
Why high-spin wins: “Spin state locking” governs the oxygen
reduction mechanism of Fe-N-C catalysts

Mingyuan Yu   
1, Xiangyu Zhu1, Fang Wu2, Cheng Zhan   

1 ✉, and Erjun Kan   
1 ✉

1 MIIT  Key  Laboratory  of  Semiconductor  Microstructure  and  Quantum  Sensing, Nanjing  University  of  Science  and  Technology, Nanjing
210094, China

2 School of Information Science and Technology, Nanjing Forestry University, Nanjing 210037, China

  Cite this article: Nano Research, 2026, 19, 94908988. https://doi.org/10.26599/NR.2026.94908988

  
ABSTRACT: Experimentally  synthesized  Fe-N-C  catalysts
invariably exhibit mixed Fe spin states, making it impossible to
distinguish  the  individual  contributions  of  different  spin
configurations  to  oxygen  reduction  reaction  (ORR)  activity.
This  has  led  to  conflicting  reports,  while  conventional
simulations  fail  to  capture  the  ORR  mechanism  under  such
complexity,  creating  a  significant  knowledge  gap.  Here,  we
uncover  a  “spin  state  locking”  mechanism  that  resolves  this
puzzle. Using constant-potential ab initio molecular dynamics,
we  demonstrate  that  adsorbed  H2O  kinetically  locks  the  Fe
spin state throughout the ORR cycle, preventing spin crossover and confirming that multiple spin states actively contribute
to catalysis.  By directly  comparing kinetics across spin states,  we find that  high-spin (HS) Fe(II)  exhibits  superior  activity
with a half-wave potential of 0.73 V (vs. standard hydrogen electrode (SHE)), far exceeding that of intermediate-spin (IS)
FeN4 (0.46 V). Surprisingly, although OH-coordinated Fe(III) is thermodynamically predicted to be highly active, its kinetic
barrier for O2 activation results in a poor half-wave potential of only −0.1 V. Our work not only establishes the crucial role of
spin  state  locking  in  Fe-N-C  ORR  mechanism  but  also  provides  the  first  unambiguous  differentiation  of  how  each  spin
component contributes in mixed-spin catalysts. These insights fundamentally advance the understanding of spin-dependent
electrocatalysis.
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 1    Introduction
Fe-N-C  catalysts  are  considered  promising  candidates  to  replace
precious  platinum-based  catalysts  in  fuel  cells  for  commercial
deployment,  owing  to  their  excellent  oxygen  reduction  reaction
(ORR) activity and relatively low cost [1−3]. Over the past decade,
numerous  theoretical  and  experimental  studies  have  been
conducted  to  investigate  the  origin  of  its  high  activity  and  the
structure  of  its  active  sites  [4−6].  These  works  reveal  that  Fe-N-C
materials  contain  rich  FeNx moieties,  in  which  the  coordination,
valence  state,  spin  state,  and  local  environment  of  iron  are  highly
dependent  on  the  synthesis  conditions.  Among  these  factors,  the
spin  state  of  Fe  represents  a  critical  parameter  that  significantly

influences catalytic activity and mechanism, yet it  remains difficult
to  accurately  characterize  with  conventional  experimental
techniques. To date, many studies have reported the impact of spin
configuration  on  the  adsorption  strength  of  oxygen-contained
intermediates  [7−10],  and  have  proposed  various  strategies  for
enhancing  the  ORR  performance  of  Fe-N-C  through  spin-state
modulation  [11−17].  However,  because  the  synthesis  process
inevitably  results  in  the  presence  of  multiple  Fe  spin  states  within
the  Fe-N-C  system  (Table  S1  in  the  Electronic  Supplementary
Material  (ESM)),  current  research  struggles  to  accurately
distinguish the contributions of  different  Fe spin states  to  catalytic
performance.

Mössbauer  spectroscopy  is  the  most  widely  used  technique  for
characterizing Fe spin states in Fe-N-C catalysts. Early studies have
clearly established that multiple spin states coexist in these materials
[18−20].  Although  experimental  modulation  of  spin  states  is
possible  by  adjusting  the  relative  proportions  of  these  states,
achieving a uniform spin configuration remains unattainable. As a
result,  the  correlation  between  Fe  spin  state  and  catalytic  activity
remains  unresolved  and  highly  debated.  This  controversy  stems
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mainly  from  two  issues:  (1)  Numerous  experimental  reports  on
spin  characterization  and  regulation  in  Fe-N-C  present
contradictory  findings  due  to  the  spin  multiplicity  of  Fe,  and  (2)
changes  in  spin  state  induced  by  ligands  or  dopants  are  often
accompanied  by  alterations  in  valence  or  local  chemical
environment, making it difficult to isolate the spin effect alone.

As summarized in Table S1 in the ESM, extensive experimental
studies on Fe-N-C catalysts clearly identified mixed spin states of Fe
according  to  various  characterization  techniques.  Although  many
studies  (as  briefly  summarized  in Table  1)  have  successfully
modulated  Fe  spin  states  and  enhanced  ORR  activity  through
ligand  engineering  or  doping,  there  is  considerable  disagreement
over  which  spin  state  is  responsible  for  high  ORR  activity.  This
inconsistency arises because such modifications affect not only spin
but also charge, valence, and local environment of Fe, complicating
the  decoupling  of  individual  factors.  Therefore,  experimentally
distinguishing  the  ORR  activity  of  specific  Fe  spin  states  while
excluding other influences is nearly impossible. Moreover, although
Mössbauer spectroscopy can resolve the coexistence of different Fe
spin  species,  current operando techniques  are  unable  to  directly
track spin evolution of individual Fe sites during the ORR process,
leaving  the  spin-dependent  reaction  pathway  experimentally
inaccessible.  This  fundamental  limitation highlights  the  need for  a
theoretical  framework  capable  of  decoupling  spin-specific  catalytic
contributions under reaction conditions.

In  theoretical  studies,  the  spin  crossover  (SCO)  effect  based  on
thermodynamic  principles  is  often  adopted  as  the  theoretical
foundation  for  mechanistic  calculations,  meaning  that  most
catalytic reaction studies consider only the lowest-energy spin states
of  reactants  and  products  [35].  It  is  well  known  in  coordination
chemistry  that  SCO phenomena are  primarily  triggered by  factors
such as temperature, pressure, light irradiation, and gas adsorption
[36, 37].  Theoretical  studies  on  FeN4 suggest  that  the  bare  Fe  site
adopts  an  intermediate-spin  (IS)  state  (S =  1)  as  its  lowest-energy
configuration,  whereas  upon  OH  adsorption,  the  Fe  center
(FeN4*OH)  transitions  to  a  high-spin  (HS)  state  (Fe(III), S =  5/2)
rather  than  the  expected  intermediate-spin  (S =  3/2)  or  low-spin
(S =  1/2)  states  [38−40].  This  implies  that  ligand-induced  crystal
field  distortion  alters  the  electron  occupancy  of  all  Fe  3d  orbitals,
thereby triggering the SCO effect. Under the assumption of SCO, all

Fe  spin states  in  Fe-N-C are  expected to  convert  to  the same spin
state  to  reach  the  lowest  energy  after  adsorption–desorption  of
ORR  intermediates.  This  contradicts  the  experimentally  observed
phenomenon  in  which  Fe-N-C  retains  a  coexistence  of  multiple
spin states even after catalyzing ORR [6].

Moreover,  a  theoretical  work  by  Liu  et  al.  shows  that  the  ORR
pathway  on  FeN4 does  not  involve  a  bare  FeN4 site;  instead,  H2O
desorption  and  O2 adsorption  are  kinetically  coupled  [41].  This
means that the coordination number of Fe in FeN4 does not change
during  ORR,  casting  doubt  on  the  SCO  assumption  and
significantly  undermining  the  persuasiveness  of  related  theoretical
studies. Therefore, to thoroughly elucidate the intrinsic relationship
between  Fe  spin  state  and  ORR  activity,  it  is  essential  to
fundamentally distinguish the ORR pathways of Fe under different
spin  configurations  while  excluding  interference  from  other
confounding factors.

To elucidate the ORR mechanism of Fe-N-C under mixed spin
states,  this  study  employs  constant-potential  density  functional
theory  molecular  dynamics  (CP-DFT-MD)  simulations  to
investigate  the  ORR  kinetics  on  FeN4C10 with  different  Fe  spin
states.  By  calculating  the  reaction  barriers  under  various  spin
configurations  and  ligand  environments,  we  can  identify  the  rate-
determining steps (RDS) and clarify how spin states influence ORR
activity of Fe-N-C. Finally, we analyze the origins of inconsistencies
among experimental findings and discuss the underlying causes.

 2    Calculation method
Spin-polarized  DFT  calculations  were  performed  by  using  the
Vienna ab initio simulation package (VASP) [42−44].  In our DFT
calculation,  the  exchange-correlation  effect  was  treated  by  the
general gradient approximation with the Perdew–Burke–Ernzerhof
(GGA-PBE)  formalism  [45].  The  van  der  Waals  interaction  of
adsorbates was described by the empirical  correction in Grimme’s
scheme  (DFT-D3)  [46].  The  DFT  + U method  was  employed  to
deal the strong correlation effect in Fe with the Ueff = U − J value set
as  4.03  eV  [39].  The  electron–nuclei  interaction  was  described  by
the  projector-augmented  wave  (PAW)  pseudopotential  [42].  The
energy cutoff of the plane-wave basis set was set to 550 eV. The k-
point  sampling  in  Brillouin  zone  was  gamma-centered  5  ×  3  ×  1
mesh for constant potential calculation and single gamma point for
reaction  barrier  calculation.  The  implicit  solvation  based  on
modified Poisson–Boltzmann equation was applied to describe the
response  behavior  of  electrolyte  with  respect  to  applied  potential
[47−49].  The  dielectric  constant  and  Debye  length  of  implicit
electrolyte  were  set  to  80  and  3  Å,  respectively  [50].  The  detailed
information  for  kinetic  energy  profiles,  reaction  free  energy,  and
microkinetic simulations method is provided in the ESM.

 3    Results and discussion

 3.1    “Spin  state  locking”  induced  by  H2O  adsorption  on
FeN4

The  bare  FeN4 site  is  generally  regarded  as  the  active  center  and
starting point of the ORR pathway in Fe-N-C, involving three key
intermediates:  *OOH,  *O,  and  *OH.  From  a  thermodynamic
stability perspective, the bare FeN4 tends to adopt an IS state, while
those  intermediates  prefer  an  HS  state,  as  shown  in Fig.  1(a) and
Fig.  S1 in the ESM. However,  to more realistically  account for  the

 

Table 1    Spin manipulation on Fe-N-C and ORR Performance

Method Spin E1/2 (V) Ref.

Ligands IS → HS 0.86 → 0.89 (alkaline) [21]
Ligands LS → IS 0.89 → 0.91 (alkaline) [22]

N doping IS → LS 0.90 → 0.92 (alkaline) [23]
Ligands IS → HS 0.91 → 0.92 (alkaline) [24]
S doping HS → LS 0.79 → 0.86 (alkaline) [25]
Cluster LS → IS 0.87 → 0.90 (alkaline) [26]
DACs LS → IS 0.87 → 0.93 (alkaline) [27]

Cluster HS → IS 0.77 → 0.80 (acid) [28]
DACs LS → IS 0.79 → 0.84 (alkaline) [29]

Configuration IS → HS 0.76 → 0.90 (acid) [30]
N doping LS → IS 0.82 → 0.90 (alkaline) [31]
Ligands HS → LS 0.79 → 0.85 (acid) [32]
TACs IS → LS 0.79 → 0.93 (alkaline) [33]

Loading density LS → HS 0.75 → 0.82 (acid) [34]
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non-electrochemical steps and their kinetic barriers in ORR, we also
need to consider the adsorption and desorption of H2O and O2 on
Fe. As shown in Fig. S2 in the ESM, adsorbed H2O and O2 stabilize
the HS state of FeN4. If FeN4*H2O and FeN4*O2 are included in the
ORR pathway, SCO effects would arise during the H2O desorption
and  O2 adsorption  steps.  Nevertheless,  calculations  of  the
adsorption  energies  of  H2O  and  O2 reveal  that,  even  considering
SCO,  FeN4 exhibits  strong  adsorption  toward  both  H2O  and  O2

within the ORR potential range (Fig. S3 in the ESM). This implies
that  in  explicit  solvation,  bare  FeN4 sites  cannot  exist  stably  and
individually  within  the  ORR  potential  window.  Consequently,
whether the SCO effect should be considered in mechanistic studies
of ORR remains a subject of debate.

To  address  this  question,  we  calculated  the  H2O  desorption
energy  barriers  for  the  HS  and  IS  states  in Figs.  1(b) and 1(c).  It
shows that within 0.0–0.8 V vs. standard hydrogen electrode (SHE),
H2O desorption barrier on HS FeN4 is as high as 0.7–0.9 eV, while
that for the IS state is lower (0.4–0.7 eV). This suggests that in room-
temperature,  FeN4 sites  are  fully  occupied  by  absorbed  H2O,
making  desorption  from  the  catalytic  site  difficult.  Furthermore,
according  to  the  work  by  Liu  et  al.,  the  H2O  desorption  and  O2

adsorption  processes  on  FeN4 proceed  synchronously  rather  than
stepwise  [41].  Based  on  this  conclusion,  the  Fe  center  of  FeN4 in
ORR does not undergo a transition between four-coordination and
five-coordination,  and  its  spin  state  should  remain  unchanged
(Fig. 1(d)).

To verify this hypothesis, we calculated the energy barrier for the
O2–H2O  displacement  reaction  on  HS  and  IS  FeN4,  as  shown  in
Figs.  1(e) and 1(f).  The  results  show  that,  with  the  coupled  H2O
desorption  and  O2 adsorption,  the  displacement  kinetic  barrier  is
significantly  lower  than  that  for  standalone  H2O  desorption
(Figs. 1(b) and 1(c)). The energy barrier is 0.17–0.37 eV for the HS
state  and 0.19–0.53  eV for  the  IS  state,  with  the  projected  Fe  spin
moment remaining unchanged during the displacement process at

dx2−y2 dz2 dyz

different electrode potentials (Fig. S4 in the ESM). Figure S5 in the
ESM further analyzes the projected density of states (PDOS) of the
initial, intermediate, and final states at different electrode potentials.
For  the  HS FeN4 system,  the  spin  state  remains S =  2  throughout
the reaction process. Although slight redistributions of Fe 3d orbital
occupancies (e.g.,  among , ,  and  orbitals) are observed
during  the  reaction,  the  overall  electronic  structure  and  spin
configuration  remain  unchanged,  indicating  no  significant
alteration  in  the  electronic  state  of  the  Fe  center.  For  the  IS  FeN4

system,  the  initially  adsorbed  H2O  state  maintains  a  spin
configuration  of S =  3/2  across  all  four  simulated  electrode
potentials,  instead  of S =  1.  This  behavior  can  be  attributed  to  d-
orbital electron depletion induced by electrode potentials above the
zero-charge potential,  as  demonstrated in our previous study [39].
Moreover,  no  spin  crossover  is  observed  throughout  the
displacement and reaction processes,  confirming the robustness  of
the spin-locked configuration within the considered potential range.

To  further  evaluate  the  stability  of  the  spin-locked  state  against
thermal  fluctuations,  additional  constant-potential  DFT-MD
simulations  were  performed  for  the  *H2O  +  O2 →  *O2 +  H2O
reaction step at U = 0.0 V under 300, 400, and 500 K, considering
both  HS  and  IS  configurations.  The  corresponding  free-energy
profiles  are shown in Fig.  S6 in the ESM. The results  indicate that
the  reaction  barriers  remain  nearly  unchanged  with  increasing
temperature  for  both  spin  states,  suggesting  that  the  reaction
kinetics  are  insensitive  to  thermal  effects  within the  studied range.
More importantly, the projected spin states of the adsorbed O2 and
Fe  center  remain  unchanged  throughout  the  simulations,  and  no
spin  crossover  or  spin-state  exchange  events  are  observed,
demonstrating  that  the  spin-locked  configurations  are  thermally
stable up to 500 K. Therefore, both HS and IS Fe can be considered
as  individual  ORR  sites  with  distinct  activities.  We  term  this
phenomenon,  where  the  adsorption  of  H2O  leads  to  a  fixed  spin
state,  as “spin  state  locking”,  meaning  that  regardless  of  the  initial

 

Figure 1    (a) Schematic diagram of spin states of bare FeN4 and FeN4 with adsorption intermediates. ((b) and (c)) Potential dependent kinetic energy barrier curves of
*H2O → * + H2O for (b) HS state and (c) IS state. (d) Schematic illustration of the spin-state evolution of FeN4 during ORR. ((e) and (f)) Potential dependent kinetic energy
barrier curves of *H2O + O2 → *O2 + H2O for (e) HS state and (f) IS state (the insets are structures of transition state and coordination variation (CV)).
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spin  state  of  Fe  in  Fe-N-C,  once  Fe  contacts  H2O,  its  spin  state
becomes  locked  by  H2O,  and  subsequent  ORR  reactions  proceed
exclusively within that corresponding spin state.

However, from an experimental perspective, Fe-N-C catalysts are
typically  exposed  to  air  after  synthesis,  which  may  lead  to  pre-
adsorption of O2 on the Fe active sites [51]. This raises an important
question  of  whether  O2 adsorption  can  induce  a  similar  spin-
locking  effect  as  observed  for  H2O.  To  address  this  issue,  we
additionally  investigated  the  O2-involved  ligand-exchange  process.
DFT-MD  simulations  for  the  *O2 +  H2O  →  *H2O  +  O2 exchange
process show that the system maintains its initial spin configuration
throughout  the  entire  reaction  coordinate,  and  no  spin  crossover
events  are  observed,  as  shown in  Fig.  S7  in  the  ESM.  In  addition,
comparison of  reaction pathways reveals  that  direct  O2 desorption
is  kinetically  unfavorable  with  a  high  barrier  of  approximately
0.8  eV,  whereas  the  H2O-assisted  ligand-exchange  pathway
significantly lowers the barrier to 0.3 eV for HS state and 0.4 eV for
IS  state.  These  results  indicate  that  O2 removal  proceeds
predominantly via a ligand-exchange mechanism rather than direct
desorption,  and  this  process  remains  governed  by  the  same  spin-
locking behavior.

The  discovery  of  the “spin  state  locking” mechanism  implies
that,  in  Fe-N-C  catalysts  with  mixed  spin  states,  Fe  atoms  with
different  spin  states  all  contribute  to  the  ORR.  This  also  suggests
that,  to  gain  a  deeper  understanding  of  the  ORR  on  Fe-N-C,  it  is

necessary  to  conduct  independent  studies  on  the  ORR  kinetics  of
Fe  sites  with  different  spin  states,  which  will  be  discussed  in  next
section.

 3.2    Comparison of ORR kinetics on HS and IS FeN4

Based  on  the  premise  of “spin  state  locking”,  we  separately
investigated  the  ORR  reaction  pathways  and  free  energies  of  HS
and  IS  Fe  on  FeN4 sites.  In  acidic  condition,  we  calculated  the
kinetic  barriers  of  the  four  electrochemical  steps  involved  in  these
two pathways (HS and IS paths)  at  electrode potentials  of  0.0,  0.3,
0.5,  and  0.8  V  vs.  SHE  (Figs.  S8  and  S9  in  the  ESM).  To  clearly
present the results, we summarized the barrier data for all reaction
steps and performed fitting analysis, as shown in Figs. 2(a) and 2(b).
The results indicate that for the HS state, the reaction step with the
highest barrier within the potential range of 0–0.65 V is *H2O + O2

→  *O2 +  H2O.  When  the  potential  exceeds  0.65  V,  the  highest
barrier step shifts to *OOH + (H+ + e−) → *O + H2O. In contrast, for
the IS state,  the step *H2O + O2 → *O2 + H2O exhibits  the highest
barrier  across  all  simulated  potentials.  This  comparison  clearly
distinguishes  HS  from  IS  due  to  their  different  energy  barriers  in
ORR process,  confirming the  spin-dependent  ORR mechanism in
Fe-N-C.  Notably,  two  proton-coupled  electron  transfer  (PCET)
steps were found to be effectively barrierless within the investigated
potential  range,  which  differs  from  the  alkaline  ORR  calculations
reported by Yan et al., where finite activation barriers were obtained

 

Figure 2    ((a) and (b)) Energy barrier for all of ORR steps under different potentials on (a) HS and (b) IS FeN4. ((c) and (d)) Potential dependent reaction rate for each
step of (c) HS and (d) IS FeN4.  (e) Simulated ORR polarization current density.  (f)  COHP analysis of the transition state in the reaction *H2O + O2 → *O2 + H2O. (g)
Schematic diagram of spin state reducing reaction barrier.
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for  all  PCET  steps  [52].  This  difference  mainly  arises  from  the
distinct proton sources considered in the two studies. In the present
work,  proton  transfer  occurs  from  H3O+ under  acidic  conditions,
whereas  in  the  alkaline  model  of  Yan  et  al.,  proton  transfer  is
coupled  with  H2O  dissociation,  introducing  an  additional  kinetic
penalty. Consequently, partial protonation steps in acidic media can
exhibit  negligible  activation  barriers,  which  are  consistent  with
previous acidic ORR simulations performed by Liu et al. [41].

Due  to  differences  in  the  specific  steps  involved  in  these  two
reaction pathways, the actual RDS cannot be directly derived from
kinetic  barriers  alone.  Therefore,  considering  factors  such  as  mass
transport  and  collision  frequency,  we  further  employed  rate
equations  (Eqs.  (S3)–(S18)  in  the  ESM)  to  investigate  the  overall
ORR kinetic behavior, as shown in Figs. 2(c) and 2(d). These results
demonstrate  that  for  the  HS  state,  the  RDS  of  ORR  at  potentials
below  0.5  V  is  the  O2–H2O  displacement;  when  the  potential
exceeds  0.5  V,  it  switches  to  the  protonation-then-dehydration  of
*OOH. For the IS state, regardless of the applied potential, the RDS
remains  the  O2–H2O  displacement.  Consequently,  the  catalytic
activities of the HS and IS states are governed by the protonation-
then-dehydration  of  *OOH  and  the  O2–H2O  displacement  step,
respectively. The simulated polarization current densities show that
the  half-wave  potentials  for  the  HS  and  IS  states  are  0.73  and
0.46  V,  respectively  (Fig.  2(e)).  The  former  closely  aligns  with  the
typically  reported  experimental  half-wave  potential  range  of
0.75–0.8 V for  FeN4 in  acidic  conditions [28, 30, 32].  Notably,  the
kinetic  barriers  for  each  electrochemical  step  are  nearly  identical
between the  HS and IS  states.  This  indicates  that  the  difference in
their  catalytic  activities  stems  from  the  ease  of  the  non-
electrochemical O2–H2O displacement step.

To  elucidate  the  influence  of  HS/IS  state  FeN4 on  the  H2O–O2

displacement, we compared the geometric and electronic structures
of  the  transition  state.  Bonding  analysis  reveals  that  the  HS  state
forms  stronger  bonds  with  both  H2O  and  O2 compared  to  the  IS
state  (Fig.  2(f)).  This  suggests  that  the  HS  state  more  effectively
promotes the attack of the reactant O2 to the product H2O absorbed
on  Fe,  while  simultaneously  stabilizing  the  transition  state  and
lowering the  reaction energy  barrier  (Fig.  2(g)).  This  behavior  can
be  further  rationalized  by  examining  the  entire  ligand-exchange
pathway. Additional COHP analysis in Fig. S10 in the ESM shows
that HS state exhibits intrinsically stronger interactions with oxygen-
containing  adsorbates  throughout  the  reaction  coordinate.  In  the
initial state, the Fe–H2O bonding strength is significantly higher on
HS-Fe than on IS-Fe (−ICOHP = 1.48 vs. 0.60, ICOHP = integrated
crystal orbital Hamilton population). Similarly, in the final state, the
Fe–O2 interaction is also substantially stronger on HS-Fe (−ICOHP
= 2.75 vs. 1.44). In the transition state, HS-Fe further enhances the
formation of the Fe–O2 interaction (−ICOHP = 0.44 vs. 0.26), while
the difference in Fe–H2O bonding strength is reduced (−ICOHP =
1.16  vs.  0.89),  indicating  a  more  facile  displacement  of  the
coordinated  H2O  molecule.  This  phenomenon  can  be  intuitively
understood from the transition-state structure: In the HS state, the
Fe  atom tends  to  shift  away  from the  graphene  plane  and  toward
the solution phase. As shown in Fig. S11 in the ESM, the Fe atom in
the HS state  is  displaced from the plane by an average distance of
0.7 Å, with an average Fe–H2O bond length of 2.09 Å. In contrast,
the Fe atom in the IS state deviates by only 0.15 Å, and the Fe–H2O
bond length increases to 2.40 Å.

dxyAccording to the PDOS analysis in Fig. S12 in the ESM, the 
orbital  of  Fe  is  empty  in  the  IS  state  but  half-occupied  in  the  HS

dxystate.  Since  the  orbital  participates  in  dsp2 hybridization  and
forms  bonds  with  the  four  N  atoms,  its  occupation  implies  the
filling  of  Fe–N  antibonding  orbitals.  To  alleviate  the  resulting
structural  instability,  the  Fe  atom  moves  out  of  the  plane,  which
elongates  the  Fe–N  bond  length  and  lowers  the  energy  of  the
antibonding  orbitals.  This  phenomenon  has  been  discussed  and
described  in  detail  in  our  previous  work  [40].  Such  adaptive
structural  distortion  also  unexpectedly  enhances  the  axial
adsorption to reactant (O2) and product (H2O), effectively reducing
the  H2O–O2 displacement  barrier  and  thereby  leading  to  the
superior  performance observed for  the  HS state.  Notably,  a  recent
experimental study independently demonstrated that the spin state
of  Fe  strongly  influences  both  Fe–H2O  and  Fe–O2 interactions,
providing  direct  experimental  evidence  for  the  spin-dependent
adsorbate  binding  behavior  proposed  in  our  work  [53].  The
excellent  agreement  between  experiment  and  theory  further
confirms  that  the  spin  state  governs  ORR  activity  by  modulating
the  interaction  strength  between  Fe  active  sites  and  oxygen-
containing  species.  Taken  together,  these  results  demonstrate  that
Fe(II) centers with identical coordination environments can exhibit
markedly  different  ORR  activities  depending  on  their  spin  state.
Our  simulations  reveal  that  HS-Fe(II)  is  intrinsically  more  active
than  IS-Fe(II),  indicating  that  HS  Fe  sites  contribute  more
significantly to ORR in Fe-N-C catalysts containing mixed-spin Fe
populations.

Furthermore,  we  investigated  the  competing  two-electron  ORR
pathway  involving  H2O2 formation.  The  calculated  activation
barriers  for  the  *OOH  hydrogenation  step  (*OOH  +  H+ +  e− →
*H2O2)  are  approximately  0.10–0.70  and  0.07–0.60  eV  for  the  HS
and  IS  states,  respectively,  over  the  potential  range  of  0–0.8  V,  as
shown  in  Fig.  S13  in  the  ESM.  In  contrast,  the  competing  *OOH
dissociation  step  leading  to  the  four-electron  pathway  exhibits
substantially  lower  barriers  of  only  about  0.03–0.40  eV  for  both
spin states (Figs. 2(a) and 2(b)). These results indicate that the four-
electron  pathway  is  kinetically  favored  over  the  two-electron
pathway throughout the investigated potential range. Moreover, the
barriers  for  H2O2 formation are  nearly  identical  for  the HS and IS
states,  suggesting  that  the  spin  state  has  little  influence  on  the
electrochemical  proton–electron  transfer  step  of  the  two-electron
pathway,  consistent  with  the  negligible  spin  dependence  observed
for the electron-transfer steps in the four-electron ORR pathway.

 3.3    ORR kinetics in FeN4*OH: Influence of axial ligand
Axial ligand engineering is a widely employed experimental strategy
for  spin-state  modulation  in  Fe-N-C  catalysts,  which  can  convert
original  IS  or  LS  Fe(II)  into  HS  Fe(III)  [22, 54, 55].  Some  studies
have shown that OH adsorption occurs on the back side of Fe-N-C
during  the  ORR,  resulting  in  the  actual  catalytic  site  becoming
Fe(III)N4*OH  [4, 5, 56].  Therefore,  to  fully  elucidate  the  ORR
mechanism  of  Fe-N-C,  we  must  compare  the  ORR  kinetics  of
Fe(II)  and  Fe(III)  under  identical  conditions.  In  the
X*Fe(III)N4*OH (X refers  to ORR intermediates),  Fe resides in an
octahedral crystal field, where DFT calculation confirms that the IS
state exhibits the highest stability (Fig. 3(a)) [39, 40]. As mentioned
earlier,  the  spin  state  of  Fe  remains  unchanged  throughout  the
reaction process. Therefore, in FeN4*OH, Fe is expected to maintain
the IS state during ORR. This model system allows us to clarify the
regulatory  mechanism  of  axial  ligands  on  ORR  activity  while
excluding interference from spin-state alternation

We  calculated  the  kinetic  barriers  of  ORR  on  IS-FeN4*OH  via
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CP-DFT-MD  simulation  (Figs.  S14  and  S15  in  the  ESM),  as
summarized in Fig.  3(b).  It  shows that,  compared to IS  FeN4 with
the  same  spin  state  (0.19–0.53  eV),  the  kinetic  barrier  for  the
H2O–O2 displacement step on IS FeN4*OH is significantly reduced
to 0.09–0.22 eV. We further found that FeN4*OH exhibits relatively
weak adsorption toward both H2O and O2:  The adsorption energy
of H2O ranges from 0 to −0.4 eV, and that of O2 ranges from 0.22 to
−0.05  eV  (Fig.  3(c)).  In  contrast,  HS  FeN4 shows  much  stronger
adsorption,  with  adsorption  energies  for  both  H2O  and  O2

consistently below −0.6 eV. For IS FeN4, the adsorption energies of
both  H2O and O2 are  below −0.2  eV (Fig.  S16  in  the  ESM).  Since
the reaction barrier is determined by the energy difference between
transition state and initial state, weakening the adsorption strength
of H2O and raising the energy of the initial state can also lower the
reaction barrier,  as  illustrated in Fig.  3(d).  Additionally,  within the
potential range of 0–0.8 V, the reaction barrier for the protonation
of  *O2 to  form  *OOH  on  FeN4*OH  increases  significantly  to
0.18–0.8 eV, whereas for HS and IS FeN4, the barriers are as low as
0.01–0.15 and 0.04–0.21 eV, respectively, at potentials of 0.5–0.8 V.
Thus,  it  can  be  concluded  that  introducing  OH as  an  axial  ligand
weakens  the  binding  affinity  of  Fe  toward  O2 and  H2O  while
substantially  increasing  the  difficulty  of  O2 adsorption  and
activation.

To  further  elucidate  the  influence  of  the  OH  ligand  on  ORR
kinetics, we again examined the geometric and electronic structures

of reaction intermediates. By analyzing the O2 adsorption structure
on FeN4*OH (Fig. 3(e)), we find that the axial OH ligand pulls the
Fe center toward the ligand side and away from the O2 adsorption
side.  This  pulling  effect  of  the  axial  OH  ligand  causes  the  Fe–O2

bond  length  on  the  opposite  side  to  increase  to  2.82  Å,  thereby
significantly  weakening O2 activation.  In  contrast,  in  HS FeN4,  the
occupation of Fe–N antibonding orbitals displaces the Fe center by
0.93 Å from the graphene plane. This structural distortion shortens
the  Fe–O2 bond  length  to  2.04  Å,  which  not  only  favors  O2

activation but also facilitates H2O–O2 displacement.  The difference
in O2 activation capability directly determines the energy barrier for
the protonation of  O2 to form OOH, resulting in a notably higher
barrier  for  FeN4*OH in  the  R2 reaction step  (protonation of  *O2).
Polarization current derived from rate equations further shows that
the  RDS  on  IS  FeN4*OH  remains  the  R2  step  (Fig.  3(f)),  with  a
corresponding half-wave potential of −0.1 V (Fig. 3(g)). Compared
to  bare  IS  FeN4 (E1/2  =  0.46  V),  axial  ligand  modification  lowers
ORR activity,  which  is  attributed  to  the  weakened  adsorption  and
activation capability of the Fe center toward O2.

This  conclusion  is  inconsistent  with  the  prevalent  consensus  in
much of the literature, which posits that axial ligands enhance ORR
activity  by  weakening  OH  adsorption  and  thus  facilitating  OH
desorption [56−59]. Indeed, when we isolate the *OH + (H+ + e−) →
* + H2O reaction step (an electrochemical step) without considering
the  H2O  desorption  step  (a  non-electrochemical  step),  OH

 

Figure 3    (a)  Schematic  diagram  of  the  ORR  reaction  of  FeN4*OH  and  the  spin  state  of  the  intermediate.  (b)  Energy  barriers  for  all  of  ORR  steps  under  different
potentials  (c)  Potential  dependent  H2O  and  O2 adsorption  energy  in  FeN4

IS*OH.  (d)  Schematic  diagram  of  ligand  modification  reducing  reaction  barrier.  (e)  The
relationship  between  the  out-of-plane  displacement  of  Fe  and  the  Fe–O2 bond  length  and −ICOHP  of  O–O.  (f)  Potential  dependent  reaction  rate  for  each  step.  (g)
Simulated ORR polarization current density. (h) Schematic diagram of the relationship between reaction barrier and O2 adsorption strength.
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modification  does  significantly  lower  the  reaction  barrier  for  this
specific  step  (Fig.  S17  in  the  ESM).  However,  this  simplified
approach  yields  controversial  conclusions  because  it  fails  to
accurately  reflect  the  complete  ORR  pathway.  In  our  monolayer
FeN4 model, which accounts for the full ORR pathway, we propose
that  strong  adsorption  of  both  H2O  and  O2 at  the  active  site  is
beneficial for the ORR. On the one hand, it promotes O2 activation
during adsorption;  on the other  hand,  it  lowers  the  energy barrier
for  the  H2O–O2 displacement  reaction,  as  illustrated  in Fig.  3(h).
Although  H2O  adsorbs  readily,  the  subsequently  adsorbed  O2 is
rapidly  consumed  in  the  ORR  process.  The  spin  state  exerts  its
influence  by  altering  the  catalyst  structure,  specifically,  the  out-of-
plane displacement of the Fe center,  thereby bringing the Fe atom
closer to the solution and enhancing the adsorption and activation
of  O2.  However,  it  is  reasonable  to  hypothesize  that  excessively
strong  adsorption  energies  for  H2O  and  O2 are  not  always
advantageous,  as  this  could  hinder  the  desorption  of  the  product
H2O and lead to catalyst deactivation. These results clearly confirm
that IS-Fe(III)N4*OH is less ORR-active than IS-Fe(II)N4.

To  examine  whether  the  effect  of  OH  functionalization  can  be
generalized  to  other  axial  ligands,  we  further  investigated  the  first
proton-coupled  electron  transfer  step  of  ORR  (*O2 +  (H+ +  e−)  →
*OOH)  on  FeN4 sites  coordinated  with  Cl  and  N  ligands.  The
calculated  free-energy  profiles  and  kinetic  barriers  at  0.0  V  are
shown in  Fig.  S18  in  the  ESM.  Both  Cl- and  N-coordinated  FeN4

exhibit  noticeable  activation  barriers  for  *OOH  formation,  similar
to  the  OH-functionalized  Fe(III)  site  (Fig.  S18(a)  in  the  ESM).  In
contrast, the bare four-coordinate FeN4 catalyst shows a barrierless
pathway for this step, indicating a fundamentally different reaction
energetics in the absence of axial coordination. To further elucidate
the  origin  of  this  behavior,  we  analyzed  the  Fe–O2 bonding
interactions using COHP and structural parameters (Fig. S18(b) in
the  ESM).  The  results  show  that  axial  ligands  (OH,  Cl,  and  N)
consistently  lead  to  elongated  Fe–O2 bond  lengths  and  weakened
Fe–O2 bonding  interactions  compared  with  bare  FeN4.
Consequently, O2 activation is suppressed, resulting in an increased
kinetic barrier for *OOH formation.  These results  suggest  that the
influence of axial ligands on ORR activity is not specific to OH, but
rather  represents  a  general  effect  of  axial  coordination,  which
modulates Fe–O2 bonding strength and thereby alters O2 activation
kinetics.

 3.4    Implication  of  our  work  to  experiments  and
perspective of spin-dependent ORR activity
In  many  combined  theoretical-experimental  studies,  theoretical
calculations  often  rely  on  simplified  PCET  models  and  the
computational  hydrogen electrode (CHE) method,  without strictly

accounting  for  kinetic  barriers  and  non-electrochemical  steps,
which  may  introduce  certain  misinterpretations.  As  shown  in
Fig.  4,  the  limiting  potentials  obtained  from  reaction  free-energy
analysis for HS FeN4, IS FeN4, and IS FeN4*OH are 0.96  , 0.83, and
0.94  V,  respectively.  These  values  are  all  close  to  experimental
measurements  in Table  1,  potentially  resulting  in  misleading
interpretation  of  ORR  mechanism  on  Fe-N-C.  Our  study  implies
the  significance  of  considering  the  spin  and  potential-dependent
non-electrochemical barrier in ORR simulations.

In  addition,  spin  states  determined  by  Mössbauer  spectroscopy
usually  represent  a  superposition  of  multiple  components,
suggesting  the  co-existence  of  multiple  spin  states  and  FeNx

moieties. Therefore, it is not feasible to measure the ORR activity of
individual  spin  states  experimentally.  Our  simulation  clearly
revealed that the ORR activity follows the order HS-Fe(II)N4 (E1/2 =
0.73  V  vs.  SHE)  >  IS-Fe(II)N4 (E1/2 =  0.46  V  vs.  SHE)  >  IS-
Fe(III)N4*OH  (E1/2 = −0.10  V  vs.  SHE)  in  Fe-N-C.  Although
previous studies have suggested that Fe-N-C systems could possess
an  exceptionally  rich  variety  of  active  sites,  such  as  FeN3,  FeN5,
pyrrolic  FeN4C12,  and  defective  sites  [60−63],  and  that  these  sites
may  also  exhibit  high  ORR  activity,  our  results  clearly  identify
pyridinic HS-Fe(II)N4 as an ORR-active site and classify IS-Fe(II)N4

and IS-Fe(III)N4*OH as ORR-inactive sites in realistic Fe-N-C with
multiple  Fe  spin  states.  Our  simulation  can  also  be  a  standard
research paradigm for  studying spin-dependent  ORR mechanisms
in other types of active sites in Fe-N-C.

Finally,  we discuss  the potential  connection between our results
and  experimental  observations.  Our  results  indicate  that,  in  the
electrochemical  step  of  ORR,  the  IS  and  HS  states  have  nearly
identical  barriers.  Therefore,  the  difference  in  their  ORR  activity
primarily  stems  from  the  non-electrochemical  step,  namely  the
H2O–O2 exchange (Figs. 2(a) and 2(b)), which is determined by the
degree  of  Fe’s  out-of-plane  displacement.  This  change  in  ORR
activity,  which  is  highly  sensitive  to  the  position  of  Fe  atoms,  is
difficult to verify experimentally.  This is because, in actual Fe-N-C
synthesis,  the  surrounding  structure  and  position  of  Fe  atoms  are
often influenced by many complex factors,  rather  than by a  single
property such as spin state.

However, fortunately, a recent study by Zhao et al. published in
Nature,  which  reported  excellent  ORR  activity  for  Fe-N-C
supported  on  curved  substrates,  aligns  well  with  our  theoretical
perspective  [64].  This  confirms  that,  even  without  chemical
modifications such as ligands or doping, adjusting the magnitude of
the  out-of-plane  displacement  of  the  Fe  atom  in  Fe-N-C  via
spherical  carbon  substrates  can  indeed  significantly  enhance  ORR
activity.  Furthermore,  a  very  recent  study  by  Wan  et  al.
demonstrated that increasing the density of active sites can induce a
spin-state  transition  of  Fe  centers  from  low-spin  to  high-spin,

 

Figure 4    Potential dependent ORR reaction free energy in (a) FeN4
HS, (b) FeN4

IS, and (c) FeN4
IS*OH.
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thereby  lowering  the  kinetic  barrier  of  the  H2O–O2 displacement
process  and  enhancing  ORR  activity.  This  result  further  supports
the  role  of  spin-state  modulation in  governing catalytic  kinetics  in
Fe-N-C  systems  [34].  Moreover,  Yi  et  al.  showed  that  highly
graphitized carbon frameworks can act as a macromolecular ligand,
reconstructing the electronic structure of FeN4 sites and inducing a
spin-state transition from S = 0 to S = 1 without altering the FeN4

coordination  environment  [53].  This  electronic  reconstruction
selectively  suppresses  water  adsorption  via  Pauli  repulsion  while
promoting  O2 activation.  Collectively,  these  studies  consistently
support our theoretical conclusion that the superior ORR activity of
high-spin  Fe  sites  originates  from  their  favorable  reaction
energetics,  which  can  be  effectively  tuned  through  out-of-plane
structural  distortion  and  extended  electronic  modulation  without
modifying  the  intrinsic  FeN4 structure.  In  addition,  Lai  et  al.
compared  the  influence  of  spin  states  on  acetalization  reactions
using  the  same  experimental  conditions  in  a  [Fe(NH2trz)3](NO3)2

dual-state system [36]. They found that the high activity of the HS
Fe essentially originates from a more favorable geometric structure
to  catalytic  reaction  formed  under  that  specific  spin  state.  This
conclusion also matches our findings that the superior ORR activity
of  HS FeN4 stems from the out-of-plane protruding feature  of  the
Fe atom. Therefore, we can assert that the microscopic structure of
catalysts serves as the critical bridge linking spin state and activity.

 4    Conclusions
In  this  work,  we  investigated  the  ORR  mechanisms  on  Fe-N-C
catalysts  with  mixed  Fe  spin  states  using  CP-DFT-MD  and
microkinetic  modeling.  We  demonstrate  that  the  ORR  on  FeN4

does not proceed via a bare active site. Instead, H2O desorption and
O2 adsorption  are  kinetically  coupled,  forming  a  H2O–O2

displacement  process.  This  mechanism  suppresses  spin  crossover
effect and causes “spin state locking” effect on Fe in ORR pathways,
resulting in spin-dependent activity. Although the HS and IS FeN4

sites  exhibit  similar  kinetic  barriers  for most  electrochemical  steps,
their  ORR  activities  differ  substantially  due  to  the  non-
electrochemical  H2O–O2 displacement  step.  The  HS  state  shows
lower  barrier  for  this  process,  resulting  in  a  higher  half-wave
potential (0.75 V vs. SHE) that closely matches experimental values
under acidic conditions. This enhanced activity originates from the
larger  out-of-plane  displacement  of  the  Fe  center  in  the  HS  state,
which strengthens axial adsorption of H2O and O2, stabilizes the co-
adsorbed  transition  state,  and  facilitates  H2O–O2 exchange.  By
introducing  axial  OH  ligands,  we  further  decoupled  ligand  effects
from  spin  effects.  Axial  coordination  stabilizes  the  IS  state  and
weakens  adsorption  of  H2O  and  O2,  which  lowers  the  barrier  for
H2O  displacement  but  significantly  suppresses  O2 activation  and
increases  the  protonation  barrier  of  *O2.  Consequently,  the  RDS
shifts,  leading  to  an  overall  decrease  in  ORR  activity.  Our  study
clearly reveals the ORR activity of various active sites in pyridinic Fe-
N-C:  HS-Fe(II)N4 (E1/2 =  0.73  V  vs.  SHE)  >  IS-Fe(II)N4 (E1/2 =
0.46 V vs. SHE) > IS-Fe(III)N4*OH (E1/2 = −0.10 V vs. SHE).

Our work fundamentally reveals, for the first time, how Fe-N-C
with  mixed  spin  states  catalyze  ORR  via “spin  state  locking”
mechanism,  which  has  been  never  explored  in  early  studies.  It
clarifies  that  the  spin-state-induced  activity  regulation  essentially
originates  from  enhanced  activity  driven  by  subtle  structural
distortions  of  crystal  field  on Fe.  Our study not  only  fills  a  critical
gap  between  experimental  and  theoretical  understanding  of  ORR
mechanism on Fe-N-C but also suggests that the “spin state locking”

mechanism may represent a generic phenomenon in magnetic M-
N-C  catalysts,  thereby  offering  a  paradigm  for  simulating  spin-
dependent catalytic mechanism on single-atom-catalysts.

 Electronic  Supplementary  Material: Supplementary  material
(computational  method,  constant-potential  free  energy  diagrams,
constant  potential  kinetic  integration  curve,  and  Table  S2)  is
available  in  the  online  version  of  this  article  at https://doi.org/
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