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ABSTRACT: In this study, the oxygen reduction reaction (ORR) process of dual-metal
active site catalysts (FeMN6-Gra, M = Mn, Ni, Co, or Cu) mediated by p-block elements
was investigated using density functional theory calculations. The obtained results
demonstrate that, in most cases, the B-doped FeMN6-Gra (M = Mn, Ni, Co, or Cu)
catalysts exhibit higher catalytic performance than their undoped counterparts. Among the
investigated catalysts, FeNiN6-Gra doping by B modulates the adsorption strength of the
metal center on the oxygen-containing intermediates, showing the largest increase in the
onset potential (from 0.66 to 0.94 V). Importantly, we found a new law that B-doping
affects the total charge of the metal adsorption site and the four surrounding N atoms and
that there is a linear relationship between the total charge and the Gibbs free energy.
Transition state analysis shows that the energy barrier of the thermodynamic rate-
determining step (*OH hydrogenation to H2O) in the FeNiN6B1-Gra-catalyzed ORR process is 0.17 eV, which is smaller than that
of the FeNiN6-Gra-catalyzed process (0.28 eV). Overall, the results demonstrate that B-doping can improve the activity of FeMN6-
Gra catalysts and provide a new method for the future development of efficient electrocatalysts.

■ INTRODUCTION

Fuel cells are sustainable energy sources that have received a
lot of attention due to their ability to relieve human
dependence on non-renewable fossil fuels.1−3 Unfortunately,
the efficiency of these cells is limited by the slow kinetics of the
oxygen reduction reaction (ORR) that occurs at the cathode.4

Therefore, it is necessary to develop more efficient cathode
catalysts. In recent decades, noble Pt metals5 and Pt-based
alloys6,7 have been most widely used as cathode electro-
catalysts; however, the high cost of these materials impedes
their application in fuel cells on an industrial level. This
indicates that low-cost and highly active non-precious metal
electrocatalysts are needed.
Recently, atomically dispersed transition metal single-atom

catalysts (SACs) have emerged as viable cathode electro-
catalysts for use in fuel cells. In particular, the design of highly
effective and selective Pt1/FeOx single-atom catalysts8 has
inspired new ideas for the improvement of metal utilization.
The single metal atom provides a unique modulated active
center on the carrier surface, thereby optimizing the activity,
selectivity, and stability of multiphase catalysts.9 TM-N-C
materials (TM indicates transition metal) have also been
proposed as promising catalysts for ORR. Moreover, studies
conducted on TMNx-C show that these materials have good
stability and catalytic efficiency for ORR.10−12 For example,
first-principles molecular dynamics (MD) simulations demon-
strate that MnN4-embedded graphene (MnN4-Gra) is stable at
high temperatures and leads to exothermic ORR pathways.

Moreover, the catalytic activity of this material is comparable
to that of Pt catalysts.10 Based on experimental studies
performed on TM-N co-doped carbon nanotubes (TM-N-
CNTs), the Fe-N-CNT half-wave potential is 0.87 V, which
has high catalytic activity.11 Specifically, the experimental
activity of FeN4-doped graphene catalysts is very close to that
of commercial 40% Pt/C catalysts.12 Multistage porous Co−N
functionalized graphene aerogels are also effective catalysts for
ORR in acidic electrolytes. The high catalytic activity of these
materials is attributed to the abundance of active sites available
for ORR, which ensures rapid mass transfer during catalysis.13

CoNx-doped graphene alkenes have particularly high ORR
efficiency, and their catalytic mechanisms vary depending on
the number of nitrogen atoms.14

Compared to monometallic atom catalysts, materials doped
with double-transition metal atoms as active sites exhibit
improved catalytic activity because of the synergy between the
metal atoms. For example, porous carbon co-doped with Fe,
Co, and N shows high catalytic activity, and its onset potential
and half-wave potential are better than those of the Fe−N−C
and Co−N−C monometallic atom catalysts.15 The working
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potential and energy barrier of FeCoN6-Gra are 0.97 and 0.34
eV, even better than Pt (0.78 and 0.80 eV, respectively).16

Moreover, theoretical studies reveal that FeCoN7 and FeCoN8
sites have a minimum overpotential of 0.22 V.17 Similarly, Fe,
Mn, and N co-doped graphene exhibit superior catalytic
activity compared to Pt/C and catalysts composed of Fe−Nx
active sites.18 Based on density functional theory calculations,
bimetallic active centers, including PGM (Pt and Pd) and non-
PGM (Fe, Co, Ni, and Cu) metals embedded in graphene
monolayers and coordinated by six pyridine nitrogen atoms,
exhibit high catalytic activity for ORR due to the effect of the
second metal site in promoting the O−O bond cleavage in the
OOH* intermediate, which alleviates the *OH removal
problem.19,20

To improve the activity of ORR catalysts, researchers have
also developed materials wherein more than one nonmetallic
atoms is added to the metal-atom catalyst.21−25 Using the nacl-
template pyrolysis method, single Fe atom catalysts with
atomically dispersed Fe-heteroatom (N and S) bridge sites
anchored on carbon nanosheets were experimentally designed.
The N- and S-coordinated Fe atom sites (FeN3S) induce
charge redistribution and reduce the oxygen-containing
reaction binding strength of intermediates.21 Density func-
tional theory (DFT) calculations of the oxygen reduction
reaction on both sides of the active center in S-doped CoN4-G
catalysts show that these catalysts reduce the overpotential of
the ORR.22 Based on structure−property relationship analyses,
the local structures of these catalysts at the molecular level,
including the first and second coordination spheres (CSs),
synergistically determine the electrocatalytic reaction. The
catalytic performance may be adjusted by modifying the first
(N or/and O coordination) and second (C−O−C groups)
CSs.23 Shang et al.24 proposed a practical strategy for the
rational design of catalysts composed of individual copper
atoms coordinated with sulfur and nitrogen in multilayer
porous carbon (S-Cu-ISA/SNC). An atomic interface strategy
for the construction of single-atom copper catalysts (Cu-SA/
SNC) with high ORR activity in alkaline media and 0.893 V
half-wave potential is also reported by Jiang et al.25 By
modulating the d-band center of single-atom catalysts, boron
dopants can enhance the efficiency of these catalysts, so much
so that it exceeds the efficiencies of pure Fe−N−C and
industrial Pt/C in 0.1 M KOH media with a reversible
hydrogen electrode (with respect to RHE). First-principles
calculations indicate that the d-band center modulated by B-
doping provides the system with good oxygen adsorption
energy and low overpotential.26

In this study, we use DFT calculations to investigate the
ORR catalyst design of dual-metal active sites mediated by p-
block elements (boron atoms). The effect of B-doping on
FeMN6-Gra (M = Mn, Ni, Co, or Cu) catalysts under acidic

conditions is analyzed thermodynamically and kinetically, and
the mechanism underlying the enhanced catalytic activity for
ORR is revealed.

■ COMPUTATIONAL METHODS
All DFT calculations were conducted using the Vienna ab
initio simulation package.27−29 The monolayer of graphene 5 ×
5 sheet doped with FeMN6/FeMN6B-Gra as the model of
graphene-based catalysts (Figure 1). The projector-augmented
wave method30 was used to describe the core electrons, and
the generalized gradient approximation function implemented
in the Perdew−Burke−Ernzerhof generalization was used to
exchange the correlated energy generalization.31 The cutoff
energy was set to 500 eV. The Brillouin zones were sampled
during structure calculation using 3 × 3 × 1 Monkhorst−Pack
meshes.32 To avoid periodic interactions, a sufficient vacuum
of 20 Å was implemented. The convergence criterion for the
self-consistent iteration was set at 1 × 10−6 eV, which means
that ion relaxation stops when the force on each atom is less
than 0.02 eV/Å. Grimme’s DFT-D3 theory was employed to
account for the van der Waals interactions between adsorbates
and substrates.33 The minimum energy pathway was obtained
using the climbing image nudged elastic band method34 and
MD simulations with a time step of 2 fs using DFTB.35

The Gibbs free energy change (ΔG) was calculated based on
the standard hydrogen electrode model,36 as shown in eq 1

Δ = Δ + Δ − Δ + Δ + ΔG E T SEZPE GU GpH (1)

where ΔE, ΔEZPE, and ΔS represent the changes in
adsorption energy, zero-point energy correction, and entropy,
respectively (calculated based on density functional theory),
and T represents the temperature (298.15 K). ΔGU = −neU,
where U is the applied electrode potential, e is the transferred
charge, and n is the number of proton−electron pairs.
The ORR process occurring in acidic media is given below

+ + →+ −O 4(H e ) 2H O2 2 (2)

and it involves four steps

Δ +* + + → * + ++ − + −G : O 4(H e ) OOH 3(H e )1 2
(2a)

Δ * + +

→ * + + +

+ −

+ −

G : OOH 3(H e )

O H O 2(H e )
2

2 (2b)

Δ * + + +

→ * + + +

+ −

+ −

G : O H O 2(H e )

OH H O (H e )
3 2

2 (2c)

Δ * + + + → +*+ −G : OH H O (H e ) 2H O4 2 2 (2d)

Figure 1. Geometry optimization of B-doped FeMN6-Gra catalysts. (a) FeNiN6-Gra, (b) FeNiN6B1-Gra, (c) FeNiN6B2-Gra, and (d) FeNiN6B3-
Gra.
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The overpotential is given by

η = + Δ Δ Δ ΔG G G G e1.23 min( , , , )/ORR 1 2 3 4 (3)

The Gibbs adsorption free energies of H2O and H2 were
determined based on the ΔG values of the *OOH, *O, and
*OH intermediates in ORR, as shown in eqs 4−6, respectively

Δ = + −* *G G G G3/2 2OOH OOH H H O2 2 (4)

Δ = + −* *G G G GO O H H O2 2 (5)

Δ = + −* *G G G G1/2OH OH H H O2 2 (6)

where * is the adsorption state of oxygen-containing
intermediates, ΔG*OOH, ΔG*O, and ΔG*OH are the free
energies of adsorption of *OOH, *O, and *OH, respectively,
and GH2O and GH2 are the free energies of H2O and H2
molecules in the gas phase, respectively.

■ RESULTS AND DISCUSSION
Stability and Electronic Properties of FeMN6/

FeMN6B-Gra Structures. Figure 1 shows the optimized

structures of the FeNiN6/FeNiN6B-Gra catalysts, where all
atoms are kept in the same plane, and no significant bulges
appear. This indicates that these structures have high stability.
The formation energies of FeMN6-Gra (ΔEf1) and FeMN6B-

Gra (ΔEf2) are given by the following equations:

μ μ μ μΔ = + [ + + + ]‐E E E10 6f1 FeMN Gra c Gra N Fe M6 (7)

μ μ μ μ

μ

Δ = + [ + + +

+ ]

‐E E E11 6f2 FeMN B Gra c Gra N Fe M

B

6

(8)

where EFeMN6‑Gra and EFeMN6B‑Gra are the total energies of
FeMN6-Gra and FeMN6B-Gra, respectively, and EGra is the
total energy of pure graphene. μc is the chemical potential of
carbon atoms in monolayer graphene, and μN, μB, μFe, and μM
represent the chemical potential of the corresponding atom.
The stability of FeMN6/FeMN6B-Gra catalysts was

evaluated by calculating their formation energies. The results
illustrated in Figure 2 demonstrate that both FeMN6 and
FeMN6B-Gra are thermodynamically stable. Moreover,

FeMN6B-Gra has a lower formation energy than FeMN6-
Gra, which indicates that boron exhibits a strong covalent
interaction that enhances the thermodynamic stability of the
system.
Based on Bader charge analysis, both the metal and boron

atoms are positively charged due to the loss of electrons. The
charge transfer from metal atoms at the adsorption sites of
oxygen-containing intermediates increases after doping with
boron (Table 1), which indicates that B atoms promote the
transfer of electrons from metal atoms through the synergistic
effect. The M denotes the metal atom of the adsorption site,
where the adsorption sites of FeNi, FeCo, and FeCu catalysts
are Fe atoms and the adsorption sites of FeMn catalysts are
Mn atoms.

Electrocatalytic Performance of ORR. Based on the
DFT calculations, the oxygen-containing intermediates *OOH,
*O, and *OH in FeMN6/FeMN6B-Gra catalysts tend to
adsorb at the top positions of low electronegativity metal
atoms. Figure S1 shows the most stable adsorption
conformations of these catalysts. To investigate the catalytic
performance of the FeMN6/FeMN6B-Gra catalysts, we
analyzed the four electron transfer steps implicated in the
ORR process, plotted the adsorption energy of these steps, and
labeled the onset potentials (Uonset potential) (Figure 3). Table 2
summarizes the adsorption energy and overpotential values
corresponding to the oxygen-containing intermediates pro-
duced during the ORR processes catalyzed by FeMN6/
FeMN6B-Gra.
Figure 3 reveals that the formation of the second water

molecule in the ORR process is the rate-determining step for
(a) FeNiN6-Gra, (b) FeCuN6-Gra, and (d) FeMnN6-Gra
catalysts. Meanwhile, for (c) FeCoN6-Gra catalysts, the rate-
determining step is the formation of *OOH. The effect of B-
doping on catalytic activity and adsorption properties varies
depending on the nature of M. In the case of FeNiN6-Gra (M
= Ni), B-doping makes the *OH more easily hydrogenated.
The doping also increases the onset potential of the B1 site to
0.94 V. For FeCuN6-Gra catalysts, B1 and B2 site doping
reduce the intensity of active center adsorption to *OH and
enhance ORR performance compared to the initial structure.
B-doping in FeCoN6-Gra catalysts promotes the hydro-

Figure 2. Formation energies of FeMN6 and FeMN6B-Gra catalysts.

Table 1. Charge Transfer of Fe, M, and B in FeMN6/
FeMN6B-Gra (e) and d/p-Band Center (eV)

model
charge
of M

charge
of B

d-band center
(M)

p-band center
(B)

FeCu +1.14 −2.64
FeCu-B1 +1.19 +1.93 −2.55 −4.92
FeCu-B2 +1.21 +1.89 −2.83 −5.08
FeCu-B3 +1.18 +1.93 −2.59 −4.26
FeMn +0.93 −1.92
FeMn-B1 +0.94 +1.93 −2.07 −4.75
FeMn-B2 +0.97 +1.90 −2.05 −4.37
FeMn-B3 +1.09 +1.90 −2.03 −4.74
FeNi +1.00 −1.35
FeNi-B1 +1.20 +1.94 −2.48 −4.70
FeNi-B2 +1.21 +1.89 −2.57 −4.32
FeNi-B3 +1.21 +1.92 −2.58 −4.07
FeCo +0.98 −1.79
FeCo-B1 +1.12 +1.93 −2.33 −4.84
FeCo-B2 +1.11 +1.90 −2.36 −4.45
FeCo-B3 +1.03 +1.89 −1.69 −4.78
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genation of O2 to *OOH. The best catalytic activity is
observed at the B3 site whose onset potential is 0.97 V. As for
the active center in FeMnN6-Gra catalysts, its adsorption to
*OH is undermined by B1 site doping, and its onset potential
is increased to 0.72 V.

The above analysis shows that, compared to the other
catalysts, FeNiN6-Gra exhibits the largest increase in catalytic
activity after B-doping, with an onset potential increase of 0.28
V. Moreover, the overpotential of FeNiN6B1-Gra is only 0.29
V, which is much lower than that of the platinum catalyst (0.45
V). Among the investigated materials, FeCoN6B3-Gra shows
the best catalytic activity, with an overpotential of only 0.26 V.
These results suggest that B-doping of FeMN6-Gra catalysts is
an effective means of improving the efficiency of ORR
catalysis.
The effects of other B-doping sites on the catalytic activity

were also considered, and the B4 and B5 site doped FeNiN6-
Gra and FeCoN6-Gra structures were calculated (Figure S2)
with the Gibbs free energy and overpotential shown in Table
S1. The results show that the overpotentials of FeNiN6B4-Gra
and FeNiN6B5-Gra structures are 0.48 and 0.40 V,
respectively, which increase the onset potential compared to
the FeNiN6-Gra structure but are lower than the B1 and B2
sites, indicating that B-doping away from the metal adsorption
site reduces the modulation effect. The overpotentials of
FeCoN6B4-Gra and FeoN6B5-Gra structures are 0.61 and 0.56
V, respectively, and B4 and B5 site doping reduce the starting
potential of the catalysts. Therefore, B-doping at the closest
position to the metal adsorption site would better improve the
catalytic activity of the catalysts.

Figure 3. Free energy diagram of the FeMN6/FeMN6B-Gra-catalyzed ORR processes at the onset potential. (a) FeNiN6/FeNiN6B-Gra, (b)
FeCuN6/FeCuN6B-Gra, (c) FeCoN6/FeCoN6B-Gra, and (d) FeMnN6/FeMnN6B-Gra.

Table 2. Adsorption Energy and Overpotential (η) of
FeMN6/FeMN6B-Gra Oxygen-Containing Intermediates

model ΔG*OOH (eV) ΔG*O (eV) ΔG*OH (eV) η

FeCu 3.84 1.90 0.85 0.38
FeCu-B1 3.91 1.86 0.89 0.34
FeCu-B2 3.87 1.88 0.87 0.36
FeCu-B3 3.82 1.85 0.80 0.43
FeMn 3.73 1.53 0.67 0.56
FeMn-B1 3.82 1.52 0.72 0.51
FeMn-B2 3.68 1.45 0.58 0.65
FeMn-B3 3.60 1.41 0.55 0.68
FeNi 3.68 1.75 0.66 0.57
FeNi-B1 3.91 1.92 0.94 0.29
FeNi-B2 3.87 1.90 0.87 0.36
FeNi-B3 3.78 1.87 0.81 0.42
FeCo 4.02 2.22 1.02 0.33
FeCo-B1 3.96 2.11 1.02 0.27
FeCo-B2 3.97 2.15 0.99 0.28
FeCo-B3 3.94 2.12 0.97 0.26
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To analyze the reason for the p-block element doping, to
improve the catalytic performance, the PDOS of the catalysts is
shown in Figure 4. The interactions between the metal atoms
and B atoms at the adsorption sites are considered, where the
adsorption sites of FeNi, FeCo, and FeCu catalysts are all Fe
atoms, while the adsorption sites of FeMn catalysts are Mn

atoms. As shown in Figure 4a, the d-band center of Fe shifts in
the negative direction after FeNiN6-Gra is doped by B atoms,
and the Fe-3d peak near the Fermi level decreases, but there is
no obvious gap between different B-doping sites. There is no
obvious shift of the d-band center in Figure 4b, and the
enhancement of catalytic activity is small. In Figure 4c, the d-

Figure 4. Partial density of states on FeMN6/FeMN6B-Gra. (a) FeNiN6/FeNiN6B-Gra, (b) FeCuN6/FeCuN6B-Gra, (c) FeCoN6/FeCoN6B-Gra,
and (d) FeMnN6/FeMnN6B-Gra. The number in the figure is the value of the d-band center. The d-band center of Fe is marked by magenta dotted
lines.
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band centers of FeCoN6B1-Gra and FeCoN6B2-Gra catalysts
are shifted to the left and the peaks at the Fermi level are

reduced, while the d-band centers of FeCoN6B3-Gra catalysts
are slightly shifted to the right. The PDOS of the B-doped
FeMnN6-Gra catalyst in Figure 4d is almost identical, leading
to similar activity. In the above analysis, it can be found that
the root cause of the increased catalytic activity could not be
analyzed by PDOS and the d-band center.
In this paper, B replaces the C atom far from the metal

center instead of changing the N atom near the metal, so the
different B sites have little effect on the d-band center of the
metal to draw accurate analytical conclusions. To find the root
cause of B-doping, to improve the catalytic activity, further
studies revealed that B-doping affects the total charge of the
four N atoms at and near the metal adsorption site, thus
affecting the adsorption strength of the oxygen-containing
intermediates, as shown in Table 3. In FeMN6/FeMN6B-Gra
(M = Ni, Cu, and Mn), the factor that determines the starting
potential is the adsorption strength of OH, and it was found
that the total charge of the metal atom at the adsorption site
and the four surrounding N atoms during OH adsorption has a
good linear fit with ΔG*OH of the catalyst (Figure 5).
Meanwhile, in FeCoN6/FeCoN6B-Gra, the determining factor
is the formation of OOH, and it was found that the total
charge of the metal atom at the adsorption site and the four

Table 3. Total Charge and Free Energy of Adsorption of
Oxygen-Containing Intermediates for FeMN6/FeMN6B-Gra

model total charge ΔG*OH(eV) ΔG*OOH (eV)

FeCu 31.35 0.85
FeCu-B1 31.52 0.89
FeCu-B2 31.37 0.87
FeCu-B3 31.28 0.80
FeMn 36.33 0.67
FeMn-B1 36.41 0.72
FeMn-B2 36.30 0.58
FeMn-B3 36.26 0.55
FeNi 31.12 0.66
FeNi-B1 31.42 0.94
FeNi-B2 31.31 0.87
FeNi-B3 31.23 0.81
FeCo 31.07 4.02
FeCo-B1 31.46 3.96
FeCo-B2 31.34 3.97
FeCo-B3 31.55 3.94

Figure 5. Linear relationship between the total charge of FeMN6/FeMN6B-Gra and the free energy of adsorption of oxygen-containing
intermediates. (a) FeNiN6/FeNiN6B-Gra, (b) FeCuN6/FeCuN6B-Gra, (c) FeCoN6/FeCoN6B-Gra, and (d) FeMnN6/FeMnN6B-Gra.
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surrounding N atoms during the adsorption of OOH by
FeCoN6/FeCoN6B-Gra has a better linear fit to the ΔG*OOH of
the catalyst (Figure 5).
In the FeNiN6/FeNiN6B-Gra structure in Figure 5a, the

total charge has a very good linear relationship with ΔG*OH (R2

= 0.96), and as the total charge increases, ΔG*OH increases,
weakening the adsorption strength of OH and reducing the
overpotential of the catalyst. In Figure 5b, the FeCuN6/
FeCuN6B-Gra adsorption site is a Fe atom and the factor
affecting the onset potential is the OH adsorption over-
potential, so the total charge of the Fe atom and the four
surrounding N atoms during OH adsorption was calculated
and it was found that the total charge has a good linear
relationship with ΔG*OH (R2 = 0.79), and the conclusion is
consistent with the FeNiN6/FeNiN6B-Gra; as the total charge
increased, ΔG*OH increased, weakening the adsorption
strength of OH and reducing the overpotential of the catalyst.
In Figure 5c, the FeCoN6/FeCoN6B-Gra adsorption site is the
Fe atom and the factor affecting the onset potential is the
formation of OOH, so the total charge of the Fe atom and the
four surrounding N atoms during the adsorption of OOH is
calculated and it is found that the total charge has a very good
linear relationship with ΔG*OOH (R2 = 0.99), and as the total

charge increases, ΔG*OOH decreases, increasing the onset
potential of the oxygen reduction reaction. In Figure 5d, the
FeMnN6/FeMnN6B-Gra adsorption site is the Mn atom and
the factor affecting the onset potential is too strong OH
adsorption, so the total charge of the Mn atom and the four
surrounding N atoms during OH adsorption is calculated and
it is found that the total charge has a good linear relationship
with ΔG*OH (R2 = 0.91), and as the total charge increases,
ΔG*OH increases. The adsorption strength of OH is weakened,
and the overpotential of the catalyst is reduced.
The above analysis indicates that B-doping modulates the

total charge of the metal at the adsorption site and the four
surrounding N atoms during the adsorption of oxygen-
containing intermediates, thus changing the adsorption
strength of oxygen-containing intermediates and increasing
the starting potential, and there is a good linear relationship
between the total charge and the Gibbs free energy.

Thermodynamic ORR Activity Relationship. Based on
the DFT calculations discussed above, the relationships
between the adsorption Gibbs free energies of oxygen-
containing intermediates *OOH, *O, and *OH were analyzed.
The relationship curves shown in Figure 6a demonstrate that
ΔG*OH and ΔG*OOH and ΔG*OH and ΔG*O exhibit linear
proportionality. ΔG*OOH and ΔG*O can both be described by
functions about ΔG*OH, with ΔG*O = 1.60ΔG*OH + 0.50
(coefficient of determination R2 = 0.93) and ΔG*OOH =
0.72ΔG*OH + 3.24 (R2 = 0.94). This confirms that the
relationship between ΔG*OH and ΔG*O/ΔG*OOH is strongly
linear and that ORR activity can be described by the ΔG*OH
descriptor.
To obtain the relationship between ΔG*OH and the

equilibrium potential (Ux) in the ORR process, ΔGx is taken
to be 0 in (eqs 2a−2d). This results in the following equations:

= Δ − Δ *eU G G1 O OOH2 (9)

= Δ − Δ* *eU G G2 OOH O (10)

= Δ − Δ* *eU G G3 O OH (11)

= Δ − Δ* *eU G G4 OH H O2 (12)

According to the linear relationships described previously,
ΔG*OH can be used instead of ΔG*OOH and ΔG*O to obtain the
thermodynamic volcanic curve between ΔG*OH and ORR
activity (Figure 6b).
As shown in Figure 6b, the rate-determining step in the

ORR process is determined based on ΔG*OH. The best ORR
activity, i.e., maximum in the volcano plot, is achieved at
ΔG*OH = 0.97 eV. FeCoN6B3-Gra, FeCoN6B1-Gra, Fe-
CoN6B2-Gra, and FeNiN6B1-Gra are candidate catalysts with
moderate *OH adsorption strength. U1 and U4 also affect the
catalytic activity and rate-determining step of ORR. The
catalysts showing strong *OH adsorption (*OH < 0.97 eV)
(FeMN6/FeMN6B-Gra, M = Ni, Mn, or Cu, and FeCoN6B3-
Gra) are close to U4, which indicates that the formation of the
second H2O in the ORR process is the rate-determining step.
Meanwhile, the catalysts showing weak *OH adsorption (*OH
> 0.97 eV) (FeCoN6B-Gra, FeCoN6B1-Gra, and FeCoN6B2-
Gra) are close to U1, which suggests that the formation of
*OOH by hydrogenation of O2 is the rate-determining step.
These results are consistent with the free energy changes seen
in Figure 3. Overall, the results illustrated in Figure 6b

Figure 6. (a) Scaling relationships between the adsorption energy
ΔG*OH and ΔG*OOH/ΔG*O for FeMN6B-Gra oxygen-containing
intermediates. Thermodynamic volcano curves showing the relation-
ships between (b) ORR activity and ΔG*OH.
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demonstrate that the overpotential is related to the adsorption
strength of *OH in most cases.
Kinetic Properties of FeNiN6-Gra and FeNiN6B1-Gra.

Since the four-electron process did not analyze the adsorption
of O2 on the catalyst surface, to demonstrate that O2 can
spontaneously adsorb on the catalyst surface to participate in
the ORR, this section uses molecular dynamics simulations of
the reaction of O2 on FeNiN6-Gra and FeNiN6B1-Gra catalysts
indicated at a temperature of T = 350 K (353 K for industrial
fuel cell operation), as shown in Figure 7. Initially, the O2 was
set above 3 Å from the catalyst and it was found that O2

gradually approached the FeNiN6-Gra catalyst and eventually
adsorbed on the surface, while a similar phenomenon was
found for the FeNiN6B1-Gra catalyst, indicating that O2 can
spontaneously adsorb on the catalyst surface to participate in
the ORR reaction at the fuel cell operating temperature.

The obtained results confirm that B-doping significantly
increases the onset potential of FeNiN6-Gra, which indicates
that FeNiN6B1-Gra is a promising thermodynamically stable
ORR catalyst. Therefore, we investigated the kinetic properties
of FeNiN6-Gra and FeNiN6B1-Gra. The energy potentials of
these two catalysts were calculated according to the four
electronic reaction steps (a−d), as shown in Figure 8.
The analysis shows that the energy barriers of steps (a), (b),

(c), and (d) in the FeNiN6-Gra-catalyzed ORR process are
0.05, 0.08, 0.50, and 0.28 eV, respectively. Therefore, the
hydrogenation of *O to form *OH is the rate-determining step
(energy barrier of 0.50 eV). Meanwhile, the steps involved in
the FeNiN6B1-Gra-catalyzed ORR process exhibit energy
barriers in the range of 0.09−0.54 eV, where the energy
barrier of the fourth electron step is 0.17 eV. The rate-
determining step in this process is also the hydrogenation of
*O. Notably, the energy barrier of this step (0.54 eV) is much

Figure 7. Molecular dynamics simulation of O2 adsorption on the surface of (a) FeNiN6-Gra and (b) FeNiN6B1-Gra catalysts at 350 K.

Figure 8. ORR reaction pathways of FeNiN6-Gra and FeNiN6B1-Gra (the numbers are the reaction energy barrier in unit of eV).
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smaller than that of the rate-determining step in the Pt-
catalyzed ORR process (0.80 eV37). In addition, B-doping of
FeNiN6-Gra reduces the energy barrier (by 0.11 eV) for the
*OH hydrogenation of the thermodynamically rate-determin-
ing step, which confirms that FeNiN6B1-Gra has good catalytic
performance on a kinetic level.
The MD simulation conducted herein shows that

FeNiN6B1-Gra is stable dynamically. Based on MD simu-
lations performed at 500 and 900 K for 10 ps (Figure 9), the
energy of this catalyst oscillates back and forth within a certain
range, and no bonds are broken or formed during the
simulation, which indicates that FeNiN6B1-Gra is stable
dynamically.

■ CONCLUSIONS
This study investigates the efficiency of ORR catalysts for dual-
metal active sites mediated by p-block elements. Replacement
of C atoms around the active site with B atoms regulates the
intensity of adsorption of oxygen-containing intermediates by
changing the total charge of the metal atom at the adsorption
site and the four surrounding N atoms, the catalytic activity
and onset potential may be increased, and the energy barrier of
the rate-determining step may be lowered. The volcano
diagram of ORR catalytic activity shows that B-doping of
FeMN6-Gra (M = Mn, Ni, Co, or Cu) enhances catalytic

performance and that FeNiN6B1-Gra exhibits the greatest
enhancement, with a 0.28 V increase in onset potential.
Compared to FeNiN6-Gra (energy barrier of 0.28 eV), the
energy barrier of the FeNiN6B1-Gra-catalyzed fourth elec-
tronic step (0.17 eV) is lower. FeCoN6B3-Gra also shows high
catalytic activity, and its onset potential (0.97 V) is even better
than that of the Pt catalyst (0.78 V). Overall, the results
demonstrate that B-doped double-transition metal electro-
catalysts are promising ORR catalysts that merit further
theoretical and experimental investigation.
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