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The development of cost-effective and environmentally sustainable electrocatalysts is crucial for advancing the
commercialization of proton exchange membrane fuel cells (PEMFCs). In this work, we investigate the effect of
different silica leaching strategies on the synthesis of iron-nitrogen-carbon (FeNC) electrocatalysts for the oxygen
reduction reaction (ORR). Three FeNC samples were prepared using SBA-15 mesoporous silica as the template
and subjected to varying removal techniques: hydrofluoric acid (HF), sodium hydroxide followed by hydro-
chloric acid (NaOH+HCI), and an acid-free Teflon-assisted process. Physical-chemical characterization reveals
significant differences in the surface area and porosity of the three catalysts. The specific surface areas of FeNC
treated with NaOH+HCI and HF are 1352 m?/g and 1403 m?/g, respectively, while the Teflon-treated sample
exhibits a much lower value of 732 m?/g. Electrochemical tests using a rotating ring disk electrode (RRDE)
apparatus demonstrate superior ORR activity of the FeNC treated with NaOH+HCI, achieving onset potentials of
0.93 Vgyg and 0.81 Vgyg in alkaline and acidic media, respectively, outperforming the HF- and Teflon-treated
counterparts. The HF treatment, while effective in removing silica and metallic impurities, poses environ-
mental and safety challenges. The Teflon-assisted approach, despite its promise as a greener alternative, results in
a lower surface area and diminished ORR activity, with onset potentials of 0.89 Vryg and 0.76 Vgyg in alkaline
and acidic media, respectively. This study highlights the importance of optimizing silica removal methods to
balance the catalyst performance, safety and sustainability, with the NaOH-+HCI method emerging as the most
effective approach for producing high-performance FeNC ORR catalysts for fuel cell applications.

1. Introduction

In the need for sustainable energy conversion devices, fuel cells (FCs)
have attracted more and more interest in recent years because of their
high efficiency and low environmental impact [1,2]. Among all types of
FCs, proton exchange membrane FCs (PEMFCs) have gained significant
importance due to their versatility, high power density, and suitability
for a wide range of applications. However, the commercialization of
PEMEFCs is still hindered by the high cost of the materials required for
their fabrication [3,4]. One of the main limitations comes from the
cathode side, where oxygen reduction reaction (ORR) takes place. The
sluggish kinetics of ORR requires high loadings of platinum (Pt)-based
electrocatalysts to achieve sufficient performance. No other materials
have been found to be as effective as Pt for ORR electrocatalysis [5].

* Corresponding authors.

However, its prohibitively high cost and limited availability present a
big barrier to the large-scale commercialization of PEMFCs. The need for
alternative electrocatalysts has pushed scientific research toward
Metal-Nitrogen-Carbon (MNC) materials as cost-effective and green so-
lutions for ORR [6-8].

Among the reported MNC electrocatalysts, single-atom FeNC has
become particularly promising for its high activity [9]. The coordination
of iron atoms with nitrogen moieties within a carbon matrix offers
several advantages in terms of electrocatalytic activity and stability [10,
11]. Even if the nature of active sites for ORR is still under debate, many
researchers address the activity of FeNC electrocatalysts on Fe-moieties
and Fe-free moieties [12-14]. The most recognized contribution comes
from single Fe atoms coordinated by a variable number of N atoms,
constituting Fe-Ny active sites located in vacancies inside the carbon
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matrix. Indeed, nitrogen is very important for the electrocatalytic
properties of FeNC electrocatalysts [15], such that identifying the role of
N species allows the customization of the properties of the electro-
catalyst itself. In addition to Fe-Ny active sites, other Fe-moieties may
also have a role towards ORR, like Fe-carbides or Fe-containing nano-
particles [11]. Moreover, metal-free sites (N-pyridinic, N-graphitic,
N-pyrrolic) have been debated as a further active center for ORR [11].

According to the literature, the most common approach for FeNC
synthesis involves the pyrolysis of iron-, nitrogen-, and carbon-
containing precursors after previous mixing in a solvent. The materials
decompose and react to form FeNC active sites thanks to the high-
temperature treatment in an inert atmosphere, usually ranging from
600 to 1000°C [11,16,17]. To control the morphology of the catalyst, a
template assisted synthesis approach is commonly used. Templates such
as silica, zeolites, or block copolymers are used to shape the precursor
materials. Iron-, nitrogen-, and carbon-containing precursors are incor-
porated into the template, which is then subjected to pyrolysis.
Following this high-temperature treatment, the template is removed,
usually by chemical etching or calcination, resulting in an electro-
catalyst with a porous structure tailored by the template [18-20].

In this work, we propose a synthesis strategy based on the utilization
of mesoporous silica as the template for tailoring the morphology and
porosity of the electrocatalyst. Silica can be easily tailored to have
specific pore sizes, shapes, and structures and it is also thermally stable
at high temperatures, essential during the pyrolysis step. Other tem-
plates like organic polymers do not offer the same advantages: they
might provide some tunability, but their pore structures are generally
less defined and harder to control, also due to the poor thermal stability
that can lead to the decomposition of the template and the collapse of
the pore structure [21]. Furthermore, silica also offers the advantage of
being chemically inert during the synthesis process, preserving the pu-
rity of the final electrocatalyst. Other templates, like metal-organic
frameworks, can interact with the electrocatalyst precursors, intro-
ducing impurities or altering the chemical composition of the final
electrocatalyst [22,23]. One of the major issues related to this kind of
template is the complete removal of the silica after the heat treatment.
Here three different approaches to remove the silica template are
investigated. The first two rely on the effects of acid and basic washing
methods for silica removal, widely discussed in the literature [13-15].
Concerning acid treatment, hydrofluoric acid (HF) reacts with silicon
dioxide (SiO3) to form silicon tetrafluoride (SiF4) gas and water, ac-
cording to the following reaction [24]:

SiOy+4HF—SiF41+2H20 m

Usually, the electrocatalyst-silica powder is immersed in an HF
aqueous solution (5 % to 10 %). In this way, the silica is etched out
through the formation of SiF4 gas while preserving the structure of the
template. This process is highly efficient for complete silica removal, but
HF is an extremely toxic compound and can cause severe health issues. It
is also highly corrosive to most materials and environmentally hazard-
ous [25]. To overcome this safety issue, in this work, we compare the
effect of HF leaching with another washing technique based on the
utilization of sodium hydroxide (NaOH), a safer and more environ-
mentally friendly solution for silica removal [15]. NaOH effectively
dissolves silica by converting it into water-soluble silicate species, ac-
cording to the following reaction:

Si0,+2NaOH—Na,SiO3(soluble silicate)-+H,0 2)

Lastly, we also use an acid-washing-free synthesis, where Teflon
(PTFE) is mixed with the precursors and used to remove the sacrificial
template. This technique, developed by Atanassov’s group at the Uni-
versity of California Irvine [26], leads to a more sustainable and inten-
sified synthesis strategy compared to the traditional method, allowing
the removal of the silica template thanks to the in-situ Teflon decom-
position at high temperatures. When Teflon is incorporated in the
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precursors’ mix and subjected to pyrolysis, it decomposes at tempera-
tures higher than 500°C, releasing various fluorocarbon gasses, such as
tetrafluoroethylene (CyF4), hexafluoropropylene (C3Fg) and HF that can
react with silica. The reaction of HF with silica leads to the formation of
volatile silicon tetrafluoride (SiF4) and other fluorosilicates, according
to reaction (1), promoting the total removal of the silica template. The
volatile by-products are in-situ removed by the nitrogen flushing during
the heat treatment, leaving behind the porous FeNC electrocatalyst
structure [27,28].

Another challenge in the synthesis of FeNC electrocatalysts is the
formation of iron nanoparticles during heat treatment at high temper-
atures. While these nanoparticles may not directly impact the electro-
catalytic performance, they can undergo oxidation or corrosion during
electrocatalytic cycling, leading to their leaching from the electro-
catalyst layer. This process promotes undesired side reactions [29,30],
therefore, minimizing or removing metal particles through optimized
synthesis techniques and post-treatment methods is crucial for
enhancing FeNC electrocatalysts in ORR applications. In this context,
acid leaching plays again an important role. HF can be effective not only
for silica template removal, as explained before, but it can also dissolve
and remove metal particles from the surface or the bulk of the electro-
catalyst. In particular, the acid reacts with the metal particles leading to
soluble metal salts or complexes, finally removed through washings with
deionized water [31]. In the case of the NaOH-treated sample, the basic
washing alone is insufficient for the metal particle removal. As a valid
alternative to toxic HF, we combine the NaOH leaching with a hydro-
chloric acid (HCl)-based washing step [15,32]. HCl effectively reacts
with metallic iron and iron oxides to form soluble iron chloride salts
according to the following reactions:

Fe + 2HCI — FeCly+ Hot 3
Fey03+6HCl—2FeCl3+3H,0 @
Fe304+8HCl—FeCly+2FeCl3+4H,0 (5)

These soluble iron chlorides are then easily washed away during
subsequent rinsing steps, effectively purifying the electrocatalyst. The
controlled removal of iron nanoparticles through HCl etching restores
and enhances the porosity of the carbon matrix, ensuring greater
accessibility of reactants to the active sites. Similarly, a leaching step
would typically be required for the Teflon-treated sample to remove
residual iron nanoparticles. However, as demonstrated by Cosenza et al.
[26], additional acid leaching after the heat treatment does not result in
any significant improvement in the electrochemical performance.
Therefore, this step was omitted in the present work.

Among all the silica templates, SBA-15 has been chosen for this work.
In comparison to other silica templates, like MCM-41, SBA-15 presents
larger and more uniform pores [23]. Large pores imply a better mass
transport of reactants and products, enhancing the accessibility of the
active sites. Because of the high specific surface area of SBA-15, more
active sites are provided for electrocatalysis [22]. Moreover, SBA-15 has
thicker pore walls, making it more stable from a thermal point of view.
Here, we present three FeNC electrocatalysts achieved with different
synthesis strategies, starting from the same SBA-15 template: FeNCHF,
FeNCNOH+HCL 5nq FeNC™°", The materials are characterized by
several physical-chemical methods to investigate their composition,
morphology, and porous structure, while the electrochemical charac-
terization has been performed with rotating disk electrode (RDE) and
rotating ring disk electrode (RRDE) setups in both alkaline and acidic
environments. Among all the synthesis strategies presented here,
FeNCN2OH+HC peagylts as the most performant electrocatalyst in both acid
and alkaline media.
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2. Materials and methods
2.1. Synthesis of the SBA-15 silica template

Hexagonal mesoporous SBA-15 was synthesized following the
method reported by Zhao et al. [33]. To this purpose, 4 g of poly
(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene gly-
col) (Pluronic P123, average M;,~5800, Sigma Aldrich) were dispersed
in a solution of 136 ml of ultrapure water (18.2 MQ resistivity) and
19.42 ml of hydrochloric acid (HCl, 37 wt %, Sigma Aldrich) at 40°C for
6 hours. Then, 9.6 ml of tetraethylorthosilicate (TEOS, 98 wt %, Sigma
Aldrich) was added to the reactor and stirred at 40°C for 20 hours. The
mixture was then placed in an oven at 100°C for 24 hours where a hy-
drothermal process occurred. The sample was then filtered and washed
with water in a vacuum filtration setup. After drying, the product was
calcined in air in a static oven for 10 hours at 550°C to remove the
surfactants.

2.2. Synthesis of the FeNC electrocatalysts

For each sample, 500 mg of synthesized SBA-15 were dispersed at
room temperature in 20 ml of ultrapure water and ethanol (v:v=1:1) in
one beaker. In another beaker, 400 mg of iron (III) nitrate nonahydrate
(Fe(NO3)3-9H30, purity > 98 %, Sigma Aldrich) were dissolved in 10 ml
of water and ethanol (v:v=1:1) to get a yellowish solution, followed by
the addition of 492 mg of 1,10 phenanthroline (anhydrous for synthesis,
Sigma Aldrich) to form a red solution. Then, the SBA-15 suspension was
added to the precursors’ solution. The mixture was left under stirring at
75°C for 24 hours to evaporate the solvents. Subsequently, the synthesis
proceeds differently for each sample:

o FeNC™: The collected powder was placed in a tubular oven under a
N2 atmosphere and heated up to 900°C with a heating ramp of 5°C
min! and a dwell time of 3 hours to decompose the Fe-phen complex
and form FeNC structure in the hexagonal SBA-15 template. The
powder was leached in a solution of 35 ml of hydrofluoric acid (HF,
40 wt %, Sigma Aldrich) and 20 ml of water for 48 hours to remove
the silica template and etch iron or oxide nanoparticles. Then, 15 ml
of HF (40 wt %) were added to the previous solution, leaving the
etching process for another 48 hours. The suspension was centri-
fuged and washed with water till a pH > 4 was achieved. Finally, the
electrocatalyst was dried overnight at 80°C and then collected.

o FeNCNeOH+HCL The sample was placed in a tubular oven to be sub-
jected to the same pyrolysis step described for the FeNCHF sample.
Then, the powder was dispersed at room temperature in a 2 M so-
dium hydroxide (NaOH, Macron Fine Chemicals, 95.0-100 % pel-
lets) solution of 160 ml of water and ethanol (v:v=1:1) for 24 hours
to remove the silica template. The material was then washed with
water in a centrifuge to remove NaOH. The collected sample was
stirred in 100 ml of hydrochloric acid (HCI, 37 %, Sigma Aldrich) at
room temperature for 3 hours to remove metal or oxide nano-
particles. Finally, the material was collected and washed with water
and ethanol by centrifugation and dried overnight at 80°C.

o FeNCTeflon, Polytetrafluoroethylene powder (Teflon, 1 pm particle
size, Sigma Aldrich) was added to the collected powder. The amount
of Teflon was computed relatively to the wt % of silica according to
Cosenza et al. [26]. The mixture was ball milled for 1 hour at 10 Hz
and then collected.

Finally, all three collected powders were subjected to a pyrolysis step
run again under an Ny atmosphere and heated up to 900°C with a
heating ramp of 5°C min! and a dwell time of 3 hours to improve the
graphitization degree of the electrocatalysts.

Electrochimica Acta 525 (2025) 146085
2.3. Physical-chemical characterization

Powder X-ray diffraction (XRD) was achieved through a Rigaku
powder X-ray diffractometer with a Cu Ka radiation (0.15418 nm) at 40
kV voltage, 30 mA current, and a nickel K-beta filter. The step size was
0.03° and 26 varied from 20° to 90° The identification of the phases was
based on the PDXL software and ICDD database. Transmission Electron
Microscopy (TEM) images were acquired through a JEOL JEM-2800
microscope at an accelerating voltage of 200 kV. Scanning Electron
Microscopy (SEM) was performed through a FEI Magellan 400 XHR SEM
to obtain images of the surface morphology of the synthesized materials.
The selected current ranged from 50 pA to 0.80 nA, the voltage varied
between 10 kV and 20 kV, and both the ETD (Everhart-Thornley de-
tector) and TLD (through-the-lens detector) detectors were used. The
materials’ surface chemistry and composition were analyzed using X-ray
Photoelectron Spectroscopy (XPS) with a Kratos AXIS Supra instrument.
An Al Ka beam (1486.6 eV) was employed at 15 mA and 225 W. Scans,
recorded with a spot of 300 x 700 um size, were conducted from O to
1400 eV for survey scans, 270 to 300 eV for C 1 s detailed scans, 390 to
415 eV for N 1 s detailed scans, 702 to 740 eV for Fe 2p detailed scans,
and 525 to 543 eV for O 1 s detailed scans. All the collected spectra were
obtained under identical conditions, with the samples placed in an ul-
trahigh vacuum chamber at 5 10~ mmHg, and calibrated against a
value of the C 1 s binding energy of 284.5 eV. Elemental analysis of the
surface was performed using CasaXPS software. A linear background
was applied to the C1 s, N1 s, and O 1 s regions, while a Shirley
background was used for the Fe 2p 3/2 region. Peak analysis employed a
Gaussian/Lorentzian function (70 %/30 %). Iron contents in the final
materials were obtained by Inductively Coupled Plasma Mass Spec-
troscopy (ICP-MS) of digested electrocatalysts. A known amount of each
powder (between 2 and 3 mg) was placed in a Teflon reactor with 10 mL
of Aqua Regia freshly prepared (1:3 HNO3:HCl, HNO3 67-70 % vol. and
HCl 34-37 % vol. both TraceMetal grade, Fisher Chemical). The reactors
were closed tight and placed in a Mars 7 CEM microwave. The tem-
perature was raised to 250°C in 30 min. After a 1 h hold and natural cool
down, the digested samples were placed in a vial with 40 mL of water
used to rinse the reactor. The Fe concentration of this solution was
measured using ICP-MS after a 5 % vol. dilution in 1 % vol. HNOs. The
ICP-MS measurements were done in STD mode on a Thermo Scientific
ICP-MS. Raman spectroscopy was performed using an InVia Raman
spectrometer (Renishaw) equipped with a 785 nm near-infrared laser. A
50x objective lens was used to focus the laser beam onto the sample
surface. Spectra were acquired with a 30 s exposure time over a wave-
number range of 1070-2000 cm™!, relevant for characterizing carbon-
based catalysts. Post-acquisition data processing was carried out in
OriginLab, including baseline correction and peak fitting using Voigt
functions. Ny physisorption curves were acquired on a Micromeritics
3Flex Analyzer at 77 K. 20 to 40 mg of sample were placed in a glassy
burette filled with a glassy rod. The samples were degassed for 12 hours
at 200°C to remove any species adsorbed on the materials. Then the tube
was cooled to liquid nitrogen temperature (77 K) and the analysis was
performed. The Barrett-Joyner-Halenda (BJH) method was used to es-
timate the cumulative pore volume of the electrocatalysts, while the
Brunauer-Emmett-Teller (BET) method allowed the calculation of the
specific surface area.

2.4. Electrochemical characterization in RRDE

The electrochemical characterizations were recorded at room tem-
perature with a Biologic VSP-300 potentiostat and Pine Research MSR
Rotator as the RRDE apparatus. The electrocatalysts were dispersed by
ultrasonic mixing in isopropanol (IPA) and a 5 wt % suspension of
Nafion® (Ion Power, Inc.), to have an ionomer-to-carbon ratio I/C=0.2.
The electrocatalyst-based inks were drop-casted onto a glassy carbon
disk/Pt ring working electrode (active area 0.247 cm?) with a loading of
0.4 mg em™2. A carbon rod was used as the counter electrode and a
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Hydroflex reversible hydrogen electrode (RHE, provided by Gaskatel)
was used as the reference electrode. All the measurements were per-
formed in alkaline (0.1 M KOH) and acid (0.1 M HCIO4) environments
saturated in nitrogen or oxygen according to the specified test. All the
potentials are referred to the RHE. Cyclic voltammetry (CV) curves were
acquired by cycling the potential between 0 Vgyg and 1.1 Vgyg at a scan
rate of 100 mV s ! in Oy- and Ny-saturated electrolytic solution. 3-elec-
trode configuration (disk/reference/counter) tests were carried out in
Oy-saturated electrolyte with linear sweep voltammetry (LSV) curves in
the potential range 0-1.1 Vgpyg at a scan rate of 10 mV s with a disk-
electrode rotation of 400, 900, 1600, and 2500 rpm. 4-electrode
configuration (disk/ring/reference/counter) tests were recorded at
1600 rpm in Op-saturated electrolyte with LSV by scanning the disk from
0 Vgyg to 1.1 Vgyg at a scan rate of 10 mV s and fixing the ring po-
tential at 1 Vgyg. Finally, all the measurements were iR-drop corrected
thanks to the value of the series resistance Rs achieved through elec-
trochemical impedance spectroscopy (EIS) measurements. EIS mea-
surements were performed at fixed 1 Vgyyg potential, with an AC signal of
10 mV amplitude and 10°-10° Hz frequency range. The LSV curves were
background-corrected subtracting the LSV recorded in Nj-saturated
electrolyte at 10 mV s™! to get rid of capacitive contributions to the
reducing current. Koutecky-Levich (KL, see SI) theory has been applied
to the FeNCNaOH+HCL ¢, appreciate the effect of the rotation rate and
estimate the number of electrons involved in the ORR. Chro-
noamperometry (CA) tests have been conducted at a fixed potential of
0.68 Vgyg and a rotation speed of 1600 rpm to assess catalysts’ stability
over time. Platinum on graphitized carbon (Pt/C, 20 wt %, Sigma-
Aldrich) is used as a benchmark. The ink formulation includes 2.5 mg
of Pt/C powder, 1619.4 pL of deionized water (DIW), 1619.4 pL of
isopropanol (IPA), and 135.0 pL of 5 wt % Nafion perfluorinated resin
solution. 20 pl of ink were deposited onto the glassy carbon disk to have

an electrocatalyst loading of 12 pgp; cm™2.

3. Results and discussion
3.1. Structure and morphology

XRD spectra, shown in Fig. 1, were collected to elucidate the crys-
talline structure of the synthesized materials. All the electrocatalysts
show a sharp graphitic peak at about 26° as a result of the high-
temperature graphitization process. The FeNCNeOH+HCL 3nq peNCHF
samples show only one additional peak around 44° ascribed to graphitic

a o FeNcNaOH+HCI
= — FeNCH*
o FeNcTeﬂon

Fe: PDF 1-1267
Fe-C alloy: PDF 23-298

(111)

Intensity (a. u.)

20 30 40 50 60 70 80 90
20 (degree)

Fig. 1. XRD spectra of the FeNC electrocatalysts.

Electrochimica Acta 525 (2025) 146085

carbon, leading to the conclusion that the silica etching steps through
liquid solutions were effective for removing metal nanoparticles. In the
same way, no reflection around 22°associated with silica is present.
However, in the case of FeNC ™ several other peaks can be observed
and assigned to iron nitride, iron carbide, and iron oxide species [34].
Peaks at 44.6°, 65.1°, and 82.3° are associated respectively with (110),
(200), and (211) Fe phases (PDF 1-1267). Peaks at 43.6°, 50.8°, and
74.8° are associated with Fe-C alloys (PDF 23-298), specifically with
(111), (200), and (220) facets. The in-situ gas phase silica etching during
pyrolysis through Teflon decomposition is ineffective for removing
metal nanoparticles.

TEM images were taken for all electrocatalysts (Fig. 2), showing both
graphitic and amorphous domains. The presence of iron nanoparticles
with size in the range of 40-80 nm was observed only in the case of
FeNC™°" confirming the results of XRD analysis.

The morphology of the porous network of the FeNCs was highlighted
through SEM images, in Fig. S1. It is evident from Fig. S1a that the SBA-
15 is constituted of smooth 1 um long subunits interconnected with each
other and forming fiber-like structures with length in the range of 10-20
um and diameter of about 5 pm. The same morphology was observed for
FeNCNOH+HCL 5nd FeNCHF, as evident from Fig. S1b and Fig. Slc,
respectively, indicating the success of the templating approach for the
catalyst synthesis. In the case of FeNC'™®1" the three-dimensional
structure (Fig. S1d) does not match that of SBA-15. This discrepancy
can be ascribed to the fact that the decomposition of Teflon and the
subsequent removal of silica occur rapidly at a much lower temperature
than that required for the graphitization of the precursors. Conse-
quently, the formation of the graphitic structure happens after the
removal of SBA-15, which means that the original template’s structure
cannot be exactly replicated.

Raman spectroscopy was carried out on FeNC-based samples to
evaluate the degree of organization of the carbon. The spectra are re-
ported in Fig. 3a. Each spectrum presents the typical D (~1310 cm™)
and G (~1600 cm™) bands, highlighting the presence of defects within
the sp? carbon network and the graphitic (sp?>-bonded carbon) structure,
respectively. The fitted spectra (Fig. S2) were used to evaluate the Ip/Ig
ratio and the average graphitic cluster diameter (L) (Fig. 3b) following
the method established by Tuinstra and Koenig [35].

As highlighted in Fig. 3b, FeNCN*°H+HC and FeNCHF samples show
similar Ip/Ig ratios, 1.1 and 1.2 respectively, indicating a higher degree
of graphitization to the FeNCT°" electrocatalyst (Ip/Ig = 2.3). The
lower structural order of the Teflon-treated material can be again
attributed to the early removal of the silica template, hindering the
development of a well-organized graphitic framework. The varying
degree of disorder introduced by each treatment is further reflected in
the differences in the crystallite size. With comparable L, values,
FeNCNeOH+HCL (_g &) and FeNCHF (~76 A) show the highest graphi-
tization and structural order within the carbon matrix.

The electrocatalysts’ surface atomic composition and chemical
environment were analyzed through XPS. The sample denoted as
FeNCN2OH+HC o owys 4 relatively high oxygen content and a low carbon
content, in favor of a non-negligible amount of silicon (at. % > 4 %)
which is reasonably ascribed to the incomplete silica removal coming
from the mild silica etching steps based on HCl and NaOH washings.
Instead, the HF washing and the Teflon-assisted method allowed a
complete template removal and this can be ascribed to the reaction of HF
with silica [24,27,28], more effective than the one with NaOH. A suc-
cessful nitrogen doping can be observed for all the electrocatalysts,
ranging from 1.1 at. % to 1.8 at. %. The results are summarized in
Table 1.

The examination of the N 1 s and C 1 s spectra was based on meth-
odologies drawn from earlier studies [26,36-39]. The detailed N 1 s
spectra were deconvoluted as shown in Fig. S3. They revealed several
nitrogen moieties: N pyridinic at 398.5 eV, Fe-nitrogen coordination at
399.4 eV, N pyrrolic at 400.8 eV, N graphitic at 401.8 eV, N quaternary
at 403.2 eV, along with NOy species at 404.4 eV and 405.9 eV. The
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Fig. 2. TEM images of the FeNC electrocatalysts: a) FeNCN2CH+HCL ) FeNCHF, ¢) FeNCT1" and d) FeNC™1°", focus on a Fe NPs.

D peak

G peak

D
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Intensity (arb.un.)
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—— FeNCHF
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- 30

DA\
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2

FeNCNaOH+HCI rencHF FeNcPTFE

Fig. 3. a) Raman spectra in the range 1070-2000 cm ! of FeNCNOH+HC geNCHF| and FeNC™1°", b) Comparison of Ip/Ig ratio and L, trends.

relative atomic percentages of N 1 s are detailed in Table S1.

In Fig. 4, the detailed analysis of carbon 1 s spectra unveiled various
carbon moieties: graphitic carbon at 284.5 eV, aliphatic carbon (C-C) at
285.2 eV, secondary carbon (C*-C-O) at 286.0 eV, C-O / C-N at 287.1 eV,

C=0 at 288.3 eV, COOH at 289.7 eV and two shoulders at 291.3 eV and
293 eV that can be ascribed to shake-up satellites of n-n* transitions of
unsaturated species. The relative atomic percentages of C 1 s are out-
lined in Table S2. The XPS analysis confirmed the successful
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Table 1
Surface atomic composition in at. % from XPS survey spectra.
At. %* FeNCN2OH+HCl FeNCHF FeNCTeflon
Cls 84.5 + 0.7 943 £0.1 94.1 £ 0.2
N1s 1.2+0.1 1.8 £0.2 1.1 £ 0.0
N/C 0.0142 £ 0.0001 0.0191 + 0.0002 0.0117 £ 0.0000
O1s 10.0 £ 0.4 3.7+0.2 4.5+ 0.2
Si 2p 4.3 +0.3 0.2+0.1 0.3 +£0.0

* The Fe content could not be taken into account in this ratio. The atomic
composition should be taken as a relative indication among materials.

—— C Graphitic —— C aliphatic —— C secondary —— C-0/C-N
—C=0 —— COOH —— C Shake —— C Shake

T T

Fe_N_CTeron
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295 293 2.‘30 288 2;35 283
Binding Energy (eV)

Fig. 4. Detailed C 1 s spectra of different FeNC catalysts.

incorporation of defects in the carbonaceous structure of the materials,
with a high atomic percentage of C-O /C-N bonds from the C 1 s spectra
(rel. at. % > 5.6) and Fe-N coordination from the N 1 s spectra (rel. at. %
> 9.80), which is representative of the single atom sites.

In contrast to previous findings [26,40], the iron content was not
detected. This can be explained by considering that i. the near-surface

Agoo 1—e FeNcNaOH+HCI
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sensitivity of XPS for Fe corresponds to a sampling depth of about 1.5
nm, much lower than that of N of about 11 nm [41], and ii. the expected
atomic percentage of Fe is much lower compared to the other elements
for FeNC electrocatalysts and close to the XPS resolution. To overcome
these issues, iron content was evaluated through ICP-MS analysis. The
two materials without iron nanoparticles have a similar Fe content, with
0.4140.05 wt. % and 0.31+0.05 wt. % for FeNCN2CHHCl and FeNCHF
respectively. For the Teflon-treated material, the Fe content is 6.03
+0.05 wt. %, indicating that almost no Fe species have been leached.
The isotherms and the specific surface area were evaluated through
Na-sorption analysis. Fig. 5a presents the adsorption-desorption curves
for both the FeNC samples and the silica template, classified as type IV
isotherms. This behavior is characteristic of mesoporous channel struc-
tures, further confirming the successful impregnation of the precursor
solution within the mesoporous silica template. However, the
NaOH+HCI- and HF-treated electrocatalysts show an initial steep rise at
very low relative pressures (p/p®<0.1), suggesting the presence of
considerable micropores. They cause a significant uptake of gas at low
relative pressures due to the strong adsorption forces in very small pores.
Then, a knee can be observed related to the monolayer adsorption ca-
pacity from which it is possible to evaluate the specific surface area.
Going to higher p/p° values, pore condensation starts to occur. For
increasing pressure, the density of the gas in the pores also increases
until it condensates and turns to liquid at a pressure lower than the
saturation pressure of the bulk liquid [42]. At higher relative pressure
(p/] po > 0.4), the presence of a hysteresis and the capillary condensation
phenomenon allow to classify the isotherms as a IVa type. Usually, type
IV isotherms end with a final saturation plateau related to a complete
mesopores filling. In our case, the plateau is not reached and this can be
ascribed to incomplete pores filling because of interparticle spaces. The
isotherm curves for the Teflon-treated sample show lower nitrogen
adsorption compared to the other two samples, suggesting that it has
fewer accessible pores and lower overall porosity. This is even confirmed
by the adsorption cumulative pores volume achieved through BJH
analysis, which are 1.04, 0.95, and 0.54 cm® g'1 for FeNCNaOH+HC1,
FeNC'F, and FeNG™°", respectively. To further justify this point, the
pore size distribution curves (Fig. S4) show that all samples exhibit a
dominant peak at around 3-4 nm, characteristic of SBA-15-derived
mesoporous carbon structures [43]. However, FeNCHF displays a
slightly higher incremental pore volume in this range, which aligns with
its higher nitrogen adsorption compared to FeNC ", The lower in-
cremental pore volume of FeNCT®f1°" within this critical range suggests a
reduced availability of mesopores, further explaining the lower
adsorption capacity. Finally, in Fig. 5b it is possible to appreciate the
electrocatalyst specific surface areas evaluated with the BET model. We
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Fig. 5. a) Ny-adsorption (close circles) -desorption (open circles) isotherms and b) BET specific surface areas.
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can observe high surface areas of ~1400 m? g~! for both FeNCNeOH+HCI
and FeNC'F samples, as it will also be observed later in the electro-
chemical characterization (Fig. S5). The BET specific surface areas for
these two catalysts are higher than the one reported for the SBA-15
template (752 m? g1), suggesting the introduction of additional
microporosity, as already indicated by the isotherms’ steep rise at p/p°
< 0.1. During the high-temperature pyrolysis step, the organic pre-
cursors decompose, leading to the formation of a carbon network and
resulting in the release of volatile compounds. As these gases are
released, they leave behind micropores within the carbon matrix, which
increase the specific surface area. This situation does not apply to the
Teflon-treated sample where a lower BET specific surface area of 732 m?
g ! is achieved. The decomposition of Teflon and the subsequent
removal of the silica template occurred at temperatures lower than those
required for graphitization, which is necessary to develop a well-defined
and interconnected porous carbon structure. Since the removal of the
template happens too early, it can cause local structural collapse or
compaction. The resulting electrocatalyst structure may be less porous
and less uniform, leading to a lower overall surface area [27].

3.2. RRDE performance

The electrocatalytic activities in terms of ORR of the FeNC samples
were assessed in both acidic (0.1 M HCIO4) and alkaline (0.1 M KOH)
media in a RDE setup, performing CV in both Nj- and O-saturated so-
lutions and LSV at 1600 rpm in an oxygen atmosphere. At first, the ORR
activity was investigated in terms of CV run at 100 mV s+ as reported in
Fig. S5, where the performances of the materials in N,- and Os-saturated
solutions can be compared. For the curves achieved in a Ny-saturated
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atmosphere, information about the capacitive background can be ach-
ieved. Its extension can be attributed to the very high specific surface
area measured during Nj-sorption analyses, linked to the double-layer
interface and consequently assigned to the electrostatic double-layer
capacitance. No redox peaks are visible for the samples without Fe
nanoparticles, demonstrating the absence of electrochemical reactions
in the inert atmosphere. However, for the FeNC™1°" sample, peaks in
the positive and negative potential scans are visible, with a peak
maximum in the 0.6-0.8 Vpyg range. This redox couple has been
assessed to both the Fe?*/Fe>" redox or to carbon quinone/hydroqui-
none reaction [44]. In our case, we related the redox couple to the
presence of iron nanoparticles, as shown by the TEM and XRD analyses.
By looking at the data collected in Oj-saturated environments, a
well-defined reduction peak appears, witnessing the reduction of the
dissolved oxygen in the electrolytic solution. For the HClO4 case, a
reduction peak can be observed in the 0.6-0.8 Vryg range, while a peak
in the 0.7-0.9 Vyyg range is appreciated in the KOH media. These peaks
are in trend with data achieved for the state-of-the-art FeNC materials
[31,45-47]. LSV curves at 400, 900, 1600, and 2500 rpm for the
FeNCN2OH+HCI electrocatalyst are shown in Fig. S6, while Fig. 6a and 6b
provides the LSV of each sample at 1600 rpm for performance com-
parison. Both onset and halfwave potentials are reported in Table 2 to
quantify the electrocatalytic performances. Here, the onset potential is
defined as the potential at -0.1 mA/cm?, while the halfwave potential is
the potential at which the current reaches half of its limiting value.
FeNCN2OH+HC and FeNCHF show very similar performances in both
media. This demonstrates that both leaching techniques are effective
and lead to materials with comparable amounts of accessible active
sites. However, among the two samples, FeNCN2OH+HC Legults to be the
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Fig. 6. a) ORR electrocatalytic activity of the samples in acid and b) alkaline environments. c) ORR selectivity by RRDE measurement in acid and d) alkaline media.
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Table 2
Onset and halfwave potentials vs RHE for the proposed sample obtained from the LSV curves.
FeNCN2OHHCl FeNC™" FeNCTeflon 20 % Pt/C
electrolyte HCIO, KOH HCIO, KOH HCIO, KOH HCIO, KOH
Onset Potential [Vrpgl 0.81 £+ 0.02 0.93 + 0.01 0.80 + 0.03 0.92 + 0.02 0.76 + 0.04 0.89 £+ 0.03 0.92 £+ 0.03 0.81 £ 0.02
Halfwave Potential [Vrug] 0.71 £+ 0.04 0.87 + 0.02 0.65 + 0.04 0.86 + 0.03 0.64 + 0.05 0.81 £+ 0.03 0.83 £+ 0.04 0.81 + 0.04

most performant, with an onset potential of 0.93 Vgyg in the alkaline
solution, and 0.81 Vgyg in the acidic case. In the alkaline environment,
its performance is greater than that of the Pt/C commercial reference
that was tested in the same set-up with conventional loadings for such
materials (12 pgp; cm™2). The superior performance in alkaline media
compared to that in the acidic electrolyte is well reported in the litera-
ture [48,49]. The performance in acidic media of FeNCNaOH+HCL o q
FeNC'F matches with that of state-of-the-art FeNC catalysts (see
Table 3). The Teflon-treated sample exhibits the lowest activity, which
can be reasonably attributed to its 50 % reduction in surface area
compared to the other two samples, as determined by BET analysis.
Finally, Fig. S6 provides insights into how the rotation rate of the disk
electrode significantly affects the mass transport of oxygen in the elec-
trolyte to the catalyst surface. At high potentials, current density is
unaffected by rotation, indicating that electron-transfer kinetics is the
rate-determining step. As the potential decreases, rotation influences the
current due to increased mass diffusion and oxygen availability. At very
low potentials, oxygen diffusion becomes the limiting factor, leading to
a plateau that reflects the diffusion-convection limiting current.

To investigate the ORR pathway of the samples, the selectivity of the
electrocatalysts toward the four-electron reduction reaction was inves-
tigated with a rotating ring disk electrode (RRDE) setup. If hydrogen
peroxide is formed at the surface of the disk, part of it can escape the
surface and react at the surface of the ring (Pt) with a 2-electron
pathway. Ring and disk currents are used to compute the number of
electrons involved in the reduction reaction (eq. 6) and the consequent
amount of peroxide species (eq. 7), responsible for the indirect two-
electron pathway.

Ip
n=4x p +I_R ©)
PTN
Ir
HO, % (Hy0,%) = 200 x — 7 %)
Ip +ER

Ip and Iy are respectively the disk and the ring currents measured
with LSV at 1600 rpm, while N is the collection efficiency at the

Table 3
Literature review of FeNC-based electrocatalysts for ORR applications.
Catalyst Load Ei/2 Electron Electrolyte Ref.
(mg (Vrug) Transfer
cm?) Number

M;s-FeNC- 0.8 0.782 3.9 @0.4 Vgug 0.1 M [50]

NH; HCIO,
FeNC 0.8 0.740 - 0.5M [51]1

0.850 H>SO4

0.1 M KOH
Fe-SA/PC-700- 0.2 0.910 4 @0.2-0.8 0.1 M KOH [52]
5 VRHE

AT-BP-E 0.6 0.780 3.85 @0.4 Vrug 0.1 M [53]

HCIO,
meso-Fe-N-C 0.4 0.846 3.9 @0.45 Vyue 0.1 M KOH [54]
Fe-NMP 0.6 0.840 - 0.1 M KOH [40]
Fe/N/C 0.1 0.845 4 @0.6 Vgue 0.1 M KOH [55]
FeNGNaOHHHCL g 4 0.810 4 @0.4 Vyug 01M This

0.930 3.95 @0.4 Vrug HClO4 work
0.1 M KOH

platinum ring equal to 0.37 for the employed RRDE setup. Fig. 6¢ and 6d
shows the selectivity of the catalysts along the potential range, while
Fig. S7 reports the ring currents employed in equations 6 and 7. All
samples in both acidic and alkaline media demonstrate high selectivity
toward the 4-electron reduction pathway, aligning with previous studies
(see Table 3). The resulting minimal hydrogen peroxide formation is
essential for the material’s practical application as a fuel cell cathode.
Indeed, looking at the performances in acidic media (Fig. 6¢), which is
also the typical environment of a fuel cell, we can observe that the
amount of peroxide is below 5 %, in agreement with other literature
results [56]. The only catalyst that exhibits different performances is the
one treated with HF and tested in acidic conditions. Here, the ring
current is higher than the other two (Fig. S7a), resulting in an increased
percentage of peroxide species (around 15 %). These results specifically
highlight the effectiveness of NaOH+HCI treatments in achieving high
ORR activity and selectivity toward the four-electron pathway. To
further validate the selectivity of the FeNCN2CH+HCl sample the KL
theory is applied to estimate the number of electrons transferred during
the ORR, following the procedure outlined in the Supporting Informa-
tion. From the slopes of the KL plots shown in Fig. S8, average electron
transfer numbers of 3.8 and 3.7 are obtained in the 0.2-0.4 Vgyg po-
tential range for the acidic and alkaline conditions, respectively. These
values align with those derived from RRDE measurements (Fig. 6¢ and
6d), confirming the reliability of the KL model.

The stability of the most performant catalyst, FeNCNaOH+HCl, was
evaluated through CA measurements in both alkaline and acidic media.
As shown in Fig. 7, the catalyst exhibits superior stability in alkaline
conditions, retaining over 90 % of its initial current density after 4
hours. In contrast, a more pronounced degradation is observed in acidic
media, with a current loss exceeding 20 %. This reduced acid stability
can be attributed to the dissolution of Fe-based active sites, carbon
corrosion, and the formation of aggressive peroxide intermediates,
which accelerate catalyst degradation [57,58]. This highlights the
intrinsic vulnerability of FeNC catalysts under acidic environments,
reinforcing the challenge of their implementation in PEM fuel cells.
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4. Conclusions

This study demonstrated that different synthesis approaches signif-
icantly impact the performance of FeNC electrocatalysts for the oxygen
reduction reaction in low-temperature fuel cell. Among the three stra-
tegies explored—acid leaching with hydrofluoric acid, basic leaching
with sodium hydroxide followed by hydrochloric acid treatment, and an
acid-free Teflon-assisted method—the NaOH+HCI approach provided
the most promising results. This method not only ensured efficient
removal of silica templates and metallic impurities but also maintained a
high surface area and porosity, essential for enhancing catalytic activity.

The HF-based method, while effective in removing silica and
increasing surface area and porosity, raises significant environmental
and safety concerns due to HF’s toxicity. In contrast, the Teflon-assisted
method, although acid-free and potentially more sustainable, was less
effective in enhancing surface area and porosity, which adversely
affected the electrocatalyst’s overall performance.

Electrochemical characterization showed that the FeNCNeOH+HCI
electrocatalyst exhibited superior ORR activity in both acidic and
alkaline environments, surpassing the performance of a commercial
platinum-based electrocatalyst in alkaline conditions. This electro-
catalyst’s performance aligns well with state-of-the-art FeNC electro-
catalysts, confirming its potential for practical applications in PEMFCs.

Overall, these results highlight the importance of optimizing the
synthesis method of FeNC electrocatalysts to balance performance,
sustainability, and safety. The NaOH+HCI approach appears to offer a
viable pathway for developing cost-effective and efficient FeNC elec-
trocatalysts, advancing the commercialization of PEM fuel cells while
minimizing environmental impact.
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