentate
ligand, phenanthroline versus mono or nonligand, imidazole; iron content; carbon powder
surface area: Black Pearls versus Vulcan carbon; and pyrolysis temperature). As 1,10-
phenanthroline has a relatively high cost, this limits large-scale availability and, thus,
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it can hinder its use in commercial production of Fe-N-C catalysts for PEM fuel cells.
Hence, the use of cheaper and more abundant ligands could reduce production costs
while maintaining effective control over Fe coordination. As a cost-effective replacement
strategy, hybrid approaches may be considered combining a strong chelating ligand (e.g.,
bipyridine) in small quantities with a bulk nitrogen source (such as melamine plus a small
fraction of the ligand) to reduce the ligand usage while preserving high Fe dispersion.
Additionally, biomass-derived nitrogen ligands [34], such as agricultural residues rich in
amino or heterocyclic compounds, could serve as sustainable precursors.

3. Experimental
3.1. Synthesis of Electrocatalysts

The electrocatalysts employed in this work with nomenclature Fe-N-C iron-based sin-
gle atom catalysts were synthesized using impregnation/complexation of nitrogen, carbon,
and iron precursors and with subsequent high temperature pyrolysis [21]. Precursors com-
prising appreciable amounts of carbon, nitrogen, and iron were taken in desired quantities
to synthesize structures with coordination and forthcoming fabrication of iron based single-
atom catalyst. In this regard iron (III) nitrate nonahydrate (Fe (NO3)3·9H2O) was the iron
precursor, while phenanthroline (and, in some cases, imidazole, depending on the experi-
ment) was the nitrogen (and carbon) precursor, being impregnated in carbon powder: Black
Pearls (BP, Cabot Corporation, Boston, MA, USA, 2000) or Vulcan carbon (VC, XC-72R). The
electrocatalysts were synthesized by impregnation via reflexing in ethanol as solvent, with
subsequent drying, and ultimately high-temperature treatment of powdered precursors
conditioned in an inert ceramic boat, which was gently placed in a quartz cylindrical tube.
This setup was then placed in a tubular furnace which was equipped with temperature
control and argon gas supply system. Initially, the pre-synthesized complex material is
placed in a ceramic boat and purged with argon for 1.0 h in a quartz tube, before the
commencement of heat treatment process. During the metal impregnation/complexation
step, the metal precursor is dissolved in 50 mL of ethanol acting as solvent, with continuous
stirring. When metal precursor dissolution is accomplished, then, the desired quantity
of the ligand was added, while subjecting to continuous stirring using magnetic stirrer,
and the mixture is reflexed for 1.0 h at the temperature range of 70 to 80 ◦C. During the
refluxing step, the mixture altered its color from yellow (likely due to dissolved Fe (NO3)3

9H2O in solution) to deep red, indicating the tris (1,10-phenanthroline) iron (II) complex
formation, [Fe(Phen)3]2+. After heating and stirring for 1.0 h, the carbon precursor was
added, keeping stirring uninterrupted, and the mixture was reflexed under appropriate
thermal control maintained between 60 and 70 ◦C for 5.0 h. After this interval, the iron-
phenanthroline complex solution is left overnight at ambient condition for drying. After
solvent evaporation, the complex is dried in an oven at 60 ◦C for 14 h. After drying, the
synthesized complex was subjected pyrolysis at elevated temperatures of 500, 700, 1050,
1200, or 1300 ◦C, depending on the experiment, for 1.0 h, at the ramp rate of 1 ◦C min−1, in
a controlled atmosphere of argon, to yield the single-atom iron-based electrocatalyst. All
synthesized electrocatalysts were formed by 1.0 wt.% Fe, and, herein, named as Fe-N-C,
followed by the type of nitrogen source, in this case, Phen, (or Imi in some cases, depend-
ing on the experiment) and the carbon powder precursor, BP (or VC in some other few
cases). The amounts of each precursor component for the syntheses are summarized in
Table S1. For comparison, the different carbon supports were also subjected to pyrolysis
at 1050 ◦C under Ar atmosphere, and their polarization curves were included in the ORR
figures, along with that of the labeled Pt/C, referring to the state-of-the-art commercial
PGM catalyst (20 wt.% Pt on Vulcan Carbon; E-TEK).
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3.2. Physical Characterization

The crystalline structures of the metallic species were determined by XRD (ULTIMA IV,
RIGAKU, Tokyo, Japan), with Cu Kα radiation source. The diffractograms were obtained
at room temperature and in the reflection mode, with a scan rate of 1.0◦ min−1 and
step size of 0.02 by second. The samples were analyzed using the standard crystal data
sheets of the EVA program (Brucker, Billerica, MA, USA). The specific surface areas of
the electrocatalysts were determined via multilayer adsorption, using the BET isotherm
method of N2 adsorption (AutoChem II 2920, Micromeritics, Norcross, GA, USA). The
electrocatalyst powder’s metal content was measured by digesting samples in aqua regia
using a microwave system, diluting to 50 mL, and analyzing with ICP-MS (PerkinElmer
NexION 2000c, Waltham, MA, USA) against Fe-54 and Fe-56 standards from Carl Roth
Gmbh & Co. (Karlsruhe, Germany). HR-TEM measurements were conducted using a FEI
(Hillsboro, OR, USA) Talos microscope, operated at 200 keV acceleration voltage, equipped
with a Cold Field Emission Gun (FEG). STEM, with elemental mapping measurements
were performed using a JEOL (Peabody, MA, USA) JEM-F200 microscopy, operated at
200 kV, equipped with FEG, and a 100 mm2 silicon detector with drift correction and an
EDS detector. XPS measurements were conducted in a ScientaOmicron (ESCA+ model,
Uppsala, Sweden) equipment, equipped with a high-performance hemispheric analyzer
(EAC 2000) with monochromatic Al Kα (hυ = 1486.6 eV) anode operated at 12.5 kV. A pass
energy of 50 eV with a 0.05 eV per step was used to record the high-resolution spectra. XAS
spectra were obtained in the EXAFS region to investigate the structural characteristics of
metal atoms with the carbon and nitrogen matrix. The spectra were obtained at Fe (7112 eV)
K edge, and the measurements were carried out on the XAFS-2 beamline, at the Brazilian
Synchrotron Light Laboratory (LNLS). The EXAFS oscillations signals were analyzed using
Athena software (version 0.9.26) and were adjusted in the R space using K3 weight for the
Fourier Transform.

3.3. Electrochemical Measurements

The electrocatalyst inks for the working electrodes were prepared in ethanol, with
5.0 mg of the electrocatalyst powder in 200 µL of the solvent, with 50 µL of Nafion®

(5.0 wt.%). The prepared ink deposited on the top of a previously polished glassy carbon
(GC) rotating disk electrode (RDE, 0.196 cm−2, Pine Inst., Grove City, PA, USA), executing
a drop-cast method, using a micro-pipette, and then, was allowed to dry to result in an
electrocatalyst loading of 0.6 mg cm−2. All electrochemical experiments were performed
using an AUTOLAB potentiostat (Herisau, Switzerland, PGSTAT-30). The ORR activity
was investigated in O2-saturated 0.5 mol L−1 H2SO4 electrolyte, in a glass cell equipped
with typical three electrode assembly. The reference electrode was a leak-free KCl-saturated
Ag/AgCl/Cl−, but all potentials were quoted versus the Reversible Hydrogen Reference
(RHE) electrode. The counter electrode was a graphite rod. In all trails of experiments,
the electrolyte was saturated by purging the desired gas, which may be either argon or
oxygen, depending on the experiment, for 20 min. Cyclic voltammetry was conducted at
50 mV s−1 until stable current profile. The ORR was studied via linear sweep voltammetry
(LSV), at 1.0 mV s−1, at 1600 rpm. Accelerated stability tests were conducted via potential
stair-step from 0.40 to 0.7 V vs. Ag/AgCl, with a total of 10.000 steps. The activity and
stability of the best performing Fe-N-C electrocatalyst was evaluated using Membrane
Electrode Assemblies (MEAs) of a PEM fuel cell. The cathode catalyst ink (35.5 wt.% Nafion
ionomer) was prepared by ultrasonically mixing Fe-N-C, deionized water, isopropanol, and
a 5.0 wt.% Nafion suspension. A commercial 20 wt.% Pt/C (E-Tek) electrocatalyst served
as the anode, with ink (35.5 wt.% Nafion ionomer) prepared under similar conditions. Inks
were applied to the microporous side of a carbon cloth (4.0 cm2) and dried under vacuum
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at 60 ◦C for 2 h. The MEA was assembled by hot-pressing a Nafion (Wilmington, DE, USA)
115 membrane between the electrodes at 120 ◦C and 5 MPa for 1.0 min.

4. Conclusions
Fe-N-C electrocatalysts were optimized by adjusting fundamental parameters of the

phenanthroline-iron complexation method, including Fe/Phen atomic ratio, carbon sup-
port surface area, and pyrolysis temperature, to improve ORR performance and durability.
The results demonstrated that electrocatalysts synthesized using 1,10-phenanthroline and
high-surface-area Black Pearls carbon exhibited significantly superior ORR performance
compared to those prepared with Vulcan carbon. Structural characterizations by EXAFS
and XRD revealed that these less active materials predominantly contained inactive fea-
tures, such as encapsulated iron nanoparticles. These findings highlight the synergistic role
of the bidentate ligand and the high-surface-area carbon in promoting atomic dispersion of
iron and the formation of highly active Fe-N-C single-atom sites after pyrolysis. Addition-
ally, a distinct improvement in electrocatalyst stability was observed during accelerated
durability tests and air storage as the pyrolysis temperature increased from 700 ◦C to
1300 ◦C. However, this thermal treatment led to a considerable decline in ORR activity,
likely due to the formation of iron particles. The electrocatalysts synthesized at 1050 ◦C
yielded the electrocatalyst with the most favorable balance of activity and stability in half-
cell measurements while maintaining moderate durability under PEM fuel cell operation.
The material prepared at 1200 ◦C, although with inferior ORR activity, appears to be a
promising candidate for future optimization strategies aimed at improving electrocatalytic
activity without compromising its inherent stability. Overall, the insights gained from this
study may guide the development of highly active and durable electrocatalysts, produced
via a simple and scalable method using earth-abundant elements, for use in PEM fuel
cell cathodes.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/catal15090821/s1. Table S1: Nominal weight percentages of
components in the different synthesized electrocatalyst, varying iron, nitrogen, and carbon sources;
Table S2: BET surface areas of the powders synthesized using different N-containing molecules
and carbon sources; Figure S1: TEM images obtained for the Fe-N-C electrocatalyst synthesized
using 1,10-phenanthroline and Black Pearls with different iron-to-nitrogen ratios; Figure S2: X-
ray powder diffraction of the Fe-N-C electrocatalysts synthesized using 1,10-phenanthroline and
Black Pearls carbon, with different loadings of iron; Figure S3: X-ray powder diffraction for the
Fe-N-C electrocatalysts synthesized using phenanthroline (red) or imidazole (black); Figure S4:
STEM images and the corresponding elemental mapping, as indicated in the figure inset, for the
Fe-N-C electrocatalysts synthesized using 1,10-phenanthroline and Black Pearls (Fe-N-C Phen BP;
(left)) or Vulcan carbon (Fe-N-C Phen VC; (right)); Figure S5: (A) HR-TEM (a), STEM (b) images
and the corresponding elemental mapping for iron and oxygen (c and d) obtained for the Fe-N-C
electrocatalyst synthesized using 1,10-phenanthroline and Vulcan carbon (Fe-N-C Phen VC 1050),
and (B) HR-TEM and the corresponding elemental mapping of iron (top) and oxygen (bottom) of
an individual iron-oxide nanoparticle; Figure S6: Deconvolution of the XPS spectra for the Fe 2p
and nitrogen N 1s of the Fe-N-C Phen BP electrocatalyst; Figure S7: Linear sweep voltammetry
(LSV) curves for the oxygen reduction on Fe-N-C Phen BP 1050 electrocatalysts synthesized with
5.0 and 10.0 wt.% Fe, obtained in O2-saturated 0.5 mol L−1 H2SO4 electrolyte, with scan rate of
1.0 mV s−1 and rotation rate of 1600 rpm; Figure S8: Linear sweep voltammetry (LSV) curves for the
oxygen reduction on Fe-N-C synthesized using imidazole (instead of Phen) and BP carbon, obtained
in O2-saturated 0.5 mol L−1 H2SO4 electrolyte, with scan rate of 1.0 mV s−1 and rotation rate of
1600 rpm; Figure S9: Cyclic voltammetry (CV) curves for Fe-N-C Phen BP (red) and Fe-N-C Phen
VC (blue), obtained in Ar-saturated 0.5 mol L−1 H2SO4 electrolyte, with scan rate of 50 mV s−1;
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Figure S10: Linear sweep voltammetry (LSV) curves for the oxygen reduction on Fe-N-C Phen VC
before (thin red line) and after treatment in NH3, at 900 ◦C (thick red line), obtained in O2-saturated
0.5 mol L−1 H2SO4 electrolyte, with scan rate of 1.0 mV s−1 and rotation rate of 1600 rpm (the
curves for the ORR on pure Vulcan carbon and Pt/C were included for comparison); Figure S11:
Fourier Transform of the EXAFS oscillations, K3-weighted, at the Fe (7112 eV) K edge, for the Fe-N-C
Phen VC electrocatalyst further step of treatment in NH3 at 900 ◦C. The reference spectrum for Fe
foil was included for comparison; Figure S12: Deconvoluted Raman spectra of Fe-N-C Phen BP
electrocatalysts prepared at different pyrolysis temperatures. The band assignments are provided
in the figure inset legend; Figure S13: LSV curves recorded before and after the Fe-N-C Phen BP
electrocatalyst storage (shelf-life), for different periods of time, as indicated in the figure inset legend,
synthesized at pyrolysis temperatures of 700 ◦C (a) 1050 ◦C (b), obtained in O2-saturated 0.5 mol L−1

H2SO4 electrolyte, with scan rate of 1.0 mV s−1 and rotation rate of 1600 rpm.
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