Open Access Article. Published on 15 December 2023. Downloaded on 6/20/2026 10:48:53 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical
Science

W) Check for updates ‘

Cite this: Chem. Sci., 2024, 15, 1132

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Zhou Huang, Fuhua Li, Yongduo Liu, Siguo Chen, Zidong Wei

I ROYAL SOCIETY
PPN OF CHEMISTRY
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Fe—N-C catalysts are promising alternatives to Pt-based electrocatalysts for the oxygen reduction reaction
(ORR) in various electrochemical applications. However, their practical implementation is impeded by their
instability during prolonged operation. Various degradation mechanisms have been proposed, yet the real
origin of the intrinsic instability of Fe—=N-C structures under ORR operations is still disputed. Herein, we

observed a new type of protonation mechanism based on advanced first-principles simulations and

experimental characterizations. The results revealed strong evidence of pyrrolic-N protonation in
pyrrolic-type FeNy4, which plays a vital role for the low kinetic barrier of Fe leaching. Conversely, the
pyridinic-type FeN, prefers protonation at the Fe site, contributing to the higher barrier of Fe leaching

and relatively higher stability. The facile pyrrolic-N protonation is verified by various spectroscopy

characterizations in the Nafion-treated FePc molecule. Crucially, the presence of oxygen-containing

intermediates at the Fe site can further work synergistically with N protonation to promote conversion of
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iron atoms (Fe—N,) into ferric oxide under working potentials, and the more positive the electrode

potential, the lower the kinetic barrier of Fe leaching. These findings serve as a foundation for future
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rsc.li/chemical-science

1. Introduction

Proton exchange membrane fuel cells (PEMFCs) are widely
recognized as clean and highly efficient devices for sustainable
energy utilization, particularly in the automobile industry.”* To
enhance the efficiency of PEMFCs, platinum-based catalysts are
utilized to facilitate the sluggish Oxygen Reduction Reaction
(ORR) that takes place on the cathode.*® Nevertheless, the
limited availability and high cost of platinum hinder the large-
scale commercialization of PEMFCs.® Over the past several
decades, metal-nitrogen-carbon (M-N-C, particularly when M =
Fe, Co, Mn) catalysts have shown great promise as potential
replacements for platinum-based catalysts.””® Among them, Fe—
N-C catalysts have demonstrated superior performance over
other M-N-C catalysts,”"® thanks to their exceptional ORR
activity in an acidic milieu. Despite the impressive performance
of Fe-N-C catalysts, a significant degradation (40-80%) occurs
within the first 100 hours of fuel cell testing, which presents
a substantial barrier to their commercial application in PEMFCs
cathodes.'”** Resolving this urgent issue is a prerequisite for the
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research endeavors on the stability issues of Fe—-N-C catalysts and advancing their application in
sustainable energy conversion technologies.

property optimization and potential commercial application of
Fe-N-C catalysts. Therefore, unveiling the degradation mecha-
nism and identifying the intrinsic unsteady structures of FeN,
moieties are essential to improve their long-term durability.
To address the critical challenge of stability, substantial
research efforts have been devoted to dissecting the degrada-
tion mechanisms. Numerous degradation mechanisms, broadly
classified into four categories, have been proposed to explain
the initial performance degradation of Fe-N-C catalysts in
acidic ORR environments. (1) Protonation of nitrogen species:
this mechanism concerns the protonation of highly basic
nitrogen groups situated next to the active site, followed by
anion adsorption. Herranz et al.>* proposed that Fe-N-C active
sites would manifest high turnover frequency (TOF) values
when the basic nitrogen groups adjacent to the Fe-N-X site
undergo protonation, devoid of anion adsorption. Nevertheless,
when anion adsorption occurs at the Fe/C site, there is
a decrease in the TOF values. Herraiz et al.** suggested that the
fluorination of FeN, active sites, possibly via oxygen electro-
catalysis (interpreted as direct anion adsorption), leads to the
formation of C-F and Fe-F bonds. This could trigger instability
in the Fe-N-C catalyst during fuel cell processing. However,
their later study® contradicted this view, asserting that anion
adsorption on FeN, active sites doesn't affect the initial ORR
activity decay, and the FeN,/NH' site's anionic neutralization
hypothesis should be dismissed. Mukerjee et al>*** also
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established that the deactivation of Fe-N-C catalysts doesn't
rely on anions. Moreover, the electrochemical experiments by
Sun et al.*® indicated that the pyridinic N has high ORR activity
in alkaline medium, but when it is protonated in acidic
medium, the catalytic activity is greatly suppressed. (2) Oxida-
tion of carbon/metal: the active carbon/metal sites on the
catalyst surface are vulnerable to radicals derived from H,0,,
which can instigate a Fenton reaction or generate surface
oxidation intermediates. This deactivation may be partially
reversed through catalyst surface reduction. Jaouen et al.*
demonstrated the structural stability of Fe-N-C catalyst in an
acidic environment, which becomes electrochemically unstable
due to the presence of H,0, and carbon surface oxidation, and
results in reduced TOF that can be restored by the electro-
chemical reduction of the carbon surface. Their findings also
indicated that the degradation of Fe-N-C catalyst is due to
peroxide-derived reactive oxygen species, not the molecular
H,0,. (3) Demetalation: this process entails the removal of
metal from the Fe-N, active site, directly diminishing the
activity by reducing site density. Chenitz et al.>® proposed that
the initial ORR activity decrease results from specific demeta-
lation triggered by water flux into the micropores. Mayrhofer
et al.*® showed that iron leaching occurs from iron particles at
low potential (<0.7 V) and carbon oxidation at high potential
(>0.9 V), with only the latter causing the destruction of FeN,C,
species. Cherevko et al.®*® find a remarkable linear correlation
between the faradaic charge passed through the electrode and
the amount of Fe dissolved from the electrode by varying the
rate of ORR in alkaline media. (4) Water flooding: this situation
occurs when water infiltrates the catalysts’ pores, obstructing
oxygen transportation to the cathode. Dodelet et al.** suggested
that the most active FeNy sites residing within catalyst micro-
pores contribute to the initial swift decay of catalytic activity in
fuel cells due to catalyst micropores' water flooding. Conversely,
Banham et al® found no connection between micropore
flooding and observed destruction, suggesting that the deacti-
vation or loss of crucial active sites results in kinetic losses, with
the active sites/carbon oxidation being the most likely culprit.
The endeavor to identify precise degradation mechanisms in
Fe-N-C catalysts has been complicated by the elusive nature of
their active sites. This complexity escalates during fuel cell
stability or durability tests when multiple deactivation mecha-
nisms may occur concurrently, resulting in a tangled degrada-
tion process and a considerable challenge in identifying the
predominant mechanism. Is the rapid decrease in ORR activity
due to a single mechanism or a combination of several ones? Do
distinct degradation pathways exist for different active sites?
How can we bolster the intrinsic stability of these catalysts? To
address these questions, it becomes crucial to gain a profound
understanding of the dynamic stabilities of FeN, units under
working conditions. At the computational side, however, the
current evaluation of the stability of Fe-N-C materials mainly
focused on the static thermodynamic calculations,*** which do
not consider explicitly the effects of solvation, working poten-
tial, kinetics, and key intermediates on the structural stability in
realistic reaction conditions. Therefore, exploring the dynamic
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evolution of active site structure under electrochemical condi-
tions is crucial.

In this work, we applied the advanced constant potential
hybrid solvation dynamical model with the inclusion of explicit
solid-liquid interface to thoroughly explore the dynamic
stability of Fe-N-C catalysts in acidic ORR environment, with
specific emphasis on the roles of pyridinic-type and pyrrolic-
type nitrogen. Our results indicate that the pyrrolic-type FeN,
facilitates the protonation/hydrogen adsorption at the N site,
whereas the pyridinic-type FeN, prefers the H adsorption at the
Fe site. The protonation of pyrrolic N plays the key role for the
rapid Fe leaching into solution at the electrochemical condi-
tions, which can significantly reduce the kinetic barrier of Fe
leaching compared to the absence of H adsorption. Our results
further observed the synergistic role of hydrogen adsorption
and the oxygen-containing intermediates in converting indi-
vidual iron atoms (Fe-N,) into ferric oxide under differing
applied potentials. The more positive the electrode potential,
the lower the kinetic barrier of Fe leaching, thus accelerating
the pyrrolic-type FeN, degradation. These insights offer new
atomic level understanding of the dynamic stability of Fe-N-C
electrocatalysts under working conditions, which can be
extended to elucidate and assess the electrochemical stability of
other heterogeneous electrocatalysts and enable more prom-
ising catalyst design.

2. Methods

2.1 Computational details

The spin-polarized geometry optimizations and ab initio
molecular dynamics (AIMD) calculations were carried out using
the Vienna Ab initio Simulation Package (VASP 5.4.4).® The
exchange-correlation function was modeled with the Perdew-
Burke-Ernzerhof (PBE) functional, a type of generalized
gradient approximation (GGA),*® while the electron-ion inter-
action was described using the Projector Augmented Wave
(PAW) method.*” The PBE-D3 method correction with Becke-
Jonson damping was used to describe the van der Waals inter-
action when dealing with systems with explicit water molecules
and the water—slab interface.*® A supercell configuration of 5 x
3 supercell was meticulously established, characterized by
a volumetric cell size of 12.40 x 12.67 x 30 A®. The calculations
were performed using a plane wave basis set with an energy
cutoff of 450 eV, and a Monkhorst-Pack scheme with a 3 x 3 X
1 k-point grid was used for Brillouin zone integration. Atomic-
scale simulations are carried out to study Fe leaching process
at FeN,C,-water interfaces, where the oxygen-containing
adsorbates are introduced to explore the possible adsorbate
effects. The catalyst/water structure was built by the incorpo-
ration of multilayer explicit water matrices, each comprised of
36H,0 molecules, and maintaining a water density of 1 g cm ™.
Starting from this well-equilibrated interface, 5 ps of AIMD
simulations were carried out at 300 K. Fig. S17 illustrates the
structural configurations, and concurrently displays the
temporal progression of energy and temperature parameters
throughout the simulation period. The electrode potential was
determined via charging and tuning the work function.***° The

Chem. Sci., 2024, 15, 132-1142 | 1133


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc05378d

Open Access Article. Published on 15 December 2023. Downloaded on 6/20/2026 10:48:53 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

effective surface tension parameter was assigned to 0 in VASPsol
to neglect the cavitation energy contribution. The linearized
Poisson-Boltzmann model with a Debye length of 3.0 A mimics
the compensating charge.** AIMD simulations were performed
within the canonical ensemble at 300 K by Nose-Hoover ther-
mostat, and the time step was set to 0.5 fs. We used the “slow-
growth” method which is implemented in VASP to get the free
energy profile of the dynamic stability of the catalyst structures
with a value 9¢ of 0.0008 A. To deal with the fluctuations of work
function, we extracted at least 10 snapshots from the AIMD
trajectories to determine the average work function.*>** VASP-
KIT code was used for post-processing of the computational
data.*® The theoretical IR calculations were implemented by the
density functional theory (DFT) level of the B3LYP functional***’
using the Gaussian 16 software package.”® The all-electron 6-
311++G** basis set was used for C, N, H and Fe atoms. We
utilized the Grimme's DFT-D3 method to handle van der Waals
(vdW) interactions.* The vibration frequency calculation was
used to verify the optimized structure minima, i.e., zero virtual
frequency, and provides free energy at 298.15 K.

2.2 Experimental characterizations

2.2.1 Chemicals. Iron(n) phthalocyanine and Dimethyl
sulfoxide-ds are purchased from Adamas-beta. Nafion solution
(5 wt%) was purchased from Sigma Aldrich. Ethanol was ob-
tained from Chongqing Chuandong Chemical.

2.2.2 Synthesis of Fe(Pc) and Fe(Pc)-Nafion. The Fe(Pc) was
purchased commercial iron(u) phthalocyanine. As for Fe(Pc)-
Nafion, 8 mg iron(u) phthalocyanine was added into 1 mL of
ethanol and sonicated for 15 minutes to achieve uniform
dispersion firstly. Then 172 pL 5 wt% Nafion solution was added
to ensure that the dry weight of Nafion was consistent with that
of iron(u) phthalocyanine, and continued the ultrasonic oscil-
lation for one hour. Finally, the obtained mixed solution was
dried completely in a 60 °C oven until a filmy product was
obtained.

2.2.3 X-ray photoelectron spectroscopy (XPS) characteriza-
tions. XPS measurements of the Fe(Pc) and Fe(Pc)-Nafion were
performed on a Thermo Scientific photoelectron spectrometer
using monochromatic K-Alpha radiation under vacuum at 2.0 x
10~7 mbar, in which the binding energies were referenced to the
C Is peak at 284.8 eV of the surface adventitious carbon.

2.2.4 Nuclear magnetic resonance spectroscopy (NMR)
characterizations. The "H NMR was used to detect the chemical
composition and recorded by the Bruker AVANCE NEO 400 at
500 MHz with DMSO-d; as solvent.

2.2.5 Fourier transform infrared spectroscopy (FTIR)
characterizations. The chemical structure was analyzed by
Fourier transform infrared (FTIR) spectra which were recorded
on a Nicolet iS50.

3. Results and discussion

During the ORR process, the single-atom (SA) leaching of iron
(Fe) leads to the formation of ferric oxides, a mechanism
necessitating the weakening and eventual breaking of the Fe-N
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bond. To evaluate the propensity for SA Fe leaching, distinct
investigations have been carried out focusing on the thermo-
dynamics and kinetics of this process. We examined two
distinct Fe moieties: pyrrolic-type FeN, where the central Fe
atom is coordinated with pyrrolic-type nitrogen, and pyridinic-
type FeN, where the Fe atom is coordinated with pyridinic-
type nitrogen. The bond length of Fe-N bond in pyridinic-type
FeN, and pyrrolic-type FeN, was determined to be 1.92 A and
2.08 A, indicating the slightly weaker Fe-N bonding in the
pyrrolic-type nitrogen environment. The leaching process can
be described as follows:

Fe-N,~C + 2H" & H,N,~C + Fe**(aq)

Fig. 1a presents the free energies associated with the leach-
ing of single-atom Fe (Fe-N-C) from the surface to form Fe**(aq)
in solution. Such a highly endothermic free energy of 0.71 eV in
pyridinic-type FeN, and 1.21 eV in pyrrolic-type FeN, indicate
that the dissolution of Fe SA from the surface is thermody-
namically challenging. Further evaluation of the kinetic feasi-
bility of Fe leaching was performed using a slow-growth
approach. For this, a solid-liquid interface model, depicted in
Fig. S2,T was established. The introduction of an inert helium
atom served as a rivet, situated directly above the Fe atom at
a distance of 14.9 A. This allowed for the calculation of the
kinetic activation energy required for Fe leaching from the Fe-
N-C site. In the adopted “slow-growth” approach, the reaction
coordinate was selected such that the Fe-He distance was
gradually reduced (Fig. S3at). The free energy continually
increases as the Fe atom moves away from the surface, reaching
a maximum of 7.45 eV for pyrrolic-type FeN, and 8.0 eV for
pyridinic-type FeN, by the end of the reaction (Fig. 1b). This
suggests a high degree of dynamic stability of the four Fe-N
bonds, making them difficult to break and thus hindering the
Fe leaching. Fig. 1c and d track the dynamic evolution of the Fe-
N bond length throughout the Fe leaching process. Therefore,
both the thermodynamic and kinetic results indicate that it is
very difficult for the pristine Fe-N-C systems to leach Fe center
directly from the surface.

Noteworthy, from most of the experimental observations,
highly active catalysts often exhibit faster degradation, partic-
ularly in the initial stages, leading to an inherent tradeoff
between activity and stability.*” In the case of pyrolyzed Fe-N-C
catalysts, the FeN, sites exclusively with the pyrrolic-type FeN,
form are revealed to exhibit significantly enhanced activity
compared with the pyridinic-type FeN, counterpart.’>**
However, despite its higher electrocatalytic activity, the stability
of pyrrolic-type FeN, is shown to be much inferior to the
pyridinic-type one. According to our above calculations, the
high kinetic barrier of Fe leaching in pyrrolic-type FeN, and
pyridinic-type FeN, implies that the free-standing pyrrolic-type
FeN, or pyridinic-type FeN, itself without adsorption of any
reaction intermediates may not be the main cause of Fe-N-C
degradation in ORR electrocatalysis. To accurately simulate the
adsorption effect on the kinetic possibility of Fe leaching
involved in Fe-N-C catalysts, we have considered several

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) The free energy (AG) of Fe*(aq) formation during Fe leaching. (b) Free energy profile during the Fe leaching process. (c) and (d):
dynamic evolution of the bond length of Fe—N, (x =1, 2, 3, and 4) during the Fe leaching process, where carbon is depicted in grey, nitrogen in

blue, iron in brown, oxygen in red, and hydrogen in white.

potential oxygen-containing intermediates at the Fe site (Fe-O,,
Fe-OH) and possible carbon oxidation at the adjacent C site (C-
OH, C-0O-C), as depicted in Fig. 2a. Accordingly, we have also
determined the evolution of free energies in all possible FeN,
moieties when Fe moves away from the surface, and the calcu-
lated kinetic barrier of Fe leaching is shown and compared in
Fig. 2b. Compared with the adsorbate-free FeN, catalysts
(Fig. 1b), the presence of oxygen intermediates at the Fe center
or adjacent C site leads to decrease in the kinetic barrier of Fe
leaching by about 1-2 eV. Therefore, the adsorption of oxygen
intermediates is likely to promote the leaching of Fe atom from
the catalytic surface. Moreover, our findings indicate that, no
matter whatever adsorbate present, the kinetic barrier of Fe
leaching on pyridinic-type FeN, is always lower than that on the
pyrrolic-type FeN, counterparts. These results indicate that
pyridinic-type FeN, should be less stable than pyrrolic-type
FeN,, which is, however, apparently contradictory to the
experimental findings by Jaouen and co-workers,* who identi-
fied the existence of durable FeN,C,, (pyridinic-type FeN,)
moiety and nondurable high-spin FeN,C;, (pyrrolic-type FeN,)
moiety of Fe-N-C catalysts in acidic ORR medium.

To resolve this ambiguity, we speculate that the difference
may be attributed to the different degradation mechanism of
FeN, moiety sites, which may not be fully understood without
considering the influence of the acidic medium. In other words,
the protonation at the FeN, active site might play a vital role. To

© 2024 The Author(s). Published by the Royal Society of Chemistry

test this hypothesis, the transformation in FePc's molecular
structure before and after the post-Nafion treatment was probed
using X-ray photoelectron spectroscopy (XPS). The Nafion is
a perfluorosulfonic acid polymer with free H' ion used in fuel
cells, which has low volatility and can tolerate ultrahigh vacuum
conditions during the XPS test. The high-resolution N 1s spectra
of FePc and FePc-Nafion are compared in Fig. 2c and d. The
pristine FePc molecule displays two pronounced peaks: an
initial peak at 398.2 eV denoted as N1, representing the meso-
bridging aza nitrogens in -N=C- form not bonded to the Fe
center, and a secondary peak at 399.2 eV, representing pyrrolic-
type N bonded with the Fe center (N2). After the post-Nafion
treatment, a new peak emerges (blue line) at 400.4 eV, which
is associated with the pyrrole nitrogen bonded to hydrogen
atoms in -NH- form (N3).>* The actual condition might involve
a mixture of N-H and 2N-2H, as inferred from the Fe 2p XPS
spectrum of FePc with Nafion (Fig. S47). The Fe 2p spectrum of
FePc was deconvoluted into two peaks, corresponding to the
typical Fe?* 2p*? (710.01 eV) and Fe*" 2p'? (723.20 eV).
However, the Fe 2p spectrum of FePc with Nafion does not fit
these peaks, suggesting the possible coexistence of N-H and
2N-2H, which may cause a left shift in the Fe binding energy.
Therefore, the XPS characterizations of the pristine and acid-
treated FePc molecule shows clear evidence of possible
protonation of the pyrrolic N.

Chem. Sci., 2024, 15, 132-1142 | 1135
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(a) Schematic of FeN4 moieties with adsorbed intermediates at the Fe site and carbon oxidation at the adjacent C site. (b) The kinetic

activation energies of Fe SA leaching within FeN4 with various adsorbates at the Fe or C sites. The N 1s XPS spectrum of the FePc molecule (c) and

the FePc molecule with Nafion (d).

Employing DMSO-ds as the NMR solvent, we observed
distinct proton signals in FePc and FePc-with-Nafion (Fig. S57).
DMSO-d6 was used as the NMR solvent (2.50 ppm) and H,O also
remained in the polymer sample (3.33 ppm). The peaks at 7.07,
7.59 and 7.81 ppm are the proton signals of the aromatic ring.
The most significant observation was the peak at 11.3 ppm in
the FePc-Nafion spectrum, attributed to nitrogen protonation,
a feature absent in the FePc. The deuterium exchangeable inner
core protons could not be observed in the "H NMR spectrum of
H,Pc due to the high aggregation ability.** Fourier-Transform
Infrared Spectroscopy (FT-IR) analyses (Fig. S6t) provided
crucial insights into the molecular structures of iron(u) phtha-
locyanine (FePc), metal-free phthalocyanine (H,Pc), and the
FePc-Nafion composite. Notable observations include the
distinct C-H stretching vibrations near 3046 cm " across these
spectra,® with a pronounced peak at 1000 cm ' in H,Pc,
indicative of metal-free phthalocyanine.>® The absence of this
peak in the FePc and FePc-Nafion spectra supports the retention
of Fe** within its coordination sphere in these complexes.
Furthermore, the N-H bond stretching frequencies observed at

different wavenumbers (3288 cm™" in H,Pc and 3198 cm™* in

136 | Chem. Sci, 2024, 15, 1132-1142

FePc-Nafion) align with our DFT results, suggesting varied N-H
bonding environments. These comprehensive analyses not only
confirm the presence of protonated nitrogen in FePc-Nafion but
also demonstrate that iron atoms have not leached out from the
compound.

To specify the factors of acidic media, we further investigated
the kinetic possibility of H adsorption at the N site of FeN,
under the working potential of ORR. Previously, the electro-
chemical measurements and in situ infrared reflectance spec-
troscopy experiments by Léger et al.®” suggested that the poor
stability of FePc in acid medium occurred via the substitution of
the central Fe metal of the macrocycle by two protons, leading to
the formation of a free base phthalocyanine that is inactive for
oxygen reduction catalysis. Herein, we conducted uncon-
strained AIMD simulations and captured the snapshots of
nitrogen protonation in pyridinic-type FeN, and pyrrolic-type
FeN, (Fig. 3a). Initially, we observed an optimized pyridinic-
type FeN, structure with one H atom adsorbed on the
pyridinic N site (Fig. 3a(i)). Interestingly, during the uncon-
strained AIMD simulations at 300 K, the *H species spontane-
ously shifted from the pyridinic N site to the Fe site at 0.2 ps

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) AIMD simulation snapshots of nitrogen protonation in pyridinic-type FeN4 and pyrrolic-type FeNy. (b) An unconstrained 5 ps AIMD

simulation shown the bond lengths of N-H and Fe—H in pyridinic-type FeN4—N-H. (c) Radial Distribution Functions (RDFs) showcasing the Fe—N
distance in bare and protonated pyridinic-type FeN4 and pyrrolic-type FeNg4, within a 5 ps time frame of AIMD simulation at 300 K. (d) Free energy
profile of pyrrolic-type FeN4 during the protonation to form Fe—H and N—H bonds under Ure = 0 V. (e) The kinetic activation barrier for forming
the Fe—H and N-H bonds in pyrrolic-type FeN4 under different working potentials.

(Fig. 3b), consistent with previous research.*® However, when
the coordinated N changes from pyridinic N to pyrrolic N, as
illustrated in Fig. 3a(ii) and (iii), the *H species (protonation at
one or two adjacent N sites) remained stably bonded with the N
site instead of shifting to the Fe site even after 5 ps AIMD
simulations. This indicates that the stable nitrogen protonation
is directly related to the different N varieties, which in turn
directly affects the Fe-N bond lengths. From Fig. 3c, the N
protonation in pyrrolic-type FeN, results in the inequivalent
distribution of Fe-N bonds: one shortened Fe-N bond (2.04 A
for one N protonation and 1.98 A for two N protonation) and one
elongated Fe-N bond (2.12 A for one N protonation and 2.38 A
for two N protonation) as compared with the bare pyrrolic-type
FeN, (2.08 A). This indicates the slightly weakening of the Fe-N
bond in pyrrolic-type FeN, after protonation. The similar results
can be identified in AIMD simulations of protonated pyridinic-
type FeN, and pyrrolic-type FeN, executed with explicit water
environments (Fig. S7). Therefore, nitrogen protonation in the
FeN, moieties is likely to occur on the pyrrolic-type FeN,, which
in turn leads to the inequivalent distribution and weakening of
in-plane Fe-N bonds, while in pyridinic-type FeN,, the N
protonation is unstable, and the proton prefers to bind with the
Fe site instead, which has minimal effect on the structure of the
FeN, moiety. In our following discussion, we would mainly

© 2024 The Author(s). Published by the Royal Society of Chemistry

focus on the protonation effect on the dynamic instability of the
pyrrolic-type FeN, system.

In a detailed examination of the kinetics of H adsorption
behavior, the kinetic barrier for the transformation of hydro-
nium species (H;0") from solution into adsorbed H* at pyrrolic-
type FeN, and H,O is then determined under different working
potentials. The criterion for the successful completion of this
reaction is indicated by an N-H bond length of 1.00 A or a Fe-H
bond length of 1.5 A, as demonstrated in Fig. S8 and S9.t
Specifically, in the case of pyrrolic-type FeN, (Fig. 3d), the
kinetic barrier at potential of 0.0 V is computed to be 0.62 eV for
protonation at the N site (the purple line) and 1.79 eV for
protonation at the Fe site (the orange line). Interestingly, after
the first N-H formation, the adsorption of the second H at the
adjacent N site needs much lower barrier of 0.46 eV at 0.0 V (the
green line in Fig. 3d), indicating significant enhancement of H
adsorption and the nitrogen protonation reaction can easily
occur at room temperature. Note that at the dynamic electro-
chemical pyrrolic-type FeN,/water interfaces, adsorption of 2H
at adjacent N sites would cause the breaking of two Fe-N bonds,
and meantime, the protruded under-coordinated Fe atom has
strong affinity to adsorb and dissociate the H,O molecule from
the solution, leading to adsorbed OH* species at the Fe site
(inset structure in Fig. 3d). As the applied potential becomes
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more positive (Fig. 3e), the kinetic barrier for the initial nitrogen
protonation is increased (from 0.63 eV at 0.0 V, to 0.81 eV at
0.3 V and 1.55 eV at 0.7 V), while the barrier for the second
nitrogen protonation remains significantly lower (0.2-0.5 eV).
The facilitated formation of 2N-2H species at 0.7 V RHE,
compared to 0 V RHE, can be attributed to the potential-
dependent alteration in the electronic state of nitrogen. This
is evidenced by the calculated Bader charge of nitrogen in
pyrrolic-type FeN,-N-H, which is —1.15e at 0 V and —1.18e at
0.7 V. At all the investigated working potentials, the formation
barrier for the Fe-H bond is considerably much higher in
comparison to the formation of N-H bond, again confirming
the greater kinetic preference for nitrogen protonation at
pyrrolic-type FeN,. Particularly, the highly facile nitrogen
protonation at lower potentials could be an important factor
affecting Fe desorption from catalysts during actual ORR
operations, which will be discussed later.

Our above analysis has adequately demonstrated that the
nitrogen protonation easily occurs on the pyrrolic-type N rather
than the pyridinic-type N, which is a key factor that has not been
revealed in previous studies. How does the adsorption of H
affect the transformation of the pyrrolic-type FeN, structure
during ORR? The N protonation would weaken the binding
strength between Fe and the substrate, which is expected to
promote the leaching process of Fe atom. To verify this
assumption, we re-evaluated the kinetic barrier of the Fe
leaching from the pyrrolic-type FeN, surface, where one and
two N sites are adsorbed by H. The criterion for the end of this
reaction is that the N-H bond length reaches 1.08 A and the
0-H bond length reaches 1.80 A. Upon adsorption of one H, an
activation barrier of 4.36 €V and 4.22 eV is respectively obtained
for Fe leaching at 0.7 V and 1.2 V (Fig. 4a), where the Fe atom is
completely detached from the surface, dissolved in the aqueous
solution. Under the adsorption of 2H, the Fe center of pyrrolic-
type FeN, would spontaneously adsorb one OH species along
with the breaking of two Fe-N bonds under 0.7 V and 1.2 V. In
this case, the Fe leaching becomes much easier and the acti-
vation barrier is dramatically reduced to 1.56 eV at 0.7 V and
1.12 eV at 1.2 V (Fig. 4b). Fig. S101 shows the corresponding

— pyrrolic-type FeN,-N-H-explicit-0.7V
5 — pyrrolic-type FeN,-N-H-explicit-1.2V

T T
0.0 0.5 1.0 1.5 2.0 25
Time(ps)

Fig. 4
12V,
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dynamic evolution of bond length of Fe-N(x) (x =1, 2, 3 and 4).
Compared with the Fe leaching barrier in pure pyrrolic-type
FeN, surface (7.45 eV), the adsorption of H at the N site
significantly promotes the leaching of Fe atom. For comparison,
we also examined the kinetics of Fe leaching in pyridinic-type
FeN, with H adsorption at the Fe site, an activation barrier of
4.25 eV and 1.71 eV is respectively obtained at 0.7 Vand 1.2 V
(Fig. S117). This indicates that protonation at the Fe site can
also significantly facilitate the Fe leaching in the pyridinic type
FeN, system, yet the kinetic barrier is comparatively much
higher compared with the protonated pyrrolic-type FeN, with
adsorption of two H atoms.

In addition to the protonation on the N site, the oxygen
adsorbates also have an important effect on the stability of Fe
atom. We found that the presence of oxygen-containing species
at the Fe active center coupled with the protonation effect at
the N site play a synergistic effect to facilitate the Fe leaching
process. As shown in Fig. 5, when only one N site is protonated,
the kinetic activation barrier for Fe leaching can be further
reduced to 3.75 eV (2.66 eV) and 2.99 eV (2.03 eV) at potential of
0.7 V (1.2 V) when the Fe site is adsorbed with O, and OH*
intermediates. The dynamic evolution of bond length of Fe-N(x)
(x = 1, 2, 3 and 4) are shown in Fig. S12a-d.t When two
adjacent N sites are protonated, the adsorption of O, species at
the Fe site leads to significantly reduced barrier of 1.3 eVat 0.7 V
and 0.9 eV at 1.2 V, which means that the leaching of Fe
becomes very favorable and the dissolution reaction can easily
take place under mild conditions. Fig. S12e and f} show the
dynamic evolution of bond length of Fe-N(x) (x =1, 2, 3 and 4),
indicating that the pyrrolic Fe-N-C catalyst spontaneously
leaches from the surface in a short time (~1.25 ps) under the
condition of 2H coadsorption on N and O, coadsorption on Fe.
Therefore, our results demonstrate that the facile N protonation
dictates the intrinsic instability of pyrrolic-type FeN, structure,
while the attachment of oxygen-containing species during
realistic ORR process further promotes the leaching dynamics
of active Fe atom.

To get deeper insight into the bonding interactions, we
performed calculations on the projected crystal orbital

25

— pyrrolic-type FeN,-2N-2H-explicit-0.7V
—— pyrrolic-type FeN,-2N-2H-explicit-1.2V

204

Time(ps)

The free energy profiles during Fe leaching process in pyrrolic-type FeN4—N—-H (a) and pyrrolic-type FeN4—2N-2H (b) at Ugg = 0.7 V and
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Fig. 5 The free energy profiles during Fe leaching process in pyrrolic-type FeN4—N-H-Fe-0O, (a), pyrrolic-type FeN4—N-H-Fe—-OH (b) and

pyrrolic-type FeNg4—2N-2H-Fe-0O, (c) at Ugpe = 0.7V and 1.2 V.

Hamilton population (pCOHP)*** to assess the bond strength
between the central iron atom and the nitrogen atom in various
configurations (Fig. 6a): pyridinic-type FeN,, pyrrolic-type FeN,
(pyrrolic-type N), pyrrolic-type FeN,~N-H with one N proton-
ation, and pyrrolic-type FeN,-2N-2H with two N protonation.
The pCOHP analysis provides valuable insights into the
bonding characteristics.®® Moreover, the integrated pCOHP
(IpCOHP) offers quantitative information on the bond strength.
Notably, we observed that the central iron atom in the bare
pyridinic-type FeN, exhibits the strongest Fe-N bonding, with
an IpCOHP value of —1.31 eV. This is followed by pyrrolic-type
FeN, (—0.99 eV), pyrrolic-type FeN,-N-H (—0.55 eV), and

pyrrolic-type FeN,~2N-2H (—0.37 eV). These findings suggest
the weaker pyrrolic-type Fe-N bond than the pyridinic-type Fe—
N bond and the further stepwise weakening of the pyrrolic-type
Fe-N bond with N protonation, resulting in the transition from
unfavorable to favorable leaching of the Fe atom as the number
of adsorbed H increases, consistent with our above dynamic
results. Additionally, the IpCOHP values for the N-H bond in
pyrrolic-type FeN,-N-H and pyrrolic-type FeN,-2N-2H are
calculated to be —3.40 eV and —3.51 eV (Fig. S137), respectively,
indicating the formation of stabilized N-H bond. Especially,
analysis via the Electron Localization Function (ELF)** reveals
a significant alteration in the electron delocalization within the

(a) 10 10
1pyridinic-type FeN, pyrrolic-type 1 pyrrolic-type 1 pyrrolic-type
81 8 1 FeN, IpCOHP 7 FeN,-N-H IpCOHP 7 FeN,-2N-2H IpCOHP
6 6 o (Fe-N1) i (Fe-N1)
1 0.55eV =-0.37eV
44 4 . g
< 2 2 . .
Lol QIBA g T 208A ] el 224A | 2.39A
o ] I L
w | 4 4
4] ] ]
64 4 4
A8 4 4
10‘ Anti-bonding bonding 10 Anti-bonding bonding Anti-bonding bonding 1 Anti-bonding bonding
- T T T T T - T T T T T T T T T
-20-15 -1.0 -05 0.0 -0.5 -1.0 -1.0 -05 00 -05 -10 -1.0 -05 00 -05 -1.0 -1.0 -05 00 -05 -1.0
-pCOHP -pCOHP

pyridinic-type FeN,

pyrrolic-type FeN,

Fig. 6

pyrrolic-type FeN,-N-H

pyrrolic-type FeN,-2N-2H

(a) Projected crystal orbital Hamilton population (pCOHP) between the central iron atom and the nitrogen atom as changes occur in N-

type and hydrogen adsorption. The related IpCOHP values (depicted in black) and Fe—N bond lengths (depicted in red) are displayed in the
diagrams. (b) The electron localization function for Fe—=N—-C as changes occur in N-type and hydrogen adsorption.
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FeN, complex, particularly within a defined area (herein
referred to as the “white circle”, Fig. 6b). This change is notably
instigated by the presence of pyrrole N within the structure,
which appears to reduce the delocalization. The impact is even
more profound upon the adsorption of H, which leads to
a further reduction in electron delocalization within the FeN,
complex. These findings suggest that the pyrrole N and the
adsorbed hydrogen exert a significant influence on the elec-
tronic structure and, in turn, the reactivity of the FeN, complex.
Hence, the adsorption of H with pyrrolic-type N plays a crucial
role as a driving force in the leaching of the Fe single atom from
the Fe-N-C catalyst surface.

4. Conclusions

The FeN, catalyst is a good alternative to platinum based cata-
lysts for ORR in fuel cells, but the major problem of this catalyst
is its poor long-term stability in acid medium. The pyrrolic-type
FeN, has been experimentally demonstrated to be much more
active for ORR than the pyridinic-type counterpart, however, the
stability of the pyrrolic-type FeN, structure is much inferior. The
origin of the deactivation process remains thus far a mystery. In
this work, we have systematically examined the dynamic
stability of FeN, catalysts under the acid ORR working condi-
tions, with a particular focus on the impact of pyridinic-type
and pyrrolic-type nitrogen in the Fe-N-C catalysts. Our find-
ings revealed that the pyrrolic nitrogen of FeN, can be easily
protonated, while conversely, the pyridinic-type FeN, prefers
the protonation at the Fe site instead. The protonation at the N
site plays the key role for the facile leaching of Fe single atom in
pyrrolic-type FeNy, with a lower kinetic barrier of Fe leaching as
the number of adsorbed H increases. In addition to the
protonation effect at the pyrrolic N site, the presence of oxygen
intermediates at the Fe site also has an important effect on the
kinetics of Fe leaching, which work synergistically to promote
conversion of iron atoms (Fe-N,) into ferric oxide, and the more
positive the working potential, the lower the kinetic barrier.
These observations contribute to a fundamental understanding
of the structural evolution of pyrrolic-type FeN, catalysts under
operating conditions. This knowledge would inform the future
rational design and optimization of Fe-N-C catalysts for better
performance and durability in various electrochemical
applications.
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