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Axial coordination engineering for single-atom
catalysts in bifunctional oxidation of NO and
mercury†
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Coal-fired power plants are major emitters of nitrogen oxides (NO) and elemental mercury (Hg0), both

of which pose significant environmental and health risks. While wet flue gas desulfurization (WFGD) and

electrostatic precipitators (ESP) are effective in removing oxidized mercury (Hg2+) and particulate-bound

mercury (Hgp), capturing volatile Hg0 remains a significant challenge. Catalytic oxidation is a promising

approach to convert NO and Hg0 into their more easily captured oxidized forms (NO2 and Hg2+),

highlighting the need for highly efficient catalysts. In this study, graphene-supported iron single-atom

catalysts (Fe SACs) with various axial ligands were systematically investigated using density functional

theory (DFT). Adsorption energies of O2 and NO, along with energy barriers for key oxidation steps,

were calculated to evaluate catalytic performance. Among the ten Fe1N4–X catalysts examined, Fe1N4–

Br exhibited the lowest reaction energy barriers, while Fe1N4–H2O showed the highest turnover

frequency (TOF) for both NO and Hg0 oxidation under simulated flue gas conditions. These results

demonstrate the importance of axial ligand coordination in tuning catalytic activity. This work offers the-

oretical insights for the rational design of high-performance SACs for pollutant control in coal-fired flue

gas treatment systems.

1. Introduction

Coal-fired power plants release flue gases containing hazardous
pollutants such as nitrogen oxides (primarily NO) and elemental
mercury (Hg0), which are known to cause environmental harm
and serious health risks, particularly respiratory illnesses.1–3

Mercury in flue gas typically exists in three forms: elemental
mercury (Hg0), oxidized mercury (Hg2+), and particle-bound
mercury (Hgp). While wet flue gas desulfurization (WFGD) and
electrostatic precipitators (ESP) are effective at removing Hg2+

and Hgp, the removal of Hg0 remains challenging due to its low
solubility and high volatility. Therefore, developing a cost-
effective and efficient approach for the simultaneous removal
of NO and Hg0 is critical. Oxidizing NO and Hg0 into NO2 and
Hg2+ facilitates their removal via absorption in alkaline solu-
tions, highlighting the importance of designing catalysts with

high activity to enhance catalytic oxidation processes targeting
these pollutants.4

Graphene-supported single-atom catalysts (SACs) have
emerged as promising materials due to their exceptional catalytic
performance across various applications, including electrocataly-
sis, photocatalysis, and thermal catalysis.5–8 In thermal oxidation
reactions, SACs demonstrate excellent reactivity and selectivity.
For instance, Chen et al.9 employed transition state analysis and
microkinetic modeling to reveal that Ni1N1C2 exhibits outstanding
catalytic activity for CO oxidation. Yang et al.10 conducted sys-
tematic studies on graphene-based SACs for O2-mediated Hg0

oxidation, offering new perspectives on mercury pollution control
in coal-fired power systems. Liu et al.11 showed that Pd atoms
anchored on graphene can efficiently catalyze low-temperature
CO oxidation via the Langmuir–Hinshelwood (LH) mechanism.
Their subsequent theoretical investigations confirmed that Fe1N2

structures also possess high CO oxidation activity under the same
mechanism.12 Dong et al.13 explored how varying nitrogen coor-
dination affects the adsorption of NO and O2 on Co-based SACs,
identifying Co1N3 as a promising NO oxidation catalyst. Yang
et al.14 investigated carbon-supported iron SACs and demon-
strated their potential in catalyzing NO oxidation. Furthermore,
Yang et al.15 experimentally verified that Fe1N4 shows excellent
low-temperature catalytic activity for the simultaneous oxidation
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of NO and Hg0. Although SACs have proven highly effective for
oxidizing these pollutants both theoretically and experimentally,
strategies for tuning their catalytic activity remain insufficiently
developed.

Recent studies have demonstrated that modifying the axial
coordination environment of graphene-based single-atom cata-
lysts (SACs) by introducing functional groups such as H, H2O, CN,
O2, NH3, and NO2,16–18 as well as halogen elements like F, Cl, Br,
and I,19–21 can significantly enhance their catalytic activity. For
instance, Tang et al.22 optimized the coordination structure of Co-
based SACs by co-doping with B and N, achieving remarkable
catalytic performance for NO and CO oxidation. Similarly, Li
et al.23 showed that co-doping N and O into Mn-based SACs
influences the adsorption energy of elemental mercury (Hg0),
depending on the number of N and O atoms surrounding the
metal center. Yang et al.6 found that incorporating p-block
elements into Fe-based SACs effectively tunes the adsorption free
energy of oxygen evolution reaction (OER) intermediates, thereby
modulating OER catalytic activity. Such p-block element doping
strategies are thus valuable for tailoring coordination environ-
ments and enhancing the adsorption behavior of reactant gases.
Nevertheless, reducing the energy barriers for NO and Hg0 oxida-
tion by fine-tuning the active site composition remains a major
challenge.

Motivated by this background, we systematically investi-
gated the adsorption behaviors of key intermediates (O2, O,
and NO) on Fe-based SACs with varied coordination environ-
ments and aimed to identify high-performance Co-based SACs
for the dual oxidation of NO and Hg0. To this end, we con-
structed ten Co-based SACs with distinct axial coordination
configurations and conducted spin-polarized density func-
tional theory (DFT-D3) calculations incorporating van der
Waals corrections. First, ten Fe SACs with different ligand
environments were modeled. Then, their adsorption energies
toward O and O2 were calculated and analyzed. Reaction path-
way computations were further employed to determine the
catalytic energy barriers for NO and Hg0 oxidation, revealing
that Fe1N4–Br exhibited the highest catalytic activity. Moreover,
microkinetic modeling indicated that Fe1N4–H2O delivered the
best overall performance among all ten catalysts. This study
offers a theoretical framework for rational catalyst design and
highlights the importance of local coordination environment
modulation in developing high-efficiency SACs for NO and Hg0

oxidation.

2. Computational details
2.1. Methods

In this work, density functional theory (DFT) calculations were
performed using the Vienna Ab initio simulation package
(VASP 5.4.4).24,25 The interactions between atomic cores and
valence electrons were described using the projector augmen-
ted wave (PAW) method, while the Perdew–Burke–Ernzerhof
(PBE) functional was adopted to account for exchange–correla-
tion effects.26 Spin polarization was incorporated to obtain

accurate ground-state electronic structures. To ensure a realis-
tic description of the gas and surface interactions, both dipole
corrections and Grimme’s DFT-D3 dispersion corrections were
employed.27 A 5 � O3 � 1 graphene supercell (12.33 � 12.88 �
20.00 Å) was constructed as the catalyst substrate, with a
vacuum gap of 20.00 Å introduced along the z-direction to
eliminate interactions between periodic images. The plane-
wave cutoff energy was set at 450 eV for all computations.
Geometry optimization and frequency analyses were performed
using a 2 � 2 � 1 Monkhorst–Pack k-point mesh, with a force
convergence threshold of 0.02 eV Å�1. A denser k-point grid of
4 � 4 � 1 was used for self-consistent field (SCF) calculations,
with an energy convergence criterion of 10�5 eV. In this work,
we focused on adsorption energy and energy barrier analysis as
the main descriptors of catalytic activity. Charge density or
Bader charge analysis was not included, but will be considered
in future studies.

2.2. Energy calculations

To precisely identify the transition state (TS) structures and
associated energy barriers for NO and Hg0 oxidation, a combi-
nation of the climbing-image nudged elastic band (CI-NEB)
method28,29 and the improved dimer method (IDM)30 was uti-
lized. The CI-NEB approach was first employed to estimate the
initial TS geometry, using a force threshold of 0.5 eV Å�1. This
configuration was subsequently refined with the IDM method,
applying a tighter convergence standard of 0.05 eV Å�1. To verify
the validity of each transition state, we ensured that the opti-
mized TS structure exhibited a single imaginary frequency
corresponding to the appropriate vibrational mode, using a
finite displacement of �0.02 Å for frequency analysis.

The adsorption energies were calculated by the following
equation:

Eads = Esur+gas � Esur � Egas (1)

where Esur+gas, Esur, and Egas are the electronic energies of the
catalyst with adsorbate, catalyst, and gas species, respectively.
It is worth noting that when calculating the adsorption energy
of the O atom, the energy of the O atom is taken as half the
energy of the O2 molecule.

The energy barrier (Eb) was obtained by the following
equations, respectively:

Eb = ETS � EIS (2)

where EIS, and ETS are the energies of the initial and transition
states, respectively.

2.3. Microkinetic modelling methods

In conclusion, we applied a microkinetic modeling approach
grounded in Sabatier analysis31 to estimate the theoretical
upper limit of the reaction rates for NO and Hg0 oxidation.
The Sabatier rate refers to the idealized scenario in which each
elementary step proceeds under optimal conditions, offering a
useful benchmark for assessing the intrinsic catalytic perfor-
mance of a surface. This approach aligns with methodologies
previously reported for oxidation reaction modeling.32,33
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The NO oxidation pathway can be decomposed into the follow-
ing four elementary steps:

O2 + * - O2* (R1)

O2* + NO - NO2 + O* (R2)

O* + NO - NO2* (R3)

NO2* - NO2 + * (R4)

where (R1) is assumed to be in equilibrium. The forward rate
constants of the remaining steps are given by:

ki ¼ vi exp �
DGai

KT

� �
¼ vi exp �

Eai � TDSai

KT

� �
(3)

where vi is the prefactor, Eai is the activation energy, and DSai is
the entropy difference between the transition state and the
initial state, k is the Boltzmann constant, and T is the tempera-
ture. vi is estimated by kT/h, where h is the Planck’s constant.

Assuming (R1) is in equilibrium, this gives:

yO2
¼ 1

1þ Kip O2ð Þ (4)

where Ki is the equilibrium constant of (R1), p(O2) is the partial
pressure of O2. Ki was calculated by:

Ki ¼ exp �Gi

kT

� �
(5)

where G1 is the free energy of (R1). The Sabatier rate

rSmax
i ¼ yiki

� �
of the overall reaction (rS) was estimated by the

minimum reaction rate among (R2)–(R4) as a function of O

adsorption energy:

rs ¼ min½rSmax
2 ; rSmax

3 ; rSmax
4 � (6)

Similarly, the Hg0 oxidation reaction can also be analyzed in
the following four elementary steps according to the above
analysis method of NO oxidation:

O2 + * - O2* (R5)

O2* + Hg - HgO* (R6)

HgO* + Hg - (HgO)2* (R7)

(HgO)2* - (HgO)2 + * (R8)

3. Results and discussion
3.1. Catalyst model

Two-dimensional single-atom catalysts (SACs) supported on
graphene are widely utilized as model systems for carbon-
based SACs due to their well-defined structure and experi-
mental feasibility. In this study, graphene was employed as
the substrate, and a double-vacancy defect was introduced to
create a stable anchoring site for isolated metal atoms. Iron (Fe)
was selected as the active metal due to its abundance and cost-
effectiveness, and was embedded into the vacancy site. To
optimize the coordination environment, four adjacent carbon
atoms were replaced with nitrogen atoms, resulting in a classic
Fe1N4 coordination structure.

To further modulate the physicochemical properties of the
catalyst, various axial ligands, comprising functional groups
(H, H2O, CN, O2, NH3, NO2) and halogen elements (F, Cl, Br, I),

Fig. 1 10 different axial coordination environments of Fe1N4–X single atom iron catalyst configurations.
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were introduced beneath the Fe center. This axial coordination
strategy enables fine-tuning of both the geometric and electronic
characteristics of the active site. As a result, a series of ten Fe1N4–
X catalysts with distinct axial configurations were systematically
designed, where X represents a specific ligand or dopant. In each
structure, a single axial ligand was positioned on one side of the
Fe center, leaving the opposite side exposed to accommodate gas-
phase reactants. This asymmetric configuration reflects typical
coordination environments in experimentally studied Fe-based
SACs. The doping sites and corresponding structural models are
illustrated in Fig. 1. These tailored structures are expected to

significantly influence catalytic activity by altering the local
electronic and geometric environment around the Fe center,
thereby offering insights into the structure–activity relationships
in single-atom catalysis.

3.2. Adsorption properties

The adsorption energies of O2 and atomic O are pivotal for
evaluating the catalytic efficiency of single-atom catalysts
(SACs) in the oxidation of NO and Hg0.34,35 To investigate this
aspect, we systematically calculated the adsorption energies of
O2 and O on a series of ten Fe1N4–X catalysts. The results are

Fig. 2 (a) Adsorption energy of 10 different axial coordination configurations of Fe1N4–X single atom iron catalysts for O2 (b) adsorption energy of 10
different axial coordination configurations of Fe1N4–X single atom iron catalysts for O.

Fig. 3 Energy variation diagram of ten single atom iron axial coordination catalysts for NO oxidation.

Paper PCCP



This journal is © the Owner Societies 2025 Phys. Chem. Chem. Phys., 2025, 27, 11879–11886 |  11883

illustrated in Fig. 2(a) and (b). Two primary adsorption geome-
tries were identified for the O2 molecule: the side-on configu-
ration (Eads(O2side)) and the end-on configuration (Eads(O2end)).
For most of the catalysts, the side-on mode was found to be
thermodynamically more stable, indicating a stronger inter-
action between the Fe center and the O2 molecule in this
arrangement.

As shown in the figures, modifications to the axial ligand
environment significantly affect the adsorption strengths of
both O2 (ranging from �0.19 to �0.90 eV) and O (from �0.19 to
�1.00 eV). These results demonstrate that tuning the local
coordination environment is an effective approach to modulate
the adsorption behavior of reactive species, thereby enhancing
catalytic performance. This insight is valuable for the rational
development of efficient SACs for environmental applications.
Note that a negative adsorption energy indicates an exothermic
adsorption process, which corresponds to favorable interaction
between the adsorbate and the catalyst surface.

3.3. Reaction pathway analysis

To assess the catalytic performance of the ten axially coordi-
nated single-atom iron catalysts, the oxidation pathways for NO
and Hg0 were comprehensively examined using energy profile

calculations.10 The reaction energy diagram for NO oxidation is
presented in Fig. 3. Among the catalysts, Fe1N4–Br demonstrates
superior activity, evidenced by its lower energy barrier in the rate-
determining step (RDS), indicating efficient catalytic oxidation
under relatively mild conditions. In contrast, Fe1N4–CN and
Fe1N4–I show higher energy barriers, implying that these systems
may require additional energy input to achieve comparable
reactivity. The corresponding energy pathways for Hg0 oxidation
on each catalyst are provided in Fig. S10–S19 (ESI†).

Previous studies suggest that the Eley–Rideal (ER) mecha-
nism is likely the dominant reaction pathway for NO and Hg0

oxidation.36–38 Following this mechanistic framework, we com-
puted the detailed oxidation steps and associated energy
barriers on the Fe1N4–Br catalyst, as depicted in Fig. 4. Given
the consistent reaction trends across different catalysts, the
reaction profiles and free energy diagrams for the remaining
nine systems are summarized in Fig. S1–S9 (ESI†).

As illustrated in Fig. 4(a), the NO oxidation pathway begins
with the pre-adsorption of O2 at the Fe active site. Subsequently,
an incoming NO molecule reacts with the adsorbed O2, forming
the first NO2 molecule while overcoming a low energy barrier of
0.21 eV. A second NO molecule then interacts with the remaining
O atom to yield another NO2 molecule, requiring a barrier of

Fig. 4 (a) Catalytic oxidation cycle of NO and (b) catalytic oxidation cycle of Hg0 on Fe1N4–Br.
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0.73 eV. Finally, the desorption of the second NO2 completes the
catalytic cycle, with an associated barrier of 0.98 eV. This
desorption step is identified as the rate-determining step (RDS)
for NO oxidation on Fe1N4–Br, resulting in an overall energy
barrier of 1.01 eV.

In the case of Hg0 oxidation (Fig. 4(b)), the process is
initiated by the interaction of a Hg atom with pre-adsorbed
O2, forming a transient O–Hg–O structure, which requires
overcoming a barrier of 1.77 eV. A second Hg atom is then
adsorbed to generate the final oxidation product, a (HgO)2

chain. The desorption of this chain from the catalyst surface,
with an energy barrier of 1.97 eV, marks the completion of the

reaction. Thus, (HgO)2 desorption is the RDS in the Hg0

oxidation pathway.
Table 1 summarizes the rate-determining steps across all ten

catalysts. Among them, Fe1N4–Br exhibits the lowest RDS energy
barriers for both NO and Hg0 oxidation, highlighting its potential
as a highly effective bifunctional catalyst for simultaneous removal
of NO and elemental mercury from flue gas streams.

3.4. Microkinetic modelling

To evaluate the catalytic performance of the ten axially coordi-
nated Fe-based single-atom catalysts under realistic flue gas
conditions, microkinetic modeling was conducted using

Table 1 The four catalysts RDS and TOF/s of oxidation NO and Hg0, respectively. The temperature is 400 K and the oxygen pressure is 0.05 bar

SACs

RDS TOF/s

Oxidation NO (eV) Oxidation Hg0 (eV) Oxidation NO Oxidation Hg0

Fe1N4–H2O 1.29 2.37 1.14 � 108 4.72 � 10�14

Fe1N4–NH3 1.55 2.46 2.85 � 10 4.23 � 10�15

Fe1N4–Br 1.01 1.98 5.29 � 103 2.82 � 10�16

Fe1N4–Cl 1.19 2.24 2.30 � 105 2.64 � 10�16

Fe1N4–F 1.05 2.15 5.49 � 105 1.44 � 10�19

Fe1N4–NO2 1.11 2.05 7.08 � 105 6.00 � 10�20

Fe1N4–H 1.05 2.01 1.31 � 106 6.46 � 10�22

Fe1N4–CN 1.06 1.95 9.11 � 103 5.35 � 10�22

Fe1N4–I 0.98 1.95 9.28 � 102 1.06 � 10�23

Fe1N4–O2 0.84 1.60 1.91 1.25 � 10�24

Fig. 5 Microkinetic modeling analyses of the overall flue gas pressure and temperature functions in the process of catalytic oxidation NO by (a, d)
Fe1N4–H2O, (b, e) Fe1N4–F and (c, f) Fe1N4–CN.
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kinetic parameters and methodologies. Temperature (T) and
pressure (P) were employed as primary variables, with the
logarithm of turnover frequency [log(TOF)] serving as the key
performance descriptor. As shown in Fig. 5, Fe1N4–H2O exhib-
ited the highest catalytic activity for both NO and Hg0 oxidation
around 400 K, which is closely aligned with the typical opera-
tional conditions of coal-fired flue gas systems.39 This result
highlights Fe1N4–H2O as a particularly promising candidate for
practical environmental applications.

To further quantify catalyst performance under simulated
flue gas conditions, specific TOF values were computed for
each system. Following established protocols,39 the reaction
environment was set at 400 K and 1 bar total pressure, with
molecular oxygen comprising 5% of the gas mixture.40 Under
these conditions (400 K, PO2

= 0.05 bar), TOF values for both NO
and Hg0 oxidation were determined. A comparative summary of
the maximum, median, and minimum TOF values is presented
in Fig. 5, while the complete dataset can be found in Table 1
and Fig. S20–S26 (ESI†). Notably, Fe1N4–H2O consistently
achieved the highest TOF values for both reactions, whereas
Fe1N4–CN showed the lowest catalytic activity. These results
reinforce the superior bifunctional catalytic behavior of Fe1N4–
H2O under conditions representative of industrial flue gas
treatment. These theoretical predictions are in line with recent
experimental studies. For example, Yang et al.15 demonstrated
that Fe-based SACs with axial coordination exhibit strong
activity toward simultaneous NO and Hg0 oxidation. Similarly,
Ma et al.41 showed that iron-based single-atom materials are
efficient catalysts for oxidative transformations. These reports
support the relevance of our theoretical findings to real-world
catalytic systems.

4. Conclusion

This study systematically investigated graphene-based Fe
single-atom catalysts (SACs) with a variety of axial ligands for
the catalytic oxidation of NO and elemental mercury (Hg0).
Reaction pathway analysis revealed that Fe1N4–Br exhibits
relatively low energy barriers for the rate-determining steps
(1.01 eV for NO oxidation and 1.97 eV for Hg0 oxidation).
However, microkinetic simulations under flue gas conditions
identified Fe1N4–H2O as the catalyst with the highest turnover
frequency (TOF) for both reactions at approximately 400 K.

These results demonstrate that TOF and reaction energy
barriers are not simply inversely correlated, but are strongly
influenced by the relative energies of reaction intermediates
and the overall thermodynamic landscape. This distinction
arises because TOF calculations account for the full reaction
network, including all elementary steps, intermediate stabili-
ties, and entropic contributions, whereas the RDS reflects only
the highest single energy barrier along the pathway. To provide
a comprehensive assessment, we evaluated the two metrics
separately and ultimately identified Fe1N4–H2O as the most
effective bifunctional catalyst due to its superior overall kinetic
performance. Overall, this work offers theoretical insight into

how axial ligand coordination modulates catalytic performance,
providing a useful strategy for the rational design of high-activity
SACs for pollutant control in coal-fired flue gas purification
systems.
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