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Abstract

Encapsulating FesC in carbon layers has emerged as an innovative strategy for protecting
FesC while preserving its high oxygen reduction activity. However, fundamental questions
persist regarding the active sites of encapsulated FesC due to the restricted accessibility of
oxygen molecules to the metal sites. Herein, we unveil the intrinsic electron transfer
mechanisms of Fe3;C nanoparticles encapsulated in N-doped carbon materials for oxygen
reduction electrocatalysis. We used the precision-structured C;N; material to synthesize N-
doped carbons with encapsulated Fe3C, significantly enhancing catalytic activity (Eonser =
0.98 V) and achieving near-100 % operational stability. In anion-exchange membrane fuel
cells, an excellent peak power density of 830 mW-cm™ was reached at 60 °C. Our
experimental and computational results revealed that the presence of FesC cores dynamically
triggers electron transfer to the outermost carbon layer. This phenomenon amplifies the
oxygen reduction reaction performance at N sites, contributing significantly to the observed

catalytic enhancement.
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Introduction

The substantial reliance of our global economy on fossil fuels, coupled with the climate crisis
stemming from elevated CO, concentrations in the atmosphere, is prompting scientists to
pursue the substitution of fossil fuels with renewable and green technologies?. Ongoing
efforts to improve energy storage and conversion systems have led to significant
improvements in all components. The cathode electrode in fuel cells and metal-air batteries
remains a major bottleneck for carbon-free energy, due to the sluggish kinetics and high
overpotentials of the oxygen reduction reaction (ORR)3“. Platinum (Pt) dominates the global
ORR market, as this precious metal has the highest catalytic activity in both alkaline and
acidic media. Nevertheless, platinum’s limited reserves and high-cost result in prohibitively
expensive Pt-based cathode electrodes, making large-scale commercialization of fuel cells and
metal-air batteries virtually impossible®. Furthermore, leaching and agglomeration of Pt
nanoparticles lead to a decrease in catalytic activity during operation, limiting the stability of

Pt-based electrocatalysts>®.

To address this challenge, materials scientists have been actively exploring the development
of low-cost electrocatalysts using non-precious metals’ . Electrocatalysts based on non-noble
metals have been the subject of extensive research due to their widespread availability and
cost-effectiveness in the production of cathode electrodes'®**. In this specific context, iron (Fe)
is the fourth most abundant element in nature, making Fe;C nanoparticles a very promising
low-cost catalyst for efficiently facilitating the ORR'?*®. However, the high surface energy of
metal nanoparticles makes them thermodynamically unstable under working conditions,
resulting in migration, leaching and coalescence during ORR electrocatalysis’’. These
structural modifications often lead to a significant reduction in catalytic performance.
Encapsulation of FesC nanoparticles in carbon nanoshells has proved highly effective in

protecting metal nanoparticles from catalytic impoverishment over time*®*°.



The exact origin of the ORR activity in carbon nanoshells encapsulating FesC nanoparticles
remains unclear. While FesC is not directly exposed to the electrolyte and oxygen molecules,
this raises questions about the pathways by which catalytic activity is exerted. One hypothesis
suggests that high catalytic performance might involve nitrogen (N) moieties in the carbon
nanoshells surrounding the nanoparticles®, which are often overlooked, but might interact
synergistically with FesC to enhance catalytic activity. While some metal nanoparticles are
able to promote the catalytic activity of nearby metal active sites via an electronic effect”> %,
the implications of this electronic effect on catalytic enhancement by N species acting as
active sites remains unclear. Therefore, controlling N doping in the carbon structure is

imperative to understand the additional dynamic mechanisms at play that have not yet been

revealed.

In this context, C;N; has emerged as a new two-dimensional (2D) member of the CxNy
materials, constituting a promising new category of carbon precursors characterized by well-

defined textural properties and excellent electrical conductivity?*®

. CiN; is a porous
polymeric carbon precursor with well-defined internal cavities and the ability to interact with
transition metals to produce metal nanoclusters after pyrolysis?®. C;N; is thus anticipated to be
an exceptional candidate for producing N-doped carbon shells capable of encapsulating Fe;C
nanoparticles via condensation reactions during carbonization using the internal cavities as
nucleation points. Furthermore, the high N doping of the resulting N-doped C;N;-derived
carbon shell is expected to enhance the interaction between Fe3C nanoparticles and the carbon

substrate, thereby increasing electrical and electrocatalytic properties while preserving most

of the shielding properties of graphitic-type core-shell materials.

Inspired by the high catalytic performance of encapsulated Fe;C nanoparticles and the
promising prospects of the new C;N; material, we present the synthesis of a high-performance

ORR electrocatalyst derived from CiN;. The resultant catalyst comprises N-doped carbon



nanoshells encapsulating FesC nanoparticles (NC@Fe3C-900), demonstrating exceptional
activity and superior operational stability in ORR electrocatalysis. The Fe;C nanoparticle
effectively modulates the surface electronic configuration of the thick N-doped carbon
nanoshells and enhances the ORR electrocatalytic properties of the N sites in the outermost
carbon layer. Moreover, carbon shielded Fe3;C nanoparticles are free from leaching,
coalescence and agglomeration of metal nanoparticles, improving ORR electrocatalytic
stability. Specifically, NC@Fe3C-900 exhibits an Eonser 0f 0.98 V vs RHE and E;, of 0.88 V
vs RHE, and an improved stability of 97 % after 10,000 s of working time, with a peak power
of 0.83 W-cm in anion-exchange membrane fuel cells (AEMFC) at 60 °C. Moreover, density
functional theory (DFT) simulations were used to elucidate the fundamental mechanisms
governing the observed electrocatalytic enhancements. The computational results provide
comprehensive insight into the crucial role played by Fe;C in enabling significant charge
transfer from nanoparticles to the outer carbon layers. This process accounts for the superior

electrocatalytic performance at N sites.
Results

The preparation of NC@Fe3C-900 is illustrated in Figure 1. Briefly, C1N; was synthesized as
described in the Methods section by carbonizing guanine at 700 °C under a nitrogen
atmosphere. The C;N; model material was characterized by N, adsorption-desorption
isotherms, which confirmed the presence of well-defined internal cavities ranging from 0.5 to
0.8 nm (Figure S1). Elemental analysis confirmed the = 1:1 C:N ratio (Table S1). The
homogeneous distribution of N across the carbon skeleton was checked by STEM images and
EDX mapping (Figure S2). The XPS N 1s spectrum of C;N; was also recorded in Figure S3,
which was deconvoluted into four peaks 2*¥?%: (i) sp? N, typical of triazine and heptazine
rings at 398.5 eV, (ii) N in N-C3 configuration and -NH, amine-type groups at 399.8 eV, (iii)

quaternary N species at 401.2 eV, and (iv) N-O species at 402.9 eV. The significant
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contribution of the peak at the lowest binding energies aligns with the structure proposed for
C:N; compounds. Additional information on the structure and characterization of C;N; can be

found in previous studies®**".
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Figure 1: Schematic representation of the encapsulation of Fe;C nanoparticles by N-doped C;N;-derived
carbon nanoshells during synthesis. Fe atoms are represented by orange spheres. Carbon atoms in the FesC
nanoparticle are represented by black spheres. N-doped C;N;-derived carbon encapsulation shells are
represented by the stick structure surrounding the Fe;C core.

Subsequently, Fe was incorporated into the internal cavities of C;N; by mixing the as-
prepared C;N; with the Fe precursor in a ball-milling equipment for mechanosynthesis. The
resulting mixture underwent heat-treatment at 900 °C to produce FesC nanoparticles
encapsulated in N-doped, C1N;-derived carbon shells, called NC@Fe3C-900. If the pyrolysis
temperature is different from 900 °C, the material is labelled NC@Fe;C-T, with T

representing the heat treatment temperature. HRTEM images confirmed the presence of



metallic nanoparticles coated with graphitic-like carbon shells around 20 nm thick in
NC@Fe3;C-900 (Figure 2a). The spacing between the carbon layers was 0.370 nm (Figure 2b),
which is larger than that of graphite due to the N-doping and other structural defects. The
presence of this heteroatom in carbon layers increases the interlayer distance compared
relative to purely graphitic materials®*. The Fast Fourier Transform (FFT) of the carbon
nanoshells in Figure 2a exhibits a pattern similar to that of graphitic carbons, confirming the
ordered structure around the metallic nanoparticle in NC@Fe3C. The composition of the
nanoparticles was further confirmed by EDX mapping (Figure 2c-e), illustrating a uniform
distribution of N and C surrounding the FesC nanoparticles. HRTEM images also revealed
graphitic regions devoid of Fe3sC nanoparticles, a consequence of the HCI washing step during
the synthesis process (Figure S4). This step effectively removes weakly bound Fes;C

nanoparticles.

The heat-treatment temperature significantly influences the thickness and interlayer spacing
of the carbon layers surrounding the Fe3C nanoparticles (Table S2). As shown in Figure S5,
the number of carbon layers surrounding the metal nanoparticles is lower in NC@Fe3C-700,
resulting in an interlayer spacing of 0.385 nm. This indicates a higher degree of N
functionalization at lower temperatures. Above 800 °C, increasing the heat treatment
temperature results in thicker carbon nanoshells and lower interlayer spacing (Figure S6 and
S7 for NC@Fe3C-800 and NC@Fe3C-1000, respectively), signifying a decrease in N content
and a better graphitization in the carbon nanoshells at higher temperatures. Nevertheless, it is
worth mentioning that the interlayer spacing remains around 0.365 nm in NC@Fe3C-1000
(Figure S7), which differs from that of undoped graphitic materials and indicates a moderate
N content and likely residual structural defects. The Fe content of NC@Fe;C-900 was

estimated to be 14.3 wt.% by Inductively Coupled Plasma — Optical Emission Spectroscopy



(ICP-OES). As shown in Table S1, ICP-OES reveals a low Fe content in NC@Fe3;C-500. The

elemental composition in C, N, H and O of all NC@Fe3;C-T materials is given in Table S1.

Figure 2: Micrographs. (a) TEM images of NC@Fe;C-900 material, with a Fe;C nanoparticle encapsulated in
CiN;-derived carbon nanoshells (inset: Fast Fourier Transform of the carbon nanoshell phase). (b) High-
resolution TEM image (inset: interlayer distance in C;N;-derived carbon nanoshell). (c) HAADF-STEM image
of NC@Fe3C-900 material and corresponding EDX mapping of elements (d) C, (e) Fe and (f) N, with scale bars
of 200 nm.

The textural properties of the NC@FesC-T materials were assessed by N, adsorption-
desorption isotherms at -196 °C (Figure 3a), and the data are summarized in Table S3. As
observed in Figure 3a, the introduction of Fe3;C nanoparticles in N-doped, C;N;-derived
carbon shells results in no significant change in the textural properties of NC@Fe;C-900
relative to pristine C;N; (see again Figure S1). Minor differences are noticeable in the

NC@Fe3C-500 and NC@Fe3C-700 materials (Figure S8). However, the surface area (Sp.
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nwoer) of pristine C;Ny, initially 280 m? g™, increases to 310 - 330 m? g with similar
adsorption profiles for a heat treatment temperature of 800 °C or higher, revealing no
substantial differences in textural properties. The pore size distribution (PSD) and the
cumulative pore volume of NC@Fe3C-900 (Figure S9) confirm a hierarchical structure with
the presence of the same internal cavities at 0.5 and 0.8 nm as those observed for pristine
C:Nj3, as well as the presence of micro- and mesopores. Figures S10 and S11 show the PSDs

and cumulative pore volumes for all other NC@Fe3C-T materials.

The crystal structure of NC@Fe3C-900 was further examined by X-ray diffraction (XRD). As
observed in Figures 3b, NC@Fe3C-900 exhibits a peak around 26°, which corresponds to the
(002) band of graphitic carbon (PDF 41-1487). Higher heat treatment temperatures lead to a
narrower (002) band, indicating an increasing degree of graphitization. Samples obtained at
temperatures below 700 °C does not reveal the presence of iron carbide (see Figure S12). This
observation suggests that FesC formation occurs at temperatures of around 800 °C (Figure
S13) along with graphitization of the carbon layers encapsulating the metallic FesC

nanoparticles. Metallic phases were not detected in NC@Fe3C-500 either (Figure S14).

Raman spectroscopy was used to better understand the structural order and graphitization
degree of NC@Fes;C-T materials. The Raman spectrum of NC@Fe3;C-900 (Figure 3c)
displays the D and G bands characteristic of carbon-based materials at 1330 and 1580 cm™,
respectively associated with the vibrational modes of disordered carbon and graphitic regions.
NC@Fe;C-900 shows an Ip/lg ratio of 1.0, which is similar to analogous NC@Fe;C-T
materials produced at different temperatures (Ip/lg ratio ranging from 1.0 to 1.1, see Figure
$15)**2 The 2D Raman band, approximately at 2685 cm™ and associated with crystalline
graphene, is distinctly present in NC@Fe3;C-T materials obtained at 800 °C and above. In the
second-order part of the Raman spectra, the peak associated with the D + D’ band was also

found at around 2900 cm™ for temperatures above 800 °C. The D + D’ band arises from the
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Nitrogen adsorbed volume / cm?-g-!,

combination of phonons with different momenta, which is strongly associated with the
presence of defects or doping in the graphitic layers***. Recognized as a catalyst for
graphitization, Fe promotes in-situ graphitization of neighboring carbonaceous regions at
elevated temperatures®™. Consequently, this process leads to the formation of N-doped
graphite-like nanoshells encapsulating FesC nanoparticles, as observed in HRTEM images
(see again Figure 1). NC@Fe3C-T materials obtained at temperatures lower than 700 °C

(Figure S15) show a broad contribution around 3000 cm™, associated with a second-order

peak originating from the D-G combination in C;N;***®. On the other hand, NC@Fe3C-500

and NC@FesC-700 show a small contribution around 600-800 and 1000 cm™, typically

assigned to the vibrational modes of pyrazine and triazine rings present in pristine C;N;?*%.

Figure 3: Physicochemical characterization of NC@Fe;C-900. (a) N, adsorption-desorption isotherm at -196
°C. (b) XRD pattern. (c) Raman spectrum at 532 nm. (d) Non-phase-shift corrected FT-EXAFS profiles of
NC@Fe;C-900, Fe metal foil and FesC as references, and (e) comparison between experimental Fe K-edge
XANES spectra of NC@Fe;C-900, Fe metal foil and Fe;C as references. (f) XPS N 1s spectrum; the blue peak
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represents pyridinic N (Ng), the violet peak represents Fe-N groups (Fe-N,), the red peak represents graphitic N
(Ng), and the green peak represents N-O species (Nox).

X-ray absorption spectroscopy (XAS) was performed to precisely examine the nature and
local structure of Fe species in NC@Fe;C-900. Figure 3d shows the Fourier Transform (FT)
of the extended X-ray absorption fine structure (EXAFS) spectrum, which reveals a
prominent peak around 2 A. This peak is assigned to Fe-Fe backscattering from Fes;C and
closely matches that of the reference compound Fes;C. It is worth mentioning that XAS
experiments failed to detect the presence of Fe in the form of single atoms, with only FesC
detected, in agreement with HRTEM images. Examination of the Fe K-edge X-ray absorption
near edge structure (XANES) spectrum of NC@Fe;C-900 in Figure 3e shows a notable
positive shift in the absorption threshold relative to the FesC reference spectrum. This shift

corresponds to the presence of a fraction of Fe in a higher oxidation state.

X-Ray photoelectron spectroscopy (XPS) was used to further characterize the surface
chemistry and electronic structure of NC@FesC-T materials. Table S4 summarizes the surface
chemical composition of all materials. XPS quantification consistently shows low Fe content
in the surface chemistry of all NC@Fe3;C-T materials, indicating robust encapsulation of Fe;C
nanoparticles. In the high-resolution Fe 2p spectrum, traces of Fe are detected in the surface
chemistry of NC@Fe3;C-900. The signal of zero-valent Fe, which is often attributed to FesC,
is vaguely detected, indicating encapsulation of FesC nanoparticles (Table S4)%3,
Nevertheless, a slight contribution of Fe species in a higher oxidation state is observed at
710.4 - 710.8 eV in all NC@Fe;C-T materials (Figure $16).2°*° At 700 °C, the zero-valent Fe
peak is slightly observed, as FesC nanoparticles are less encapsulated at these temperatures.

As previously shown in HRTEM images, temperatures above 800 °C are required to promote

the formation of thick N-doped carbon nanoshells.

The XPS N 1s spectrum (Figure 3f) reveals the presence of four main species**: pyridinic N

at 398.2 eV, Fe-N at 399.7 eV, graphitic N at 401.2 eV, and N-O-type species at 402.9 eV.
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The high pyridinic and graphitic N content is beneficial for the ORR as it enhances the local
electronic conductivity in carbon materials, further improving the electron transfer properties
in the presence of Fe-N species*. As observed in Table S4, the graphitic N content increases
with the temperature of the heat treatment, which means that greater electronic transfer is
expected in the carbon layers of materials obtained at higher temperatures. The C 1s spectra
of NC@Fe3C-T materials were deconvoluted into three peaks located at 284.6, 285.3 and
286.4 eV, which are related to C=C, C=N/C=0 and C-O, respectively (Figure S18). C 1s, N
1s and O 1s spectra of the NC@Fe3C-T materials are included in Figure S17, S18 and S19,
respectively. As observed, the higher the heat treatment temperature, the greater the
contributions of C=C and graphitic N, indicating a higher graphitization degree in the samples

obtained at higher temperatures.

The electrocatalytic ORR activity of NC@Fe3;C-900 was evaluated in an O-saturated 0.1 M
KOH solution by linear sweep voltammetry (LSV) in a three-electrode cell with a rotating
ring-disk electrode (RRDE). All other NC@Fe3;C-T materials and commercial Pt/C were also
evaluated for comparison. As shown in Figure 4a, the NC@Fe3C-900 material exhibited
exceptional catalytic performance, with an outstanding onset potential (Eonser) of 0.98 V and
a half-wave potential (E;») of 0.88 V vs RHE. Notably, these values surpassed the ORR
catalytic performance of commercial Pt/C electrocatalysts (Eonser = 0.96 V and Ey, = 0.84 V

vs RHE).

Excellent catalytic activities were also recorded in both NC@Fe3C-800 and NC@Fe3;C-1000
samples, with Eonser 0f 0.94 V and Ey, of 0.84 V vs RHE, similar to that of commercial Pt/C
electrocatalysts, followed by NC@Fe3;C-700 with an Eonser 0f 0.91 V vs RHE (Figure S20).
The similar surface chemistry and encapsulation thickness of FesC in NC@Fe;C-800 and
NC@Fe3C-1000 also lead to high catalytic performance, while the low Fe;C content and the

lack of a thick encapsulation in NC@Fe3C-700 justify its comparatively lower catalytic
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performance. At 500 °C, the catalytic activity of the materials aligns with that of pristine C1N;
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Figure 4: Electrocatalytic performance of NC@Fe;C-900 for the ORR. (a) Hydrogen peroxide yield and
LSV curves of pristine C;N;, NC@Fe3;C-900 and commercial Pt/C electrocatalysts in an O,-saturated 0.1 M
KOH solution at 5 mV-s™ and 1600 rpm. (b) Tafel plots of pristine C;N;, NC@Fe;C-900 and commercial Pt/C
electrocatalysts obtained from LSV curves. (c) MeOH tolerance test of NC@Fe;C-900. (d) Chronoamperometric
response of NC@Fe;C-900 and Pt/C in an O,-saturated 0.1 M KOH solution. (¢) Comparison of ORR
electrocatalytic activity and durability of NC@Fe;C-900 with other Fe-N-C catalysts available in the open
literature. The black diamond represents Pt/C electrocatalysts, the blue disks represent Fe-N-C catalysts reported
in the open literature, and the orange triangle represents NC@Fe;C-900.

The ORR mechanisms were further evaluated by determining the hydrogen peroxide yield,
calculated from the current density of the platinum ring during RRDE measurements. Notably,
in the operational potential range suitable for fuel cells (i.e., from 0.6 V to Eonser), the H20,
yield approaches 0 %, displaying values similar to those of Pt/C electrocatalysts. However,
the NC@Fe3C-700 material exhibits a substantial increase in H,O, yield, attributed to the
presence of different metal phases and the poor encapsulation effect. Lower Tafel slopes
(Figure 4b) were obtained for NC@Fe3;C-900 (65 mV dec™) compared to commercial Pt/C
(77 mV dec?), which reveals different rate-determining steps and, therefore, ORR
mechanisms. A methanol tolerance test was carried out to evaluate the resistance of
NC@Fe3C-900 to poisoning. As observed in Figure 4c, the catalytic activity of NC@FesC-

900 remained unchanged after the addition of methanol at concentrations of 1.0 and 2.0 M.

The activity stability of NC@Fe;C-T materials was assessed by chronoamperometric
measurements in an O,-saturated 0.1 M KOH solution at fixed potential (Figure S21). As
observed in Figure 4d, NC@Fe3C-900 as the cathode electrode demonstrates high activity
retention, maintaining 97 % catalytic activity after 10,000 s, compared to Pt/C, which
achieves only 76 % under the same conditions and for the same duration. The N-doped carbon
nanoshells derived from C;N; not only enhance electron transfer more effectively than
ordinary carbon shells but also serve as a robust shield, preventing leaching, coalescence and
agglomeration of FesC nanoparticles. This shielding effect maintains catalytic activity over
extended working periods. The assessment of the catalytic stability of NC@FesC-T materials

highlights the shielding effect of carbon. Materials obtained at temperatures of 800 °C and
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above exhibit superior operational durability ranging from 96 to 98 % (Figure S22), while
those obtained at 700 °C or below show lower catalytic retention. The lower Fe3;C content and
the tighter encapsulation observed in NC@Fe3C-700 lead to greater exposure of the
nanoparticles, making them more susceptible to lixiviation and dissolution in the electrolyte.
As shown in Figure 4e, an extensive literature review was carried out to compare the catalytic
activity and operational durability of NC@Fe3C-900 with the most recent findings in this field.
Figure 4e shows the catalytic activity (Eonset) as a function of catalytic retention for state-of-
the-art Fe-based electrocatalysts. It is evident that NC@Fe3C-900 exhibits superior
operational stability under working conditions compared with any other Fe-based

electrocatalysts, while demonstrating ORR catalytic activity similar to that of platinum.

The catalytic activity of NC@Fe3C-900 in the ORR under acidic conditions was evaluated
using an O,-saturated 0.5 M H,SO, solution. Figure S23 shows the LSV curves of NC@Fe;C-
T materials, demonstrating excellent catalytic activity. The sample synthesized at 1000 °C
showed the highest performance, exhibiting an Eonser 0f 0.83 V vs RHE, closely followed by
those obtained at 800 and 900 °C. This Eonser Value exceeds most Fe-based electrocatalysts
in the literature using an acid electrolyte. Conversely, NC@Fe3;C-700 demonstrated a
significant reduction in both limiting current density and Eonser (0.65 V vs RHE).
Furthermore, NC@Fe3C-500 showed no discernible catalytic activity over the recorded
potential range (not included for the sake of clarity). High-temperature treatment is thus
mandatory to produce Fe3C nanoparticles embedded in N-doped C;N;-derived carbon
nanoshells with high graphitic N content, which enhances the catalytic activity of the
materials. The H,O, yield was also evaluated to determine the selectivity of the reaction.
Irrespective of the heat treatment temperature, NC@Fe3C-T materials at temperatures above

800 °C show a negligible H,O, formation and, thus, a 4-electron pathway across the entire
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potential range. This demonstrates the high selectivity towards water formation in acidic

solution.

In addition, the catalytic stability of NC@Fe3;C-T materials in acidic medium was evaluated
by chronoamperometric measurements in an O,-saturated 0.5 M H,SO, solution. As observed
in Figure S24, the catalytic retention values were lower than those obtained in alkaline
medium. Nevertheless, a noticeable difference persisted in catalytic retention as a function of
encapsulation thickness. NC@Fe3;C-T materials characterized by thicker encapsulation indeed
showed enhanced catalytic retention, reaching 82 % in NC@Fe3C-1000 after 10,000 s. In
contrast, materials obtained at 800 and 900 °C showed a drop in catalytic retention, falling to
66 and 71 %, respectively. The absence of encapsulation in NC@Fe3C-700 results in a
substantial decrease in catalytic activity over time, reaching only 30% of catalytic activity
after the same duration. It is well established that the catalytic stability of Fe-based
electrocatalysts tends to be lower in acid electrolytes than in alkaline media. However, the
performance of NC@Fe3;C-T materials underlines the key role that N-doped C;N;-derived
carbon shells might play in enhancing both the catalytic activity and stability of Fe;C

nanoparticles during ORR in acidic media.

The in-situ electrocatalytic activity of NC@Fe3;C-900 in anion-exchange membrane fuel cells
(AEMFC) was evaluated using polarization and power density curves. As observed in Figure
5a, the AEMFC equipped with the NC@Fe3C-900 cathode exhibits state-of-the-art catalytic
performance, with a peak power density of 830 mW-cm™ achieved even at the relatively low
operating temperature of 60 °C. This performance agrees with the kinetic results obtained
from the RRDE measurements. However, in the AEMFC setup, the catalyst showed a mass
activity of 200 A-g™. This value exceeds the observation in RRDE, calculated from LSV
curves at 0.8 VV vs RHE (5 A-g™), attributed to variations related to environmental differences

between AEMFC (i.e., 60 °C and O, in gas phase) and RRDE (i.e., 25 °C in an O,-saturated
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0.1 M KOH solution), including differences in temperature and oxygen phase. In a
comparative evaluation with Fe-based electrocatalysts under similar conditions (i.e., a
temperature around 60 °C and catalysts loading of around 1 mg-cm) reported in the literature
8 the catalytic performance of the NC@Fe3C-900 cathode in this study demonstrates
notably superior power density values, as shown in Figure 5b, surpassing those extensively

reported in the literature.
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Figure 5: Electrochemical test of NC@Fe;C-900 in AEMFC, and DFT simulations. (a) Curves of H,/O,
AEMFC potential vs. current density (solid blue) and power density vs. current density (dashed orange) for the
NC@Fe;C-900 cathode at 60 °C under H,/O, flows of 1 L-min™’. The anode consisted of 0.6 mg-cm‘2 of 60 wt.%
PtRu/C. (b) Comparison of the AEMFC peak power density of NC@Fe3;C-900 with other Fe-N-C catalysts
available in the open literature. (c) Illustration of the NC@Fe;C model material, with hydrogen (H) shown in
white, carbon (C) in brown, nitrogen (N) in grey, and iron (Fe) in yellow. (d) ORR free energy diagrams shown
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for all model systems (see text) at a potential of U = 1.23 V vs. RHE. (e) lllustration of all ORR intermediates
when using the NC@Fe;C model system.

In order to elucidate the underlying mechanisms behind the remarkable catalytic activity of
NC@Fe3C-900, which is the best electrocatalyst, although not the one with the most carbon
layers, we carried out density functional theory (DFT) simulations. Our study involved the
analysis of five distinct model systems called C, NC, C@Fe3C, NC@Fe3C and 2NC@FesC,
as detailed in the structural model section. This comprehensive examination allows us to
better understand the complex interaction between Fe3C nanoparticles and N-doped carbon
layers. It should be pointed out here that the modeling of 2 carbon layers alone, although
carried out with significant computing resources (i.e., those of a university computing
mesocenter), has already cost more than a month of computing time, and that the simulation

of several dozen carbon layers under these conditions was totally out of reach.

Figure 5c thus illustrates the NC@Fe3C model system, while Figure 5d shows the ORR free
energy diagram for all model electrocatalysts at the thermodynamic potential (U = 1.23 V).
The free energy variations and Gibbs free energies are gathered in Table S5 and S6,
respectively, and the ORR intermediates are illustrated in Figure 5e, S25 and S26. The
evolution of the electron densities and charges of the C, NC and 2NC systems is also
presented in Figure S28 and Table S7, respectively. Our computational results reveal that both
carbon (C) and N-doped carbon (NC) model systems exhibit low ORR catalytic activity,
showing high predicted ORR overpotentials and the rate-determining step (RDS) in the first
reduction (*OOH) (Table S5). The low activity of the C system can be explained by the
absence of charge transfer upon adsorption (*OOH), as highlighted in Figure S28 and Table
S7, and by the very high charge transfer required to reach the *O step (up to 0.8 e from the
carbon layer to the O atom). In contrast, the incorporation of Fe;C cores into the carbon layer
significantly activates the carbon surface towards the ORR by reducing thermodynamic

barriers and stabilizing the *O intermediate (Table S6). Furthermore, the NC and 2NC
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systems chemically activate the*OOH species, as a significant charge transfer is observed.
Moreover, by incorporating the FesC core into these systems, two RDS are observed in the
reaction mechanism (*OOH and *OH), implying two limiting steps in the ORR (Table S5).
An in-depth analysis of the Bader charge reveals a clear correlation between electron transfer
and the presence of Fe3C core and N doping (Figures S27, S28 and Table S7). While Fe;C
alone does not provide sufficient electron transfer to the carbon layer (C@Fe3;C system), the
incorporation of N atoms into the C layers (NC@Fe3C) markedly enhances electron transfer
from the Fe3C core (Figure S27), which effectively stabilizes the *O intermediate by
occupying the vacant “sp” states. The positive Bader charge of the Fe;C core in the ORR
intermediates of the NC@Fe3C system reveals that N doping facilitates electron delivery from

FesC nanoparticles to the active sites of the carbon layers (Table S7).

The introduction of two carbon layers (2NC@Fe3C) leads to a slight increase in the first RDS
of the 2NC@Fe3;C system (Table S5), manifested by a 0.12 V increase in the theoretical
overpotential (Table S6). This suggests a limited impact of additional carbon layers on the
influence exerted by FesC. This result aligns with previous theoretical research, indicating
that the impact of the FesC nanoparticle on the outermost carbon shell decreases as the
number of carbon layers increases®®°. However, it is also observed that the energy associated
with the second RDS (formation of the *OH intermediate) practically disappears when a
second layer of N-doped carbon is included. This reduction correlates with the slight decrease
in binding strength of the *O intermediate in 2NC@Fe3sC. This indicates that, although the
first RDS has slightly increased in thermodynamic terms (+0.12 eV), the second RDS has
been significantly reduced in the 2NC@Fe3C system (-0.57 eV), which suggests an increase
in the ORR catalytic activity in multilayer systems. Moreover, Bader charge calculations (see
Table S7) demonstrate that there is still electron transfer from the Fe;C core to the active sites

located in the second carbon layer. Therefore, the outstanding catalytic activity observed
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experimentally in the NC@Fe3C-900 is the consequence of optimal parameters. The fact that
NC@Fe3C-900 is an optimum material could be due to better protection of the Fe;C by a
sufficient thickness of carbon layers and by crystallized FesC of better quality or in greater
proportion, which materials prepared at lower temperatures cannot achieve. At the same time,
if the processing temperature is too high (1000 °C), the amount of nitrogen doping of the
carbon layers decreases and the catalyst becomes less and less effective. In support of this
argument, numerous studies on Fe-C-N electrocatalysts have shown that it is necessary to
have all three elements together, and that if N is missing, it works much less well®*®2, Nor can
it be ruled out that Fe;C treated at too high temperature, and although already properly
crystallized, starts to lose its catalytic properties due to the presence of fewer and fewer

intrinsic defects, which are always useful in this kind of reaction.

In the end, the 30 carbon layers of NC@Fe3C-900 provide a sufficient protective effect to
enable excellent in operando stability, whereas the high N doping, especially through
graphitic nitrogen species, promotes enhanced electronic conductivity. This allows excellent
electron transfer from the Fe;C core to the active N sites in the outermost carbon Iayer63.
Fueled by the electron transfer from Fe3C nanoparticles, these active N sites exhibit higher
catalytic activity than metal-free N-doped carbon materials, enabling state-of-the-art

electrocatalytic performance.

Conclusions

FesC nanoparticles were systematically encapsulated in N-doped CiN;-derived carbon
nanoshells using a two-step approach. XAS and STEM experiments confirmed the Fe;C
nature of the nanoparticles and the successful encapsulation in N-doped graphitic-type layers.

The catalytic activity of NC@Fe3C-900 exceeded that of commercial Pt/C electrocatalysts,
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showing no degradation even after 10,000 s of operation. AEMFC measurements
demonstrated state-of-the-art performance in fuel cell experiments with a peak power density
of 830 mW-cm™. Additionally, the thick encapsulation acts as a protective carbon shield,
preserving catalytic activity over time. Therefore, NC@Fe3C-900 acts as a robust and highly
active Fe-N-C catalyst, offering a promising alternative to Pt/C in AEMFCs. DFT simulations
have revealed essential information about the mechanism involving electron transfer from
FesC to the outer carbon layers. This phenomenon enhances the kinetics of oxygen reduction
at the N sites of the outermost layers. These findings mark a significant advance in

fundamental chemistry, with potential implications for fuel cell technology.
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