
Fine-Tuning the Activity Volcano of Single-Atom Iron Catalysts in
NH3−SCR Regulated by Local Coordination Environment
Zhengyang Gao, Chu Wang, Mingzhe Li, Ziwei Miao, Yuxuan Liu, Kewen Guo, Yongqian Zhang,
and Weijie Yang*

Cite This: Energy Fuels 2025, 39, 4471−4480 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Although advanced single-atom catalysts (SACs)
have demonstrated remarkable performance in various catalytic
fields, their application in selective catalytic reduction with
ammonia (NH3−SCR) remains challenging due to the lack of
fundamental theoretical guidance. To address this, we propose a
strategy for regulating the local coordination environment by
modulating the coordination of nonmetal elements around the
metal center, aiming to fine-tune the catalytic activity of SACs for
NH3−SCR. In this study, seven theoretical models of single-atom
iron catalysts anchored on double-vacancy graphene substrates
doped with three nitrogen atoms and one nonmetal atom (Fe−
N3X, X = B, C, N, O, S, P, Cl) are constructed. The reaction
pathways of these Fe−N3X catalysts in NH3−SCR have been
systematically investigated. The activity volcano map of NH3−SCR based on the NO2 adsorption energy is established, and the
catalytic activities of 30 different SACs are evaluated. Regulating the local coordination environment of the single-atom iron catalyst
can fine-tune the active volcano map of the catalyst in a small range (activity, −0.7 to −1.6), while changing the active center can
roughly regulate the volcano map in a wide range (activity, −0.8 to −3.5). Based on this fine-tuning strategy, we successfully improve
the catalytic activities of single-atom Zn and Mn catalysts by modulating the types of coordinated nonmetal atoms. Furthermore, a
linear relationship between charge transfer and NO2 adsorption energy is established, providing insights into the origin of the activity
fine-tuning strategy at the electronic structure level. This work provides a novel approach to catalyst activity regulation and offers
valuable guidance for designing advanced NH3−SCR catalysts.

1. INTRODUCTION
Coal-fired power plants are one of the main sources of
atmospheric pollutants,1,2 and nitrogen oxides (NOx) in the
discharged flue gas can lead to natural disasters such as acid
rain and photochemical smog.3−5 With the increasingly serious
problems of air pollution, the treatment and control of NOx
have become an important task at the current stage.6−8 The
most widely used postcombustion removal technologies can be
divided into selective noncatalytic reduction (SNCR) and
selective catalytic reduction (SCR); the SCR technology using
ammonia as a reducing agent (NH3−SCR) is the most
effective and widely used denitration technology at present.9,10

The catalyst is the core of the SCR technology, which greatly
affects the denitration efficiency and cost.11 NH3−SCR
catalysts can be divided into metal oxide-based SCR catalysts,
carbon-based SCR catalysts, and mineral-based SCR catalysts;
among them, vanadium-based catalysts are the commercially
widely used SCR catalysts,11,12 and their NOx conversion rate
can exceed 90%13 under the optimal operating temperature
(300−400 °C). However, in recent years, the grid connection
of renewable energy has made the low-load operation of the

power grid become a new trend, and the load reduction of the
unit will cause the inlet temperature of the SCR device far less
than its optimal operating temperature, resulting in a large
reduction of its catalytic activity.14,15 Wang et al.16 study the
poisoning mechanism of the V2O5−WO3/TiO2 catalyst and
find that the catalyst has better sulfur resistance at high
temperatures; when it works at low temperatures, not only the
denitration efficiency will be greatly reduced but also the sulfur
and water resistance will be decreased, resulting in catalyst
poisoning or even deactivation. In addition, discarded
vanadium-based catalysts are highly toxic to the environ-
ment,17 which is difficult to treat and recycle. Therefore, it is
necessary to find alternative new NH3−SCR catalysts, which
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are environmentally friendly and have high activity and
excellent sulfur and water resistance at low temperatures.
Recently, the catalysts in which the metal atoms are

dispersed in the form of single atoms on support are called
single-atom catalysts (SACs);18,19 especially, the SACs
synthesized by embedding transition-metal atoms in gra-
phene-based substrates (TM/GS) have attracted much
attention due to their environmental protection, high catalytic
activity, and high selectivity;20,21 it provides a new way to solve
the above problems. Li et al.22 investigate the adsorption
properties of graphene-based single-atom nickel (Ni) adsorb-
ent on acid gases in flue gas and conclude that Ni-SVN3/GN is
a suitable adsorbent for acid gas removal. Yang et al.3 develop
the Fe1−N4−C catalyst (a single-atom iron catalyst doped with
four N atoms with a double-vacancy graphene substrate) and
find that Fe1−N4−C has a high catalytic activity of NO and
Hg0 oxidations at 200 °C, far exceeding that of traditional SCR
catalysts, and also has a strong sulfur resistance. Chen et al.23

use 10 TM1-N4−C (TM = transition metal) as catalysts to
oxidize Hg0 and construct an active volcano map using the
adsorption energy (Eads) of atom O as a descriptor. Similarly,
they also explore the reaction paths of NO oxidation using OH
radical on 8 TM1-N4−C and establish the volcano map with
OH adsorption energy as a description factor.24 The results
show that Fe1−N4−C has the highest catalytic activity in 3d,
4d, and 5d SACs for the catalytic oxidation of Hg0 and NO.
A large number of studies have shown that Fe1−N4−C has

high activity in the field of catalytic oxidation of NO, so it is
reasonable to guess that it may also have high activity in the
NH3−SCR reaction. Yang et al.25 explore the possibility of
Fe1−N4−C as NH3−SCR by constructing seven possible
NH3−SCR reaction paths on Fe1−N4−C. The RDS energy
barrier of the major reaction path is 0.99 eV, indicating that
Fe1−N4−C is a potential NH3−SCR catalyst. However, the
current understanding of the NH3−SCR reaction mechanism
on a single-atom iron catalyst is still shallow, only focusing on
the possible reaction paths in Fe1−N4−C. There is a gap in the
understanding of the catalyst activity source in the NH3−SCR
reaction, which cannot guide the optimization design of new
SCR catalysts. Therefore, it is necessary to further explore the
relationship between the properties of the single-atom iron
catalyst and catalytic activity in the NH3−SCR reaction.
Previous studies on the relationship between catalyst

properties and catalyst activity can be divided into two
categories: one is to adjust the catalyst performance by
changing the metal active center24 and visually display the
relationship between the catalyst structure and catalytic activity
by mapping the catalyst activity into an activity volcano map.
The horizontal axis of the volcano map is generally the
adsorption energy of the substrate to a certain reaction
substance; its range can reflect the regulation range of the
catalyst activity. The vertical axis is generally the reactivity, and
its range can reflect the regulation effect of the method. As the
metal active center has a great influence on the catalyst
properties, the catalysts with different metal centers in the
volcano map have a great difference in activity, which leads to
rough regulation, and it is not possible to fine-regulate the
properties of the catalyst to make it fall into the activity interval
required for the reaction. The other is to adjust the
performance of the catalyst by adjusting the local coordination
environment, such as doping nonmetallic elements on the
catalyst substrate.26,27 Zhou et al.27 propose a method to
reduce the reaction energy barrier by doping different p-block

elements to adjust the coordination environment of a single-
atom cobalt (Co) catalyst. Compared with the previous
regulation method of changing the metal active center (Eads(O),
−4 to 0.5 eV),24 this method can achieve a fine regulation of
the catalyst adsorption properties (Eads(O), −0.24 to −1.98 eV).
Herein, Fe1−N4−C is selected as the research object, and we

construct seven theoretical models through doping nonmetal
atoms (Fe−N3X, X�C, N, O, S, B, P, and Cl). The adsorption
characteristics of seven catalysts on the main components
(H2O, NH3, NO2, NO, SO2, and O2) in flue gas are first
studied. Second, the NH3−SCR reaction paths of a single-atom
iron catalyst regulated are explored by adjusting the adsorption
order of the reaction gas. Finally, the reaction mechanisms are
further studied by microkinetic analysis; we construct an active
volcano map and predict the activities of 30 SACs. The
catalysts with lower energy barriers are screened out, which
provides a theoretical basis for the subsequent theoretical
calculation and experimental preparation.

2. CALCULATIONS AND METHODS
Compared with traditional experimental research, density functional
theory (DFT) calculation is often used to predict and search material
properties with its low computing cost, accuracy, and efficient
characteristics.28−30 In this article, the Vienna Ab initio Simulation
Package (VASP) software and the projector-enhanced wave (PAW)
method were used for all simulation calculations. Generalized gradient
approximation (GGA) and Perdew−Burke−Ernzerhof (PBE) func-
tionals were used to deal with exchange-related interactions.31−34

According to the electronic structure of the iron atom, considering the
spin polarization effect (ISPIN = 2),35 the electron energy level was
occupied by Gaussian smearing with a width of σ = 0.05 eV.36 In
order to reduce the calculation time as much as possible under the
premise of ensuring the calculation accuracy, the cutoff energy and k-
points were tested, respectively (Figure S1). A 4 × 4 × 137 supercell
of graphene was constructed as catalyst support, and the vacuum layer
was set to 15 Å38 to avoid the interaction between the mirror images.
The geometry was optimized using a 2 × 2 × 1 Γ-center k-point with
an energy cutoff of 450 eV and a force convergence criterion of 0.02
eV/Å for each atom.39 Then, a 4 × 4 × 1 Γ-center k-point was used
for electronic self-consistent calculations, and the convergence
standard was 1 × 10−5 eV. The climbing image nudged elastic band
(CINEB) method combined with improved dimer method (IDM)
was used to find the transition-state structure of the reaction.40 First,
the approximate position of the reaction path and transition-state
structure was roughly obtained by the CINEB method; then, the
reaction frequency was calculated to ensure that there was only one
virtual frequency and the vibration direction of the frequency was
consistent with the reaction direction, and the finite displacement of
the vibration frequency was ±0.02 Å.41 Finally, the initial guess
structure was accurately calculated by the IDM method, and the force
convergence criterion was 0.05 eV/Å.42,43 To investigate the
relationship between the adsorption energy of the gas on the catalyst
and the charge distribution of the system, we also performed a charge
density difference (CDD) analysis. CDD is one of the most popular
methods of analyzing the electronic structure. The distribution of
electrons in space is an electron cloud, and the charge density
difference is the difference between the atomic charge density at the
corresponding points before and after an interaction of atoms.44 The
formula is calculated as follows45

absorb sur gas=

where ρabsorb, ρsur, and ρgas are the charge densities of the adsorption
system, catalyst surface, and gas, respectively.
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3. RESULTS AND DISCUSSION
3.1. Catalyst Model. Fe1−N4−C is selected as the model

catalyst, and we obtain 7 catalyst configurations (Figure 1a)
(Fe−N3X, X = coordination atom) by using different
coordination atoms (B, C, N, O, S, P, Cl) to replace one of
the four N atoms in the substrate. The corresponding bond
length,43 transfer electron, binding energy, and magnetic
moment are shown in Table 1. All seven catalysts have high
binding energy and good stability. In addition, the calculated
results of seven single-atom iron catalysts are in good
agreement with the previous results,4,39,43 which verifies the
rationality and validity of this work.

3.2. Adsorption Behavior. In order to explore how the
local coordination environment regulates the properties of
catalysts, this section first discusses its influence on the
adsorption properties of each catalyst. Since there are many
intermediate states and products involved in the NH3−SCR
reaction, we select six main gases here and calculate their

adsorption energies on the catalysts (see S1 for the specific
calculation formula of adsorption energy). In order to facilitate
the comparison of the differences in the adsorption strength of
different catalysts for different gases, the adsorption energy is
normalized and the heat map is drawn, as shown in Figure 1b
(see Table S2 for the specific values of adsorption energy of
each catalyst for the adsorption of different gases, Figure S2 for
the stable configuration of adsorbing NH3, SO2, and H2O, and
Figure S3 for the stable configuration of adsorbing O2, NO2,
and NO).
On the different catalysts, the adsorption energy of the same

gas on each substrate is different, and the local coordination
environment regulation has a great influence on the adsorption
energy of each gas on the catalyst. Therefore, we can adjust the
catalyst properties by regulating the local coordination
environment of the catalysts. In addition, in the gases discussed
above, NH3, NO2, NO, and O2 participate in the reaction
process and promote the reaction, while H2O and SO2

Figure 1. (a) The configuration of the catalyst doped with nonmetal atoms and seven kinds of nonmetal coordination atoms. (b) The relative
adsorption energy of each substrate to each gas. Here, the adsorption energy of each gas is normalized separately, and the reference standard is the
maximum absolute value of the adsorption energy of the catalyst for each gas. (c) Stable adsorption configuration of H2O, SO2, NO2, NO, O2, and
NH3 on Fe−N3B.

Table 1. Adsorption Height (h, Å), Bond Length between Fe Atom and Doping Atom (d, Å), Number of Electrons Transferred
from the Fe Atom to Carrier (Δq, e), Binding Energy (Eb, eV), and Magnetic Moment (M, μB)a

catalyst h(Å) d(Å) Δq(e) Eb(eV) M(μB)
Fe−N3B 0.05 1.88 0.85 5.45 2.58
Fe−N3C 0.05 1.87(1.894) 1.00 6.33(6.4739) 2.36
Fe−N4 0.05(0.0546) 1.89(1.8946) 1.03(1.0846) 7.14(7.1327) 2.00(2.0046)
Fe−N3O 0.05 1.95(1.934) 0.96 5.63 1.38
Fe−N3S 0.07 2.11 0.90 5.46 1.47
Fe−N3P 0.05 2.17(2.174) 0.92 6.05(6.4739) 1.99
Fe−N3Cl 0.07 2.05 0.86 4.20 1.03

aThe contents in parentheses are the results of previous studies of the corresponding items.

Energy & Fuels pubs.acs.org/EF Article

https://doi.org/10.1021/acs.energyfuels.4c06055
Energy Fuels 2025, 39, 4471−4480

4473

https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.4c06055/suppl_file/ef4c06055_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.4c06055/suppl_file/ef4c06055_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.4c06055/suppl_file/ef4c06055_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.4c06055/suppl_file/ef4c06055_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.4c06055?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.4c06055?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.4c06055?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.4c06055?fig=fig1&ref=pdf
pubs.acs.org/EF?ref=pdf
https://doi.org/10.1021/acs.energyfuels.4c06055?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


preempt the active site and hinder the reaction. The Fe−N3B
catalyst has strong adsorption of NO2, NO, O2, and NH3 and
weak adsorption of H2O and SO2 (the stable adsorption
configuration of NO2, NO, O2, H2O, and NH3 on Fe−N3B is
shown in Figure 1c), which is beneficial to the NH3−SCR
reaction, so the Fe−N3B catalyst is selected to further study
the NH3−SCR reaction mechanism on the catalyst surface, and
the detailed work is shown in the next section.

3.3. Reaction Path Analysis of NH3−SCR on Fe−N3X
(X�B, C, N, O, S, P, Cl). Previous studies show that NH3−
SCR reaction paths on catalysts are complicated, but the
energy barrier of each path is very different, and many paths
are difficult to occur.47 In order to save the calculation cost,
this section discusses all reaction paths based on Fe−N3B and
screens out the main reaction path to lay the groundwork for
the subsequent construction of the volcano map. Referring to
previous studies of NH3−SCR reactions on Fe1−N4−C, we
construct seven possible paths. The construction of the whole
reaction path is based on the adjustment of the adsorption
order on the catalyst, including NH3 adsorption, NO
adsorption, NO2 adsorption, and O2 adsorption. Since the ·
OH generated by the reaction can also participate in the NH3−

SCR reaction as an active radical, the reaction paths of the
adsorption of ·OH and the removal of residual H atom are also
considered.17,47

Figure 2 shows the complete reaction system of NH3−SCR
on the surface of the Fe−N3B catalyst and RDS energy barrier
(ΔERDS) of each path. The ΔERDS of path 4 is 1.07 eV, much
lower than 2.36 eV for path 1, 1.72 eV for path 2, 1.68 eV for
path 3, 3.00 eV for path 5, 3.00 eV for path 6, and 4.32 eV for
path 7 (the optimized structures of paths 1−8 and calculated
free-energy diagrams of each path on Fe−N3B are shown in
Figures S4−S6). The paths with higher RDS energy barriers
are less likely to occur. So, path 4 is most likely to occur and
can be considered the main reaction path of NH3−SCR
catalyzed by the Fe−N3B catalyst, which is conducive to N2
formation.
In order to explore the mechanism of the NH3−SCR

reaction on the surface of a single-atom iron catalyst regulated
by a local coordination environment, the main reaction path
(path 4) is constructed on the other six catalyst substrates
(Fe−N3X, X = C, N, O, S, P, Cl). As shown in Figure 3a, the
first step of the reaction is the reaction of NH3 and NO2
molecules on each substrate to generate the intermediate

Figure 2. All reaction paths in the NH3−SCR reaction on Fe−N3B. The diagram of the N atom in the NH3 molecule is represented in blue, and the
diagram of the N atom in NO and NO2 is represented in orange. In the seven reaction paths, the ΔERDS of each reaction path is marked in red in
the figure and the unit is eV.
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Figure 3. (a) Reaction scheme of path 4 on the Fe−N3X catalyst. (b) Relative energy step diagram of path 4 on seven catalysts for NH3−SCR. (c)
The ΔERDS of path 4 on different catalysts.

Figure 4. (a) Correlation analysis between Eb1 and Eads (NO2). (b) Correlation analysis between Eb2 and Eads (NO2). (c) Correlation analysis between
Ed and Eads (NO2). (d) Correlation analysis between the energy barrier and Eads (NO2). The dark blue, light blue, and orange lines represent the first
and second reaction energy barriers of NH3 reduction and the desorption energy barriers of N2 molecules, respectively.
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NHNO* and H2O molecules; the second step of the reaction
is the decomposition process of the intermediate NHNO*, and
the final step is the desorption of the generated nitrogen.
To analyze the energy change of path 4 on each substrate

more intuitively, the energy step diagram of seven catalysts is
constructed. In Figure 3b, the substrate is set to zero-energy
state, and the energy of each intermediate state is determined
relative to the ground state under the condition that each
intermediate state satisfies proton conservation (the reaction
path diagrams of path 4 over Fe−N3X are shown in Figures S7
and S8). The reaction on these substrates depends on the step
with the highest barrier, which is the RDS.
By comparing the reaction energy barrier and the desorption

energy barrier, these catalysts can be divided into two
categories. One is that the reaction energy barrier is the
highest; the rate-determining step is the first step or the second
step of the reaction process, such as Fe−N3B, Fe−N3C, Fe−
N4, Fe−N3O, Fe−N3S, and Fe−N3Cl. The other class is that
the desorption energy barrier is the highest; the rate-
determining step is the product desorption process, such as

Fe−N3P. As shown in Figure 3c, the RDS energy barriers of
Fe−N4 and Fe−N3B are closest to 0.96 eV, indicating that
both catalysts have good catalytic activity at near room
temperature. Compared with previous studies, they also exhibit
superior performance (see Table S1 for the RDS energy
barriers of previous studies). According to the above analysis, a
catalyst with good performance should have an appropriate
reaction energy barrier and desorption energy barrier, which
provides an idea for the subsequent construction of the activity
volcano map.

3.4. Correlation Analysis. Based on Brønsted−Evans−
Polanyi (BEP) rule,42,43 reaction kinetics are usually related to
thermodynamics on heterogeneous catalytic surface, and the
adsorption strength of gas molecules on the catalyst surface
directly affects the catalytic activity and selectivity of the
catalytic reaction.46,48−50 Figure 4 discusses the correlation
between the adsorption energy of NO2 (Eads(NO2)) and the
energy barrier of the first and second steps (Eb1,Eb2) in the
NH3 reduction reaction and the correlation between the
Eads(NO2) and the desorption energy barrier of N2(Ed).

Figure 5. (a) Volcano plots as a function of NO2 adsorption energy with 7 SACs. (b) Volcano plots as a function of NO2 adsorption energy with 14
nonmetal SACs (Fe−N3X, X = nonmetal or metal-like atom). (c) Comparison of volcano maps for transition metal and nonmetal SACs. (d) Fine-
tuning the activity of Zn−N4 and Mn−N4 by doping with nonmetal atoms. Gray, light blue, blue, red, and pink atoms represent C, N, Fe, and O
and doping nonmetal atom, respectively.
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As shown in Figure 4a−c, the Eads(NO2) is linearly correlated
to the kinetic energy barriers of all of the reactions analyzed in
this study. The Eb1 and Eb2 of the NH3 reduction decrease with
the increase of Eads(NO2), indicating that within a certain range,
the promotion effect of the substrate on the NH3−SCR
reaction becomes stronger with the increase of Eads(NO2). At the
same time, the Ed of NH3 reductions increases with the
increase of Eads (NO2), indicating that the ΔERDS of the NH3
reduction is affected by three reaction stages simultaneously
and depends on the maximum energy barrier of the three
stages. Figure 4d compares the relationship between Eads(NO2)
and Eb1, Eb2, and Ed of a single reaction. The ΔERDS of the NH3
reduction depends on the maximum energy barriers in the
three reaction stages. The adsorption energy of NO2 at −1.07
eV corresponds to the maximum energy barrier of the three
stages. When Eads(NO2) is greater than −1.07 eV, RDS
represents the desorption process of N2 from the catalyst
surface, indicating that too weak adsorption leads to difficulties
in reactant activation, reaction process, and product
desorption. When Eads(NO2) is less than −1.07 eV, the RDS
represents the progress of the first reaction, indicating that the
adsorption capacity is too strong and the subsequent reaction
is difficult to occur. Among the seven SACs, Fe−N3B has a
lower energy barrier during the NH3 reduction. When Eads(NO2)
reaches −1.07 eV, the energy barrier of SACs reaches the
lowest, and the optimal energy barrier is 0.90 eV. In
conclusion, the adsorption energy of NO2 can be a highly
accurate descriptor to help predict other complex kinetic
information in the calculation of the NH3 reduction.

3.5. Microkinetic Analysis. Through the correlation
analysis above, the reaction of NO2 and NH3* on SACs also
follows the classical Sabatier principle,51 that is, an ideal
heterogeneous catalyst should not be too strongly or weakly
bound to the adsorbents. Based on the high correlation
between the adsorption energy of NO2 and the energy barrier,
the microkinetic activity volcano plot is established with
Eads (NO2) as the basic reaction descriptor (see S2 for details on
the microkinetic modeling method). On this basis, we calculate
the NO2 adsorption energy of catalysts doped with several
other atoms (Si, As, Ge, Sb, Te, Se) and obtain the theoretical
predicted value of their reactivity (Figure 5b).
These doping atoms have similar properties to the doping

atoms discussed above, and all belong to the two categories of
elements: metal-like and nonmetal atoms. Fe−N3B and Fe−N4
show a higher activity among the 14 kinds of catalysts. In
addition, we calculate the NO2 adsorption energy of 16 kinds
of catalysts (TM1-N4−C, TM = V- Cd) with 3d and 4d
transition metals as the active center, respectively, and obtain
the corresponding volcano map (Figure 5c) (see Table S2 for
the specific values of adsorption energy of Fe−N3X and Table
S3 for the specific values of adsorption energy of TM1-N4−C).
Figure 5c shows that the method of changing the active center
can roughly regulate the volcano map in a wide range
(Eads(NO2), −0.2 to −4.9 eV; activity, − 0.8 to − 3.5), while the
method of regulating the local coordination environment of
the single-atom iron catalyst can fine-tune the active volcano
map of the catalyst in a small range (Eads(NO2), −0.7 to −2.4
eV; activity, − 0.7 to − 1.6).
To further verify the validity of this regulation method, we

fine-tune the catalytic activity of Mn−N4 and Zn−N4 near the
peak of the volcano map by doping nonmetal atoms. As shown
in Figure 5d, we dope a single nonmetal atom (O, S) on the
substrate; the results show a decrease in the catalyst activity

after doping, so we try to dope two different nonmetal atoms
on the substrate. According to the symmetry of TM1-N4−C,
there are three different types of doping types. By doping two
nonmetal atoms (O and B), we have further improved the
activity of the single-atom Zn/Mn catalyst, which is closer to
the peak of the activity volcano map. Above all, this regulation
method not only provides a new idea for the regulation of the
catalyst activity but also facilitates the development of NH3−
SCR single-atom catalysts with better performance.

3.6. Electronic Characteristics. In order to analyze the
reasons for the adsorption energies of NO2 between different
SACs from the microelectronic level, the charge density
difference and Bader charge analysis are carried out between
different SACs and NO2.
As shown in Figure 6, there exists a negative linear

relationship between the NO2 adsorption energy and charge

transfer of NO2. On the surface of Fe−N3Si, both Fe and Si
provide electrons to NO2, which strengthens the NO2
adsorption of the substrate but is also not conducive to
product desorption. From Fe−N3Si to Fe−N3P, the Eads(NO2)
value increases as the charge transfer of NO2 gradually
decreases. Near Fe−N4, the catalyst has a moderate interaction
with NO2, which is conducive to both the activation of
reactants and the regeneration of the active site, so its reaction
activity is the highest.

4. CONCLUSIONS
The purpose of this study is to study the effect of the local
coordination environment on the properties of the catalyst. In
this paper, we alter the properties of the catalyst by modifying
the local coordination environment of a single-atom iron
catalyst, thereby achieving fine regulation of the active volcano
map associated with the catalyst in the NH3−SCR reaction.
The adsorption properties of different catalysts are analyzed by
the theoretical calculation. By adjusting the adsorption order of
the reaction gases, the NH3−SCR reaction paths on the Fe−
N3B catalyst are studied in detail. The results show that path 4
has the lowest rate-determining step energy barrier; therefore,
it is the most likely path to occur during the reaction. After
calculating the energy change of path 4 on the surface of 7
kinds of catalysts, we find that the reaction energy barrier of

Figure 6. Correlation analysis between Eads (NO2) and the charge
transfer of NO2. Contour lines in the plots are drawn at 0.002 e Å−3

intervals. Red and blue areas represent the electron gain and loss,
respectively. Gray, light blue, blue, red, and pink atoms represent C,
N, Fe, and O and doping nonmetallic atom, respectively.
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path 4 is linearly related to the adsorption energy of NO2
through correlation analysis. Then, we construct a 1D volcano
map model using NO2 adsorption energy as an accurate
descriptor to describe the activity of NH3 reduction catalyzed
by single-atom iron catalysts. The model is helpful in
predicting the performance of different catalysts. It is found
that the closer the NO2 adsorption energy approaches −1.18
eV, the greater the theoretical catalytic activity for the NH3
reduction becomes. We also use the model to predict the
activity of 30 kinds of SACs, and the result confirms that the
volcano map of single-atom iron catalysts in the NH3−SCR
reaction can be fine-tuned by regulating the local coordination
environment. In addition, in order to prove the reliability of
the volcano map, we also try to regulate the activity of the
catalysts by doping two different nonmetal atoms on Zn−N4
and Mn−N4. The final results show that this regulation
method brings the activity of the two catalysts closer to the
peak of the volcano map and achieves a fine regulation of the
activity in a small range. This study deepens the understanding
of the fine-tuning catalyst activity through regulating the local
coordination environment, provides a solid theoretical basis for
subsequent catalyst screening and experimental preparation,
and helps guide future experimental design and catalyst
optimization.
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