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This work explores the feasibility of molecular oxygen activation and dissociation on the sp2-hybridized
carbon surface of carbon-coated iron nanoparticles. Using density functional theory with a generalized
gradient approximation, we elucidate the geometry and electronic structure of these nanoparticles,
highlighting the nature of the C—Fe binding interactions and the resulting modifications to the carbon
surface electronic states. The enhanced catalytic activity of carbon induced by the underlying iron core
is attributed to core—shell electronic interactions within the nanoparticles. Activation of molecular oxy-
gen to superoxo and peroxo species was investigated using the nudged elastic band method, with elec-
tron transfer processes analyzed in detail and linked to the core—shell characteristics of the system.
Additionally, we examined the effects of nitrogen doping in the carbon shell on the structural and elec-
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tronic properties of the nanoparticles. Potential degradation pathways, including parasitic reactions dur-
ing oxygen activation, were also identified. This study offers new theoretical insights into the functional
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Introduction

Recently, the widespread requirement of carbon neutral energy
generation has been the driving force for the active advance-
ment in energy-related material technologies for applications
in fuel cells, solar cells, artificial photosynthesis devices, high-
capacity Li-ion batteries, etc." Among those, fuel cells are of
great importance, owing to their ability to convert chemical
energy to electricity without the environmentally harmful com-
bustion process. A fuel cell consists of a fuel electrode, electro-
lyte, and an air electrode where the fuel oxidation, ionic
transport, and oxygen reduction reactions take place, respec-
tively. Depending on the materials used and the operating
conditions, fuel cells are divided into solid oxide fuel cells
(SOFCs) and polymer electrolyte membrane fuel cells (PEMFCs).
Solid oxide fuel cells contain complex oxide electrolyte, in most
cases with perovskite or Ruddlesden-Popper lattices, which con-
ducts oxide ions through a vacancy hoping mechanism or through
interstitial rock-salt layers.> Due to the high activation barriers
for the oxide ion transport in perovskite lattices, SOFCs usually
operate at high temperatures of ~1100 K. As a result, the high
operating temperature of SOCFs provides the necessary activation
energy for the fuel oxidation and oxygen reduction reactions, thus,
those devices can operate without expensive catalysts. Another
advantage of the high operating temperature is the low selectivity
of SOFCs towards the fuel composition, allowing them to operate

International Institute for Carbon-Neutral Energy Research I2CNER, Kyushu
University, Fukuoka, 819-0395, Japan. E-mail: alex@i2cner. kyushu-u.ac.jp

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025

with low-purity hydrogen gas, hydrocarbons, alcohols, etc. Never-
theless, the high temperature is the reason for various degradation
mechanisms of SOFCs such as cracks and fractures within the
electrolyte, delamination of the electrodes, and ionic segregation
on the electrode surfaces, which lead to a significant drop in device
performance.>” Major research into SOFC operating materials
focuses on the search for oxide ion conductors that can operate
at lower temperatures ~900 K. Such low temperatures can be
achieved by elemental doping of the perovskites, which leads to
increased concentration of oxide ion vacancies. Another approach
is to use proton conducting complex oxides. Owing to the lower
activation energy required for the proton transport, proton con-
ducting oxides are expected to further lower the operating tem-
perature of SOFCs.®

PEMFCs operate at significantly lower temperatures (~400 K)
compared to SOFCs. Thus, they exhibit higher durability and can
find applications in home appliances and fuel cell vehicles. They
usually contain an organic polymer membrane as an electrolyte,
which enables proton transport between the electrodes. A widely
used electrolyte for PEMFCs is Nafion,” however, due to its high
cost, active research is focused on the search for cheaper materials
such as nano-cellulose and various crosslinked polymers.'®™?
Due to the low operating temperature, PEMFCs require active
catalysts for the fuel oxidation and oxygen reduction
reactions.'® Platinum nanoparticles, and other precious metals,
were employed as major catalysts for the oxygen reduction
reaction."®"> The use of precious metals significantly increases
the cost and limits widespread use of the fuel cell technology.
Also, metal nanoparticles are known to aggregate with time,
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which a main reason for the electrodes’ degradation."® Larger
nanoparticles have a lower surface area per gram precious
metal and lead to electrodes with lower activity. Thus, the
development of non-precious metal catalysis for PEMFCs is
an important research field in modern electrochemistry.'”>°
While many (non-precious) transition metals, such as iron,
nickel, cobalt, and copper, show good catalytic activity towards
oxygen reduction, their surfaces easily oxidize and deactivate.

As a result, recent research was directed towards metal-free
or low-metal loading catalysts based on graphitic carbon
foams.?>*" Those carbon foams possess irregular structures
with a high concentration of sp>-hybridized carbon atoms.*?
They are usually prepared by pyrolysis of small organic mole-
cules and depending on their elemental content, dopants can
be introduced into the graphene-like carbon material.> The
possible dopants include nitrogen, phosphorous, boron, and
sulfur. It was suggested that the dopants have an effect on the
carbon foam catalyst’s oxygen reduction catalytic activity.*®
Several studies argue that the oxygen reduction reaction could
be completely catalyzed by metal-free catalysts.>**> The cataly-
tic activity was related to defects in the sp>-carbon network and
different nitrogen centers such as graphitic nitrogen or pyridi-
nic nitrogen site. However, it is widely believed that iron traces
remain in the carbon catalyst and it is rather possible that those
remaining iron centers are the actual active sites for the oxygen
reduction.””?® Those iron atoms do not form nanoparticles of
metallic iron (which is easily oxidized) but instead are coordi-
nated in a porphyrin-like structure within defect sites in the
graphene lattice where single iron centers exist in their cationic
forms.>® That model of the catalysts’ active sites was created
in analogy with various active sites in organometallic and bio-
enzymatic chemistry (including the structure of hemoglobin)
where strongly coordinated Fe(u) and Fe(m) centers can bind
and activate molecular oxygen to superoxo and peroxo species
followed by sequential oxygen-oxygen bond cleavage and for-
mation of product compounds. In those models a single iron
center is usually coordinated by three or four pyridinic or
pyrrolic nitrogen atoms.”*?”

High resolution tunneling electron microscope images
reveal that beside single atom centers, iron is present in the
form of metal nanoparticles with a size of 1-20 nm coated with
one to several layers of graphene-like carbon.”® Those nano-
particles have a layered onion-like structure®®*® of carbon
shells with metallic iron in the core and they are believed to
be catalytically inert. A recent study shows that those carbon
coated iron nanoparticles can enhance the catalytic activity of
nearby porphyrin-type single iron atom active sites.*" That
observation opened the question of the structure and electronic
properties of carbon-coated iron nanoparticles and the mecha-
nism of enhanced oxygen reduction activity in their vicinity.

A recent study®' demonstrated a procedure for poisoning of
all surface-exposed iron centers. As a result, the porphyrin-like
active sites have been successfully deactivated. Although it was
expected that as a result of the poisoning the catalytic activity
towards oxygen reduction would drop, the catalyst could main-
tain its properties. That result was an important hint that the
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system contains a different type of active sites that should not
contain surface-exposed iron atoms. In this study we will
investigate the ability of 1-2 nm carbon coated iron nano-
particles to activate molecular oxygen to its superoxo and
peroxo states using first-principle methods. We will investigate
the surface electronic properties of the carbon shell and the
effect of the core iron atoms on the carbon shells.

Carbon coated iron nanoparticles and iron clusters encap-
sulated in single wall carbon nanotubes have been studied
previously theoretically using density functional theory.
Taubert and Laasonen®” investigated the geometry of C180
fullerene coated Fe55 nanoparticles. They showed that the
fullerene and the nanoparticle exhibit icosahedron symmetry.
They studied the energy difference between carbon coated
nanoparticles with high symmetry (icosahedron) and lower
symmetries showing that the high-symmetry geometry is ener-
getically favored. In the optimized geometry an apex iron atom
is pointing towards the center of the five-member ring of the
fullerene. In addition, they estimated the magnetic properties
of the clusters.

Computational methods

Periodic, plane wave density functional theory (DFT) calcula-
tions and first principle molecular dynamics were performed
with the Vienna ab initio Software Package (VASP). The Perdew-
Burke-Ernzerhof (PBE) exchange-correlation functional was applied
using projector augmented wave (PAW) pseudopotentials.®*
Selected systems have been recalculated with the R2SCAN
metaGGA functional and the results show similar qualitative
trends to PBE. However, due to convergence difficulties with
R2SCAN, PBE was selected throughout the study. Electron ener-
gies were converged to 10 ® eV using a Gaussian smearing
method with Sigma 0.0025. The calculations were performed
with a 450 eV cut-off energy and gamma k-points mesh. The cut-
off energy was converged in the range of 300 eV to 500 eV and
steps of 5 eV with the total energy difference between two
sequential steps falling below 0.001 eV. All calculations were
spin polarized and the spin state of the carbon-coated iron
nanoparticles was estimated. The valence electron configuration
for carbon was 2s*2p, for nitrogen 2s*2p®, and for iron 3d”4s
while the core electrons were simulated in the pseudopotential.
Geometry optimization was performed using the conjugated
gradient algorithm. The relaxation was performed for the
atomic positions only until the forces converged to values below
0.03 eV A~ Activation barriers for chemical reactions were
determined using the nudged elastic band (NEB) method where
the band was relaxed to forces below 0.03 eV A~ During the
NEB optimization the spin state was relaxed, and spin crossover
processes were observed during the oxygen reduction reaction.
Charge analysis was performed using the Bader method.?”
In addition, electron density difference maps were employed to
elucidate the electron flow between carbon and iron, as well as
between carbon-coated iron clusters and oxygen molecules.
Binding energies were calculated to elucidate the strength of
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adsorption of oxygen on carbon surfaces and to estimate the
strength of interaction between the iron core and carbon shell
for carbon-coated iron clusters. The binding energy is calculated
as the difference between the energy of carbon-iron nano-
particles (optimized) and the sum of the energies of the carbon
shell (single point calculation) and the iron core (single point
calculation) as shown in eqn (1). The geometry of the carbon
shell is obtained from the geometry of the carbon-iron nano-
particle with the iron core deleted. The geometry of the iron core
is obtained from the geometry of the carbon-iron nanoparticle
with the carbon shell deleted.

Blndlng energy = Ecarbon—iron np — (Ecarbon shell + Eiron core)

(1)

Spin density maps were plotted using the difference between
the majority and minority spin electron densities. The Bader
analysis was used to assign spin density at the atom centers.?”
Throughout this study, the VESTA graphical visualization pack-
age was used.’® Workfunction calculations were performed as
the difference between the Fermi level and the vacuum level.
The Fermi level was obtained from the DFT calculations. The
vacuum level was obtained by plotting the average Hartree
potential along the cell with the nanoparticle in the center.
The vacuum level was taken at the flat region at the boundary of
the periodic cell, equally far from the centered nanoparticles.

Results and discussion

We start the study with a minimalistic theoretical model of
carbon coated iron nanoparticles. This kind of model allows for
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precise understanding of the iron/carbon integration at the
first-principle level of theory. The model consists of a C60
buckminsterfullerene molecule wrapped around a 13-atom iron
cluster. C60 is the smallest member of the fullerene family of
molecules forming a zero-dimensional spherical structure of
sp® hybridized carbon atoms arranged in alternating six and
five membered rings. The C60 surface can be seen as an infinite
curved defective graphene surface with periodical repetition of
five-member ring defects. The C60 molecule possesses icosahe-
dral symmetry with only two non-equivalent carbon atoms. The
13-iron atom cluster, Fel3, is the smallest iron particle char-
acterized with a well-defined three-dimensional structure that
can be found for larger nanoparticles. The 13 iron atoms can be
arranged in either cuboctahedron or icosahedron particles with
lower energy estimated for the icosahedron isomer. The icosa-
hedron symmetry match of the iron cluster and the C60, as well
as their optimal size, allows construction of a core-shell model
of a carbon coated iron nanoparticle, C60@Fe13. To maintain
the icosahedral symmetry, every iron atom from Fel3 points to
the center of a five-carbon atom ring from the C60 inner
surface. The interaction between Fe and the five-carbon atom
ring is well-known from the structure of ferrocene with a
formulae Fe(Cs;Hs),. The model of C60@Fel3 is shown in
Fig. 1A. The model is calculated as the C60@Fel3 particle is
placed in a periodic cubic box with a side of 15 A. As the particle
size is roughly 1 nm, such model would allow a distance of
1 nm between particles in neighboring cells.

Geometry optimization and electronic properties of
C60@Fe13 were calculated and the results are summarized in
Fig. 1B. The bond lengths between the surface carbon atoms
are 1.54 A, which is longer than the 1.4 A bond length in the

Fig. 1 Computational model, structural, and electronic properties of C60@Fel3. (A) Computational model; (B) optimized geometry; (C) electron density
difference map. Blue color denotes positive electron density while yellow color denotes negative electron density; (D) spin density map. Red color
denotes majority spin density, while green color denotes minority spin density.
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isolated C60 molecule. The bond elongation suggests that
electron density was transferred to the antibonding n* orbital
of C60 leading to repulsive interaction between the carbon
atoms. Electron density partition per ion-nucleus was per-
formed following the Bader model.>” The results showed that
the iron core is deficient with 7 electrons which were trans-
ferred to the carbon shell. The result was expected due to the
higher electronegativity of carbon compared to iron and also it
follows the trend of positive core-negative shell charge separa-
tion in nanometer size metal clusters.’® Electron density dif-
ference maps between the iron core and the carbon shell were
used to understand the nature of core/shell charge separation.
The results are summarized in Fig. 1C where a blue color was
used to denote positive electron density, while a yellow color
was used to denote regions deficient of electron density. The
analysis shows that, as predicted from the particle geometry,
the iron d,» AO provides electrons to the delocalized n-conju-
gated carbon network. Spin density is important to understand
chemical processes which involve molecular oxygen and metal-
lic iron. Thus, we have estimated that the particle is in a heptet
spin state. The spin state was optimized during the SCF
routine. Spin density maps are plotted in Fig. 1D, where a red
color denotes electron density with majority spins, while a
green color denotes electron density with minority spins. The
majority spins were located on the 12 outer iron atoms while
the minority spin is located on the central iron atom. The spin
density on the carbon atoms was negligible. As can be seen
from Fig. 1D the main magnetization remains on the iron core.
The DOS plot in Fig. 2 reveals that spin density was transferred
to the carbon shell. To gain quantitative understanding for this
spin transfer, Bader population analysis was performed on the
spin density volumetric data. The total spin density delocalized
over the 60 carbon atoms was 0.38 electrons aligned ferromag-
netically. The binding energy between the carbon shell (C60)
and the iron core (Fel3) was calculated to be —11.39 eV
showing that the composite nanoparticle is thermodynamically
stable.

To understand the difference in the properties of the surface
carbon atoms of C60@Fe13 compared with the carbon atoms of
C60, we have calculated the workfunctions (WFs) and the
density of states (DOS). The WF is defined as the energy
difference between the Fermi level and the vacuum level. Both
values were obtained from the DFT calculations. The WF of C60

C60@Fe13total DOS

C60@Fe13 atom resolved DOS
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was found to be 5.2 eV while the WF of C60@Fe13 was found to
be 3.2 eV. This result suggests that C60@Fel3 would donate
electron density more easily compared to C60 which is impor-
tant for participation in oxygen reduction reactions. DOS plots
of iron and carbon from C60@Fel13 and carbon C60 are
compared in Fig. 2. All carbon atoms on the C60 surface
possess equivalent electronic properties due to the high sym-
metry and the same is true for the carbon atoms on the surface
of C60@Fel3. Additionally, the 12 outer iron atoms are also
equivalent. Thus, for the DOS plots arbitrary carbon and iron
atoms are chosen (excluding the central iron atom).

There is a significant difference between the C60’s carbon
atoms and the carbon atoms from the surface of C60@Fe13.
C60’s carbon atoms have the characteristic sp> carbon peaks
while the carbon atoms from the C60@Fe13 surface show spin
polarized minor peaks below the Fermi level. Careful examina-
tion of those peaks shows that they are identical to the d-band
peaks of iron with only differences in the lower intensity. Those
results suggest strong hybridization between the iron d-band
and the delocalized n-conjugated bond of C60@Fe13. Thus, the
iron d-band, responsible for the catalytic activity of iron would
propagate to the nanoparticle surface mediated by the surface
carbon atoms.

The hybridization of iron and carbon levels would have
several consequences for the particle’s catalytic properties.
While metallic iron is a supreme catalyst for oxygen activation
and dissociation reactions, the strong Fe-O bonding would
lead to the formation of various iron oxides which would result
in catalyst degradation. On its own, carbon wouldn’t be able to
dissociate oxygen under moderate conditions and at high
temperature the reaction would lead to the formation of stable
oxygen containing carbon derivatives and eventually to the
formation of CO, (burning). Working in synergy, the carbon
surface layer would protect the metallic iron from being oxi-
dized, while the Fe-C hybridization provides the necessary
catalytic sites on the carbon surface. In this way, a non-
precious metal catalyst for the ORR would be realized taking
advantage of the interfacial electronic interaction between iron
and sp” carbon.

We have further investigated the interaction of triplet oxygen
molecules with the carbon coated iron nanoparticles. Geometry
optimization was performed for the oxygen molecule away from
the particle surface and the oxygen molecule adsorbed on the

C60 atom resolved DOS
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Fig. 2 DOS of iron and carbon atoms from C60@Fel3 and C60. Spin up and spin down states were plotted for C60@Fel3.

18106 | New J. Chem., 2025, 49, 18103-18113

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5nj02903a

Open Access Article. Published on 22 September 2025. Downloaded on 6/19/2026 3:36:28 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

NJC

Geometry Spin density

Geometry

View Article Online

Paper

Spin density

Charge difference

Fig. 3 Molecular oxygen interaction with C60@Fel3. (A) Away from the surface; (B) adsorbed on the surface. Blue color denotes positive electron
density while yellow color denotes negative electron density. Red color denotes majority spin density, while green color denotes minority spin density. All

distances are given in A.

particle surface. The results are summarized in Fig. 3, where in
Fig. 3A the optimized geometry and computed spin density
map for oxygen away from the particle’s surface are shown, and
in Fig. 3B the optimized geometry, computed spin density map,
and electron density difference map for oxygen adsorbed on the
particle’s surface are shown. In Fig. 3, the majority spin density
is denoted with red color, while minority spin density is
denoted with green color, and increased electron density is
denoted with blue color while decreased electron density
is denoted with yellow color.

At a distance of 3.3 A away from the surface the oxygen
molecule is in its triplet state with 1.22 A distance between the
two oxygen atoms. The spin state of the particle is heptet and
there is no electron transfer between C60@Fe13 and the oxygen
molecule. At a distance of 1.47 A away from the surface the
oxygen-oxygen bond elongates to 1.5 A. Such elongation sug-
gests that electron density has been transferred to the anti-
bonding m* orbitals of oxygen and the molecule has been
activated either to the superoxo state, O,° ", or the peroxo state,
0,”". Bader analysis was performed verifying that —1.7 electrons
charge at the oxygen molecule. This result suggests that as a
result of the adsorption the triplet oxygen molecule was trans-
formed to the active peroxo species. This conclusion was further
supported by the spin density map, showing no spin density at
oxygen, Le., singlet spin state. In contrast, the superoxo state is a
radical anion and would be characterized with doublet spin state
on the oxygen molecule. The electron density difference map
plotted in Fig. 3B shows that while there is interaction between
the surface carbon atoms and the oxygen molecule, electron
density has also been transferred from the iron d-orbitals within
the nanoparticle core. This synergy for the electron transfer
properties of surface carbon atoms and core iron atoms was
demonstrated by the DOS plot in Fig. 1 where the iron d-band
was hybridized with the carbon states. The binding energy
between the peroxo species and the nanoparticle surface is
—2.72 eV or —1.36 eV per C-O interaction. This energy shows
that the activated oxygen molecule is strongly attached to the
surface, however, an oxygen carbon covalent bond hasn’t been
formed. The typical C-O single bond has an energy of —3.71 eV.

To understand the reaction thermodynamics, we have per-
formed NEB calculations between the starting (Fig. 3A) and
ending (Fig. 3B) points for the oxygen activation reaction. The
results are summarized in Fig. 4. The barrier for activation of

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025

Transition
state

peroxo

Fig. 4 Molecular oxygen interaction with C60@Fel3 obtained with the
NEB method.

the molecular oxygen from its triplet state in the gas phase to
the peroxo state on the carbon surface is 0.64 eV. That energy
barrier shows that the reaction can proceed with reasonable
rate at slightly elevated temperature, which corresponds to the
operating conditions of PEMFCs. The reaction is endothermic
with 0.25 eV. The endothermic reaction requires external driv-
ing force to proceed which can be either high temperature or
applied bias. Our NEB calculation verifies that the activation of
molecular oxygen on the carbon coated iron nanoparticle,
C60@Fel13, is an energetically possible process under the
operating conditions of PEMFCs.

We have further investigated the electronic properties and
the geometry of the transition state for oxygen activation
reactions. The results are summarized in Fig. 5 where the
majority spin density is denoted with red color, while minority
spin density is denoted with green color, and increased electron
density is denoted with blue color while decreased electron
density is denoted with yellow color. In the transition state
geometry one of the oxygen atoms is bound to a surface carbon
with a bond length of 1.49 A. The oxygen-oxygen bond is
elongated compared to the gas phase molecule to 1.41 A. This
bond is shorter than the bond of the peroxo oxygen and is close
to the superoxo oxygen—oxygen bond length. The spin density
analysis shows that the system has 7 unpaired electrons, 6 on
the particle and one on the oxygen molecule situated on one of
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Geometry
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Charge density difference

Fig. 5 Transition state geometry and electronic properties of molecular oxygen interaction with C60@Fe13. Blue color denotes positive electron density
while yellow color denotes negative electron density. Red color denotes majority spin density, while green color denotes minority spin density. All

distances are given in A

the antibonding n* molecular orbitals of oxygen. This result
verifies that the transition state has the electronic properties of
superoxo oxygen. The Bader population analysis shows that one
electron has been transferred from the nanoparticle to the
oxygen molecule. The electron density difference plot shows
that the electron has been transferred from the iron core of the
particle. Thus, we can conclude that on the surface of
C60@Fel13, oxygen has been activated sequentially by one
electron transfer to the superoxo state and second electron
transfer to the peroxo state. The superoxo is a short living
transition state while the peroxo is a stable product. The
electrons have been transferred from the iron core of the
nanoparticle through the surface carbon atoms. The binding
energy between the superoxo species and the nanoparticle
surface is —1.00 eV. This energy shows that the activated oxygen
molecule is strongly attached to the surface, however, an
oxygen carbon covalent bond hasn’t been formed.

The catalytic activity towards oxygen activation of the Fe-C-
N catalyst has often been discussed in relation to the nitrogen
content.*>"" Different studies have shown that increased nitro-
gen doping of the sp” hybridized carbon material might have
beneficial effect on the catalytic activity.**' The mechanism of
these improved properties hasn’t been revealed yet and could
be related to additional catalytically active sites, changes in the
electronic properties, i.e. workfunction lowering, or iron nano-
particles’ size control by offering seeds for nanoparticle growth.
Here, we investigate the effect of nitrogen on the proposed
carbon coated iron nanoparticle catalyst. In our model a single

Geometry Spin density

Geometry

nitrogen atom has been added to the carbon shell of the
nanoparticle leading to configuration of C59N@Fe13. Our
results show similar geometry and electronic properties with
7 electrons transferred from the iron core to the C59N
shell. The binding energy between C59N and Fel3 is —9.95 eV,
which is slightly lower compared to C60@Fe13. Nevertheless,
C59N@Fe13 is a thermodynamically stable particle. The work-
function remained unchanged: 3.2 eV. The single nitrogen
atom introduced a peak close to the Fermi energy in the
nanoparticle’s DOS. Such peak might lead to high reactivity
or lower stability of the catalyst. We investigate the molecular
oxygen interaction with the C59N@Fe13 surface. The results of
the geometry optimization, spin density distribution, and elec-
tron density difference maps are plotted in Fig. 6. Fig. 6A
summarizes the geometry and spin density of C59N@Fe13 with
an oxygen molecule away from the surface, while Fig. 6B shows
the geometry, spin density, and electron density difference of
the oxygen molecule adsorbed onto the particle’s surface. In
Fig. 6, the majority spin density is denoted with red color, while
the minority spin density is denoted with green color, and
increased electron density is denoted with blue color while
decreased electron density is denoted with yellow color.

Fig. 6 shows that the nitrogen atom in the carbon shell has
the effect of reducing the spin density from 6 unpaired elec-
trons to 5 unpaired electrons compared to the all carbon C60
shell. Thus, nitrogen will have an effect of reducing the
magnetization of the nanoparticle catalyst. The major differ-
ence between the oxygen interaction with the surface of

/

Spin density Charge difference

Fig. 6 Molecular oxygen interaction with C59N@Fel3. (A) Away from the surface; (B) adsorbed on the surface. Blue color denotes positive electron
density while yellow color denotes negative electron density. Red color denotes majority spin density, while green color denotes minority spin density. All

distances are given in A.
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C60@Fe13 and C59N@Fe13 is in the geometry of the adsorbed
oxygen molecule. In the case of particle C59N@Fel3, the
oxygen molecule cleaves the C-N bond on the nanoparticle’s
surface and binds to the dangling bond of the carbon atom
leaving a pyridinic nitrogen site behind. As a result, the shell of
the nanoparticle is damaged and iron atoms from the core are
exposed to the surface. Analyzing the spin density in Fig. 6B, we
can conclude that the nanoparticle has restored the spin state
of 6 unpaired electrons typical for C60@Fe13. This suggests
that by transferring the nitrogen atom from graphitic to pyr-
idinic, its effect on the electronic properties of the nanoparticle
has been diminished. Small spin density was estimated at
the oxygen atom far from the surface. The estimated binding
energy of the oxygen molecule to the particle surface is
—2.93 eV. This energy is for a single C-O interaction. The
computed binding energy is close to the average energy of a
single C-O covalent bond (—3.71 eV). Thus, we can conclude
that the nitrogen on the surface leads to degradation of the
nanoparticle’s shell and covalent bonding of the oxygen mole-
cule, ie., oxidation of the nanoparticle’s shell. The electron
density difference map in Fig. 6B shows that electron transfer
occurs only between the surface carbon atom and the oxygen
molecule resulting in the formation of a covalent bond. Unlike
nanoparticle C60@Fe13, for nanoparticle C59N@Fe13 there is
no electron transfer from the Fe13 core to the surface oxygen
molecule. Thus, we can conclude that the interaction is
between the oxygen molecule and the C59N shell and it results
in the shell degradation and carbon atom oxidation at a site
neighboring to the nitrogen atom (Fig. 7).

In Fig. 8 we have summarized the results from the NEB
calculations of oxygen interacting with the C59N@Fe13 nano-
particle. Our calculations show that the reaction is exothermic
with 2.39 eV and is characterized with an activation barrier of
0.11 eV. The exothermic reaction and the low activation barrier
suggest that the process can occur spontaneously, and the
reaction does not require external driving force to proceed.
Thus, the reaction can proceed as a chemical process instead of
the electrochemical process. The stable product shows that the
reaction is irreversible and as a result the catalyst would not
recover.

C59N@Fe13 total DOS

View Article Online
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Transition
state

Fig. 8 Molecular oxygen interaction with C59N@Fel3 obtained with the
NEB method.

Oxygen can interact with fullerenes chemically, forming
oxides like C600 through reactions with O,, ozone, or atomic
oxygen, which can also lead to fragmentation of the fullerene
cage or the loss of carbon monoxide.*>** Doped fullerenes, like
those containing boron or nitrogen, can facilitate oxygen’s role
in electrocatalysis, particularly in the oxygen reduction reac-
tion. The results in the literature show that such interaction
requires either ozone or photoirradiation. Our DFT simulations
did not show O, activation on fullerene.

To elucidate the size effect of the carbon coated nanoparticle
for oxygen reduction we investigate a larger iron cluster, Fe55,
coated with a larger fullerene, C180. C180@ZFe55 was previously
investigated by Taubert et al>*> The Fe55 nanoparticle has
icosahedron symmetry and the fullerene is also characterized
with icosahedron structure. Thus, C180@Fe55 can be consid-
ered as the next member of the class of fullerene coated iron
nanoparticles with icosahedron symmetries to which belongs
C60@Fe13 as the smallest member. The model is calculated as
the C180@Fe55 particle is placed in a periodic cubic box with
side of 20 A. Such model would allow a distance of 1 nm
between particles in neighboring cells. In its ground state

C59N@Fe13 atom resolved DOS

— C

Fig. 7 DOS of iron, carbon and, nitrogen atoms from C59N@Fel3. Spin up and spin down states were plotted for C59N@Fel3.
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Fig. 9 Optimized geometries and DOS plots for C180@Fe55 and C180. DOS of iron and carbon atoms from C180@Fe55 and C180. Spin up and spin

down states were plotted for C180@Fe55.

geometry, every apex iron atom from Fe55 points toward the
center of a five-member ring of the fullerene similar to the
geometry of C60@Fe13.%?

Fig. 9 summarizes the optimized geometries and DOS plots
for C180@Fe55 and C180. Similar to the C60@Fe13, the DOS
plots of the carbon atoms from the surface of C180@Fe55 are
very different from the DOS plots of the carbon atoms from the
surface of C180. Within the DOS plots of carbon atoms from
C180@Fe55 one can distinguish minor peaks which are a result
of the hybridization between the iron d-band and the carbon
levels. Fe55 has three layers of iron atoms, one central iron
atom, 12 iron atoms in the second layer and 42 iron atoms in
the outermost layer. While the iron atoms from Fel3 show
sharp, discrete DOS peaks due to the particle small size and
high symmetry, the iron atoms from Fe55 show more bulk-like
energy spectra with clearly defined bands. Bader population

>

Geometry

Spin density

analysis shows that 16 electrons are transferred from the iron
core of the particle to its carbon shell. When we compare to
C60@Fe13 where 7 electrons are transferred to the carbon shell
we can conclude that for C60@Fel3 the average charge per
surface carbon atom is —0.12 while for C180@Fe55 the average
charge per surface carbon atom is —0.09. Thus, with the
increase of the particle size we observe a decrease in the
negative charge on the particle surface. As the oxygen reduction
reaction is an electrophilic process, the reduced charge on the
surface might lead to an increase in the activation barrier for
surface adsorption of molecular oxygen.

In Fig. 10 we summarize the results for oxygen molecules
chemisorbed on the C180@Fe55 surface. We show the obtained
geometry, spin density distribution, and electron density dif-
ference map. The geometry analysis shows that the oxygen
molecule is situated parallel to the surface at a distance of

",

Charge difference

Fig. 10 Geometry and electronic properties of molecular oxygen interaction with C180@Fe55. Blue color denotes positive electron density while yellow
color denotes negative electron density. Red color denotes majority spin density, while green color denotes minority spin density. All distances are

given in A.
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1.51 A. The oxygen-oxygen bond length is 1.51 A which is
similar to the bond length of the peroxo species. Fig. 10
summarizes the results for oxygen molecule adsorbed on
the edge of a five-member ring. However, on the surface of
C180@Fe55 exists another possible adsorption site where the
oxygen molecule is adsorbed on the edge of a six-member ring.
The oxygen molecule adsorbed on a five-member ring has 0.05
eV lower energy compared to the oxygen molecule adsorbed on
a six-membered ring, which shows that both sites are energe-
tically equivalent. The spin density plot in Fig. 10 assigns no
spin density to the two oxygen atoms which corresponds to the
electronic structure of the peroxo state of the oxygen molecule.
The binding energy of the oxygen molecule to the particle
surface is —2.97 eV, or 1.5 eV per carbon-oxygen bond. The
electron density difference map shown in Fig. 9 verifies that
electron density has been transferred from the Fe-core of the
C180@Fe55 nanoparticle similar to the C60@Fel3 nano-
particle.

A major difference between the catalyst presented in this
study and the widely investigated FeN; and FeN,-graphene
catalysts is the structure of the active site. The FeN; and
FeN,-graphene catalysts are inspired by the porphyrin chem-
istry envisioning the active site as exposed metal site coordi-
nated by 3 or 4 pyridinic nitrogen atoms. In this way, the
exposed metal can interact and activate molecular oxygen
without the formation of stable metal oxide which would
poison the active site.**** This study demonstrates a different
possible structure where a small metal cluster is encapsulated
by a carbon layer. The function of the carbon layer is to prevent
the oxidation of the metal cluster while the catalytic properties
are transferred to the carbon shell through hybridization
between the carbon p, orbitals and iron d-orbitals. As the Fe-
C-N catalyst does not have a precise chemical structure and is
usually in an amorphous state with large domains of graphitic
carbon, neither of the models could be excluded.

Conclusions

In this work, we employed theoretical methods to investigate
the structure and electronic properties of carbon-coated iron
nanoparticles comprising iron cores of 13 and 55 atoms,
encapsulated by fullerene shells of C60 and C180, respectively.
Our results show that the interaction between the iron core and
carbon shell is strongly binding, leading to electron density
transfer from the iron core to the carbon shell. Density of states
analyses reveal hybridization between the iron d-orbitals and
the p, orbitals of the shell carbon atoms. This interaction
modifies the electronic structure of the surface carbon atoms,
imparting features characteristic of iron d-levels.

We studied the activation of molecular oxygen on the carbon
surfaces of these nanoparticles. Our calculations demonstrate
that O, is sequentially activated to superoxo and peroxo states
on the carbon surface with a low activation barrier of 0.64 eV.
The overall reaction is slightly endothermic (0.25 eV) and
requires an electrochemical driving force. Electron density

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025
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difference maps indicate that electron transfer originates not
only from the surface carbon atoms but also from the iron
d-electrons, highlighting a synergistic effect between carbon
and iron in facilitating O, activation.

We also examined the impact of nitrogen doping, focusing
on graphitic nitrogen centers within the carbon shell. Our
findings show that molecular oxygen can readily oxidize the
C-N bond in such structures, with a strongly exothermic
reaction energy (—2.39 eV) and a very low activation barrier
(0.11 eV). This process is purely chemical and does not require
an electrochemical driving force, suggesting that graphitic
nitrogen sites could promote degradation of the carbon-coated
iron nanoparticles.

Finally, we found no significant differences in the oxygen
activation mechanisms when comparing the smaller C60@Fe13
and the larger C180@Fe55 nanoparticles, indicating that these
key processes are robust with respect to nanoparticle size in the
range studied.

The calculations show that the onion-like carbon coated iron
nanoparticles, observed experimentally in carbon catalysts for
electrochemical ORRs, could participate actively in the catalytic
reaction and offer an additional active site to the widely
accepted single metal sites.
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