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ABSTRACT: Developing biomimetic catalysts with excellent peroxidase
(POD)-like activity has been a long-standing goal for researchers. Doping
nonmetallic atoms with different electronegativity to boost the POD-like activity
of Fe−N−C single-atom catalysts (SACs) has been successfully realized.
However, the introduction of heteroatoms to regulate the coordination
environment of the central Fe atom and thus influence the activation of the
H2O2 molecule in the POD-like reaction has not been extensively explored.
Herein, the effect of different doping sites and numbers of heteroatoms (P, S, B,
and N) on the adsorption and activation of H2O2 molecules of Fe−N sites is
thoroughly investigated by density functional theory (DFT) calculations. In
general, alternation in the catalytic efficiency directly depends on the transfer of
electrons and the geometrical shifts near the Fe−N site. First, the symmetry
disruption of the Fe−N4 site by P, S, and B doping is beneficial to the activation
of H2O2 due to a significant reduction in the adsorption energies. In some cases, without Fe−N4 site disruption, the configurations
fail to modulate the adsorption behavior of H2O2. Second, Fe−N−P/S configurations exhibit a stronger affinity for H2O2 molecules
due to the significant out-of-plane distortions induced by larger atomic radii of P and S. Moreover, the synergistic effects of Fe and
doping atoms P, S, and B with weaker electronegativity than that of N atoms promote electron donation to generated oxygen-
containing intermediates, thus facilitating subsequent electron transfer with other substrates. This work demonstrates the critical role
of tuning the coordinating environment of Fe−N active centers by heteroatom doping and provides theoretical guidance for
controlling the types by breaking the symmetry of SACs to achieve optimal POD-like catalytic activity and selectivity.

■ INTRODUCTION
Precisely designing and developing single-atom catalysts
(SACs), which possess isolated active sites at the atomic
level, have attracted considerable attention due to their
maximum atom utilization, well-defined active sites, tunable
coordination environments, and outstanding catalytic activity
compared to that of conventional catalysts.1−10 Fe−N−C
SACs can effectively mimic the structure of the active center of
natural peroxidase and exhibit exceptional peroxidase (POD)-
like catalytic activity, thus realizing efficient H2O2 reduction,
due to their precisely defined isolated iron active sites on the
carbon substrate and possessing a structure similar to that of
some natural enzymes.11−15 In particular, Fe−N−C SACs have
shown great potential in widespread applications, such as
clinical medicine,16 immunoassays,17,18 and biosensing.19,20 At
the same time, many DFT-based methods have been
successfully applied to predict the activities of nanomaterials
acting as POD or catalase (CAT) mimics, particularly in
relation to H2O2-targeted catalytic processes.

21−25 However,
SACs with the standard symmetric planar four-coordination
moieties (e.g., Fe−N4) often show insufficient adsorption
capability and catalytic activity for reactants due to their

symmetrical charge distribution.26 Thus, disrupting the
symmetric electron pattern around the active sites may be
crucial in tuning the adsorption of reaction intermediates on
the catalysts, thereby boosting their catalytic activity.
Recent research has shown that two approaches for

introducing atoms can effectively tune the electronic structure
of M-Nx active centers and improve the catalytic activity. One
approach is to introduce a second metal atom to form dual-
metal active sites,27,28 utilizing the d-band center coordination
of the two metals to regulate the strength of adsorption of
reaction intermediates such as Fe−Cu−Nx

29−31 and Fe1Co1−
NC.32 Another approach is to dope nonmetallic heteroatoms
into the carbon substrate by replacing carbon atoms or altering
the number of coordinating nitrogen atoms, thereby modifying
the features of the symmetric charge distribution around the
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metal center. The synergistic effect generated by the charge
transfer between the heteroatoms and central metal atoms
plays a crucial role in catalytic activity. Many studies have
demonstrated the effectiveness of the second approach,33−35

especially doping heteroatoms into the carbon-based materials
where M-N4 sites embed in to enhance POD/CAT-like
activity. Typical examples include Fe−N4−B2,11 FeN4C−
SOx,

36 Fe/CoNC−P,14,37,38 and FeN3−S.39,40 Besides, based
on previous reports, the coordination nitrogen environments of
single atoms promote differences in catalytic activity. FeFer−
SAC with four coordinating N atoms has highest POD-like
catalytic activity among the three Fe SACs due to the lower
OH generation barrier.41 And the FeN5 with axial N
coordination exhibits superior POD/OXD (oxidase)-like
activity owing to a clear electron push effect.26,42 In a word,
the atomic radius, electronegativity, doping ratio, and doping
position of different heteroatoms are crucial factors influencing
catalytic activity and selectivity.43,44 However, most theoretical
studies focus on only one or two of these aspects and most
analyses are based on experimental results, while a
comprehensive and in-depth study of doping factors for the
binding affinity of H2O2 linked to POD-like activity at the
theoretical level is lacking.
In this work, the modulation of H2O2 molecule adsorption

behavior by heteroatoms (P, S, B, and N) in Fe−N structures
at different doping positions and numbers is systematically
investigated. DFT calculations suggest that the synergistic
effects between the Fe site and heteroatoms in Fe−N
configurations, particularly those disrupting the symmetry of
the Fe−N4 geometry, optimize the adsorption behavior and
activation of H2O2, thus facilitating electron transfer between

the catalysts and generated oxygen-containing intermediates.
In addition, the incorporation of P and S atoms with larger
atomic radii in the Fe−N configurations induces significant
surface distortion, enhancing the affinity for H2O2 molecules.
Moreover, the synergistic effects of Fe and doping atoms P, S,
and B with weaker electronegativity than that of N promote
the activation of H2O2 and the formation of oxygen-containing
intermediates, facilitating subsequent electron transfer with
other substrates, such as 3,3′,5,5′-tetramethylbenzidine
(TMB). Replacing C atoms around the intact Fe−N4 structure
by N fails to modulate H2O2 adsorption behavior. Therefore,
asymmetric atomic Fe−N configurations achieve optimal
geometric and electronic structure and play a crucial role in
promoting H2O2 adsorption and activation for POD-like
reaction kinetics.

■ COMPUTATIONAL MODELS AND METHODS
To explore the geometric and electronic structure of
heteroatom (P, S, B, and N) doping Fe−N configurations, a
6 × 6 × 1 N-doped carbon layer with an Fe atom anchored on
the N4 vacancy is built to model the Fe−N4−C structure
(Figure 1a). According to previous studies,11,14,38−40,43−50

both coordinating N and neighboring C atoms around the
central Fe are the sites that can be doped, and the blue area
inside the dashed box in Figure 1a is chosen as the doping
region for heteroatoms. To eliminate the interaction between
atoms in adjacent periodic layers, a vacuum layer of up to 15 Å
is added to the surface of the N-doped carbon layer along the z
direction.
All spin polarization calculations are based on DFT using the

Vienna ab initio simulation package (VASP).51,52 To describe

Figure 1. (a) Top view of the selected doping area in Fe−N4. (b) Top and side views of the optimized geometries of FeN4. (c) ELF image of Fe−
N4. (d) Charge density difference and Bader charge of FeN4, where the blue (yellow) area represents charge density depletion (accumulation). The
cutoff of the isosurface is 0.03 e Bohr−3.
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the electron−ion interaction, the projector augmented wave
(PAW)53,54 method is employed. The electron exchange and
correlation energies are treated within the generalized gradient
approximation in the Perdew−Burke−Ernzerhof formalism
(GGA-PBE).55 The van der Waals (vdW) interaction is
considered by using the DFT-D356,57 method of Grimme. In
structural relaxations, the convergence criteria for energies and
forces are set to 1 × 10−6 eV and 0.01 eV/Å, respectively, and
k-point meshes of 3 × 3 × 1 are used for the models.58 The
convergence of calculations is ensured by setting the cutoff
energy for the plane-wave basis at 500 eV. A simple rotationally
invariant DFT+U59 version is adopted to address the
electronic correlation of Fe 3d electrons, where a value of U
= 3.0 eV is used for Fe atoms. Crystal orbital Hamilton
population (COHP) analysis is performed by utilizing the
Lobster program.60,61

The formation energy (Eform) of heteroatom-doped Fe−N
configurations can be achieved by taking undoped Fe−N4 as a
reference

= +E E m E mform Fe N X N/C Fe N X4 (1)

where EFe−Nd4
and EFe−N−X represent the total energies of FeN4

and heteroatom X (X = P, S, B, and N)-doped Fe−N
configurations, respectively. μN, μC, and μX represent the
chemical potentials of N, C, and X, respectively. Here, the Eform
of heteroatom-doped Fe−N configurations can be obtained by
taking undoped Fe−N4 as a reference, and the lower formation
energies indicate a more stable structure after doping. The
adsorption energies of H2O2 (ΔEHd2Od2

) are calculated according
to

= *EE E EH O H O H O sur2 2 2 2 2 2 (2)

where EHd2Od2* represents the total energy of the H2O2
adsorption state, EHd2Od2

represents the energy of H2O2
molecules, and Esur represents the total energy of the clean
surface of the Fe−N structure. The adsorption energy of H2O2
on some Fe−N structures is calculated by assessing the
reaction energy where the H2O2 molecule in gas undergoes
heterolysis (O* + H2O*) or homolysis (OH* + OH*). The
reaction energy (ΔEr) is calculated by

=E E Er FS IS (3)

where EFS and EIS are the total energies of the corresponding
final state (FS) and initial state (IS), respectively.
Figure 1b shows the top and side views of the optimized

geometry of the Fe−N4 configuration, and it shows that all
atoms in the Fe−N4 structure are kept nearly in the same
plane. With the incorporation of the Fe atom, unpaired
electrons as well as lone-pair electrons of N atoms contribute
to Fe−N interactions, which are displayed in the electron
localization function (ELF) image in Figure 1c. Additionally,
the charge density difference in Figure 1d indicates that the
charge distribution of the Fe−N4 configuration is symmetrical,
indicating symmetric Fe−N coordination. For Fe−N4, the
central Fe atom loses electrons while the coordinating N atoms
gain electrons. Moreover, the calculated Bader charge of Fe is
1.07, further confirming that Fe donates electrons, making its
charge positive. The undoped Fe−N4 structure serves as a
benchmark.

■ RESULTS AND DISCUSSION
Stability of Heteroatom-Doped Fe−N Configurations.

As shown in Figures S1−S4, the Eform values of all proposed
heteroatom-doped Fe−N structures, including Fe−N3X1 and
isomers of Fe−N4X1, Fe−N4X2, and Fe−N2X2 (X= P, S, B, and
N), are listed. In addition to Fe−N3X1, the two structures with
the lowest formation energies (blue-labeled configurations in
Figures S1−S4) according to eq 1 are first selected from each
type of isomer for geometry and charge distribution studies.
Besides, 15 configurations with relatively lower Eform and thus
better stability are further selected, including the undoped Fe−
N4 and heteroatom-doped Fe−N configurations (marked with
red asterisks in Figures 2−4h and 5e), to investigate the effects
of dopant atoms on the adsorption behavior of H2O2 related to
POD-like activity.

The results show that B- and N-doped Fe−N configurations
are relatively more stable due to the lower Eform, while the P
and S doping both slightly lower the stability of the entire Fe−
N configurations. As shown in Figures 2−4h and 5e, for P, S,
and N doping, the overall trend in Eform increases with the
increase in the number of dopant atoms, indicating that the
stability of the structure decreases. Besides, replacing the
coordinated N atoms with P, S, and B greatly reduces the
stability compared to replacing C atoms, when the number of
doped atoms reaches 2. It is noteworthy that substituting C
atoms adjacent to the active site with B atoms is energetically
more favorable due to Eform being negative.

Doping-Induced Geometrical Change. By benchmark-
ing with the original geometry of the Fe−N4 site, the doped P
and S atoms shift the geometry significantly, while the B or N
atoms do not change the planar shape in the geometry. As
shown in Figures 2 and 3, the introduction of heteroatoms P
and S induces out-of-plane distortions due to the longer P/S−
C bond (1.75−1.78 Å) compared to N−C (1.36−1.38 Å) in
the structure. The more P/S atoms doped into the Fe−N SAC,
the more buckling of planar configurations exhibited, and the
changes in Fe−N distances are shown in Table S1. The
apparent lengthening or shortening of the Fe−N distances in
the Fe−N−P/S configurations in Table S1, compared to the
Fe−N distance (1.97−1.98 Å) in Fe−N4, also demonstrates

Figure 2. (a−g) Charge density differences, Bader charge, and side
view of optimized geometries of Fe−N3P1, Fe−N4P1-1, Fe−N4P1-2,
Fe−N4P2-1, Fe−N4P2-10, Fe−N2P2-2, and Fe−N2P2-3 configurations,
respectively, where the blue (yellow) area represents charge density
depletion (accumulation). The cutoff of the isosurface is 0.03 e
Bohr−3. (h) Formation energies of doping with different sites and
numbers (1, 2) of P atoms in Fe−N4.
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the distortions. This can be rationalized by the fact that the
atomic radii of P and S are larger than those of B, C, and N.

Doping-Induced Electronic Structure Change. The
local electronic structure shifts of Fe are analyzed by the charge
density difference. As shown in the charge distribution in
Figures 2−4, the replacement of coordinating N by

heteroatoms leads to a marked decrease in the positive charge
of the central Fe, as confirmed by the reduced Bader charge of
Fe−N3X1 (Figures 2−4a) and a further reduction in Fe−N2X2
(X = P, S, B) (Figures 2−4f,g). This decrease is attributed to
the weaker electronegativity of P/S/B than N atoms, allowing
P/S/B → Fe → N electron transfer.14,62 Due to the electron
donation of P, S, and B, the depletion of charge on the central
Fe atom is weakened, resulting in a reduction in the positive
charge of Fe.
On the other hand, the substitution of C atoms around the

Fe−N4 site by heteroatoms is taken into account. First, for P
and S doping, the dopant atoms lose electrons to the

neighboring C and N atoms, and the central Fe atom loses
more electrons, especially for S doping, leading to an increase
in its positive charge (Figures 2b−d and 3b−e). For B doping,
the change in the positive charge of Fe is not significant
compared to the undoped state of 1.07 (Figure 4b−e). Finally,
when additional N atoms are doped into the C substrate
around the Fe−N4 site, replacing one C atom cannot induce
significant shifts in the charge transfer of Fe (Figure 5a,b).
However, as the number of substitutions increases, the electron
donation from Fe decreases, which is confirmed by the less
positive charge of Fe (Figure 5c,d).

Work Functions and DOS Analysis. To assess the
capacity of electron transfer, work functions and the projection
density of states (PDOS) are investigated. As indicated in the
configurations summarized in Table 1, the work functions of
the P- and B-doped Fe−N structures are overall improved over
the undoped Fe−N4 while doping with S and N leads to a
decrease in work functions. Especially for N-doped Fe−N4
structures, increasing the proportion of N doping on the
carbon substrate triggers a significant decrease in the work
function (∼3.600 eV). This is attributed to the higher
electronegativity of N atoms, which attracts more electrons
to the catalyst surface, leading to a decrease in the work
function. The lower work function of the catalyst indicates the
higher capacity of electron donation and the fact that electron
transfer can be facilitated.63−65

In addition, the PDOSs of Fe active sites in Figure 6 exhibit
prominent electronic states near the Fermi level, with narrow
band gaps in the configurations doped with P, S, B, and N. In
contrast, there is a considerable band gap in the associated
PDOS in the undoped Fe−N4. Therefore, the addition of new
heteroatoms (P, S, B, and N) can substantially alter the PDOSs
of the active sites, which may result in decreasing the energy
barrier for species’ adsorption in catalytic reactions.66,67

Doping Effects on Adsorption and Activation of H2O2
in the POD-like Reaction. To further explore the
modulation of H2O2 adsorption and activation on Fe−N
configurations by heteroatom doping, adsorption geometries
and ΔEHd2Od2

are analyzed (Figure 7). Based on computational
results, the weaker electronegativity and larger atomic radius of
doping atoms compared to those of N atoms and the
disruption of the symmetrical Fe−N4 site appear to be
effective in promoting the adsorption and activation of H2O2.
First, substituting coordinating N atoms with heteroatoms to
disrupt the Fe−N4 site is favorable for H2O2 activation, such as
Fe−N3X1 (Figure 7a,e,i) and Fe−N2X2 (X = P, S, and B)
configurations (Figure 7d,h,l). As expected, these structures

Figure 3. (a−g) Charge density differences, Bader charge, and side
view of optimized geometries of Fe−N3S1, Fe−N4S1-1, Fe−N4S1-2,
Fe−N4S2-1, Fe−N4S2-10, Fe−N2S2-2, and Fe−N2S2-3 configurations,
respectively, where the blue (yellow) area represents charge density
depletion (accumulation). The cutoff of the isosurface is 0.03 e
Bohr−3. (h) The formation energies of doping with different sites and
numbers (1, 2) of S atoms in Fe−N4.

Figure 4. (a−g) Charge density differences, Bader charge, and side
view of optimized geometries of Fe−N3B1, Fe−N4B1-1, Fe−N4B1-2,
Fe−N4B2-12, Fe−N4B2-14, Fe−N2B2-1, and Fe−N2B2-3 configura-
tions, respectively, where the blue (yellow) area represents charge
density depletion (accumulation). The cutoff of the isosurface is 0.03
e Bohr−3. (h) Formation energies of doping with different sites and
numbers (1, 2) of B atoms in Fe−N4.

Figure 5. (a−d) Charge density differences, Bader charge, and side
view of optimized geometries of Fe−N4-N1-2, Fe−N4-N1-3, Fe−N4-
N2-5, and Fe−N4-N2-8 configurations, respectively, where the blue
(yellow) area represents charge density depletion (accumulation).
The cutoff of the isosurface is 0.03 e Bohr−3. (e) Formation energies
of doping with different sites and numbers (1, 2) of N atoms in Fe−
N4.
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exhibit lower adsorption energies for H2O2 in comparison to
undoped Fe−N4 (−0.318 eV), potentially enhancing the
adsorption and reaction kinetics of H2O2. Specifically, H2O2
molecules are readily activated and undergo heterolysis (O* +
H2O*) on Fe−N3P1, Fe−N2P2-2, Fe−N3S1, and Fe−N3B1, and
the generated O readily attaches to the central Fe with Fe−O
distances of 1.66, 1.67, 1.68, and 1.87 Å, respectively (Figure
7a,d,e,i). Besides, Fe−N2S2-3 and Fe−N2B2-3 tend to induce
homolysis (OH*+OH*), as shown in Figure 7h,l, where one of
the generated OHs attaches to the central Fe with Fe−O
distances of 1.85 and 1.84 Å, respectively. These shorter Fe−O
distances compared to 2.32 Å on Fe−N4 (the reference in
Figure 7m) indicate the stronger adsorption and beneficial
activation of H2O2 molecules.
In addition, configurations in which neighboring C atoms

are replaced without breaking the N4 structure fail to optimize
the adsorption behavior of H2O2. Similar to the undoped Fe−
N4, whole H2O2 molecules adsorb on active sites of Fe−N4X1
(Figure 7f,j,n) and Fe−N4X2 (X = S, B, and N) (Figure 7g,k,o)

with Fe−O distances of 2.27−2.48 Å, most of which are longer
than the Fe−O distance on Fe−N4. Besides, adsorption
energies for H2O2 are not significantly lower compared with
FeN4 (−0.318 eV). These results indicate that relatively weak
adsorptions of H2O2 are therefore unfavorable for subsequent
activation. For Fe−N4P1-2 and FeN4P2-10 (Figure 7b,c),
although H2O2 molecules also experience heterolysis on active
sites, the formed O* is adsorbed on P atoms instead of the
central Fe. Due to the quite low adsorption energies (−4.949
and −4.334 eV, respectively), the interaction between the O*
species and P is too strong to facilitate subsequent electron
extraction from other substrates in the POD-like catalytic
reaction.

PDOS and COHP Analysis. The PDOS and the projected
crystal orbital Hamilton population (-pCOHP) analysis of Fe−
O are carried out to further examine the influence by the
heteroatom doping on the interaction between Fe sites and
H2O2 or oxygen species-related intermediates (O*, OH*, and
H2O*) after adsorption. Simulation results suggest that the

Table 1. Calculated Work Functions (eV) of the Heteroatom (P, S, B, and N)-Doped Fe−N Configurations

Structure Work function Structure Work function

Fe−N4 4.216
P-doped Fe−N3P1 4.303 B-doped Fe−N3B1 4.211

Fe−N4P1-2 4.228 Fe−N4B1-2 4.323
Fe−N4P2-10 4.196 Fe−N4B2-14 4.377
Fe−N2P2-2 4.333 Fe−N2B2-3 4.299

S-doped Fe−N3S1 3.909 N-doped Fe−N4−N1-3 3.526
Fe−N4S1-2 4.063
Fe−N4S2-10 4.066 Fe−N4−N2-8 3.600
Fe−N2S2-3 4.121

Figure 6. Projected electronic density of state (PDOS) of Fe in (a) P-doped, (b) S-doped, and (c) B-doped Fe−N and (d) N-doped Fe−N4
configurations. The undoped Fe−N4 serves as a reference.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c04990
ACS Omega 2024, 9, 35144−35153

35148

https://pubs.acs.org/doi/10.1021/acsomega.4c04990?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04990?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04990?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04990?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c04990?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


heteroatom (P, S, and B) doping Fe−N configurations with
the symmetry disruption of N4 geometry have a stronger
affinity for H2O2 molecules, which would be beneficial for their
activation, thus accelerating the reaction kinetics. In the
simulation, the d-band center of Fe and the p-band center of
O* in Fe−O for each adsorption configuration are also
provided. Since most reaction intermediates are related to
oxygen species, the adsorption of O is taken as an example.68

As shown in the left panel of Figure 8a,d,e,h,i,l, the
symmetry breaking of N4 induced by P/S/B doping narrows
the gap between the d-band center and the p-band center.
Consequently, this increases the overlap of Fe 3d with O 2p
orbitals in comparison to Fe−N4 (Figure 8m), indicating the
enhanced interactions between the central Fe in Fe−N3X1 and
Fe−N2X2 (X = P, S, and B) and oxygen species-related
intermediates. This effective activation of H2O2 is further
confirmed quantitatively by the integrated pCOHP to the
Fermi level (ICOHP) for the Fe−O interaction quantitatively.
As shown in the COHP diagram in Figure 8a,d,e,h,i,l, the

calculated ICOHPs of Fe−O on Fe−N3X1 and Fe−N2X2 (X =
P, S, and B) configurations are more negative than that on Fe−
N4 (−0.63 eV), which indicates a greater number of electrons
occupying bonding orbitals, leading to the stronger Fe−O
interaction. Therefore, substituting coordinating N atoms with
the P, S, and B promotes the adsorption and then activation of
the H2O2, resulting in stronger bonding between Fe and the
adsorbed oxygen-containing intermediates, consequently ex-
pediting the reaction kinetics.
However, for Fe−N4X1 (Figure 8f,j,n) and Fe−N4X2 (X = S,

B, and N) (Figure 8g,k,o) configurations, there is no
substantial decrease in the energy difference between the d-
band center of Fe and the p-band center of O*, and ICOHP
values for Fe−O* are relatively close to that of Fe−N4 (−0.63
eV), indicating similar interaction strengths. For Fe−N4P1-2

and FeN4P2-10 (Figure 8b,c), the weak interaction between
the Fe and O* (in H2O) is also confirmed by the small overlap
of Fe 3d with O 2p orbitals due to the antibonding greatly
lowered below the Fermi level compared to Fe−N3X1 and Fe−
N2X2 structures, suggesting that produced H2O molecules
show relatively weak adsorption strength. The stronger
interaction between the generated O* and P will be discussed
later.

Electron Transfer and Charge Redistribution after
Adsorption and Activation of H2O2. To further assess the
electron transfer ability quantitatively, the charge redistribution
between H2O2 or oxygen-containing intermediates and the 15
Fe−N configurations in Table 1 is investigated. The
calculations reveal that the electronic synergistic effect
triggered by N4 symmetry disruption in Fe−N3X1 and Fe−
N2X2 (X = P, S, and B) configurations is beneficial to the H2O2
activation and the subsequent electron transfer from other
substrates, such as TMB.
As exhibited by the charge density differences and Bader

charge in Figure 9, Fe sites and dopant atoms (P, S, and B)
consistently act as electron donors, while the generated OH*
and O* are electron acceptors. Specifically, in the case of
replacing coordinating N atoms, the central Fe is also the
intermediate of charge transfer, and the electrons lost by the
dopant atom P/S/B are transferred to O* and OH* via Fe
sites (synergistic effects of Fe and P/S/B atoms) in Fe−N3X1
and Fe−N2X2 configurations, which is confirmed by the
calculated Bader charges of Fe before (Figures 2−5) and after
adsorption, O* and OH* (Figure 9a,d,e,h,i,l).
The weak adsorption strength between the formed H2O and

active sites is also evidenced by the Bader charge of the H2O
(close to 0), indicating that the regeneration of catalytic active
sites would occur rapidly after the generation of H2O
molecules and may lower the dehydration energy barrier of

Figure 7. Optimized geometries, Δ″EHd2Od2
, and corresponding Fe−O and X−O distances of H2O2 adsorption on heteroatom (X = P, S, B, and N)-

doped Fe−N configurations. The undoped Fe−N4 serves as a reference.
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the H2O2 molecule. Moreover, since the numbers of electrons
obtained by the O* in Fe−N3P1 and Fe−N3S1 (−0.75 and
−0.85, respectively) are less than that of Fe−N3B1 (−1.33),
this would better stimulate the O* to extract electrons from
substrates, such as TMB, in the POD-like reaction for Fe−
N3P1 and Fe−N3S1.
Meanwhile, as confirmed by the calculated Bader charges of

H2O2 molecules (close to 0) adsorbed on Fe−N4X1 (Figure
9f,j,n) and Fe−N4X2 (X = S, B, and N) (Figure 9g,k,o), the Fe
site exhibits a weak interaction with the H2O2, thereby failing
to activate the H2O2. Although the H2O2 is activated on the
Fe−N4P1 and Fe−N4P2-2, the stronger interaction is
confirmed by the Bader charge of the O* adsorbed on the P
atom (−1.40 in Figure 9b,c), which is significantly more than
the electrons gained by adsorption on the Fe sites of Fe−N3P1
(−0.75), Fe−N3S1 (−0.85), and Fe−N2P2-1 (−0.79). This is
not conducive to facilitating subsequent electron extraction
from other substrates, such as Fe−N4P1 and Fe−N4P2-2.

Therefore, doping P, S, and B atoms with weaker electro-
negativity than N in N4-symmetry-breaking Fe−N config-
urations achieves the optimal electron density distribution of
the active site. However, without Fe−N4 site disruption, the
Fe−N4X1 and Fe−N4X2 configurations fail to modulate the
adsorption behavior of H2O2 and effectively facilitate electron
transfer with the adsorbates.

■ CONCLUSIONS
In this work, the influence of heteroatom (P, S, B, and N)
doping on the adsorption and activation of H2O2 molecules by
modulating the microenvironment of Fe−N−X (X= P, S, B,
and N) sites, which is crucial to enhancing POD-like activity, is
investigated based on DFT calculations. The results reveal that
the synergistic effects of the central Fe and heteroatoms in Fe−
N configurations with a symmetry disruption of Fe−N4
geometry optimize the adsorption of H2O2, thus facilitating
H2O2 activation and the subsequent electron transfer between

Figure 8. PDOS and pCOHP of the oxygen adsorption state of H2O2 for (a−d) P-doped, (e−h) S-doped, and (i−l) B-doped Fe−N and (m−o)
undoped and N-doped Fe−N4 configurations. The PDOS and pCOHP of the oxygen adsorption state in undoped FeN4 serve as a reference.
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catalysts and generated oxygen-containing intermediates.
Additionally, the introduction of P and S atoms with larger
atomic radii in the Fe−N configurations induces significant
out-of-plane distortions, enhancing the affinity for H2O2
molecules. Moreover, the synergistic effects of Fe and doping
atoms P, S, and B with weaker electronegativity than N
promote the activation of H2O2 and the generation of oxygen-
containing intermediates, facilitating subsequent electron
transfer with other substrates. Introducing N around the intact
Fe−N4 structure fails to tune the H2O2 adsorption behavior;
therefore, symmetry disruption of the Fe−N4 site plays a
crucial role in promoting H2O2 adsorption and activation for
Fe−N configurations linked to POD-like catalytic reactions.
This study is limited by the type of doping elements. Further

exploration of the other types of doping heteroatoms, doping
distance, and doping proportion of heteroatoms should be
addressed. This study demonstrates the critical role of tuning
the coordinating environment of Fe−N active centers by
heteroatom doping and provides theoretical guidance for
controlling the types by means of breaking the symmetry of
SACs to achieve optimal POD-like catalytic activity and
selectivity.
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