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ABSTRACT: The recently emerging single-atom catalysts (SACs) are
proposed as promising candidates for the catalytic oxidation of NO in the
field of NO pollutant reduction from coal-fired power stations. However, due
to the lack of theoretical model guidance, achieving efficient catalytic
oxidation of NO at room temperature still remains a major concern. Thus, in
this study, the reaction pathways for the catalytic oxidation of NO by OOH
radicals on eight TM−N4−C (TM = Sc, Cr, Mn, Fe, Co, Ni, Cu, and Zn)
were investigated based on density functional theory calculations. Based on
the Bronsted−Evans−Polanyi linear relationship and microkinetic simu-
lations, the activity volcano plot model for the catalytic oxidation of NO by
OOH has been successfully established and validated. The Fe−N4−C and
Mn−N4−C catalysts showed higher reactivities among these catalysts. The
energy barriers for the rate-determining steps of these two catalysts were 0.14 and 0.30 eV, respectively, illustrating that catalytic
oxidation of NO is feasible at room temperature. Significantly, a tri-activity volcano plot was constructed based on the unified activity
descriptor of O adsorption energy for guiding the design of SACs in H2O2 catalytic oxidation of NO. The pathway of catalytic
oxidation NO by OOH radicals is the dominant route in the system of SACs for the catalytic oxidation of NO by H2O2. The analysis
of Bader charge and electronegativity revealed a linear correlation between the structural properties of the catalysts and the catalytic
activity descriptor, which can be used to quickly predict the reactivity of SACs with different coordination environments. This work
provides a new pathway for the current NO oxidation and guides future work on catalyst screening and experimental preparation.

1. INTRODUCTION
The nitrogen oxide generated by coal combustion in power
plants accounts for a large proportion of NO, and the NO
emitted into the air poses great challenges to environmental
governance and human health.1,2 Catalytic oxidation technol-
ogy is an effective means of removing NO, which can oxidize
NO molecules into high-valence low-toxicity substances and
apply them in industry.3,4 However, most of the catalysts
currently available for NO oxidation require high reaction rates
at higher temperatures, which undoubtedly leads to resource
consumption and restricts the development of NO catalytic
oxidation technology.5 In the current dual carbon economic
environment, developing low-temperature and high-efficiency
NO catalytic oxidation technology has become an urgent task.
Thus, studying and identifying catalysts with high NO
oxidation activity under low-temperature conditions are
necessary.
Recent years have seen a significant focus on carbon-based

single-atom catalysts (SACs) due to their strong catalytic
activity and selectivity in various applications such as
electrochemical catalytic reduction, hydrogen storage materi-
als, and pollutant treatment.6−9 Research on the catalytic
oxidation of NO with O2 and other oxidants indicates the

effective performance of SACs. For example, Gao et al.10

utilized density functional theory (DFT) calculations to
investigate the possible oxidation mechanisms of NO and O2
on the (Fe, Co)/N-GN catalyst in terms of kinetics and
thermodynamics. The results indicate that O2 can easily
oxidize NO to NO2; however, the energy barrier for
subsequent product desorption is as high as 1.45 eV. Yang et
al.’s11 study found that the Fe/SV catalyst demonstrates high
catalytic performance for NO oxidation, with the reaction
mechanism revealed through DFT calculations. It was
observed that the Eley−Rideal (E−R) mechanism predom-
inantly governs NO oxidation, featuring a very low activation
energy. While the reaction rate increases with increasing
temperature, the equilibrium is inhibited. Wang and Guo12

reported a series of activation potentials supporting the
oxidation and reduction of NO by three-dimensional (3D)
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transition metal (TM) atoms on N-coordinated tuned
graphene (GR). The research reveals that the N coordination
pattern greatly affects the catalytic reactivity. Notably, Ti−N3−
GR stands out as the most promising candidate, demonstrating
exceptional chemical activity and facilitating the reduction of
NO to N2 at ambient temperature. The oxidation study of NO
was also carried out using O2 as an oxidant with a reaction-
determining step energy barrier of 1.12 eV. The above results
indicate that SACs have demonstrated unique performance in
the field of NO catalytic oxidation, but most oxidants require a
high temperature to achieve high conversion rates, which leads
to significant energy consumption. Therefore, the urgent task is
to improve nitrogen oxide removal technology by finding a
highly active oxidant that can take place at room temperature.
Advanced oxidation methods have attracted a lot of

researchers’ interest in recent years due to their high oxidation
activity and fast reaction rates.13−16 The research on the
activation of H2O2 to generate OOH radicals for catalytic
oxidation of pollutants is highly favored and has been widely
applied. For example, Xu et al.17 confirmed the formation of
the key species *OOH in heterogeneous systems by enhanced
Raman spectroscopy (SHINERS), isotopic labeling, and
theoretical calculations on nanoparticles isolated from in situ
shell layers. Compared with *H2O2, *OOH is more conducive
to the charge transfer behavior and the activation of the O−O
bond with the catalyst. Meng et al.18 used a low-priced TiO2
catalyst for efficient NOx oxidation in the low concentration O3
and H2O2 system. It was found that H2O2 could be more easily
activated to generate OOH radicals for NO catalytic oxidation
after the introduction of O3 molecules. Qian et al.19

investigated a novel high-gravity advanced oxidation process
that employs an alkaline H2O2 solution as a liquid oxidizing
agent. Under optimal conditions at ambient temperature, the
process can achieve NO removal efficiencies of up to 99%.
This improved efficiency in the HiGee-AOP/alkaline H2O2
process is due to the strong attraction between the hydro-
peroxyl radical (−OOH) and NO. The improved NO removal
efficiency of the HiGee-AOP/alkaline H2O2 process stems
from the strong affinity of OOH for NO. From the above
analysis, it is clear that H2O2 as well as OOH radicals have
been extensively studied for pollutant treatment. However, few
researchers have yet applied them to NO oxidation studies.
Therefore, in this work, SACs combined with OOH radicals
were used for the catalytic oxidation of NO in the expectation
that a new pathway for NO removal could be found.
In this work, we investigated the reaction pathways for the

catalytic oxidation of NO over eight TM−N4−C catalysts
based on DFT calculations using OOH radicals as oxidants.
The linear relationship between the adsorption energy of the
OOH radicals and the reaction and desorption energy barriers
was established, and the reactivity volcano plot model for the
catalytic OOH oxidation of NO was constructed with
adsorption energy of the OOH as the descriptor. And a tri-
activity volcano plot for the catalytic oxidation of NO was
constructed with O adsorption energy as the unifying
descriptor, and the reactivities of OOH and OH for the
oxidation of NO were higher than that of O2. Based on this,
the catalytic activities of 21 carbon-based SACs with different
active centers were rapidly predicted, and the highest
reactivities were found for the SACs with Fe−N4−C and
Mn−N4−C catalysts at the 3d, 4d, and 5d active-metal-
centered ligands. It was found that Fe−N4−C and Mn−N4−C
catalysts had the highest reactivity for SACs with 3d and 4d

and 5d active metal centers, and the decisive step barriers for
these two catalysts were 0.14 and 0.30 eV, respectively. Based
on the electronic characterization, both charge transfer and
electronegativity X are linearly related to the catalytic activity,
and a rapid prediction of the catalytic activity for NO oxidation
can be achieved from the electronic structure of the catalyst.

2. COMPUTATION AND MODELING METHODS
Vienna ab initio simulation program (VASP) was used for all
DFT computations. The computer simulations were all
performed using the projector augmented wave approach
with a 450 eV energy cutoff.20 Relevance interactions were
computed using the generalized gradient approximation of the
Perdew−Burke−Ernzerhof functional.21 The adjustments of
van der Waals interaction were taken into account by using the
DFT-D3 framework.22 The catalytic surface was simulated as a
(5 × 3√3) graphene unit cell, and a 20 Å vacuum layer was
implemented to mitigate the periodic effects in the SACs
model.23 The K-points of 2 × 2 × 1 and 4 × 4 × 1 were used
to sample the Brillouin zone for geometric optimization and
the calculation of electronic characteristics. In this study, we
investigated the reaction mechanism of NO oxidation using
aqueous OOH on TM−N4-C through spin-polarized DFT
calculations with ISPIN set to 2 in the VASP INCAR file.
When optimizing the structure, the convergence criterion of
the interatomic force is 0.02 eV/Å. In the self-consistent
calculation, the energy difference between each electronic step
is considered to have reached the convergence criterion when
it is 10−5 eV.24 Figure S1 provides information from the energy
and k-point experiments. In this paper, we considered both the
accuracy and efficiency of the calculations, selecting appro-
priate energy cutoff and K-point settings as the theoretical
calculation parameters based on the test results. The charges
were analyzed using the analytical method of the Bader
charge.25

In getting the transition state (TS) structure of the
simulation process, the climbing image nudge elastic
band26,27 is employed to make a preliminary guess of the
TS, followed by the improved dimer (IDM)28 for accurate
optimization of the previously obtained TS. The force
convergence standard of the IDM method is 0.05 eV/Å. To
verify the correctness of the TS, vibration frequency analysis
was conducted with a displacement constraint of ±0.02 Å.29
From the Supporting Information, the calculation formulas of
the energy mentioned in this paper can be obtained.

3. RESULTS AND DISCUSSION
3.1. Catalyst Model. Carbon vacancy engineering and

nitrogen doping are simple modification methods used in the
catalyst preparation process. Previous studies have shown that
graphene-based catalysts doped with 4N coordination exhibit
excellent catalytic performance.30 Therefore, in this work, 3d
TMs (Figure 1a) were selected as the active centers of
graphene-based catalysts, with the central TM atom located at
the center of the entire catalyst surface, surrounded by N and
C atoms. There is only one reaction active site on the surface
of the entire catalyst, and subsequent reaction processes occur
at this site. The only determined reaction active site lays a
prerequisite for the establishment of the reaction process. To
establish the robustness of the catalyst model, the binding
energies of the 8 catalysts used were validated (Figure 1b),
showing that they are significantly higher than the cohesive
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energy values of the metal atoms,31 thus confirming their
suitability for subsequent NO catalytic oxidation research.
3.2. Reaction Mechanisms of NO Oxidation Using the

OOH Radical. The reaction pathway for H2O2 to generate
OOH on TM-N4−C has been well elucidated in our previous
work.33 Therefore, we focused on the oxidation process of NO
by free radicals generated by H2O2. The oxidation state of
nitrogen in the reactant NO is +2, which facilitates its
conversion into high-value products such as NO2, HNO2, and
HNO3.

32 These products are harmless and can be resolved in
the future. According to our previous investigations, HNO3
emerges as the most likely product of NO oxidation catalyzed
by OOH radicals on an Fe−N4-C catalyst33 due to it exhibiting
the lowest energy barrier among the potential reaction
pathways. The pathways for the catalytic reaction of NO by
OOH radicals on SACs include the Langmuir−Hinshelwood34
and E−R35 reaction mechanisms. Our prior calculations
indicate that the E−R mechanism functions concurrently
across all SACs, leading us to identify it as the primary reaction
pathway for oxidizing NO with OOH.
Previous studies have shown that there are two reaction

pathways for the oxidation of NO catalyzed by OOH on SACs,
and the final product of the OOH-catalyzed oxidation of NO is
HNO3. The HNO3 molecule is a high-valence nitrate with
extensive industrial applications; therefore, this reaction
process has high economic value in industrial applications.36,37

The most likely reaction pathway is the direct generation of
HNO3 from the oxidation of NO by the presence of OOH
radicals. Therefore, in this section, this reaction process is
adopted as the reaction mechanism on the TM−N4−C catalyst
for research.

3.3. Catalytic Oxidation of NO with the OOH Radical
on SACs. Figure 2a shows a schematic diagram of the catalytic
oxidation of NO by OOH on the TM−N4−C catalyst. The
reaction process begins with the adsorption of OOH radicals
onto the catalyst surface, forming an IM0 intermediate
structure. Due to the difference in adsorption behavior
between OOH radicals and NO molecules, there exists only
an E−R reaction mechanism between the two. Then, NO
molecules enter the vacuum layer on the upper side of the
catalyst, forming the initial reaction structure IS1. As the
reaction process progresses, the O−O bond of the OOH
radical itself gradually breaks and NO molecules slowly interact
with the catalyst surface. Finally, NO molecules are oxidized to
form HNO3 reaction products under the action of the OOH
oxidant. After the product is generated, HNO3 is desorbed
from the catalyst surface and the SAC structure is restored to
its initial state, completing the entire reaction process.
Using the Fe−N4−C catalyst as an example, the specific

reaction pathway for the OOH radical-catalyzed oxidation of
NO is illustrated in Figure 2b. First, OOH radicals
preferentially adsorb on the central active metal sites of
SACs, becoming IM0 intermediates. Second, NO molecules
enter the vacuum layer above the catalyst, forming the initial
reaction state of IS1. Then, NO molecules gradually approach
the catalyst surface and attack OOH molecules, causing O−O
bonds to break and form TS configurations of O, OH, and
NO. As shown in Figure 2b, we can see that when NO
molecules attack the O2 molecules, the O−O bond gradually
lengthens from 1.48 Å of the initial configuration to 1.84 Å of
the transition structure. As the reaction proceeds, HNO3
products are ultimately generated. During the whole reaction
process, the reaction energy barrier Eb is 0.14, and 1.06 eV of
energy is released, which is thermodynamically favorable. The
generated product HNO3 will desorb from the catalyst surface
and complete the entire reaction process. HNO3 has no
desorption energy barrier on Fe−N4−C, and the product
desorption process can be spontaneously completed. Mean-
while, Figures S2−S9 depict the reaction pathway associated
with the catalytic oxidation of NO by OOH on various other
SACs. Compared with the previous 1.33 eV38,39 the rate-
determining step energy barrier of NO oxidation by O2 on
SACs, the present study’s exploration of NO oxidation
catalyzed by OOH demonstrates extremely high reaction
advantages.
To more intuitively analyze the energy changes of the OOH

catalytic oxidation of NO on the TM−N4−C catalyst, the sum
of the energy of the OOH radicals, NO molecules, and catalyst
structure is set as the zero-energy state. And proton
conservation was applied to each intermediate state in the
reaction process, making it possible to construct an energy
ladder diagram that describes the reaction process. The energy
profile diagram in Figure 2a, depicting the entire reaction
process on 8 TM−N4−C catalysts, enables us to classify all the
catalysts into two distinct groups based on a comparison of
their reaction energy barrier (Eb) and desorption energy
barrier (Ed). First, the reaction energy barrier is higher than the
desorption energy barrier, including Mn−N4−C, Fe−N4−C,
Co−N4−C, Ni−N4−C, Cu−N4−C, and Zn−N4−C. Due to
the unique oxidation performance of OOH radicals, NO can
be oxidized to form HNO3, a high-valence reaction product.
HNO3 is easily removed on weakly adsorbed SACs, making it a
spontaneous reaction process. For such catalysts, the upper
limit of activity throughout the entire reaction sequence is

Figure 1. (a) Vertical views of the TM-N4−C catalysts. The 3d single
TM atoms (TM = Sc, Cr, Mn, Fe, Co, Ni, Cu, and Zn) were taken
into consideration for this study. C, N, and TM atoms are represented
by gray, blue, and pink, respectively. (b) Calculated binding energies
and cohesive energies of 8 SACs.
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contingent on the magnitude of the reaction energy barrier.
The second type of catalysts, including Sc−N4−C and Cr−
N4−C SACs, exhibit a lower reaction energy barrier than the
desorption barrier, facilitating NO oxidation but hindering
HNO3 removal, thereby limiting the overall reaction process’s
activity upper limit due to their strong adsorption properties.
Given the analysis above, an enlightening observation is that

catalysts with high reaction activity must have a moderate
reaction energy barrier and desorption energy barrier.40 By
regulation of the central metal atoms and surrounding
coordination atoms of the catalyst, the microelectronic
properties of the catalyst can be controlled, thereby screening

out catalyst structures with higher activity. The discovery of
this pattern also provides a basis for the establishment of an
activity volcano diagram model for catalytic oxidation of NO
by OOH in the future.
3.4. Linear Relationship Analysis. The reaction kinetics

of catalytic processes can be related to the fundamental
thermodynamics underlying these processes.41,42 Based on the
micro reaction process and thermodynamic analysis explored
above, a further analysis of the linear relationship between
reaction kinetics and thermodynamics was conducted. This
section mainly investigates the correlations between the
adsorption energy of the OOH radicals on SACs and reaction

Figure 2. (a) Reaction cycle diagram of OOH catalytic oxidation of NO and energy variation diagram of the reaction process on 8 SACs. (b)
Reaction pathway of catalytic oxidation of NO at Fe−N4−C. C, N, O, and Fe are denoted by gray, blue, red, and brown, respectively.
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Figure 3. Correlation analyses of (a) Eb vs Eads (OOH), (b) Ed vs Eads (OOH), (c) Eads (OH) vs Eads (OOH), and (d) Eads (O) vs Eads (OOH).

Figure 4. Volcano plots as a function of OOH adsorption energy with (a) 8 SACs explicitly analyzed in this study and (b) 21 TM−N4−C SACs
predicted in the study. (c) Scatter plot compared with previous studies of the NO reaction energy barrier.
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energy barrier Eb and desorption energy barrier Ed. As shown
in Figure 3a, the adsorption energy of the OOH radicals is
linearly positively correlated with the reaction energy barrier
Eb. As the adsorption energy of the OOH radicals decreases,
the reaction energy barrier Eb of SACs toward NO increases.
Figure 3b shows a significant negative relationship between the
desorption energy barrier Ed and the OOH adsorption energy
on a SAC, indicating that the desorption energy barrier Ed of a
SAC decreases as the adsorption energy decreases. Given the
linear relationship above, an enlightening rule can be found
that changing the adsorption energy of a SAC toward OOH
radicals will simultaneously affect its reaction energy barrier
and desorption energy barrier, thereby affecting the overall
activity of the catalyst structure. Therefore, to find catalysts
with high reactivity, the adsorption strength of SACs for OOH
radicals should be controlled within a reasonable range.
The activation products of H2O2 molecules mainly include

active molecules, such as OH, O, and OOH radicals. In
previous studies, the catalytic oxidation performance of OH
radicals and O2 molecules toward NO has been revealed.

39,43

This section mainly explores the oxidation performance of the
OOH radicals on the NO molecules. After revealing the
catalytic oxidation performance of OOH radicals on NO, the
relationship between OOH radicals and OH radicals and O2
radicals is analyzed at the microelectronic level, hoping to
reveal their inherent connection. As shown in Figure 3c, a
linear analysis was conducted on the adsorption energy of
OOH radicals and OH radicals on SACs. Interestingly, a
strong linear correlation exists between the two, with a linear
correlation index R2 close to 1. This indicates that the kinetic
reaction characteristics and other properties of the OOH and
OH adsorption energies can be compared under the same
standard. Figure 3d shows the linear analysis between the
adsorption energy of the OOH radicals and the adsorption
energy of the O adsorption energy, and it is also found that
there is a strong linear correlation between the two, indicating
that the oxidation performance of the OOH radicals and the
oxidation performance of the O2 molecules toward NO can
also be screened at the same level.
3.5. Microkinetic Analysis. Building on the analysis

above, a distinct linear relationship exists among the
adsorption energy of OOH, Eb and Ed in the catalytic
oxidation of NO by OOH radicals. Therefore, considering
OOH adsorption energy as a descriptor and analyzing the
intrinsic relationship between thermodynamics and kinetics,
the theoretical activity of different catalysts can be successfully
predicted. To be consistent with the actual operating
conditions, the same simulation conditions as previous
studies33,43 were used to conduct micro kinetic simulations
of OOH catalytic oxidation of NO. Figure 4a demonstrates the
establishment of a one-dimensional volcano plot model,
utilizing the adsorption energy of OOH radicals as a
descriptor. Eight SACs were plotted on the graph, and it can
be seen that the upper limit of reaction activity of the catalysts
on the left and right sides of the volcano plot vertex is
determined by the HNO3 desorption energy barrier and energy
barrier of the reaction process, respectively. Among all SACs,
Mn−N4−C and Fe−N4-C catalysts are the closest to the vertex
of the volcano plot, and the corresponding adsorption energy
value of the OOH free radical at the vertex of the volcano plot
is −1.75 eV.
On this basis, to expand the prediction range, the OOH

adsorption energy on SACs with active central metal elements

from the 4d and 5d periods was also calculated, resulting in
theoretical predicted values for their rates (Figure 4b). It is
evident that Mn−N4−C and Fe−N4−C continue to outper-
form the other 21 SACs, further indicating that Mn−N4−C
and Fe−N4−C catalysts exhibit efficient catalytic oxidation
activity toward NO. At the same time, it can be found from
Figure 4c that the energy barrier value in the catalytic oxidation
of NO studied by predecessors is relatively high, which
requires a higher temperature for the reaction to occur. But the
OOH racial we employed in this work shows a lower energy
barrier, indicating that this reaction can take place at room
temperature.
The catalytic oxidation characteristics of NO by OH and O2

have been studied in previous studies.39,43 Combined with the
exploration of the OOH catalytic oxidation of NO, the overall
activity of H2O2 catalytic oxidation of NO on SACs has been
revealed, including the catalytic oxidation of NO by O2, OH,
and OOH, respectively. Because previous studies have found a
linear relationship between the adsorption energy of OH,
OOH, and O over SACs, the adsorption energy of O can be a
descriptor to simultaneously fit the activity volcano plot of OH
and OOH catalyzing the oxidation of NO (Figure 5). It is clear

that the activity trends of these three volcano plots are
identical, and there is an activity vertex in each of them.
Among all predicted SACs, the Fe−N4−C catalyst showed the
highest reaction activity. For the reaction pathway of NO
oxidation using OOH, OH, and O2, their rate-determined step
energy barriers are those of the product desorption process.
For the OOH catalytic oxidation of NO, the energy barrier for
HNO3 desorption is 0.53 eV. And the energy barriers for the
desorption process of the NO product from the catalytic
oxidation of NO by OH and O2, which is the rate-determining
step, are 0.86 and 1.33 eV, respectively. It can also be visually
observed that the catalytic activity of OOH and OH for the
oxidation of NO is significantly better than that of O2, and the
advanced oxidizing ability of H2O2 for the catalytic oxidation of
NO has been verified, providing theoretical support for the
subsequent development of the field of NO oxidation.
Compared with traditional oxidants,44,45 the study of OOH

and H2O2 in NO catalytic oxidation in this article has a smaller
reaction energy barrier and high reaction activity. Based on the
study of the tri-activity volcano plot of H2O2 catalytic oxidation
of NO in this article, it is hoped to provide new ideas for

Figure 5. Tri-activity volcano plot of H2O2 catalytic oxidation of NO
based on O adsorption energy.
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subsequent NO catalytic oxidation and effectively promote the
further development of NO oxidation.
3.6. Electronic Characteristics. The catalytic activity of

SACs is significantly influenced by their electronic properties,
which occupy a pivotal position in determining their
effectiveness.46,47 In this section, the microelectronic proper-
ties of different catalysts were calculated to better predict and
guide the adsorption energy intensity of the OOH radical
across various SACs, including the Bader charge and
electronegativity X of 21 SACs. And it is observed that a
clear linear relationship exists between Bader charge and OOH
radical adsorption energy, indicating a correlation between
Bader charge transfer in SACs and OOH adsorption strength
(Figure 6a). In addition, it was also found that there exists a

significant linear relationship between the electronegativity X
of 21 SACs and the adsorption energy of OOH radicals
(Figure 6b). After analyzing the correlation between the
different microelectronic properties and OOH adsorption
energy of the OOH radicals on SACs, the corresponding
adsorption energy of the OOH radicals can be obtained by
simply calculating the electronic properties of different
catalysts, and then, their performance for NO catalytic
oxidation can be obtained through the above micro kinetic
relationship.
At the same time, to reveal the inherent differences in the

desorption energy barriers of different catalysts for HNO3,
electronic density difference (EDD) method48 was used to
analyze the bonding strength of the SAC structure and product

Figure 6. Linear correlations of (a) Eads (OOH) vs Bader charge. (b) Eads (OOH) vs electronegativity (X).

Figure 7. EDD between different SACs and HNO3: (a) Sc−N4−C and (b) Fe−N4−C. PDOS analysis of different SACs: (c) Sc−N4−C and (d)
Fe−N4−C. Red and blue areas represent electron gain and loss, respectively.
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HNO3 molecules. Through the charge density differential
analysis in Figure 7a,b, it can be found that the red region is
used to obtain electrons, while the blue region provides
electrons. For a SAC structure, the active center is mostly
surrounded by a blue region, indicating that the metal atom
functions to supply electrons. The red area above the catalyst
mainly surrounds the HNO3 molecule, indicating that most
electron transfer flows from the central metal atom to the
HNO3 molecule. For the Sc−N4−C catalyst structure with
strong adsorption, its adsorption effect on HNO3 molecules is
strong, and the energy barrier for the desorption process is
relatively large; for catalyst structures with weaker adsorption
such as Fe−N4−C, the electron transfer between them and
HNO3 is relatively small, leading to a relatively weak bond
strength between the active center and HNO3, which often
requires a smaller energy barrier during the product desorption
process. The above analysis analyzed the cause of the
differences in bonding strength between various SACs and
HNO3 at the microelectronic level and provided guidance for
reducing the adsorption strength of catalysts on products in the
future. The EDD analysis between other catalysts and HNO3 is
shown in Figure S10.
This section also investigates the projected density states

(PDOS)49 of eight 3d TM SACs, as shown in Figures 7c,d and
S11. This analysis can demonstrate the degree of hybridization
between atoms and reveal the changes in the electronic
structure of the catalysts. Compared with some well-known
magnetic elements with symmetric spin up and down PDOS
(such as Fe, Co, and Ni), most metal elements exhibit
relatively asymmetric PDOS in this TM−N4−C coordination
environment.50 This indicates that there is a significant change
in the spin state of TMs in this environment, leading to a
significant change in catalytic performance compared to that of
the bulk structure. The PDOS analysis of other catalysts is
shown in Figure S11.

4. CONCLUSIONS
In conclusion, our study systematically investigated the
reaction mechanism of catalytic oxidation of NO by OOH
over SACs and developed an active volcano plot to predict
catalyst performance. First, the reaction process of the OOH
catalytic oxidation of NO over different SACs was explored
based on DFT calculations to obtain the reaction energy
barriers and energy changes. We identified a linear relationship
between the adsorption energy of OOH radicals and both the
reaction energy barriers Eb and the desorption energy barriers
Ed, leading to the construction of a Bronsted−Evans−Polanyi
model. Based on the classical Sabatier principle, a volcano plot
model for OOH catalytic oxidation of NO on SACs was
developed and successfully predicted for the 21 SACs we
studied. And Fe−N4−C and Mn−N4−C catalysts exhibited the
highest reactivity in 3, 4, and 5d SACs, which corresponded to
decisive step energy barriers of 0.14 and 0.30 eV, respectively.
These results indicate that OOH can catalyze the oxidation of
NO at room temperature on the two SACs. Second, a strong
linear correlation between adsorption energies of the OOH
and those of both O and OH was found, and a 3D model for
the oxidation of NO by H2O2 was established with the
adsorption energies of the O adsorption atoms as the unified
descriptor. The tri-activity volcano plots provide an overall
comparison of the three reaction pathways, and it is found that
the Fe−N4−C catalyst exhibits the best oxidizing activity and
receives an accurate descriptor to guide the subsequent catalyst

screening. Moreover, our findings indicated that the catalytic
oxidation of NO by OH and OOH exhibits significantly higher
reactivity than that by O2, highlighting the high efficacy of
OOH and OH in NO oxidation processes. Finally, charge
transfer and electronegativity X were found to be linearly
correlated with the adsorption strength of the OOH radicals at
the same time by the microelectronic structure analysis, which
can predict the period reaction activity by the catalyst
electronic structure. This article reveals a novel reaction
pathway for NO catalytic oxidation, providing a theoretical
basis for subsequent catalyst screening and experimental
preparation.
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