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ABSTRACT: Fe−N−C electrocatalysts have emerged as promising substitutes for
Pt-based catalysts for the oxygen reduction reaction (ORR). However, their real
catalytic active site is still under debate. The underlying roles of different types of
coordinating N including pyridinic and pyrrolic N in catalytic performance require
thorough clarification. In addition, how to understand the pH-dependent activity of
Fe−N−C catalysts is another urgent issue. Herein, we comprehensively studied 13
different N-coordinated FeNxC configurations and their corresponding ORR
activity through simulations which mimic the realistic electrocatalytic environment
on the basis of constant-potential implicit solvent models. We demonstrate that
coordinating pyrrolic N contributes to a higher activity than pyridinic N, and
pyrrolic FeN4C exhibits the highest activity in acidic media. Meanwhile, the in situ
active site transformation to *O-FeN4C and *OH-FeN4C clarifies the origin of the
higher activity of Fe−N−C in alkaline media. These findings can provide
indispensable guidelines for rational design of better durable Fe−N−C catalysts.

■ INTRODUCTION
Understanding the electrocatalytic mechanism of the oxygen
reduction reaction (ORR) is the fundamental prerequisite for
the further development of proton-exchange membrane fuel
cells (PEMFCs) and metal−air batteries, which are the most
promising strategies for sustainable energy utilization and
transport electrification. However, the sluggish reaction
dynamics inherent in the ORR process generally requires
scarce and expensive Pt-based catalysts. In recent years, metal−
nitrogen-codoped carbon matrix (M−N−C) single-atom
catalysts (SACs) have emerged as a comparable alternative
to Pt-based catalysts; especially, FeNxC SACs outperform
other M−N−C SACs.1−4
Unveiling the intrinsic catalytic active sites of FeNxC SACs

is the foundation for improving their catalytic activity and long-
term stability. The synthesis of SACs poses a formidable
challenge for experimental scientists to clarify which
coordination environment makes a significant contribution to
the superior catalytic activity of FeNxC SACs, where first-
principles computations could help resolve the myth.
Generally, there are two types of coordinating N atoms,
pyridinic and pyrrolic N, in FeNxC SACs. Most current
experiments ascribed the pyridinic-type FeN4 as the catalytic
active site. Zhang et al.5 synthesized Fe SAC-MOF-5 catalysts
with high ORR activity in 0.5 M H2SO4, and the active site was
determined to be pyridinic FeN4. Jiang et al.

6 prepared
pyridinic-type single-atom FeN4C catalysts through pyrolysis
of SiO2@MOF composites with good performance in both

alkaline and acidic media. However, controversy arises since
some other experimental reports attributed the high activity to
pyrrolic N. Xie et al.7 successfully developed a high-purity
pyrrole-type FeN4 ORR catalyst that revealed significantly
enhanced activity compared with a pyridinic-type one through
NH3 pyrolysis. Cao et al.

8 proposed a surfactant-assisted
method to synthesize Fe SACs and determined that Fe-
pyrrolic-N is the origin of high ORR activity. Even though X-
ray photoelectron spectroscopy (XPS) has been widely used to
determine both N types in experiments, including pyridinic
and pyrrolic N,9,10 the current computations often consider
only one type of N due to its dominance in XPS, which would
potentially result in a large gap between experiments and
computations, especially when the activity of the two types of
N differs a lot. Therefore, it is still ambiguous as to which type
of coordinating N of FeNxC is the most relevant active site for
ORR from both experimental and computational perspectives,
which is imperative for us to explore.
The computational hydrogen electrode (CHE) model has

been extensively applied in electrocatalytic simulations and
made huge success in explaining reaction mechanisms and
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predicting promising catalysts for ORR despite its great
simplicity.11,12 However, this model could not accurately
reflect the adsorption energy as the configuration of reaction
intermediates is dependent on the applied electrode potential.
Thus, the free energy profile referenced to the reversible
hydrogen electrode (RHE) scale could not reflect the pH
dependence with the CHE model due to the cancellation of
pH and electrode potential corrections. Though many
experiments illustrated that the ORR activity for FeNxC
SACs was higher in alkaline than in acidic media,13,14 the pH-
dependent activity is still a critical issue, which cannot be
reflected by the computations on the CHE model. To resolve
this problem, electrocatalytic simulations under a more realistic
environment by taking both solvent and constant-potential
effects into consideration are essential to acquire a reliable
atomic understanding of reaction mechanisms.15,16

Here, we adopted the double-reference method17,18

combined with the implicit solvent model to simulate the
energetics of ORR catalyzed by FeNxC SACs to elucidate the
intrinsic catalytic active site and pH-dependent activity.19

■ COMPUTATIONAL METHODS
The Vienna Ab initio simulation package (VASP) was used to
perform all of the spin-polarized density functional theory (DFT)
computations.20 The Perdew−Burke−Ernzerhof (PBE) functional
within the generalized gradient approximation (GGA) was used to
describe the exchange−correlation interaction.21 In static computa-
tions and structure optimization, the cutoff energy of the plane wave
basis set was set to 400 eV. We used a model of a pristine graphene
layer with 32 and 26 C atoms and removed two C atoms to anchor
the Fe atom and replaced the surrounding four C atoms with x (x =
1−4) nitrogen atoms to simulate the pyrrole-type and pyridinic-type
FeNxC SACs. A vacuum layer of 15 Å was used to prevent the
interaction between periodic images. The zero damping DFT-D3
method of Grimme was used to consider the vdW corrections. The γ-
centered Monkhorst−Pack scheme with a K-point resolved value of
0.08 π/Å was used in all DFT computations.22 The ionic relaxation
step was breached when the norms of all of the forces were smaller
than 0.05 eV/Å. The VASPKIT code was used for postprocessing of
the VASP computational data.23

We adopted the double-reference method to simulate the
energetics of ORR catalyzed by FeNxC SACs to elucidate the
intrinsic catalytic active sites under reaction conditions and the pH-
dependent activity.19 The solvent environment was modeled by the
VASPsol code.24,25 The relative permittivity was set to 80 to model
the aqueous electrolyte. The 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 Å mimics the compensating charge. To clarify
the reaction mechanism under different electrode potentials, we
varied the excess charge of the unit cell (Δn) from −2.0 e to +2.0 e in
steps of 0.5 e. Figure 1 shows an example of the coupling between the
applied potential and adsorption configuration and the corresponding
ion distribution.
The potential-dependent energy of the system (E) is defined in eq

1.

= +E E n V e( / )DFT sol q (1)

where EDFT is the DFT-calculated energy, Vsol is the electrostatic
potential of the bulk electrolyte, and −Φq is the work function of the
charged system. The relation between Φq and the corresponding
electrode potential referenced to the standard hydrogen electrode
(SHE) scale is formulated in eq 2.

=U e(V/SHE) 4.6 V /q q (2)

where −4.6 V is the absolute electrode potential of the SHE
benchmarked in VASPsol.

The E−Uq points follow a quadratic function as

= +E U C U U E( )
1
2

( )q q 0
2

0 (3)

where U0, C, and E0 are the fitted values of the potential of zero
charge (PZC), capacitance of the corresponding system, and the
energy of the system at the PZC, respectively.
The 4e− ORR mechanism in acidic media is listed as follows

+ + + * *+O H e OOH2 (4)

* + + * ++OOH H e O H O2 (5)

* + + *+O H e OH (6)

* + + * ++OH H e H O2 (7)

Note that the free energy change of each elementary step is the same
in alkaline media due to G(H+) + G(OH−) = G(H2O) under
thermodynamic equilibrium conditions. The free energy change of
each elementary step is calculated as ΔG = ΔE + TΔS + ΔZPE, where
ΔE is the potential-dependent energy and TΔS and ΔZPE are the
entropy change and zero-point energy change, respectively. The free
energies of O2, H2O, and H2 are listed in Table S1. The equilibrium
potential for 4e− and 2e− ORR are 1.23 and 0.68 V/SHE, respectively.
The adsorption energies of three reaction intermediates (*OOH,

*O, and *OH) in ORR are calculated as follows

* = * +E E E E E( OOH) ( OOH) (slab) 2 (H O)
3
2

(H )ads 2 2

(8)

* = * +E E E E E( O) ( O) (slab) (H O) (H )ads 2 2 (9)

* = * +E E E E E( OH) ( OH) (slab) (H O)
1
2

(H )ads 2 2 (10)

To determine the thermodynamically favorable active site of FeNxC
SACs under reaction conditions and evaluate the acidic stability
against metal dissolution, we employed the model proposed by Holby
et al.26 The detailed metal dissolution and active site transformation
under different reaction conditions are listed as follows

+ + ++ +n nFeN C H Fe N CH (2 )ey y n
2

(11)

Figure 1. Ionic countercharge density iso-surfaces of 1 × 10−6 e/Å−3

for *OOH adsorbed on pyrrolic FeN4C corresponding to (a) −2.01
V/SHE and (b) 1.88 V/SHE, adjusted by adding and removing two
electrons, respectively. The cyan and yellow areas indicate positively
and negatively charged ions, respectively. C, brown; N, grayish blue;
O, red; H, pink; and Fe, gold.
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+ + ++ +n nFeN C H Fe N CH (3 )ey y n
3

(12)

+ +

+ +

+

+

n

n

FeN C ( 1)H H O

FeOH N CH (3 )e

y

y n

2

2
(13)

+ * + ++FeN C H O O FeN C 2H 2ey y2 (14)

+ * + ++FeN C H O OH FeN C H ey y2 (15)

where NyCHn is the catalytic active site after metal dissolution, and we
anticipated that the remaining N groups would be protonated readily
based on the protonation free energy change and previous
reports.27,28 Fe2+, Fe3+, and FeOH2+ are the dissolved metal ions,
and the ion concentration is assumed to be 10−6 M to get a qualitative

trend as done in the previous reports.27,29 Since oxygen and hydroxyl
may be exchanged between the catalyst surface and the water solvent,
*O-FeNyC and *OH-FeNyC are determined to be active sites
bonding with axial O and OH under corresponding working
conditions, respectively, which has been reported experimentally
and computationally.26,27,30

■ RESULTS AND DISCUSSION
Based on experimental and computational studies,7,8,31−33 we
constructed 13 different N-coordinated FeNxC configurations,
as shown in Figures S1, S2, and 2.
First, we studied the pyridinic FeN4C, which has been

extensively studied in many experiments and computations
based on the CHE model, without considering the applied
potential and solvent effect. Here, we investigated the reaction

Figure 2. Optimized reaction models during ORR catalyzed by pyridinic FeN4C at zero excess charges, pyridinic FeN4C slab, *OOH, *O, and
*OH. C, gray; N, blue; O, red; H, white; and Fe, brown.

Figure 3. (a) Calculated energies of the bare pyridinic FeN4C slab (black) and corresponding three reaction intermediates (*OOH, red; *O, blue;
*OH, green) as a function of the applied electrode potential. (b) Adsorption energies of *OOH, *O, and *OH as a function of the applied
electrode potential. (c) Free energy profile of ORR catalyzed by pyridinic FeN4C at U = 0.49 V/RHE, pH = 1; U = 0.32 V/RHE, pH = 13; U = 0
V/RHE, pH = 13; and U = 0 V/RHE, pH = 1. (d) pH-dependent and potential-dependent contour plot of adsorption energies of *OH on
pyridinic FeN4C.
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mechanism based on the constant-potential implicit model.
The optimized atomic models of pyridinic FeN4C and
corresponding reaction intermediates (*OOH, *O, and
*OH) at zero charge are shown in Figure 2. The calculated
energies as a function of the applied electrode potential
(referenced to the SHE scale) for pyridinic FeN4C are shown
in Figure 3a. All of the energy−potential points fit a quadratic
relation nicely, and the detailed fitted parameters are shown in
Table S2. Note that the calculated surface area normalized
capacitance of pyridinic FeN4C is 20.35 μF/cm, which is close
to the experimental value, 21 μF/cm,34 indicating the
rationality and validity of our model. The adsorption energies
of three reaction intermediates with respect to the applied
potential are shown in Figure 3b. The adsorption energy of *O
is significantly influenced by the applied potential, followed by
*OOH and *OH. These different degrees of relevancy would
affect the rate-determining step (RDS) and onset potential
under different applied potentials and pH values, which will be
discussed in detail below.

From the potential-dependent adsorption energies of
reaction intermediates combined with the reaction mechanism,
we obtained the pH-dependent free energy profile referenced
to the RHE scale and corresponding onset potentials (under
which the maximum free energy change is equal to 0). As
shown in Figure 3c, the ORR onset potential at pH = 1 is
determined to be 0.49 V vs RHE, which is larger than 0.32 V/
RHE under pH = 13, and it demonstrates that the ORR
catalyzed by pyridinic FeN4C favors the acidic environment.
The RDS is the *OH removal, indicating that the adsorption
of *OH on pyridinic FeN4C is too strong, and the RDS does
not change along with pH. Figure 3d shows the pH-dependent
and potential-dependent contour plots of adsorption energies
of *OH on pyridinic FeN4C. We could see that the adsorption
strength of *OH on pyridinic FeN4C increases as the pH
increases or the applied potential decreases; thus, the alkaline
environment would make the *OH removal even more
difficult, which could explain the pH-dependent activity of
pyridinic FeN4C.

Figure 4. Optimized reaction models during the ORR catalyzed by pyrrolic FeN4C at zero excess charges, pyrrolic FeN4C slab, *OOH, *O, and
*OH. C, gray; N, blue; O, red; H, white; and Fe, brown.

Figure 5. (a) Calculated energies of the bare pyrrolic FeN4C slab (black) and corresponding three reaction intermediates (*OOH, red; *O, blue;
*OH, green) as a function of the applied electrode potential. (b) Adsorption energies of *OOH, *O, and *OH and the difference between *OH
and *O as a function of the applied electrode potential. (c) Free energy profile of ORR catalyzed by pyrrolic FeN4C at U = 0.91 V/RHE, pH = 1; U
= 0.79 V/RHE, pH = 13; U = 0 V/RHE, pH = 13; and U = 0 V/RHE, pH = 1. (d) Adsorption energies of *OOH, *O, and *OH as a function of
the applied potential on pyridinic FeN4C and pyrrolic FeN4C. (e) pH-dependent and potential-dependent contour plot of adsorption energies of
*O and (f) *OH on pyrrolic FeN4C.
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Recent experiments have reported that the pyrrolic-type
FeN4C is the origin of high ORR activity comparable to
commercial 20% Pt/C,8 and Li et al.35 proposed a general
strategy to prepare pyrrolic-N4-type SACs with Pt1 catalysts.
Nevertheless, only a few reports have studied pyrrolic FeN4C
as a model catalyst due to the relatively more complex
model.36 However, the limited local coordination information
determined from the X-ray absorption fine structure and
various types of N signals captured in XPS did not completely
eliminate the possibility of pyrrolic-N-type FeNxC as the active
site.37

Due to the concerns above, we also evaluated the ORR
mechanism catalyzed by pyrrolic FeN4C. The optimized
structures and corresponding ORR intermediates catalyzed
by pyrrolic FeN4C are shown in Figure 4. As shown in Figure
5a, the PZC of all intermediates and the pristine slab has
positively shifted by about 0.7 V compared with Figure 3a.
Moreover, the magnitude of the PZC shift compared with the
pristine slab on pyrrolic FeN4C is greater than that on
pyridinic FeN4C (Tables S2 and S3), indicating that the
adsorption energies can change more rapidly as the applied
potential varies, which is also confirmed in Figure 5b. The free
energy profile on pyrrolic FeN4C was also calculated to
determine the ORR activity. As shown in Figure 5c, the onset
potential is 0.91 and 0.79 V/RHE at pH = 1 and 13,
respectively, showing substantially increased catalytic activity
compared with pyridinic FeN4C. Notably, the onset potential
in acidic media is in good agreement with the experimental
one, 0.90 V/RHE.8 This activity promotion could be explained
by the optimized adsorption strength as shown in Figure 5d.
The adsorption strength of all three intermediates (*OOH,
*O, and *OH) decreases compared with pyridinic FeN4C.
From the density of states (DOS) analysis shown in Figure S3,
the DOS value around the Fermi level for pyrrolic FeN4C is
higher than that for pyridinic FeN4C, indicating easier electron
transfer from the catalyst to the adsorbate. Interestingly, we
also found that the RDS changes from the *OH removal to the
*O protonation step as the pH increases. We plotted the
difference between the adsorption energies of *OH and *O in
Figure 5b, and this difference slightly increases as the applied
potential changes. So, according to the equation U/RHE = U/
SHE + kBT ln(10)pH/e, when U/RHE is fixed, different pH
values lead to different U/SHE, which can explain the RDS
change. In Figure 5e,f, over the onset potential range (from
0.79 to 0.91 V/RHE), the adsorption energy of *OH remains
relatively constant as the pH varies; therefore, the RDS change
is largely determined by the *O adsorption strength.
To further investigate how the number and type of

coordinating N affect the ORR activity, we thoroughly
calculated the ORR activity on other FeNxC (x = 0−3)
configurations with pyridinic- or pyrrolic-type N as shown in
Figures 6 and S4−S14. Corresponding fitted parameters are
shown in Tables S8−S18. The onset potential basically
decreases as the number of coordinating N decreases for
both pyridinic- and pyrrolic-type FeNxC. Importantly, the
computations of pyridinic-type FeNxC are consistent with
experiments.33 Pyrrolic-type N-coordinated FeNxC shows a
higher activity than pyridinic-type N; therefore, we could
improve the activity of FeNxC by increasing the content of
pyrrolic N in experiments via specific synthesis procedures and
precursor design.38 Notably, the RDS for these 13 different N-
coordinated FeNxC configurations is the *OH removal except
for pyrrolic FeN4C. We also evaluated the selectivity between

2e− and 4e− ORR over these considered configurations, as
shown in Figure S15; all of the considered configurations
prefer 4e− ORR. In the following discussion, we will focus on
the FeN4C case.
One of the major challenges faced by FeNxC catalysts is

their long-term stability due to the metal dissolution and
subsequent highly oxidative hydroxyl formation, which will
cause the carbon support corrosion due to the Fenton process
and the deterioration of catalytic performance. Since *OH and
*O bind the catalyst strongly, they could contribute to forming
the new active site rather than poisoning the active site due to
the two-dimensional nature of the catalyst.39,40 However, due
to the complexity of the catalytic system and intrinsic
limitation of in situ characterization techniques, the nature of
the axial ligand is still ambiguous. The transformation of active
sites under working conditions is very interesting for study. At
the same time, in situ ligand modification of the active site, like
coadsorbed *O, *OH, or other types of axially adsorbing
OmHn species have been identified to greatly affect the catalytic
activity and reaction pathway in many reports.41−44 As shown
in Figure 7, here, we plot the stability diagram of pyridinic and
pyrrolic FeN4C based on the metal dissolution and water
coadsorption caused by in situ ligand modification from a
thermodynamic perspective. The details are shown in the
Computational Methods part. The y is determined to be 2 and
3 for pyridinic and pyrrolic FeN4C, respectively, by comparing
the N protonation energy as described in Table S19. The
stability is highly dependent on the N type and the local
configuration of active sites, which was also reported
previously.27,45 As shown in Figure 7a,b, in acidic or neutral
media, the most stable phase is dissolved Fe ion or FeOH2+,
which could explain the insufficient stability for PEMFC.
However, under alkaline conditions at a relatively oxidative
applied potential range, the most stable phase turns into an *O
or *OH coadsorbed active site, indicating that *O or *OH
could help stabilize the Fe site. As previously reported, pure or
N-doped carbon materials showed certain ORR activity. We
also evaluated the ORR mechanism catalyzed by pyridinic
N4H2 and pyrrolic N4H3 as shown in Figures S16 and S17 to
determine the effect on catalytic activity by metal dissolution.
The onset potential for pyridinic N4H2 and pyrrolic N4H3 is

Figure 6. Onset potential (V/RHE) for the ORR catalyzed by 13
different N-coordinated FeNxC configurations under pH = 1 and 13.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.2c08743
J. Am. Chem. Soc. 2022, 144, 18144−18152

18148

https://pubs.acs.org/doi/suppl/10.1021/jacs.2c08743/suppl_file/ja2c08743_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c08743/suppl_file/ja2c08743_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c08743/suppl_file/ja2c08743_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c08743/suppl_file/ja2c08743_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c08743/suppl_file/ja2c08743_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c08743/suppl_file/ja2c08743_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c08743/suppl_file/ja2c08743_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.2c08743?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c08743?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c08743?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c08743?fig=fig6&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c08743?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


0.18 and 0.20 V/RHE at pH = 1, respectively, which could
explain the activity loss of FeN4C in acidic media.
But what about the influence of the coadsorbed species on

the ORR catalytic mechanism and the pH-dependent activity?

Here, we also evaluated the ORR activity on pyridinic *O-
FeN4C and *OH-FeN4C, as well as pyrrolic *O-FeN4C and
*OH-FeN4C, based on the free energy profile as shown in
Figure 8. The corresponding models and fitted parameters are
shown in Figures S18−S21 and Tables S4−S7. The catalytic
activity is remarkably promoted by the coadsorbed *O for
pyridinic *O-FeN4C in both acidic and alkaline media, with
increasing the onset potential to 0.86 and 0.89 V/RHE under
pH = 1 and 13, respectively. The RDS is the *OOH formation
step, and the adsorption strength becomes stronger as the pH
increases corresponding to the higher activity in the alkaline
environment (Figure S22). As shown in Figure 8b, the
coadsorbed *O would slightly decrease the activity of pyrrolic
FeN4C in both acidic and alkaline media. The RDS for pyrrolic
*O-FeN4C is also the *OOH formation step, which indicates
the remarkable effect on *OOH bonding strength by
coadsorbing *O. As shown in Figure 8c,d, interestingly
pyridinic and pyrrolic *OH-FeN4C show almost the same
catalytic activity in both acidic and alkaline media. This
leveling effect could be explained by the nearly identical
adsorption energy of *OH (the intermediate within the RDS)
of pyrrolic and pyridinic *OH-FeN4C as shown in Figure S23.
The coadsorbed *OH would increase the catalytic activity
compared with pristine pyridinic FeN4C, while the RDS
remains to be the *OH removal. Nevertheless, the coadsorbed
*OH would decrease the activity of pyrrolic FeN4C.
On one hand, the axially coadsorbing species would

contribute to stabilizing the Fe active site, which is conducive
to its long-term stability. On the other hand, they also help

Figure 7. Stability diagram of the (a) pyridinic FeN4C slab and (b)
pyrrolic FeN4C slab as a function of pH and applied potential.

Figure 8. (a) Free energy profiles of ORR catalyzed by pyridinic *O-FeN4C, (b) pyrrolic *O-FeN4C, (c) pyridinic *OH-FeN4C, and (d) pyrrolic
*OH-FeN4C.
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alleviate the relatively strong adsorption strength of inter-
mediates on pyridinic FeN4C, thus leading to optimized
adsorption energy and higher catalytic activity. The in situ
transformation of catalytic active sites could explain why
pyridinic FeNxC catalysts exhibit better performance in
alkaline media as reported in experiments.13 However, the
coadsorbing species would reduce the activity of pyrrolic
FeN4C.
Upon the acceptance of this work, we noticed the following

papers published very lately. Hutchison et al.46 demonstrated
the effect of axial ligation on ORR by multilevel computations.
Specifically, Ni et al.47 found that the active site of Fe−N−C
catalysts for ORR is the iron site coordinated with pyrrolic N
by Mössbauer spectroscopy, which is consistent with our
computations.

■ CONCLUSIONS
In conclusion, we comprehensively studied the ORR activity
catalyzed by 13 different N-coordinated FeNxC configurations
through simulations based on the constant-potential implicit
solvent model. Our results demonstrated that the pyrrolic
FeNxC shows superior catalytic activity to the pyridinic one,
and among these, pyrrolic FeN4C exhibits the highest activity
in acidic media. The activity generally decreases as the number
of coordinating N decreases for both pyridinic- and pyrrolic-
type FeNxC. Specifically, the in situ active site transformation
to *O-FeN4C in alkaline media for pyridinic FeN4C explains
the pH-dependent activity for broadly reported Fe−N−C
catalysts, and these axially coadsorbing species can help
stabilize the Fe site. Our results could provide valuable
guidance for rational design of better durable Fe−N−C
catalysts for ORR.
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