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Developing efficient and durable iron—nitrogen—carbon (Fe—N@C)
electrocatalysts with optimal pore architecture is crucial for advan-
cing the oxygen reduction reaction (ORR) in fuel cells. In this study,
we demonstrate how hard-templating with tailored silica scaffolds
(SBA-15, KIT-6, and a dual SBA-15/KIT-6 template) can tune the
pore structure of Fe—N@C materials. In these materials, the pore
structure influences the formation and accessibility of active sites
for the ORR. The mesoporous Fe—N@CMK-3 electrocatalyst,
derived from SBA-15, exhibits the highest ORR activity (onset
potential: 0.99 Ve in alkaline media, and 0.82 Vg in acid) due
to its well-defined 2D hexagonal pores, which facilitate efficient
oxygen diffusion. In contrast, the microporous Fe—N@CMK-8 (KIT-
6-derived) exhibits lower ORR activity due to limited oxygen acces-
sibility to the active sites. The dual-templated Fe-N@CMK-3/8
combines micro/mesoporosity to deliver balanced performance
despite its lower surface area and pore volume resulting from the
pore connectivity. All electrocatalysts initially follow a quasi-4e~
ORR pathway, but their behavior changes during the long-term
testing: Fe—N@CMK-8 shifts to the 2e~ pathway despite its notably
durable activity in acidic media; Fe~N@CMK-3 exhibits the best
stability in terms of activity under alkaline conditions also with a
slight shift to the 2e™ pathway; Fe—N@CMK-3/8 excels in terms of
selectivity sustaining a 4e” pathway along time with medium
stability in the activity in both acid and alkaline media. These
findings establish pore engineering as a powerful tool to tailor
Fe—N@C electrocatalysts for specific operational environments,
contributing to the development of high-performance non-
precious metal catalysts for the ORR in proton exchange membrane
and alkaline fuel cell applications.
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New concepts

This study presents a breakthrough in the design of iron-nitrogen-carbon
(Fe-N@QC) electrocatalysts by demonstrating how tailored pore architecture
can be systematically controlled through hard-templating with silica scaf-
folds (SBA-15, KIT-6, and their combination). Unlike previous research that
focused primarily on chemical composition, this work highlights the pivotal
role of the pore structure in governing electrocatalytic performance, speci-
fically activity, stability, and mass transport, in the oxygen reduction
reaction (ORR). The innovation lies in linking distinct pore geometries to
functional outcomes. Fe-N@CMK-3’s 2D mesoporosity enhances activity,
stability, and mass diffusion, particularly in alkaline media. Fe-N@CMK-8’s
microporous network shows much lower activity due to mass diffusion
limit, and significant selectivity change despite superior retention in activity
during stability test in an acidic environment. The dual-templated Fe-
N@CMK-3/8 bridges these properties, balancing activity and stability in
both acid and alkaline media through integrated micro/mesoporosity. This
pore-engineering approach brings new insight to nanoscience by establish-
ing structure-function relationships that guide the design of high-
performance, non-precious metal catalysts. It sets a foundation for tuning
catalytic behavior via physical architecture rather than solely chemical
modification, advancing the rational design of nanomaterials for fuel cell
technologies.

1. Introduction

Nowadays, the main ways in which we produce energy are still
powered by the combustion of fossil fuels such as coal, oil, and
natural gas. Consequently, global greenhouse emissions keep
increasing, resulting in irreversible climate changes." One of
the most explored routes to address this crisis is the shift
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toward a more sustainable and green way to produce the energy
we need. Among the possible alternatives, hydrogen-related
technologies are emerging as a promising solution.> Hydrogen
fuel cells, in particular, offer a low-carbon option to conven-
tional energy systems, generating electricity directly from the
electrochemical reaction between hydrogen and oxygen.? How-
ever, their commercialization is still hindered by the perfor-
mance and cost of the electrocatalyst layer at the cathode side,
where the ORR takes place. Because of its sluggish kinetics, a
large amount of electrocatalyst is usually required to enhance
the reaction’s efficiency. Platinum-based electrocatalysts have
long been the benchmark for the ORR.>* However, their high
cost and limited availability have driven the scientific commu-
nity to search for alternative materials.” Among these, Fe-N@C
electrocatalysts have gained attention due to their favorable
activity, durability, and cost-effectiveness.®® A key factor influ-
encing the performance of Fe-N@C electrocatalysts lies in their
morphology and pore structure, which directly provides a high
specific surface area for active site exposure, while ensuring
efficient pathways for oxygen diffusion, minimizing mass
transport limitations.” In this regard, porous carbons have
emerged as a valid material due to their tunable pore size and
arrangement, excellent mechanical and chemical stability, gra-
phitic framework, and high specific surface area.’*™** Micropores
(<2 nm) play a key role in increasing the specific surface area,
thus enabling a high density of exposed active sites. As studied by
Jaouen et al.,"”> micropores are essential to form active Fe-N,
sites, as they provide a confined environment that enhances
nitrogen incorporation and site assembly during heat treatment,
directly correlating microporous surface area with catalytic activ-
ity. However, excessive microporosity can restrict oxygen accessi-
bility, limiting the performance of the electrocatalyst.'*'*> This
effect was further demonstrated by Zhang et al., where electro-
catalysts with higher microporosity exhibited a significant drop
in the limiting current density due to oxygen transport limita-
tions caused by water flooding in micropores.'® To address these
limitations, mesopores (2-50 nm) and macropores (> 50 nm) are
essential in providing diffusion pathways for efficient O, trans-
port and products removal. Pampel et al."” demonstrated that
mesopores significantly enhance ORR performance, increasing
the half-wave potential by 60 mV compared to micropore-
dominated systems. However, when going to the macropores
range, the specific surface area decreases, resulting in a denser
structure with fewer interconnected pores and finally limiting
oxygen diffusion."” To this aim, mesopores strike the ideal
balance between surface area and transport efficiency, offering
interconnected structures that facilitate reactant diffusion with-
out compromising active site accessibility."®'® Combining dis-
tinct pore sizes in a hierarchical structure enhances the catalytic
performance benefiting from the high active site density of
micropores, the efficient reactant diffusion through mesopores,
and the rapid bulk transport enabled by macropores. This
synergy results in superior electrocatalytic activity and durability
as evidenced by Bae et al.*° in their rotating disk electrode (RDE)
study. Their Fe-N@C electrocatalysts with hierarchical porosity
exhibited enhanced ORR performance, including a higher onset
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potential of 0.994 V vs. the reversible hydrogen electrode (RHE),
highlighting the role of hierarchical porosity in optimizing both
active site utilization and reactant transport.

Template-assisted synthesis has emerged as a widely
employed strategy for achieving control over electrocatalyst mor-
phology and porosity, enabling tailored nanoscale structural
design.”'>* This approach typically involves three key steps:
template preparation, template-driven material synthesis, and
template removal. Template-assisted methods are broadly cate-
gorized into soft-templating and hard-templating (nanocasting)
techniques.”*** For carbon-based electrocatalysts, the nanocast-
ing approach using hard templates consists of three fundamental
stages: (1) template formation, (2) precursor infiltration and
casting, and (3) template removal. A well-interconnected 3D pore
network in the template is essential to ensure structural stability
in the final replica. In stage 2 (e.g, via incipient wetness impreg-
nation), complete pore-filling and efficient conversion into the
desired composition are essential. Moreover, the template must
be readily removed to obtain a high-fidelity replica with well-
preserved structural integrity.>®

Among hard templates for electrocatalyst synthesis, meso-
porous silica stands out due to its chemical inertness and tunable
pore sizes (2-50 nm).>”?® Its synthesis strategy relies on soft-
templating, where silica precursors (e.g., tetraethyl orthosilicate —
TEOS), and structure-directing agents (SDAs) form inorganic-
organic composites via the Stober process.”® In particular, using
the non-ionic SDA Pluronic P123 [(PEO)20—-(PPO)70-(PEO)20]
under controlled conditions yields highly ordered templates like
SBA-15 (2D hexagonal form, pemm)***' and KIT-6 (cubic, Ia3d).
Above 15 °C, P123 self-assembles into micelles driven by the
hydrophobicity of its PPO blocks.”**° The addition of cosurfac-
tants (e.g, butanol)** swells the PPO units, reducing micellar
interfacial curvature and inducing a transition from hexagonal
(SBA-15) to cubic (KIT-6) symmetry.*>>* These silica templates are
well-suited for synthesizing mesoporous carbon catalysts due to
their interconnected porosity, ensuring faithful architectural repli-
cation during precursor impregnation and template removal,
thereby preventing pore collapse in the final material.>®

This work employs SBA-15 and KIT-6 as hard templates for
the synthesis of Fe-N@C electrocatalysts (Fe-N@CMK-3 and
Fe-N@CMK-8, respectively) through nanocasting, using 1,10-
phenantroline and iron(m) nitrate nonahydrate as N/C and Fe
precursors. The goal is to investigate the impact of pore architec-
ture on ORR activity. Additionally, a hybrid electrocatalyst (Fe-
N®@CMK-3/8) was developed by modifying the synthesis conditions
of the silica template to combine the ordered hexagonal meso-
pores of SBA-15 with the 3D interconnectivity network of KIT-6.

The textural properties of these three electrocatalysts, identical
in composition but different in pore structure, were characterized
by powder Xray diffraction (PXRD), nitrogen adsorption—
desorption analysis, thermogravimetric analysis (TGA), scanning
transmission electron microscopy (STEM), Raman spectroscopy,
elemental analysis, and total reflection X-ray fluorescence (TXRF).
These studies correlate structural features with ORR performance,
evaluated by a rotating ring disk electrode (RRDE) in alkaline and
acidic media.

This journal is © The Royal Society of Chemistry 2025
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2. Experimental section

2.1. Chemicals

Pluronic P123 poly(ethylene glycol)-block-poly(propylene glycol)-
block-(ethylene glycol) ((PEO)20-(PPO)70-(PEO)20, average M, =
5800), tetraethoxysilane (TEOS, purity > 98%), iron(ur) nitrate
nonahydrate (Fe(NO;);-9H,O, purity > 98.0%), 1-butanol
(purity > 99.4%), and 1,10-phenanthroline (purity > 99.0%)
were purchased from Sigma-Aldrich. Ethanol (purity > 99.8%),
hydrochloric acid (37 wt%), sodium hydroxide pellets (purity 98%
up to 100.5%), and isopropanol (IPA, purity > 99.9%) were
purchased from Honeywell. All reagents were used as received
without further purification. Perchloric acid (HClO,, ACS reagent,
70%) and potassium hydroxide solution (¢(KOH) = 1 mol 1"
(1 N), reag. USP, ready-to-use volumetric solution for titration,
Titripur®) were purchased from Sigma-Aldrich. Electrolytic solu-
tions were prepared using KOH and HClO, diluted with ultrapure
deionized water from a Milli-pore Milli-Q system with resistivity
>18 MQ cm. A 5 wt% suspension of Nafion™ (Ion Power, Inc.)
was used as the ionomer. Nitrogen and oxygen gases were
supplied in cylinders by Nippon Gases with 5.0 purity.

2.2. Hard-silica template synthesis

Three types of mesoporous silica were synthesized, each exhi-
biting a distinct pore organization: (i) a 2D-hexagonal structure
(designated SBA-15), (ii) a combination of 2D-hexagonal and
3D-cubic structures (designated SBA-15/KIT-6), and (iii) a 3D-cubic
structure (designated KIT-6).

2.2.1. Synthesis of SBA-15. SBA-15 was prepared following
the method described by Guillet-Nicolas et al>**> The molar
composition of the reaction mixture was TEOS : P123: HCl: H,O =
1:0.022:0.7:130. Specifically, 8.0 g of Pluronic P123 was dissolved
in 146.25 g of distilled water and 4.43 g of 37% HCI under
vigorous stirring at 35 °C. Once fully dissolved, 13.0 g of TEOS
was added to the clear, homogeneous solution. The resulting
mixture was stirred at ~1000 rpm at 35 °C for 24 h. Subse-
quently, the mixture was transferred to a Teflon-lined reactor and
heated at 80 °C under static conditions for 24 h. After filtration,
the product was dried overnight at 140 °C. Template removal was
achieved through solvent extraction using an ethanol/HCl mix-
ture at 80 °C, followed by calcination at 550 °C for 5 h.

2.2.2. Synthesis of SBA-15/KIT-6. The synthesis of SBA-15/
KIT-6 followed the classic method developed by Freddy Kleitz
et al.** using the molar ratios TEOS : P123 : HCl: H,0 : BUOH =
1:0.017:1.83:195:1.31. Specifically, 4.836 g of Pluronic P123
was dissolved in 175 g of distilled water and 9.516 g of concen-
trated HCI (37%) under vigorous stirring. Subsequently, 4.84 g of 1-
butanol was added, and the mixture was stirred at 35 °C for 1 h.
Afterward, 10.408 g of TEOS was added dropwise, and the mixture
was stirred for another 24 h at the same temperature. The reaction
mixture was then transferred to a Teflon-lined reactor and sub-
jected to thermal treatment at 100 °C under static conditions for
24 h. The resulting white powder was hot-filtered without washing
and dried overnight at the same temperature. The Pluronic
template was removed using the same ethanol/HCl extraction
and calcination procedure described previously.
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2.2.3. Synthesis of KIT-6. KIT-6 silica with a cubic Ia3d
phase was synthesized following the protocol established by Tae-
Wan Kim et al.*® using the molar composition TEOS: P123 : HCI:
H,0:BuOH = 1.5:0.017:1.83:195:1.7. The procedure involved
dissolving 6.0 g of Pluronic P123 in 144 g of distilled water and
7.47 g of concentrated HCI (37%) under vigorous stirring. Then,
5.17 g of 1-butanol was added, and the mixture was stirred at
35 °C for 1 h. Subsequently, 12.8 g of TEOS was added dropwise,
and the solution was stirred for 24 h at the same temperature.
The mixture was transferred to a Teflon-lined reactor and ther-
mally treated at 100 °C under static conditions for another 24 h.
The Pluronic template was removed using the same method as
previously described.

2.3. Electrocatalyst synthesis

Three mesoporous electrocatalysts were synthesized to investi-
gate the influence of different mesoporous silica hard templates
on the structure and electrocatalytic activity of the resulting
carbon-based materials. The synthesis followed a consistent
protocol, varying only the silica source. The electrocatalysts were
designated as Fe-N@X, where X represents the carbon derived
from the silica template used (CMK-3 for the SBA-15, CMK-3/8 for
the SBA-15/KIT-6, and CMK-8 for the KIT-6). In a typical proce-
dure, 404 mg of Fe(NO3);-9H,0 was dissolved in 10 mL of a water/
ethanol mixture (1:1 by volume) using sonication. This clear
solution was added to 20 mL of water/ethanol (1:1) containing
500 mg of the synthesized mesoporous silica (SBA-15, SBA-15/
KIT-6, or KIT-6) and 540.6 mg of 1,10-phenanthroline. The
resulting mixture was stirred vigorously at 80 °C for 24 h to
ensure thorough dispersion and complete solvent evaporation.
The orange powder obtained was finely ground using a mortar
and pestle and transferred to a vertical quartz tube furnace. The
furnace was sealed, purged with a constant flow of nitrogen for
20 min, and then heated to 900 °C at a rate of 5 °C min™" under
continuous nitrogen flow. The target temperature was main-
tained for 3 hours to complete the pyrolysis. The resulting
material was etched by stirring in 15 mL of 6 M NaOH at 60 °C
for 24 h to remove the silica hard template. Afterward, the
mixture was filtered, washed until neutral pH, and dried over-
night. To eliminate any residual Fe and/or oxide nanoparticles,
the material underwent acid etching in 50 mL of concentrated
HCI (37 wt%) for 3 h at room temperature. The final product was
filtered, washed, and dried.

2.4. Materials characterization

PXRD data were collected using a Panalytical Empyrean dif-
fractometer equipped with Cu-Ko radiation in transmission
mode, employing focusing mirror geometry. The instrument
was operated at 45.0 kV and 40.0 mA, with data acquired in 20
step-scans of 0.026°. Raman spectra were acquired in a Raman-FT
Bruker RFS/100S instrument equipped with a Nd:YAG (1064 nm)
laser at 25 mW and 4 cm ™! for 3000 scans. Thermogravimetric
analysis (TGA) was performed on a Hitachi NEXTA STA 300
instrument, with a heating rate of 5 °C min™" in an air atmo-
sphere, covering a temperature range of 25-800 °C. Scanning
transmission electron microscopy (STEM) images were obtained
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using a Hitachi® HD2700 Type B microscope operating at an
acceleration potential of 200 kV. Samples were dispersed in
ethanol using sonication, and a droplet of the suspension was
deposited onto a lacey carbon-coated copper grid (Agar Scienti-
fic™). The grid was then dried at room temperature followed by
vacuum drying. Nitrogen adsorption-desorption isotherms were
measured at 77 K (—196 °C) using a Gemini V 2.00 instrument
(Model 2380). Specific surface areas were determined using the
Brunauer-Emmett-Teller (BET) method, while pore size distribu-
tions were calculated using the Barrett-Joyner-Halenda (BJH)
method. Elemental analysis was used to obtain the quantities
of carbon, hydrogen and nitrogen elements. The analysis was
performed using a TruSpec20 Micro 630-200-200 instrument. The
combustion furnace was operated at 1075 °C, while the after-
burner was maintained at 850 °C. Detection was achieved via
infrared absorption for carbon, hydrogen, and sulfur, and
thermal conductivity for nitrogen. The Fe concentration was
determined after the sample digestion. For this, 2.5 mg of the
sample was treated with freshly prepared Aqua Regia (1:3
HNO; : HCI) under reflux conditions for 4 h. After digestion,
the sample was diluted in 40 mL of ultrapure water and filtered
using a nylon syringe filter (0.45 um). The Fe concentration was
measured by TXRF analysis with a Bruker S2 Picofox, employing
Y as an internal standard. The method has a detection limit of
0.011 ppm.

2.5. Electrochemical tests

Electrochemical characterization studies were conducted at
room temperature using a Biologic VSP-300 potentiostat and a
Pine Research MSR Rotator for the RRDE setup. The electrocatalyst-
based inks were prepared by ultrasonic dispersion in isopropanol
(IPA) mixed with a 5 wt% Nafion™ suspension (Ion Power, Inc.),
ensuring an ionomer-to-carbon (I/C) ratio of 0.2. The resulting
electrocatalyst inks were deposited onto a glassy carbon disk (active
area: 0.247 cm?) with a loading of 0.4 mg cm ™2, A carbon rod was
employed as the counter electrode, while a hydroflex reversible
hydrogen electrode (Gaskatel) was used as the reference electrode.
Measurements were performed in both 0.1 M KOH (alkaline) and
0.1 M HCIO, (acidic) electrolytes, saturated with either nitrogen or
oxygen as per the testing protocol. All reported potentials were
referenced to the reversible hydrogen electrode (RHE). Cyclic
voltammetry (CV) was carried out within a potential range of 0-
1.1 Vgye at a scan rate of 100 mV s~ " in oxygen- and nitrogen-
saturated electrolytes. Linear sweep voltammetry (LSV) was con-
ducted in a three-electrode configuration (disk/reference/counter)
in Oy-saturated electrolyte, scanning 0-1.1 Vggg at a 10 mv s ! rate
with the disk rotating at 400, 900, 1600, and 2500 rpm. In a four-
electrode setup (disk/ring/reference/counter), LSV measurements
were performed in O,-saturated electrolyte at 1600 rpm, scanning
the disk electrode from 0 to 1.1 Vggg at 10 mV s, with the ring
potential fixed at 1 Vryg. iR-drop corrections were applied to all
measurements through the series resistance (R,) values obtained
from electrochemical impedance spectroscopy (EIS) measure-
ments. EIS data were collected at 1 Vgyyg with an AC amplitude
of 10 mV across a frequency range of 100 Hz to 1 MHz. LSV
curves were corrected for background contributions by
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subtracting the corresponding LSV recorded in nitrogen-
saturated electrolyte under identical conditions, eliminating
capacitive effects from the reduction current. Electrocatalyst
durability was assessed in oxygen-saturated electrolyte by
cycling the potential between 0.6 V and 1 V, holding each value
for 3 seconds per cycle, and repeating the process 10000
times.>” LSV measurements were performed after the aging
protocol to evaluate ORR activity degradation.

3. Results and discussion

3.1. Textural properties of the silica hard templates

The textural properties of the sacrificial hard templates used to
produce the Fe-N@C samples were analyzed by PXRD, N,
adsorption-desorption isotherms at —196 °C, STEM and TGA.
Fig. 1 presents the XRD patterns of the SBA-15, SBA-15/KIT-6,
and KIT-6 templates. The SBA-15 sample exhibits a highly
ordered 2D hexagonal pore arrangement with p6mm symmetry,
showing reflections at 260 corresponding to the [100], [110], and
[200] planes.®® The KIT-6 sample reveals the well-resolved (211)
and (220) reflections, consistent with the cubic Ia3d meso-
porous silica structure.***%*® Additionally, the intermediate
diffractogram of the SBA-15/KIT-6 sample displays features of
both 3D and 2D-structured materials, indicating its dual struc-
tural nature. This duality, further confirmed by STEM images
(Fig. S2, ESIY), arises from employing more acidic conditions
during KIT-6 synthesis, facilitating the formation of 2D-
hexagonal pores alongside the 3D cubic structure.*® The XRD
unit cell size and the interplanar spacing d;oo were determined
and the results are shown in Table 1.

Fig. S1 (ESIt) and Table 1 present the results of —196 °C N,
adsorption-desorption isotherms for the silica templates. As shown
in Fig. S1a (ESIY), the synthesized silicas exhibit a type IV isotherm
with an H1 hysteresis loop, consistent with the IUPAC classification
typically associated with mesoporous silicas.>® By applying the BET
and BJH theories to the —196 °C N, adsorption/desorption iso-
therms it is possible to determine the specific surface area (Sggr),
pore volume (V;,) (Table 1), and pore size distribution (Fig. Sib,
ESIt). Fig. S1b (ESIT) reveals that the synthesized silicas exhibit a
narrow pore size distribution. The pore diameters fall within the
mesoporous range, between 5.6 and 8.1 nm (Fig. S1b, ESIT and
Table 1). The Sger of SBA-15, SBA-15/KIT-6, and KIT-6 are approxi-
mately 734, 555, and 757 m”> g, respectively. The sample with a
dual pore structure exhibits the lowest pore volume (0.40 cm® g™ %),
while KIT-6 shows the highest one (1.06 cm® g ). By integrating
these findings with data from PXRD, the pore wall thickness of the
materials can also be calculated. The summarized results are
presented in Table 1. The results are in agreement with those
observed in the literature.**

TEM and SEM images of the silica hard-template materials
were acquired to further support the PXRD and N, sorption
isotherms results. Fig. S2 (ESIt) presents TEM images of the
materials, including the top view (1st row) and lateral view (2nd
row) of the SBA-15, KIT-6, and SBA-15/KIT-6 samples. These
images demonstrate the formation of a hexagonal pore network

This journal is © The Royal Society of Chemistry 2025
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Table 1 Structural properties of mesoporous silicas determined by com-
bining XRD and N, adsorption—desorption isotherms at —196 °C

100 ay” Sprr Ve dy” b
Material (nm) (nm) (m’g ") (em*g") (am) (nm)
SBA-15 11.85 13.69 734 0.76 8.1 5.6
SBA-15/KIT-6  11.39  13.16 555 0.40 7.4 5.8
KIT-6 11.25 1299 757 1.06 5.6 7.4

“ Unit cell parameter calculated from the equation: a, = 2d100\/ 3. % Pore
diameter obtained from the BJH method. ¢ Pore wall thickness calcu-
lated as (b = ay — dp).

(p6mm) for SBA-15,%° a cubic pore arrangement (Ia3d symmetry)
for KIT-6** and a combination of both p6mm and Ia3d struc-
tures in the SBA-15/KIT-6 samples. This information is further
supported by SEM images (Fig. S2, 3rd row, ESIf).

3.2. Textural properties of the Fe-N@C electrocatalysts

PXRD diffractograms of the electrocatalysts Fe-N@CMK-3,
Fe-N@CMK-3/8, and Fe-N@CMK-8, synthesized using SBA-15,
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s | |
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Fig. 1 PXRD of the synthesized sacrificial silica templates.
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Fig. 2
obtained under reflection mode.
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SBA-15/KIT-6, and KIT-6 silica hard templates, respectively, were
analyzed to investigate the mesostructure of the electrocatalyst
pores (Fig. 2a), as well as the presence of graphitized carbon and
Fe nanoparticles (Fig. 2b).

All Fe-N@C replicas exhibit a similar pore arrangement,
showing a single reflection between 20 = 1.0° and 20 = 1.4°,
corresponding to the (100) or (211) planes, depending on the
silica hard template used (Fig. 2a), less evidenced in the Fe-
N@CMK-3/8 sample. These replicas demonstrate a reduced unit
cell (ao) size compared to their respective silica templates
(Tables 1 and 2). The Fe-N@CMK-3 sample exhibits the highest
pore organization, as demonstrated by the more defined 100
reflection (Fig. 2a). The absence of additional diffraction pat-
terns indicates that complete formation of cubic or hexagonal
pore arrangements during the nanocasting process was not
achieved. At higher diffraction angles (Fig. 2b), two sharp peaks
at approximately 20 = 25° and 43° are observed, attributed to
graphitic carbon and corresponding to the (002) and (101)
diffraction planes, respectively. The presence of graphitic car-
bon in the samples is further confirmed by Raman spectroscopy
(Fig. S3, ESIt). The removal of Fe nanoparticles appears to be
effective, as indicated by the absence of their diffraction peaks.

The —196 °C N, adsorption/desorption isotherms of the
carbon replicas in Fig. 3a exhibit distinct adsorption branches
compared to those of the silica hard templates. These isotherms
exhibit characteristics that are a blend of type I(b), indicating a
predominance of micropores and ink-bottle-shaped pores, as
demonstrated by the rapid adsorption increase at low p/p°, and
type IV(a), with a final saturation plateau reduced to a subtle
inflection point, or type II, commonly associated with nonpor-
ous or macroporous adsorbents.>® All Fe-N@C electrocatalysts
exhibit H4 hysteresis loops, with the more pronounced uptake
at low p/p° attributed to the filling of micropores. H4 loops are
typically associated with certain micro-mesoporous carbon
materials. Although the silica templates exhibit differences in
pore size distribution (Fig. Sib, ESIt), Fig. 3b highlights the
presence of mesopores within the range of 1.7 to 5 nm, with the
highest population of the pores near 3.4 nm. The Fe-N@CMK-3

b)

Fe-N@CMK-3

. —— Fe-N@CMK-8

‘ Fe-N@CMK-3/8

S
s
2
‘»
e
8
c

15 2|5 3‘5 4|5

26 (%)

(a) Low-angle PXRD of the Fe—N@C electrocatalysts acquired under transmission mode; (b) high-angle PXRD of the Fe—N@C electrocatalysts
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Table 2 Structural properties of the Fe—-N@C electrocatalysts determined by combining XRD and N, adsorption—desorption isotherms at —196 °C

Material dy00 (nm) a" (nm)  Spger (M2 g7 Smiero” (M*> g™ Smeso” (M* g™ vp? (em® g7Y) dp® (nm) ¥ (nm)
Fe-N@CMK-3 11.14 13.09 1230 279 694 0.88 3.8 9.29
Fe-N@CMK-3/8 9.39 10.85 720 194 383 0.51 4.5 6.35
Fe-N@CMK-8 8.31 9.60 1313 322 650 0.81 3.0 6.60

“ Unit cell parameter calculated from the equation: ay = 2d;004/3. b t-Plot micropore area. © BJH adsorption cumulative surface area of pores
between 1.7 nm and 300 nm width. ¢ Single point adsorption total pore volume of pores. ¢ Average pore diameter obtained from the BJH method

(adsorption brand).” Pore wall thickness calculated as (b = ao — dp).
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Fig. 3
correspond to desorption ones. (b) Pore size distribution curves.

sample exhibits the most narrowly distributed pore sizes. The
BET specific surface area (Sggr) and the t-plot micropore surface
area (Smicro) increase in the order of Fe-N@CMK-3/8,
Fe-N@CMK-3, and Fe-N@CMK-8. Additionally, although the
sample prepared using silica with dual porosity exhibits a
similar curve type to Fe-N@CMK-3, its Sggr is nearly half that
of the electrocatalysts derived from silicas with hexagonal or
cubic pore arrangements. Fe-N@CMK-3 and Fe-N@CMK-8 also
show the highest total pore volume value (Table 2).

TEM and SEM images (Fig. 4) further validate the XRD
results. The Fe-N@CMK-3 and Fe-N@CMK-8 samples exhibit

Fe-N@CMK-3

Fe-N@CMK-8

(=3
~

0.16

—e— Fe-N@CMK-3
—o— Fe-N@CMK-8
o— Fe-N@CMK-3/8

0.04 4

0.02 4

Incremental Pore Volume (cm®/g)
o
)
[+3]
1

Pore Width (nm)

(a) =196 °C N, adsorption—desorption isotherms of the Fe—N@C catalysts. Full symbols are related to the adsorption branches; empty symbols

well-organized porosity, whereas the Fe-N@CMK-3/8 sample,
derived from dual-type mesoporous silica, primarily consists of
amorphous carbon. This may be due to the SBA-15/KIT-6 silica
having blocked or non-existent interconnections between
micro- and mesopores, preventing the diffusion of carbon
precursors into the pores. Consequently, upon silica removal,
the structure collapses, failing to retain the pore organization of
the original silica matrix. Moreover, all samples contain carbon
nanotubes, which are more prominent in the latter sample.
EDS analysis (Fig. S4, ESIT) shows the presence of Fe and Si in
all samples, with the latter attributed to residual silica.

Fe-N@CMK-3/8

Fig. 4 TEM images of (a) Fe-N@CMK-3, (b) Fe-N@CMK-8 and (c) Fe-N@CMK-3/8 electrocatalysts; and SEM images of the (d) Fe~N@CMK-3, (e) Fe—

N@CMK-8 and (f) Fe~N@CMK-3/8 electrocatalysts.
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The thermal stability of the electrocatalysts was assessed
using TGA, with the results shown in Fig. S5 (ESIf). All
materials exhibit a similar degradation pattern, remaining
thermally stable up to 400 °C and undergoing two main stages
of thermal degradation. The first weight loss, ranging from
~5 wt% to ~ 15 wt%, occurs below 100 °C and is attributed to
the evaporation of moisture and adsorbed gases. The second
weight loss, observed within the temperature range of
400-650 °C, corresponds to the degradation of carbon
and nitrogen species. The residual mass, accounting for
13-16 wt%, is likely associated with the remaining silica and
iron oxide formed during degradation in the air atmosphere.

Table S1 in the ESIf presents the C, N, and H contents of the
pyrolyzed Fe-N@C electrocatalysts, as determined by elemental
analysis. The nitrogen atoms from the 1,10-phenanthroline are
retained within the structure of the Fe-N@C samples after
pyrolysis at 900 °C. Among the materials, Fe-N@CMK-8 exhibits
the highest nitrogen content (3.95 wt%), followed by Fe-
N@CMK-3 (3.74 wt%) and Fe-N@CMK-3/8 (2.88 wt%). Despite
Fe-N@CMK-8 having the highest nitrogen content, it has the
lowest carbon content (45.21 wt%) among the three synthesized
samples, while Fe-N@CMK-3/8 and Fe-N@CMK-3 have similar
carbon contents (~ 60 wt%). The remaining composition, attrib-
uted to Si, Fe, and O atoms, is higher in the Fe-N@CMK-8
catalyst. Additionally, TXRF analysis was used to quantify the
iron (Fe) content (Table S1, ESI}), revealing comparable Fe
concentrations across all samples, ranging from 1.06 £+ 0.014
to 1.19 + 0.011 wt%. The N/Fe atomic ratios were determined by
combining elemental analysis (for nitrogen content) with TXRF
measurements (for iron content), determining values of 14.9 for

a) 03
0.1 M KOH —— Fe-N@CMK-3
—— Fe-N@CMK-8
002 Fe-N@CMK-3/8
<
£ 0.021
T
[
S 0015
3
2
£ 001

0.005 +

Current Density (mA/cmZ)

0 0.2 04 0.6 08 1
Potential (V vs RHE)
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Fe-N@CMK-8, 12.6 for Fe-N@CMK-3, and 9.8 for Fe-N@CMK-
3/8. It is important to note that not all nitrogen in the samples is
necessarily coordinated to iron. Some nitrogen is coordinated to
Fe, while the majority of nitrogen is likely bonded to carbon
within the matrix. No diffraction peaks corresponding to crystal-
line iron species were detected in the PXRD patterns, suggesting
the presence of Fe-N, species that are commonly stable under
highly acidic leaching solution.

3.3. Influence of mesostructure on the ORR performance of
Fe-N@C electrocatalysts

Fig. S6 (ESIT) shows cyclic voltammetry results in N,-saturated
and O,-saturated HClO, and KOH electrolytes. Reduction peaks
are present in the oxygen atmosphere only, indicating the absence
of active redox species responsible for unwanted reactions under
inert conditions. Reduction peaks are in the 0.4-0.7 Vg range for
the acidic media and at 0.7-0.9 Vg in the alkaline case, aligning
with previous literature results for Fe-N@C electrocatalysts.****
Fig. 5c and d display LSV curves achieved at 1600 RPM in both
alkaline and acidic electrolytic solutions. The Fe-N@CMK-3 and
Fe-N@CMK-3/8 electrocatalysts demonstrate outstanding ORR
performance in both media, characterized by higher current
densities and more positive onset potentials (0.99 Vgyg and
0.97 Vgyg in alkaline media, 0.82 Vgyg and 0.80 Vgyg in acidic
electrolyte, respectively). This performance similarly underscores
the crucial role of the SBA-15 template in providing a linear and
unidirectional mesoporous structure, which facilitates the reac-
tants’ and products’ mass transport. Fe-N@CMK-3/8’s superior
performance reflects an optimal balance between the 2D hexago-
nal and 3D interconnected pore structures. While its high ORR

b) oo
0.1 MHCIO4 —— Fe-N@CMK-3
—— Fe-N@CMK-8
- 0023 Fe-N@CMK-3/8
<
£ o0.02-
T
o
S 00151
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2
£ 0014
0.005 -
d -~ °

Current Density (mA/cmz)

T

0 0.2 0.4 056 0.8 1
Potential (V vs RHE)

Fig. 5 ORR electrocatalytic activity recorded at 1600 rpm: (a) ring current in 0.1 M KOH. (b) Ring current in 0.1 M HCIO,. (c) Disk current density in 0.1 M

KOH. (d) Disk current density in 0.1 M HClO4,.
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activity may seem unexpected, given that N, adsorption—
desorption analysis indicates the dual-templated catalyst has the
lowest specific surface area (Table 2), its structural properties
reveal a different story. As shown by XRD and N,-adsorption—
desorption isotherms at —196 °C measurements (Table 2), the
electrocatalyst features larger average pore diameters, as deter-
mined by the BJH method. This suggests the structure achieves a
trade-off between lower porosity and larger pores, influencing
electrocatalytic activity. In contrast, the electrocatalyst derived from
the KIT-6 template exhibits the lowest performance, reflected in its
reduced current densities and less positive onset potentials (0.96
Vgue in 0.1 M KOH and 0.77 Vg in 0.1 M HCIO,). Although the
interconnected 3D framework provides a high pore volume and
improves accessibility (refer to Fig. 3 and Table 2), it typically
contains a greater fraction of micropores compared to SBA-15, as
highlighted in the pore size distribution curve. These micropores
can restrict mass transport because diffusion is limited in smaller
pores, reducing ORR activity.'>'¢*37

To further analyze the electrocatalytic behavior of the materials
under study, Fig. S7 (ESIT) presents LSV curves recorded at different
rotation speeds in both alkaline and acidic media. At high poten-
tials, the current density is unaffected by rotation speed, indicating
that electron-transfer kinetics is the rate-determining step. As the
potential decreases, the impact of rotation becomes evident. The
increase in the limiting current density with higher rotation rates is
consistent with enhanced mass transport due to forced convection,
in accordance with the Levich equation (eqn (1)).

fim = 0.62nFAD?3, Y020 (1)

Where i, is the limiting current density (A), n is the number of
transferred electrons, F is the Faraday constant (96 485 C mol ™), 4
is the area of electrode (cm?), D is the oxygen diffusion coefficient
(em? s~ "), vis the kinematic viscosity of the solution (cm”s™ %), w is
the angular velocity of the rotating electrode (rad s~ '), and C is the
bulk concentration of the reactant (mol cm™?). While the Levich
equation describes a purely diffusion-controlled regime, the Kou-
tecky-Levich (KL) equation (eqn (2)) extends the model by incor-
porating both kinetic and mass transport contributions.
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where i is the total measured current, iy, is the diffusion-limited
current defined in eqn (1), and i is the kinetically controlled
current. The Koutecky-Levich plots (Fig. S8, ESIt) display inverse
current densities (1/7) as a function of w2, allowing the extraction
of the number of electrons (n) transferred during the ORR from the
slope of the KL plot. The electron transfer number for all Fe-
N@CMK-based electrocatalysts approaches 4, indicating a direct
four-electron pathway, which is characteristic of efficient ORR
catalysts. To better investigate the selectivity of the samples toward
the 4-electron reduction pathway, RRDE measurements were
performed. Recorded ring currents are illustrated in Fig. 5a and
b for the alkaline and acidic cases, respectively. Combining ring
and disk currents, the number of electrons involved in the reaction
(eqn (3)) and the produced amount of peroxide (eqn (4)) can be
determined.

"= 4(1d +I(}r /N> G)

I,
%H,0, = 200 - ~ u

st 1/N) @

I4 is the current measured at the disk electrode, I is the
current recorded at the ring one, and N is the collection
efficiency (N = 0.4). The ring currents, associated with the
reduction of intermediate species in the indirect ORR pathway,
are significantly lower than those observed at the disk elec-
trode. This suggests that the ORR primarily follows the direct
pathway, indicating a high selectivity toward the 4-electron
reduction reaction. The selectivity data, represented by the
electron transfer number and peroxide yield, are calculated
using eqn (3) and (4) and presented in Fig. 6.

From the detailed analysis, the Fe-N@CMK-8 sample
appears to be slightly better in terms of selectivity with respect
to the other two counterparts. Nevertheless, each electrocatalyst
can still be regarded as a strong candidate for the ORR, as their
selectivity remains consistent with results reported in other
studies on Fe-N@CMK-based electrocatalysts.>>*>*” Moreover,
oxygen reduction follows a quasi-direct reduction pathway
across all potential ranges, in agreement with the KL results
reported in Fig. S8 (ESIT). This suggests that the reaction
mechanism is stable and does not shift between pathways over

0.1 M HCIO,
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Fig. 6 ORR selectivity by RRDE measurement in (a) alkaline and (b) acidic environments.
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the tested potential range. Consequently, the active sites on the
electrocatalyst surface are consistently promoting the same
reduction pathway, indicating uniformity in their properties
and behavior under the given conditions.

The durability of the electrocatalysts was evaluated through
potential cycling between 0.6 Vgyyg and 1.0 Vgyg for 10000
cycles. Fig. 7 presents LSV curves recorded at 1600 rpm before
and after 10000 potential cycles, illustrating the catalysts’
electrochemical stability, while Table 3 quantifies the degrada-
tion by reporting the shifts in onset potential (AE,,) and half-
wave potential (AE, ;) in both alkaline and acidic environments.

In alkaline environments, all electrocatalysts exhibit moder-
ate activity degradation, ascribed to the reduced aggressive
nature of hydroxide ions on active sites. In acidic media, among
the tested materials, Fe-N@CMK-3 and Fe-N@CMK-3/8 exhibit
steep potential shifts, suggesting the dissolution of unstable
sites in acidic solutions under potential cycling. In contrast,
Fe-N@CMK-8 demonstrates the lowest degradation in acidic
media, with only a 0.01 V drop in onset potential and a 0.03 V
shift in half-wave potential. This improved stability may be
linked to its higher micropore specific surface area (Table 2)
and smaller average pore diameter, which allows the confine-
ment of Fe-N, active sites within a more protective carbon
matrix. Micropores are known to provide a stabilization effect
by limiting direct exposure of active sites to acidic electrolytes.*®
This explains why Fe-N@CMK-3 and Fe-N@CMK-3/8 experi-
ence slightly greater losses than Fe-N@CMK-8, which benefits
from the protective nature of micropores. However, this sce-
nario changes when the long-term selectivity is taken into
consideration. The stability in ORR selectivity was evaluated
by monitoring the variation in electron transfer number (An)
and peroxide yield (AH,0,/AHO, ) before and after 10k cycles
(Fig. S9, ESIt). The degradation of ORR selectivity was particu-
larly evident for Fe-N@CMK-8, which exhibited the highest An
in both alkaline and acidic media, with a consequent increase in
the HO, /H,0, production. This behavior suggests that micro-
pores can help preserve Fe-N, sites against acidic corrosion,
while the nature of these sites could change during potential
cycling, shifting the selectivity to the 2e” pathway. Fe-N@CMK-

3, with predominantly mesoporous channels, exhibited
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intermediate behavior: its selectivity slightly decreased, espe-
cially in acidic media. In contrast, Fe-N@CMK-3/8, featuring a
hierarchical pore structure, preserved its selectivity excellently
over time. Combining the moderate loss in activity and excellent
preservation in selectivity during potential cycling, Fe-N@CMK-
3/8 outperforms the other two counterparts in terms of stability,
highlighting the important role of the balance between micro-
porosity and mesoporosity in the catalyst longevity.

Concisely, the comprehensive study highlights the crucial
role of pore structure optimization in designing Fe-N@C
electrocatalysts with both high activity and stability, reinforcing
the importance of material engineering strategies for their
application in fuel cells.

3.4. Comparison with porous Fe-N@C electrocatalysts

To better emphasize the interconnected role of electrochemical
and porosity properties for the ORR, Table 4 provides a com-
parative analysis of Fe-N@C electrocatalysts from the literature
against Fe-N@CMK-3. This comparison highlights the critical
role of structural parameters, including BET specific surface
area, micropore area, pore volume, and electron transfer num-
ber, in defining electrocatalytic performance.

Among several electrocatalysts available in the literature, Fe—
N-HMC,*® with a Sgpr of 733 m? g™, achieves an onset potential
of 0.942 Viyr and a half-wave potential of 0.856 Viyg, which are
slightly lower than those observed for Fe-N@CMK-3 (0.99 Vgyg
and 0.89 Vgyg, respectively). This suggests that Fe-N@CMK-3
benefits from a more developed mesoporous network, improv-
ing mass transport and electrocatalytic activity. FeSNC-3°°
exhibits the highest specific micropore area (687 m”> g %),

Table 3 Variation of onset potential (AE,,,) and halfwave potential (AEy,,)
achieved before and after the durability test in both alkaline and acidic
media for Fe—N@CMK-3, Fe—-N@CMK-3/8, and Fe—N@CMK-8

0.1 M KOH 0.1 M HCIO,
Material AE,, (V) AE;), (V) AE,, (V) AE); (V)
Fe-N@CMK-3 0.03 0.02 0.07 0.09
Fe-N@CMK-3/8 0.05 0.05 0.05 0.12
Fe-N@CMK-8 0.07 0.08 0.01 0.03
b) ——Fe-N@CMK-3 0 cycles
04- - Fe-N@CMK-3 10k cycles = ===

| Fe-N@CMK-8 0 cycles
— — Fe-N@CMK-8 10k cycles

2 FeN@CMK-380cycles
- Fe-N@CMK-3/8 10k cycles ,
y

Current Density (mA/cmz)

0 0.2 0f4 0f6 0.8 1
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Fig. 7 LSV recorded before (0 cycles) and after (10k cycles) the durability test in both (a) alkaline and (b) acid electrolytes.
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Table 4 Comparison of electrochemical and porosity properties of Fe—-N@C materials as electrocatalysts for the ORR. Electrochemical properties
include the electrolyte used, onset potential (E,,), half-wave potential (E/,), and electron transfer number (n). Porosity properties include the BET specific
surface area (Sger), micropore specific surface area (Smicro), pore volume (V;), and pore diameter (dy)

Electrochemical properties

Porosity properties

Material Electrolyte Eon (VeRug) Eiz (Vrue) 7 Sper (M? €7 Smiero (M? g7Y) Ve (em® g™") d, (nm) Ref.
Fe-N-HMC 0.1 M KOH 0.942 0.856 3.99@0.8 Vg 733 — 0.73 2.0 49
MgO@Phen—Fe—SOO—S/l 0.1 M HCIO, 0.940 0.80 4 760 470 1.60 0.6 52
Meso-Fe-N-C 0.1 M KOH — 0.846 3.9@0.45 Vrug  494.7 — — 6.4 53
h-FeNC 0.1 M HClO, — 0.777 3.93 2454 — 1.90 3.4 54
FeSNC-3 0.1 M KOH 1.014 0.866 3.96@0.5 Vg 990 687 0.56 2.2 50
FeNC-F3 0.1 M KOH 1.0 0.905 3.95@0.5 Vg 1318 201 1.35 4.1 55
DL-FeNC 0.1 M KOH 0.998 0.903 3.96@0.5 Vgyg 565 263 0.58 10.1 51
Fe-N@CMK-3 0.1 M KOH 0.99 0.89 3.9@0.5 Vgug 1230 279 0.88 3.8 This work
0.1 M HCIO, 0.80 0.69 3.8@0.5 Veus

indicating a high density of active sites. However, its high Smicro,
together with the small pore diameter (2.2 nm), could limit
oxygen transport, as highlighted by its lower half-wave potential
(0.866 Vgyp). On the other hand, DL-FeNC,”" with a smaller Sppy
of 565 m”> g, exhibits a high onset potential (0.998 V), suggest-
ing favorable active site accessibility. Nevertheless, its larger pore
diameter (10.1 nm) may reduce the density of active sites, which
could impact long-term catalytic stability. Overall, Fe-N@CMK-3
demonstrates a superior balance between specific surface area,
microporosity, and mesoporosity, ensuring both high electroca-
talytic activity and effective mass transport. This comparison
underscores the importance of rational template selection in
tuning Fe-N@C electrocatalysts for optimized ORR performance,
positioning Fe-N@CMK-3 as a highly competitive candidate
among non-precious metal electrocatalysts for fuel cells.

4. Conclusions

This study highlights the critical role of pore structure engineer-
ing in developing Fe-N@C electrocatalysts for the oxygen
reduction reaction. By employing a nanocasting approach using
SBA-15, KIT-6, and a hybrid SBA-15/KIT-6 as a hard-template, we
demonstrate that pore architecture governs electrocatalytic
activity, selectivity, and durability. Fe-N@CMK-3 exhibited the
highest ORR activity due to its well-defined mesoporous struc-
ture, balancing mass transport and active site accessibility,
while Fe-N@CMK-8, which shows unexpected microporosity,
enhanced selectivity and active site density but limited mass
transport. The dual-templated derived Fe-N@CMK-3/8 catalyst
combined 2D and 3D porosity for intermediate performance.
Durability tests revealed media- and porosity-dependent stabi-
lity: Fe-N@CMK-8 excelled in terms of ORR activity under acidic
conditions due to the confinement conferred by its microporous
framework, which the selectivity of active sites significantly
changed. Conversely, Fe-N@CMK-3 maintained high ORR activ-
ity in alkaline media along with a slight shift of reaction path-
way. In comparison, the dual porous Fe-N@CMK-3/8 exhibits
the best stability particularly in terms of selectivity in both acid
and alkaline media.

These findings establish clear design principles for optimiz-
ing the micropore/mesopore ratio in Fe-N@C electrocatalysts.

Nanoscale Horiz.

Future studies should refine synthesis methods to further
enhance active site utilization, and long-term durability under
fuel cell operating conditions, and explore conductive supports
to improve commercial viability. This research contributes to
the ongoing efforts to develop cost-effective, non-precious
metal catalysts for next-generation fuel cells.
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