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Pyrolyzed Fe—N—-C materials are cost-effective alternatives to Pt for the acidic oxygen reduction reaction
(ORR), yet the atomic and electronic structures of their active centers remain poorly understood. Operando
spectroscopic studies have identified potential-induced reversible Fe—N switching in the FeN, active
centers of D1 type, which provides a unique opportunity to decode their atomic structures, but the
mechanism driving this behavior has been elusive. Herein, using constant-potential ab initio molecular
dynamics (CP-AIMD), we reveal that pyridinic FeN, sites transit reversibly between planar OH*—Fe3*N,
and out-of-plane H,O*—Fe?*N, configurations at 0.8 V, mirroring the experimental Fe—N switching
phenomenon. This shift arises from a spin-state transition: intermediate-spin Fe** (S = 3/2) converts to
high-spin Fe?* (S = 2) as potential decreases, driven by the pseudo Jahn-Teller effect and strong H,O
binding on the high-spin Fe?* center. Additionally, a metastable 2H,O*-Fe*>*N, configuration exists,
acting as a transitional state during the reversible switching process. Calculated X-ray absorption and
M&ssbauer spectra based on CP-AIMD align closely with experimental data, bridging the theoretical
predictions and experimental observations. Crucially, this dynamic Fe—N switching is unique to pyridinic
FeN4 sites, challenging the long-held assumption that D1 sites are pyrrolic FeN4. This study clarifies the
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1 Introduction

Iron and nitrogen co-doped carbon (Fe-N-C) catalysts have
emerged as promising platinum-free electrocatalysts for the
oxygen reduction reaction (ORR) in proton exchange membrane
fuel cells, primarily due to their atomically dispersed FeN,
active sites.'” Despite their notable ORR activity, the practical
application of these catalysts is hindered by insufficient activity
and durability under operational conditions.® To address these
limitations, a precise understanding of the active site structure
is essential, yet it remains elusive. Experimental efforts have
focused on employing operando characterization techniques,
such as X-ray absorption spectroscopy (XAS) and Mossbauer
spectroscopy (MS), to investigate the atomic and electronic
structures of these active sites. Under operando conditions, FeN,
centers often exhibit potential-dependent structural and elec-
tronic evolution, offering insights into their dynamic behavior.
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Nevertheless, deciphering the complex interplay between
applied potential, structural dynamics, and spin-state transi-
tions—and correlating these behaviors with specific FeN,
structures—remains a significant challenge due to inherent
complexities and the lack of a robust theoretical framework.””

Spectroscopic investigations have started to shed light on
these complexities. In situ X-ray absorption spectroscopy (XAS)
studies demonstrated reversible structural switching between
out-of-plane Fe*'N, and planar O,-Fe*'N, configurations,’*!
which correspond to the D1 state observed in Mossbauer
spectra. Specifically, the out-of-plane displacement of Fe in the
D1 sites occurs during the decrease in potential when Fe’* is
reduced to Fe**. The behavior contrasts with the typical out-of-
plane displacement expected in OH*-Fe**N,, where OH*
adsorption induces a pulling effect on the Fe center. Distinctly,
the coexisting D2 state exhibited no potential-dependent
structural changes. Notably, the dynamic switching behavior
of D1 sites is proposed to be a key factor underlying their
intrinsically high ORR activity compared to the static D2
sites.>"* This is attributed to the in-plane movement of the D1
site upon its oxidation to Fe’*, which significantly mitigates the
overly strong Fe-O binding energy that is otherwise detrimental
to ORR activity.

A recent operando Mdssbauer spectroscopic study by Li et al.
revealed that the D1 sites can reversibly transit between a low-
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potential (D1L) and a high-potential (D1H) state, while further
confirming the static nature of the D2 sites.® By combining
experimental observations with theoretical calculations of
Mossbauer parameters, the D1 site was assigned to FeN, centers
with pyrrolic nitrogen coordination. The reversible potential-
dependent transition between D1L and D1H was attributed to
a redox-driven process involving high-spin Fe*'N, (S = 2) and
high-spin OH*-Fe*'N, (S = 5/2) states. Importantly, the study
highlighted that the dynamic D1 site, despite exhibiting high
ORR activity, is significantly less stable under ORR operational
conditions compared to the static D2 site.

There is a growing consensus that the D1 site undergoes
potential-driven structural and spin-state transitions, while the
D2 site remains relatively static under operando conditions.
However, the precise structural assignments of the D1 and D2
active sites remain a subject of debate. Herranz's time-resolved
XAS study suggested that porphyrin-derived Fe-N-C catalysts
undergo planarization upon potential reduction, whereas MOF-
derived catalysts exhibit ligand loss and symmetry breaking
below 0.5 V, likely due to out-of-plane displacement of the Fe
center.” A plausible hypothesis for the active site structure in
porphyrin-derived Fe-N-C catalysts is the pyrrolic FeN, config-
uration, given the inherent atomic structure of the porphyrin
molecule. However, the relatively static behavior of porphyrin-
derived Fe-N-C catalysts contrasts with the dynamic charac-
teristics of D1 sites, which align more closely with the behavior
observed in MOF-derived catalysts. Furthermore, a recent study
utilizing molecular model catalysts with well-defined structures
demonstrated that a pyridinic FeN, macrocycle molecule
((phen,N,)Fe) more accurately mimics the active sites of pyro-
lyzed Fe-N-C catalysts compared to pyrrolic iron phthalocya-
nine (FePc) or iron octaethylporphyrin (FeOEP) molecules.*

The key to unambiguously assigning the active site struc-
tures of Fe-N-C catalysts lies in deciphering the potential-
induced dynamic behavior of FeN, centers at an atomic level.
Density functional theory (DFT) has provided initial insights
into the potential-driven structural and spin transitions of
pyridinic FeN, sites."*™” Our previous constant-potential DFT
study revealed a potential-dependent spin
(intermediate-spin Fe>* < high-spin Fe**) near 0.5 V, accom-
panied by an out-of-plane displacement of the Fe atom.'*
Additionally, our calculations demonstrated that high-spin
pyridinic FeN, sites bind oxygenated species more strongly
than their intermediate- or low-spin counterparts, aligning with
experimental observations.'*® These findings underscore the
significant role of spin effects in determining the oxygen
reduction reaction (ORR) activity of Fe-N-C catalysts. However,
these static calculations, which rely on implicit solvent models,
fall short in adequately capturing solvent effects and the
dynamic behavior at electrified electrode/electrolyte inter-
faces—a critical limitation highlighted by recent ab initio
molecular dynamics (AIMD) studies of such interfaces.*>**

The intriguing and distinctive potential-induced dynamic
behavior of FeN, active centers has motivated us to employ
constant-potential ab initio molecular dynamics (CP-AIMD)
simulations to model the Fe-N-C/electrolyte interface with
explicit solvent. This approach aims to -elucidate the

crossover
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experimentally observed potential-driven structural and spin
transitions in Fe-N-C catalysts, which could significantly
advance the identification of active site structures. In this study,
by simulating the pyridinic FeN,/water interface across
a potential range of 0-1.0 V, we identify two distinct regimes: (1)
below 0.8 V, water adsorption stabilizes non-planar high-spin
(HS) H,0*-Fe**N, complexes (S = 2); (2) above 0.8 V, oxida-
tion leads to planar intermediate-spin (IS) OH*-Fe*'N, config-
urations (S = 3/2). These opposite Fe-N switching behaviors
(termed “opposite” because the out-of-plane FeN, configuration
is typically expected for OH*-Fe*'N, due to OH* adsorption-
induced pulling) align well with experimental observations.®
Furthermore, we validate our theoretical findings by simulating
potential-dependent XAS and MS quadrupole splitting energies
based on CP-AIMD trajectories, quantitatively reproducing
experimental spectral features in operando conditions. Since the
dynamic behavior is distinctly exhibited in the pyridinic FeN,
site rather than in the pyrrolic FeN, site, we tentatively assign
the D1 site, with its potential-induced spin crossover and
structural dynamics, to the pyridinic FeN, structure. Our find-
ings provide new insights into the long-standing debates
surrounding the dynamics of the D1 site and its structural
assignment, establishing a robust mechanistic foundation for
the active site engineering of Fe-N-C catalysts.

2 Computational methods

Spin-polarized DFT calculations were conducted using the
Vienna Ab Initio Simulation Package (VASP).>® The electron-ion
interactions were modeled with projector augmented-wave
(PAW) potentials, and the Perdew-Burke-Ernzerhof (PBE)
exchange-correlation functional was utilized. A plane-wave
basis set with a cutoff energy of 400 eV was adopted. Brillouin
zone sampling was performed on a 3 x 3 x 1 I'-centered k-point
mesh. For Fe's 3d orbitals, to mitigate self-interaction errors, we
applied the DFT + U method,* assigning an effective Hubbard U
parameter (Uesr) of 3.29 eV. This value accurately reflected the
relative stability of various spin states in Fe*'N, and OH*-
Fe’'N, complexes as determined by hybrid functionals like
PBEO and HSE06.** Structural optimizations required atomic
forces to converge below 0.05 eV A™*. We achieved different spin
configurations of Fe ions within Fe-N-C catalysts by custom-
izing the occupation matrix of the 3d orbitals using the occu-
pation matrix control plugin.*® Following initial structural
relaxation under these constraints, further optimization pro-
ceeded without them to achieve full optimization at the desired
spin state. Electron population analysis around Fe ions used
Bader charge decomposition.**

For simulating electrode/electrolyte interfaces at constant
potential, our computational framework for electronically
grand-canonical ensemble automatically adjusted the number
of electrons in the system to match the target electrode poten-
tial, thereby maintaining the electronic chemical potential (u.).
The electric potential (U) relative to the standard hydrogen
electrode (SHE) was calculated from U = —4.6 V — &,/e, where
—4.6 V is the SHE potential and —@, represents the work
function for the system doped with charge q.

Chem. Sci., 2025, 16, 14894-14904 | 14895
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Structural dynamics simulations at constant potential
employed CP-AIMD methods under u.NVT conditions, similar
to the approach developed by Liu et al.**** Temperature control
was achieved through a Nose-Hoover thermostat set at 298 K.
Time integration was carried out with a time-step of 1 fs for
a total of at least 15 ps to ensure equilibrium. Adjustments to
the number of electrons occurred every five steps to maintain
the target potential. To reduce computational load, a single I'-
point was utilized for the Brillouin zone sampling during AIMD
simulations. The interfacial environment of the pyridinic FeN,
system was simulated at a series of potentials: 0, 0.2, 0.4, 0.6,
0.8, and 1.0 V. For comparison, CP-AIMD simulations of the
pyrrolic FeN, system were conducted at two representative
potentials: low (0.2 V) and high (1.0 V).

The Fe-N-C electrode was represented by a p(5 x 3) rectan-
gular graphene sheet with six carbon atoms substituted by an
FeN, moiety. An explicit solvent layer of 72 water molecules at
a density of 1 g cm ™ was positioned above the electrode, topped
by an implicit solvent region modeled using the linear polarizable
continuum approach in VASPsol*>* for bulk water. To systemat-
ically assess the limited influence of Fe site density on potential-
dependent observables, we constructed additional models with
higher and lower Fe densities relative to the original p(5 x 3)
model. A detailed analysis is provided in ESI Fig. S1.}

Simulated Fe K-edge XAS spectra were derived from CP-
AIMD trajectories at various potentials. After equilibration for
10 ps, at least 500 independent snapshots were averaged for XAS
calculations. X-ray absorption near-edge structure (XANES) of
Fe K-edge was simulated using the FDMNES software.**
Extended X-ray absorption fine structure (EXAFS) simulations of
Fe K-edge included multiple scattering paths within a 4.0 A
radius around the photo-absorbing Fe atom were considered
and their phase shifts, amplitudes, and mean-free paths were
calculated with FEFF6-lite.** Amplitude reduction factor S,> and
energy origin correction AE, were set to 0.88 and 2.90 eV,
respectively. Fourier transformation of the k>-weighted EXAFS
data produced R-space spectra over the k-range of 2.0-8.0 A™*,
The method has been successfully employed to simulate EXAFS
of nanoparticles and single-atom catalyst.***°

(a)

9, (V)

Constant p, during the MD process

Fig. 1
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The quadruple splitting energy (AEqs) was computed by
considering the coupling between the nuclear quadrupole
moment (Q) of the >’Fe nucleus and the principal components
Vi (i = x,, 2) of the electric field gradient (EFG) tensor using the

equation®®
1 7
AEqQs = = A1+ =
os = 5eQVe\[ T4 =

where e is the electron charge, and 7 is the asymmetry param-
eter, which is calculated as 7 = (Vi — V})/Vz, Where |V, = |V
= V. The nuclear quadrupole moment, Q, for the J = 3/2 state
is set to 0.1 barn.

3 Results and discussion
3.1 Convergence of CP-AIMD simulations

We performed CP-AIMD simulations on the electrochemical Fe-
N-C/H,O0 interface with a pyridinic FeN, site at various applied
potentials: 0.0, 0.2, 0.4, 0.6, 0.8, and 1.0 Vvs. SHE. An illustrative
atomic configuration from these simulations is presented in
Fig. 1a. Superimposed on the atomic model in Fig. 1a is the
plane-averaged local electrostatic potential profile along the z-
axis (¢,). The ¢, stabilizes in the implicit solvation region,
allowing us to use it as an energy reference for the calculation of
the work function, —®,, which is used to determine the system's
potential level relative to the SHE. As demonstrated in Fig. 1b,
our CP-AIMD simulations achieved proper convergence to the
intended applied potentials. The simulated potentials fluctuate
within approximately +0.1 V of the target values, primarily due
to the orientational dynamics of polar water molecules. On
a macroscopic scale, however, the time-averaged potential
remains stable over the entire simulation. Moreover, the surface
charge density (o), calculated as the total surface charge divided
by the surface area, also reached a stable state at each simulated
potential (see Fig. 1c). The electronically grand canonical free
energy of the system also showed similar convergence (see ESI
Fig. S21). Due to the weak intermolecular interactions of H,0
and the complex electrode/electrolyte interface, extended
simulation times are typically required to achieve full

o

JUE
Wi A b

3

6000 9000 12000 15000 18000 21000
Simulation Time (fs)

0 3000

(a) Side view of the electrochemical Fe—-N—-C/H,O interface used in the CP-AIMD simulations. The superimposed green curve represents

the profile of the xy-plane averaged electrostatic potential. (b) Evolution of the simulated electrode potential vs. SHE. (c) Evolution of surface

charge density of the electrode.
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convergence in Fe-N-C/H,O systems.*"** However, given the
significant computational cost of CP-AIMD simulations, we
employ relatively shorter trajectories (15 to 20 ps) while vali-
dating our findings through static calculations and comparison
with experimental spectroscopic data.

3.2 Potential-induced interfacial solvent reorientation

The interfacial water molecules adjust their orientations in
response to changes in the surface charge density at varying
applied potentials. To explore how the orientation of these
water molecules evolves, we analyzed the distributions of two
angles—« and @—for describing the orientation of water
molecules. Their definitions are visually illustrated in Fig. 2a
and detailed in the corresponding caption. Specifically, we
evaluated « and @ for interfacial water molecules located within
3.8 A from the graphene plane, as depicted in Fig. 2a.

Our findings indicate that as the applied potential increases,
the average o angle decreases, suggesting that H-up water
molecules become more prevalent at higher voltages. This shift
occurs because of the attractive electrostatic interactions
between the increasingly positively charged surface and the
negatively charged oxygen atoms of the water molecules. Addi-
tionally, the 8 angles tend to split into two prominent peaks
around 25° and 85° with increasing potential, indicating that
one O-H bond aligns closely with the surface normal direction
while the other tilts away.

To further analyze the orientation of interfacial water
molecules, we categorized them into six groups based on
combinations of « and g values. Their definitions are visually
illustrated in Fig. 2b and detailed in the corresponding caption.

(a) ov L & vip
02v o /‘/A\\
6.4V

@
2 |
5 |06V
S
3
ﬁ /
a [08V,
1V \

T T T T T
160 0 40 80 120 160
Angle (°)

T T T
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Angle (°)

Fig. 2

View Article Online

Chemical Science

The population distribution among these six orientation groups
shifts with the applied potential, as shown in Fig. 2b. At lower
potentials, the PP orientation—where both O-H bonds lie
parallel to the surface—is predominant. However, at higher
potentials (>0.4 V), the PU orientation becomes more common,
with one O-H bond aligns with the surface normal and the
other tilts away. The schematic illustration in the bottom panel
of Fig. 2b visually represents this solvent reorientation driven by
potential changes.

3.3 Potential-driven transitions of pyridinic FeN,

We further investigated the structural and spin-state trans-
formations of pyridinic FeN, active sites under varying poten-
tials. In CP-AIMD simulations, initially the Fe*'N, sites were set
to an IS state, characterized by a d-orbital occupation of
(diy)°(dxz)'(d22)'(dy2)*(ds>—y2)*. Our previous research has estab-
lished this IS state as the ground state under potential of zero
charge (PZC) conditions. Under constant-potential conditions
with implicit solvation, however, a HS state—with a d-orbital
occupation of (dyy)'(dy)"(dz2)*(dy,)"(ds—?)'—exhibits compa-
rable stability, particularly at higher potentials. Nonetheless,
the IS state remains more stable. ESI Fig. S3} offers additional
details into the IS state and the relative stability of the IS and HS
states.

During CP-AIMD simulations with explicit water solvent, the
IS state of the Fe*'N, center is observed to be transient.
Specifically, at applied potentials ranging from 0 to 0.6 V,
a water molecule from the solvent approaches and adsorbs onto
the iron site, leading to the formation of a penta-coordinated
H,0*-FeN, structure. The adsorption process can be tracked

(b) 0.30 =
025}
& Bl S o
020} = q © b "
S DD PD DU PP PU UU
§0.15}
S )
£ 010}
0.05 -
000 ®
0.0 02 0.4 06 0.8 10
UISHE (V)

A A A

Electrode

Potential
oV I

(a) Distribution of & and 8 angles of the interfacial water molecules as a function of applied potential. « angle: this is defined as the angle

between the bisector of the water molecule's O—H bonds and the surface normal. A smaller « angle signifies an H-up configuration, while a larger
a suggests an H-down configuration. 8 angle: this measures the alignment of the O—H bond with respect to the surface normal vector. Each
water molecule has two (8 angles corresponding to its two O-H bonds, denoted as 81 and B,. (b) The potential-dependent population of six
orientation categories of the interfacial water molecules. A schematic plot is shown in the bottom panel for the potential-dependent change in
the orientation of interfacial water molecules (bottom panel). DD (down—-down): 170° < a < 180° and 117° < 8 < 137°. PD (parallel-down): 113° <
a < 153°, 37° < 8 < 57° DU (down-up): 80° < a < 100° and 37° < 8 < 57°. PP (parallel-parallel): 80° < « < 100° and 80° < 8 < 100°. PU (parallel-up):
27° < a < 47° and 80° < # < 100°. UU (up—up): @ < 10° and 43° < 8 < 63°.
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by monitoring the reduction in the Fe-O bond length over time,
as shown in ESI Fig. S4.f Representative snapshots of the
atomic configuration at the FeN,/H,O interface under poten-
tials between 0 and 0.6 V are provided in Fig. 3b.

The spin transition of the Fe center consistently coincides
with the adsorption of water molecules. As illustrated in Fig. 3a,
the magnetization of the ferrous Fe®" (represented by the purple
curves), which reflects the difference between majority and
minority spins, evolves from the IS state (magnetization, m =
2ug) to a HS state (m = 4up). This HS state is characterized by
a d-orbital occupation of (dy)'(dy)'(dz)'(dy;)!(de—y2)>. The
detailed Fe 3d orbital occupations at various potentials are
presented in ESI Table S1.f The projected density of states
(PDOS) for the 3d orbitals of the Fe active center are depicted in
Fig. 3b. Upon transitioning to the HS state, the Fe atom expe-
riences an out-of-plane displacement, as evidenced by the
significant increase in its z-coordinate, shown by the orange
curves in Fig. 3a. This out-of-plane displacement is a hallmark
of the HS of the pyridinic FeN, center, as previously demon-
strated in our research.™

The out-of-plane HS state of the ferrous Fe** center, observed
in CP-AIMD simulations within the potential range of 0.0-0.6 V,
is stabilized against the in-plane IS state through water
adsorption on the Fe site. To investigate this stabilization effect,
we decomposed the water-adsorption-induced IS-to-HS transi-
tion into two subprocesses: the IS-to-HS transition under
implicit solvation conditions and the subsequent water
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adsorption on the HS Fe center. The energies associated with
these subprocesses are denoted as AE; and AE,, respectively,
with their sum (AE; + AE,) representing the overall driving force
for the water-adsorption-induced IS-to-HS transition.

As shown in Fig. 4b, AE, is positive at approximately 0.15 eV,
reflecting the unfavorable nature of the IS-to-HS transition in
the absence of water adsorption under implicit solvation.
Although AE; is positive, the out-of-plane displacement of the
Fe center is electronically facilitated by the pseudo Jahn-Teller
effect, which gains addition Fe-N covalency by breaking the
square-planar symmetry of the FeN, center. Specifically, in the
in-plane FeN, configuration, there is zero interaction between
Fe-d,» and N-p, because of orbital orthogonality as evidenced by
the projected and integrated Crystal Orbital Hamilton Pop-
ulations (pCOHP and ICOHP) shown in Fig. 4a. In the out-of-
plane configuration, nonzero overlap between Fe-d,- and N-p,
is evident (—ICOHP = 0.30 eV) as shown in Fig. 4a. However,
this energy barrier of IS-to-HS transition (AE;) is significantly
offset by the strong binding of water to the HS Fe center, as
indicated by the negative AE, value of about —0.6 eV. Conse-
quently, the total energy change (AE; + AE,) is negative, indi-
cating that the transition from a bare IS state to a water-
adsorbed HS Fe®'N, structure is energetically favorable.
Furthermore, the adsorption energy of water on the IS Fe center
(AE3), also depicted in Fig. 4b, is positive, which suggests that
water adsorption does not stabilize the IS state, thus excluding
the possibility of a water stabilized IS configuration. The strong

Q0 I.().Z /%41/0.6 VA e 1 ‘ "ngxy 4

> U r > | dy
Py p R é = )Jn__,l . v _'_
" k ® ‘.-:; : dz +
- Qr g |l Sl
=~ ,,lL, ‘ d"z‘yz _ti_

o= 08V .“’ l dxy
s v » d b AM“’V v"d s =
Eage b g s
| 4 T | ikis
g & - b é Al dal 4
A o

0.8/1.0V | q,
A Pl r— = —
; - :éf*‘“h“*‘l - e 4
‘ “‘ :.g d, _'_

o est T8 B
E ~--1] -k

8 6 4 2 0 2 4

Energy (eV)

Fig. 3 CP-AIMD simulations of pyridinic FeN4/H,O interface. (a) Evolution of Fe magnetization (purple curve) and height of the Fe atom above
the graphene plane (orange curve). (b) Representative structures of the Fe—N—-C/H,0O interface and the PDOS of the corresponding Fe atom and

the orbital occupancy from the CP-AIMD simulations at potentials.
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(a) Crystal orbital Hamilton population (COHP) and integrated COHP (ICOHP) between Fe-d,2 and N-p, orbitals of in-plane and out-of-

plane FeN,4 configurations. Insets show the corresponding orbital overlaps. (b) Energies related to the water-adsorption induced spin transitions
as a function of applied potential. (c) Energy difference between IS and HS OH*-FeNy4 as a function of H-O distance. (d) Magnetization and net

electron of the O atom in OH* as a function of H-O distance.

water adsorption on the HS Fe center could be attributed to the
out-of-plane configuration, which promotes the hybridization
between Fe 3d,- and O 2p, orbitals.

To ensure the reliability of the observed potential-induced
spin and structural transitions and to prevent CP-AIMD simu-
lations from being trapped in local minima, we conducted
additional CP-AIMD simulations that last for 15 ps at potentials
of 0 and 0.4 V, starting from the HS state. These extended
simulations confirm that the HS H,O*-FeN, structure is the
equilibrium state at these potentials. Further details are
provided in ESI Fig. S5.F

At 0.8 V, the Fe atom sequentially binds with two water
molecules during the simulation: the first binding occurs at
approximately 0.5 ps, followed by a second binding around 2.6
ps, leading to the formation of a hexa-coordinated 2H,0*-FeN,
structure, as illustrated in Fig. 3b. The out-of-plane displace-
ment of the Fe atom is pronounced and exceeds that observed
for the HS state at lower potentials.

Based on the PDOS of the Fe 3d orbitals shown in Fig. 3b and
the Fe magnetization of 4.5uy depicted in Fig. 3a, the occupancy
of the Fe 3d orbitals can be approximated as
(diy)'(dx2)'(d2)"*(d}2)"(dse—y2)". This orbital configuration indi-
cates a HS state with fewer than six electrons in the Fe 3d
orbitals, suggesting an oxidation state intermediate between
Fe** and Fe**, indicative of the beginning of Fe?"** redox.

At approximately 16 ps, desorption of a water molecule from
the Fe site triggers a transition from the 2H,0*-Fe>*'N,
configuration to an H,0*-Fe>"N, structure. The PDOS for the Fe

© 2025 The Author(s). Published by the Royal Society of Chemistry

3d orbitals (Fig. 3b) reveals a five-electron configuration of
(diy)°(dxz)"(d22)'(dy2) " (ds2—y2)?, corresponding to an IS state of
Fe’". This transition induces the in-plane movement of the Fe
atom (Fig. 3a).

To rationalize these observations, we conducted static
calculations (ESI Fig. S61) to assess the thermodynamics of
water adsorption/desorption at the Fe center. Our results reveal
that the first H,O molecule binds strongly to the Fe site with
a binding energy of about —1.0 eV, while the second binds more
weakly (~—0.5 eV in binding energy). When accounting for the
entropy of a free water molecule (~0.67 eV at 300 K), the second
H,O adsorption becomes metastable, which is consistent with
the occasional appearance of a magnetic configuration with an
Fe magnetization of 4.5up observed at 0 to 0.6 V in Fig. 3a. This
indicates that the 2H,0*-Fe>**N, configuration is unlikely to
remain stable over extended periods, whereas the H,O*-Fe?'N,
structure remains the most stable and dominant configuration
at low potentials. These results indicate that the Fe**/Fe*” redox
transition occurs around ~0.8 V, with the HS 2H,0*-Fe?*°'N,
configuration representing a transient state.

At 1V, the Fe center retains the IS (S = 3/2) spin state and in-
plane geometry observed at 0.8 V (Fig. 3a). Notably, the adsor-
bed H,O* is deprotonated to form an OH* group bound to the
FeN, center (Fig. 3b), further supporting the conclusion that the
Fe®/Fe*" redox transition occurs near 0.8 V.

To verify the transitions in both spin and oxidation states,
additional CP-AIMD simulations were conducted starting from
the HS state of OH*-Fe>'N,. These simulations confirm that the

Chem. Sci., 2025, 16, 14894-14904 | 14899
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HS Fe®" state is not stable at 1 V. Instead, it spontaneously
transitions to the IS state shortly after the simulation begins, as
detailed in ESI Fig. S7.t This finding underscores the stability of
the IS state of Fe** under electrochemical conditions at 1 V.

However, previous work employing static implicit solvent
models predict the HS state of OH*-Fe*'N, is more favorable
than the IS state (see ESI Fig. S87)."* The CP-AIMD simulation
with only implicit solvation also confirms the initial IS state
transits to the HS state shortly after the beginning of the
simulation (see ESI Fig. S9t). The discrepancy between implicit
and explicit solvation models suggest that implicit solvent
models may inadequately capture solvation effects on the active
center, leading to erroneous prediction of the stable spin state
under electrochemical environment.

To investigate the origin of this discrepancy, we employed
a model system consisting of OH*-FeN,, one H,O molecule,
and a Zundel Hs0," proton. In this model, we gradually reduced
the distance between the H;0," ion and the OH* group. As
shown in Fig. 4c, the energy difference between the IS and HS
states (AE™ ™) of OH*-FeN, decreases as the H-O distance
(between the H atom in H;0," and the O atom in *OH) shortens.
At a distance of 1.2 A, the IS state becomes energetically favor-
able, whereas beyond this distance, the HS state is more stable.

As the H-O distance decreases, the magnetization of the O
atom in OH* decreases from 0.21 to 0.13up, indicating a tran-
sition from an OH" radical-like species to a close-to-OH ™ species
(see Fig. 4d). Correspondingly, a greater negative charge accu-
mulates on the OH* group (see Fig. 4d). These results suggest
that in the fully solvated interface of the CP-AIMD simulations,
OH* is more likely to exist as an OH™ species, thereby stabi-
lizing the IS state of Fe**. The observed trend can be explained
by the difference in ligand field strength between OH™ and OH".

(b),.,
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OH, as a negatively charged ligand, is significantly stronger
than the charge-neutral OH" radical. This stronger ligand field
induces a larger splitting of the Fe 3d orbitals, thereby stabi-
lizing the IS state as compared to the HS.

To further validate this theory, we calculated the energy
difference between the IS and HS states (AE" ™) for Fe** using
H,0 and F~ as axial ligands on FeN,. Since H,O has a ligand
field strength comparable to OH ™, while F~ is weaker,* the
results show that H,0*-Fe®"N, stabilizes in the IS state, whereas
F -Fe*'N, prefers the HS state (see ESI Fig. S107). These find-
ings are consistent with our interpretation for the different
preferred spin states in OH*-FeN, with different solvation
models. Moreover, we observed that at 1.0 V, the axial ligand of
FeN, alternates between OH* and H,O (see ESI Fig. S117), while
Fe remains in the 3+ oxidation state. This dynamic ligand
exchange further rationalizes the stability of the IS state of Fe*.

3.4 Simulation of potential-dependent XAS

The CP-AIMD results discussed above demonstrate significant
potential-induced structural, oxidation state, and spin transi-
tions in the pyridinic FeN, center. To relate our computational
insights with experimental findings, we simulated potential-
dependent Fe K-edge XANES spectra using atomic configura-
tions from potential-dependent CP-AIMD  trajectories. The
method is validated by the simulation of XANES of iron
phthalocyanine (FePc) as shown in ESI Fig. S12.1 The obtained
XANES spectra (Fig. 5a) reveal a shift in the absorption edge to
lower energies as the potential decreases, indicative of a reduc-
tion in the average Fe oxidation state. This is consistent with the
decreased average Bader charge of Fe ion as the electrode
potential reduces (see Fig. 5b). The continuous reduction of the
Fe center at potentials lower than the Fe**"** redox potential of
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(a) Modeled potential-dependent XANES of the Fe K-edge. (b) Average Bader charge of the Fe ion as a function of applied potential. (c)

Experimental potential-dependent XANES of the Fe K-edge of the poly(N-vinylamine guanidine) (PVAG)—-Fe catalyst collected in oxygen-free
0.1 M HCLO4 electrolyte under in situ conditions. (d) Potential-dependent pair distribution function (PDF) of the Fe—N bonds. (e) Modeled
potential-dependent k2-weighted Fourier transformed EXAFS of the Fe K-edge. (f) Experimental potential-dependent EXAFS of the Fe K-edge of
the PVAG-Fe catalyst collected in oxygen-free 0.1 M HClO, electrolyte under in situ conditions. Experimental data in (e) and (f) are reproduced

from ref. 10.
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0.8 V results from the gradual disappearance of the HS Fe***
state with decreasing potential, as demonstrated in ESI
Fig. S13.f The white line intensity—a spectral feature corre-
sponding to 1s — 4p electronic transitions—increases at 1.0 V,
reflecting ligand environment changes associated with OH*-
Fe’*N, formation. These simulated spectral features align
closely with published experimental data (Fig. 5c).

Potential-induced structural changes in the FeN, center are
further quantified through Fe-N bond pair distribution func-
tion (PDF) analysis (Fig. 5d). At 0-0.6 V, the average Fe-N bond
length remains stable at ~2.07 A. However, at 0.8 V, bond
elongation to ~2.1 A occurs due to enhanced out-of-plane Fe
displacement following a second water adsorption. Addition-
ally, a second peak emerges in the PDF at ~1.95 A, attributed to
the reduced out-of-plane displacement during the transition
from HS Fe® to IS Fe®* at the later stage of the CP-AIMD
trajectory. By 1.0 V, the Fe-N bond remains at ~1.95 A.
Notably, the narrowing Fe-N bond distribution at this potential
reflects reduced thermal vibrational amplitudes, indicating
stronger Fe-N bonding due to the planar structure.

EXAFS simulations of the Fe K-edge (Fig. 5e) reflects these
structural trends. The k*weighted Fourier-transformed EXAFS
spectra show Fe-N peak shifts that mirror the PDF observations.
At 0.8 V, the coexistence of the out-of-plane 2H,0*-Fe>*'N,
configuration and the in-plane H,O*-Fe*'N, configuration
leads to a shift of the main Fe-N peak toward higher R values,
accompanied by the emergence of an additional peak at lower R
values. At 1.0 V, the peak shifts back to lower R values as out-of-
plane displacement decreases. The increased peak intensity
arises not from coordination changes but from a reduced
Debye-Waller factor of Fe-N bonds, signifying shorter, stronger
Fe-N bonds due to the reduced degree of out-of-plane
displacement. These simulated spectral features align closely
with published experimental data (Fig. 5f).

ESI Fig. S141 summarizes our current understanding of how
the geometric and electronic properties of pyridinic FeN, active
sites evolve with applied electrode potential, based on insights
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from CP-AIMD and XAS simulations. In the figure, we system-
atically compare experimental interpretations of these
potential-induced changes, including oxidation state redox,
spin-state transitions, and structural rearrangements against
our simulation results. The quantitative agreement reveals that
the potential-dependent XAS signatures could be attributed to
the IS OH*-Fe*'N, to HS H,0*-Fe?>'N, transition as the
potential decreases. This insight aligns with experimental
discussions previously reported by Jia and Mukerjee, and more
recently by Herranz et al.>'"*?

3.5 Potential-induced shifts in AEqg values

The quadruple splitting energy (AEqs) derived from °’Fe
Mossbauer spectroscopy serves as a prominent parameter for
determining oxidation and spin states of iron sites in experi-
ment. In this study, potential-dependent AEqs values were
computed through DFT calculations using CP-AIMD trajecto-
ries, enabling direct correlation with spectroscopic doublet
signals for precise Fe site assignment.

Fig. 6a displays the potential-dependent AEqg with error bars
calculated from 12 randomly chosen CP-AIMD snapshots after
equilibrium at each applied potential. The AEqg shifts from 1.30-
1.39 mm s~ ' to 2.23-2.40 mm s~ ' upon reducing the potential
from 0.8-1.0 V to 0.0-0.6 V. This transition corresponds to the in-
plane IS Fe*" to out-of-plane HS Fe®* conversion in the above
discussion. Experimentally, analogous potential-dependent AEqg
behavior has been observed in D1 states. Notably, Li et al. recently
reported AEqs values of ~2.0 mms " at0.2 Vand ~1.1 mms " at
0.8 V for D1 states,® which is quantitatively consistent with our
theoretical prediction.

Our CP-AIMD simulations reveal dynamic spin-state inter-
conversion at lower potentials (Fig. 3a). Two predominant
configurations emerge: (dy)"(dx)'(d2)'(d)) ' (de—y2)* (m = 4us)
and (dyy)'(dy)'(d22)"*(dy) ' (die—y?)! (m = 4.5uz), with the former
exhibiting higher prevalence at 0-0.6 V (ESI Fig. S13t). These
distinct spin states demonstrate significantly different AEqg
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of Fe center at 0.0-0.6, 0.8 and 1.0 V. (b) Calculated AEqs values two inter-convertible states at low potentials. The error bars represent the
standard deviation derived from 12 independent calculations at 0.4 V. The insets show the corresponding d-orbital occupancies and structures of

the two states.
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and the orbital occupancy from the CP-AIMD simulations at 0.2 (c) and 1 V (d).

values (Fig. 6b), i.e. 2.43 mm s~ for the 4uy state versus 1.39 mm
s~ for the 4.5u configuration.

3.6 Assignment of the D1 site

While previous experimental studies have ascribed the potential-
dependent in-plane/out-of-plane structural transitions (D1
signature) to FeN, centers with pyrrolic nitrogen coordina-
tion,***** our CP-AIMD simulations establish a distinct picture.
The structural switching phenomenon is uniquely associated with
pyridinic FeN, moieties, as demonstrated by quantitative agree-
ment with experimental XAS data and potential-dependent AEqs.

To further validate our findings, we conducted CP-AIMD
simulations of pyrrolic-N-coordinated FeN, centers at both low
(0.2 V) and high (1 V) potentials (Fig. 7). Similar to pyridinic-N
FeN,, these pyrrolic FeN, centers spontaneously adsorb water
molecules from the electrolyte. However, unlike their pyridinic
counterparts, the Fe sites maintain a near-in-plane configuration
after H,O adsorption. Representative interfacial configurations at
both potentials are shown in Fig. 7c and d.

Notably, the Fe sites preserve this in-plane geometry across
both potential regimes, as demonstrated by consistently low z-
coordinates relative to the graphene plane (orange curves in
Fig. 7a and b). Complementary static DFT calculations under
implicit solvation of various spin states of pyrrolic H,O*-FeN,
revealed no distortions in z direction (ESI Fig. S15t), corrobo-
rating our CP-AIMD observations. This structural rigidity of
pyrrolic FeN, stands in stark contrast to the significant struc-
tural rearrangements characteristic of experimental D1 sites,
highlighting fundamental differences in their behavior.

These collective results demonstrate that the potential-
dependent structural and spin-state transitions observed experi-
mentally in D1 sites specifically correspond to pyridinic FeN,
configurations, not pyrrolic N coordination. Our theoretical
evidence compellingly challenges current experimental assign-
ments of D1 sites to pyrrolic FeN, centers, suggesting these
identifications may require reconsideration.

14902 | Chem. Sci, 2025, 16, 14894-14904

4 Conclusion

In summary, we investigate potential-dependent structural and
spin-state transitions in pyridinic FeN, active sites of Fe-N-C
catalysts using CP-AIMD simulations with explicit solvent
modeling. Our simulations reveal the potential-driven struc-
tural and electronic evolution of pyridinic FeN, active sites: (i)
above 0.8 V, FeN, sites adopt a near-planar OH*-coordinated
Fe*'N, configuration with an intermediate spin state (S = 3/2).
(ii) Below 0.8 V, strong water adsorption induces structural
distortion, leading to non-planar H,O*-stabilized Fe’'N,
complexes with a high-spin configuration (S = 2). Moreover, as
a key potential for the Fe**/Fe®" redox transition, 0.8 V also
features a metastable, partially oxidized 2H,0*-Fe**'N,
configuration that serves as an intermediate state during the
conversion. The potential-dependent XAS and AEqg simulated
from these configurations show quantitative agreement with
experimental measurements, validating the potential-induced
changes in coordination environment and spin state. Our
findings explicitly attribute the potential-driven structural and
spin-state switching behavior—a signature of D1 sites—to pyr-
idinic FeN, moieties, challenging conventional assignments to
pyrrolic FeN, configurations. By elucidating how applied
potential modulates the atomic-level structure, redox proper-
ties, and spin states, this work provides fundamental insights
for the rational design and optimization of Fe-N-C catalysts. It
is worth noting that certain limitations remain in this study. For
instance, the limited simulation timescale may preclude the
observation of some potential metastable states or magnetic
configurations.

Data availability

The data that support the findings of this study are available
from the corresponding author, Z. D., upon reasonable request.
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