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1. Introduction

Coal-fired power generation plays a crucial 
role in national economic development 
and energy security, especially in countries 
using coal as the main primary energy 
source.[1] Efficient removal of gaseous 
pollutants from coal-fired power plant 
remains a great challenge due to the con-
flicting redox environment demands of 
the different pollutants. Specifically, selec-
tive catalytic reduction (SCR) for denitri-
fication undesirably inhibits the catalytic 
oxidation of elemental mercury (Hg0).[2] 
To address this pressing issue, synergistic 
removal of multiple pollutants with a uni-
fied redox environment is highly expected.

Catalytic oxidation is a promising 
method for synergistic removal of mul-
tiple pollutants at low temperatures and 
in particular, is regarded as an ideal way 
to oxidize NO and Hg0, after which the 
oxidation products (NO2 and Hg2+) can be 
simultaneously removed by alkaline solu-
tion.[3] Therefore, catalytic oxidation can 
simultaneously remove multiple pollut-

ants without a complex process, which significantly improves 
the safety and economy of the coal-fired power plant. Although 
there are many advantages toward catalytic oxidation of NO and 
Hg0 in coal-fired flue gas, there are still two main challenges: 
1)  currently used catalysts usually require high operation tem-
peratures for NO oxidation while exhibiting low catalytic activity 
at moderate temperatures;[4] and 2) the active sites of catalysts 
are easily poisoned by SO2 in flue gas, giving rise to significant 
deactivation.[5] Therefore, powerful catalysts featuring high 
activity at low temperatures and excellent SO2 resistance are 
highly desired for the synergistic removal of multi-pollutants.

Single-atom catalysts (SACs), with the metal atoms atomically 
dispersed, can realize the maximized utilization and coordina-
tive unsaturation of metal atoms.[6,7] The coordinatively unsatu-
rated active sites of SACs usually possess unoccupied orbitals 
for oxygen activation which render them particularly promising 
in various oxidation reactions, such as the oxidation of methane 
and benzene at room temperature.[8] In addition, the uniform 
active sites in SACs make it possible to selectively adsorb spe-
cific reactants, endowing SACs with excellent antipoisoning 
properties.[9] Among the various strategies put forward for the 
construction of SACs, metal–organic frameworks (MOFs), with 
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periodic structures, high porosity, and flexible tailorability, have 
shown great potential for the accurate construction and perfor-
mance optimization of SACs.[10] Therefore, MOF-based SACs 
might be promising candidates to overcome the drawbacks of 
traditional catalysts in the catalytic oxidation of NO and Hg0 
from coal-fired flue gas.

In this work, a series of density functional theory (DFT) 
calculations are described on SACs with different local coor-
dination microenvironments and the results reveal that Fe1-N4 
sites are the most promising candidate for catalytic oxidation 
of NO and Hg0. A representative MOF, namely ZIF-8 (also 
named as MAF-4), as selected for introducing Fe dopants, 
affording Fe-doped ZIF-8 as a precursor (Scheme 1).[11] Upon 
pyrolysis, single-atom Fe decorated N-doped carbon catalyst 
(denoted Fe1-N4-C), with abundant Fe-N4 sites, is obtained 
which exhibits exceptionally high activity for the oxidation of 
NO and Hg0. Strikingly, SO2 is no longer a poisoning agent 
but rather enhances the catalytic oxidation of NO to some 
extent, which is completely different from the obvious deac-
tivation as observed in previously reported catalysts.[12] To the 
best of our knowledge, this is the first report on SACs for the 
highly efficient catalytic oxidation of NO and Hg0 with strong 
sulfur tolerance.

2. Results and Discussion

2.1. Theoretical Screening of SACs with Robust Reactivity  
and Selectivity

The adsorption behavior of reactants (NO, O2, etc.) and sulfur 
oxides (SO2 and SO3) reflects the nature of active sites. The 
greater the adsorption energy of reactants superior to sulfur 
oxides, the higher selectivity of adsorption and stronger resist-
ance of sulfur poisoning. Therefore, the adsorption energies 
of O2, NO, SO2, and SO3 in flue gas have been first investi-
gated by DFT calculation (details provided in Section S6, Sup-
porting Information). As the catalytic behaviors of SACs are 
highly sensitive to the local coordination microenvironments 
such as coordination number and coordinated atoms,[13] four 
typical single-atom Fe sites (named as Fe1-Cx or Fe1-Nx, with x 

representing the coordination number) have been constructed 
(Figure 1a–d). Adsorption behaviors of O2, NO, SO2, and SO3 
over four typical single-atom Fe sites have been investigated 
(Figure 1e and Figure S1, Supporting Information). It can be 
seen that the adsorption energies of reactants on these single-
atom Fe sites are obviously different (Figure 1e). The O2, NO, 
SO2, and SO3 present stable chemisorption on Fe1-C3, Fe1-C4, 
and Fe1-N3 active sites (Figure 1e), suggesting that SO2 and SO3 
might occupy active sites of Fe1-C3, Fe1-N3, and Fe1-C4 leading 
to sulfur poisoning. Unexpectedly, the adsorption of SO2 and 
SO3 on Fe1-N4 sites is weak physical adsorption (Eads < −0.5 eV), 
whereas the chemisorption for O2 and NO remains well, mani-
festing that Fe1-N4 sites can preferentially adsorb NO and O2 
without sulfur poisoning (Figure 1e).

2.2. Synthesis and Characterization of Fe1-N4-C

Encouraged by the optimized adsorption selectivity of Fe1-
N4 sites as indicated by the DFT calculations, Fe1-N4-C was 
synthesized. The Fe-doped zeolite imidazole framework-8 
(denoted Fe-doped ZIF-8), featuring the same structure and 
morphology as ZIF-8, was constructed by using mixed metal 
ions (Zn2+ and Fe3+) and 2-methylimidazole linker (Figure 2a; 
Figures S2a and S3, Supporting Information).[14] Upon pyrol-
ysis at 900 °C under a N2 atmosphere, the Fe1-N4-C catalyst 
was produced with ≈30 nm dimensions which was finer than 
the original MOF precursors (55 nm), as indicated by scan-
ning electron microscope observation (Figure 2a,b). Trans-
mission electron microscopy (TEM) and high-resolution TEM 
(HRTEM) images demonstrate the porous characteristic of 
Fe1-N4-C inherited from the MOF precursor and no Fe par-
ticles are observed (Figure 2c,d). Given the highly porous 
structure of Fe-doped ZIF-8 precursor, Fe1-N4-C exhibits 
considerable BET surface area up to 1249 m2 g−1 (Figure S4, 
Supporting Information), favorable to the exposure of cata-
lytic sites and the mass transfer process. Powder X-ray dif-
fraction (XRD) pattern of Fe1-N4-C shows two broad peaks at 
≈26° and ≈44°, respectively corresponding to the (002) and 
(101) reflections of graphitic carbon (Figure S2b, Supporting 
Information). No peak of Fe-based species can be detected, in 
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Scheme 1. Schematic illustration showing the fabrication strategy of Fe1-N4-C catalyst.
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consistent with the TEM results (Figure 2c,d and Figure S2b, 
Supporting Information). The Raman spectrum of Fe1-N4-C 
presents a much lower intensity ratio of D band (1353 cm−1) 
and G band (1590 cm−1) than that of N-doped carbon (N-C) 
derived from ZIF-8, indicating that Fe doping is favorable 
to improve the graphitization degree of Fe1-N4-C (Figure S5, 
Supporting Information).

To investigate the chemical composition and existing state 
of Fe1-N4-C, X-ray photoelectron spectroscopy (XPS) was per-
formed. The Fe 2p3/2 peak is located at 710.8 eV, illustrating 
the oxidized state of Fe in Fe1-N4-C (Figure S6b, Supporting 
Information).[15] In addition, the N 1s spectrum can be fitted 
into five characteristic peaks and the peak centered at 399.2 eV 
proves the existence of Fe-N species in Fe1-N4-C (Figure S6a, 

Adv. Mater. 2022, 34, 2110123

Figure 1. Geometric structures of single-atom Fe catalyst with four typical coordination environments including a) Fe1-C3, b) Fe1-N3, c) Fe1-C4, and  
d) Fe1-N4. e) The adsorption energies (Eads) of O2, NO, SO2, and SO3 over different single-atom Fe sites.

Figure 2. Scanning electron microscopy (SEM) images of a) Fe-doped ZIF-8 and b) Fe1-N4-C. c) TEM and d) HRTEM images of Fe1-N4-C. e) HAADF-STEM 
image and f) its corresponding elemental mapping for Fe1-N4-C.
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Supporting Information).[16] Furthermore, single Fe atoms can 
be unambiguously identified in the aberration-corrected high-
angle annular dark field scanning transmission electron micro-
scope (HAADF-STEM) image of Fe1-N4-C where no Fe particles 
or clusters can be found (Figure 3a,b). Meanwhile, the ele-
mental mapping image demonstrates the homogenous disper-
sion of Fe and N elements throughout the carbon matrix in Fe1-
N4-C (Figure 2e,f). The results above clearly reveal the presence 
of atomic dispersion of Fe atoms in Fe1-N4-C. Furthermore, the 
content of Fe is also quantified to be 1.43 wt% using inductively 
coupled plasma atomic emission spectrometry (ICP-AES).

In addition to the characterizations for the local microstruc-
tural information above, the more powerful technique, X-ray 

absorption spectroscopy (XAS), was used to determine elec-
tronic and structural information of Fe1-N4-C. According to 
the Fe K-edge X-ray absorption near-edge structure (XANES) 
spectra, the energy absorption threshold of Fe1-N4-C locates at a 
higher energy region than that of Fe foil, manifesting the posi-
tively charged Feδ+ in Fe1-N4-C (Figure S7, Supporting Infor-
mation), in line with the XPS results (Figure S6a, Supporting 
Information). The Fe K-edge Fourier transform-extended X-ray 
absorption fine structure (FT-EXAFS) spectra of Fe1-N4-C and 
iron phthalocyanine (FePc) show a dominant peak at ≈1.5 Å, 
corresponding to the Fe-N scattering path without FeFe bond 
(≈2.2 Å) (Figure 3c). In addition, EXAFS wavelet transform 
(WT) plots strongly confirm that the atomic dispersion of Fe 
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Figure 3. a,b) Aberration-corrected HAADF-STEM images of Fe1-N4-C (single Fe atoms are highlighted by red circles). c) FT-EXAFS spectra of FePc, 
Fe foil, and Fe1-N4-C. d) EXAFS WT plots of Fe foil and Fe1-N4-C. e) EXAFS fitting for Fe1-N4-C. f) Comparison between the experimental K-edge XANES 
spectra of Fe1-N4-C and theoretical spectra calculated based on inset structural model (inset: structural model; Fe red, N blue, C brown, O pink).
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in Fe1-N4-C is similar to FePc (Figure 3d and Figure S8, Sup-
porting Information). The best-fitting analysis for the EXAFS 
spectrum of Fe1-N4-C shows that Fe atom is coordinated by four 
N atoms and one O atom (Figure 3e and Table S1, Supporting 
Information). XANES simulation has been carried out to fur-
ther confirm the coordination configurations of Fe in Fe1-N4-C 
(Figure 3f). After a series of optimizations, planar configu-
rational Fe1-N4 moiety coordinated with an axial oxygen atom 
from O2, illustrates the most consistent K-edge XANES spec-
trum with the experimental data (Figure 3f).[17] The obtained 
structure based on XANES simulation suggests that the test 
sample adsorbs oxygen molecular after exposure to air environ-
ment and is also self-consistent to the structure of O2 adsorp-
tion on Fe1-N4 site from the DFT calculation above (Figure 3f 
and Figure S1, Supporting Information).

2.3. Catalytic Conversion of NO and Hg0 on Fe1-N4-C

2.3.1. Catalytic Performance Assessment

With the DFT and experimental results above, the Fe1-N4 sites 
have been successfully constructed in Fe1-N4-C. Inspired by this, 
the catalytic performance of Fe1-N4-C for oxidation of NO and 
Hg0 has been separately evaluated in a fixed-bed flow reactor 
(Figure S9, Supporting Information). The results, plotted 
in Figure 4, show that the Fe1-N4-C catalyst exhibits excel-
lent activity toward NO oxidation even at room temperature,  

far surpassing traditional metal oxide catalysts which usually 
show activity at temperatures higher than 200 °C.[18] This dem-
onstrates the huge potential of Fe1-N4-C for oxidation of NO at 
moderate and low temperatures. By varying the concentrations 
of NO and O2 at 25 °C, the oxidation rate of NO (ηNO) grows 
gradually with the increased concentrations of O2 and NO and 
reaches 100% at 1500 ppm NO and 26% O2 (Figure 4a). The 
catalytic activity of Fe1-N4-C under elevated temperatures has 
been further examined. As shown in Figure 4b, as the tempera-
tures rises from 25 to 300 °C, ηNO firstly rises before 150 °C 
and then decreases beyond, presenting a volcano profile mainly 
due to the competition between the energy barrier in kinetics 
and reaction thermodynamic equilibrium.[18] Specifically, as the 
temperature increases from 25 to 150 °C, molecular activation 
is promoted under reaction equilibrium leading to increased 
ηNO at higher temperatures. However, when the temperature 
exceeds 150 °C, the reverse reaction is faster competing with 
the promotion of molecular activation resulting in the decrease 
of ηNO when the temperature rises further. Interestingly, when 
the temperature falls from 300 to 150 °C, ηNO recovers to the 
original value exhibited at 150 °C, unambiguously providing 
evidence that deactivation of Fe1-N4-C at such high temperature 
does not occur (Figure S11, Supporting Information).

In addition to NO oxidation, the catalytic oxidation of Hg0 
has also been investigated versus temperatures and O2 con-
centrations. The ηHg

0 reaches 100% at 8% O2 concentration 
and 250 °C, illustrating the superior catalytic performance of  
Fe1-N4-C for Hg0 oxidation (Figure 4c). Compared with activated 

Adv. Mater. 2022, 34, 2110123

Figure 4. a) The NO oxidation rates of Fe1-N4-C at different concentrations of NO and O2 at 25 °C. b) The NO oxidation rates of Fe1-N4-C at different 
temperatures and O2 concentrations. c) Hg0 oxidation rates of Fe1-N4-C at different temperatures and O2 concentrations. d) Catalytic oxidation rates 
of NO and Hg0 over Fe1-N4-C with the addition of 500 ppm SO2.
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carbon and metal oxide catalysts, Fe1-N4-C has higher efficiency 
for the oxidation of NO and Hg0 at a larger space velocity and 
lower temperature, testifying to its superior catalytic activity 
of Fe1-N4-C over that of traditional catalysts (Tables S2 and S3, 
Supporting Information, and Figure 5).[19] In detail, Fe1-N4-C 
achieves 100% ηHg

0 at a gas hourly space velocity (GHSV) of  
8.5 × 105 h−1, which is 20 times larger than commercial SCR cat-
alysts, such as V2O5/TiO2 (Table S3, Supporting Information).

2.3.2. Sulfur-Tolerant Assessment

Given that SO2 in flue gas is one of the main factors that causes 
poisoning and deactivation of catalysts,[20] catalytic oxidations 
of NO and Hg0 have been investigated in the existence of SO2. 
Surprisingly, the ηHg

0 can be well maintained in the presence 
of 500 ppm SO2, as shown in Figure 4d, indicating negligible 
influence of SO2 on the activity of Fe1-N4-C. To our knowledge, 
this is the first catalyst for Hg0 oxidation that does not get poi-
soned under such a high concentration of SO2, which is dis-
tinctly different from the severe deactivation of other reported 
catalysts (Table S5, Supporting Information).[21] The weak 
physical adsorption of SO2 and SO3 and stable chemisorption 
of reactants on Fe1-N4-C, as demonstrated by the DFT calcula-
tion above (Figure 1e), should be responsible for this robust 
sulfur resistance, which is of critical importance in coal-fired 
power plants. Moreover, the sulfur resistance of Fe1-N4-C 
during NO oxidation has also been tested (Figure 4d). Strik-
ingly, opposite to the commonly observed deactivation in pre-
vious reports,[12] the introduction of SO2 enhances the activity 
of Fe1-N4-C toward NO oxidation (≈3%) (Figure 4d and Table S4, 
Supporting Information). Once SO2 introduction is stopped, 
the activity enhancement disappears immediately, returning to  
the original value before the introduction of SO2 (Figure 4d). 
In the tail gas, about 1.1% SO2 is oxidized into SO3 (Figure S12,  
Supporting Information), indicating that the SO2 participates 
in the catalytic oxidation reaction on Fe1-N4-C (Section S5,  

Supporting Information). Therefore, in the presence of Fe1-N4-C  
catalyst, SO2 molecules accelerate some reaction steps in NO 
oxidation rather than poison it as commonly observed with 
other catalysts. In addition, Fe1-N4-C displays stable oxida-
tion rates of NO and Hg0 after 60-hour long experiments 
(Figure S13, Supporting Information). The experimental results 
above clearly demonstrate the high catalytic activity, robust 
sulfur resistance and great stability of Fe1-N4-C for catalytic oxi-
dations of NO and Hg0, manifesting its particular advantages 
and great potential toward the synergistic removal of multiple 
pollutants in coal-fired power plants.

2.3.3. Molecular-Level Insight of Superior Catalytic Performance

To unveil the mechanism behind the high catalytic activity, 
robust sulfur resistance and high stability of Fe1-N4-C, DFT 
calculations have been further carried out to investigate energy 
variation along the reaction paths of NO and Hg0 oxidation 
over Fe1-N4 sites (Figure 6a,b). For NO oxidation, the rate-deter-
mining step (RDS) correlates to the desorption of the second 
NO2, with an energy barrier (Eb) of 1.26 eV. The energy bar-
riers for the first and second NO2 formation are only 0.01 and  
0.42 eV, respectively (Figure 6a). Those low energy barriers of 
NO oxidation on Fe1-N4 sites account for the high NO conver-
sion of Fe1-N4-C at low temperature, supporting the outstanding 
activity of Fe1-N4-C in the NO catalytic oxidation (Figure 4a). For 
Hg0 oxidation, the RDS is the desorption of the second (HgO)2 
with an energy barrier of 2.34 eV, which is much lower than that 
of commercial SCR V2O5/TiO2 (5.43 eV)[22] and ZnO (3.40 eV)[23]  
(Figure 6b). Consequently, Fe1-N4-C achieves 100% conver-
sion of Hg0 at higher GHSV than commercial SCR catalysts, 
which can be readily approved by its lower energy barrier of 
Hg0 oxidation on Fe1-N4 sites. Compared with N-doped carbon 
(N-C), Fe1-N4 site can effectively adsorb and activate O2 mole-
cule through significant electron transfer between single-atom  
Fe and O2 molecule (Figure S14, Supporting Information). 

Figure 5. Comparison of the catalytic performance between Fe1-N4-C and other catalysts on catalytic oxidation of a) NO (Raw data from Table S3, Sup-
porting Information) and b) Hg0(Raw data from Table S4, Supporting Information).
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Therefore, the superhigh catalytic activity of Fe1-N4-C at low 
temperature originates from the high activation ability of Fe1-N4 
site for O2 molecules.

As for the unprecedented activity enhancement effect of 
SO2 for NO oxidation, the oxidation path between SO2 and 
adsorbed O atom has been investigated by DFT calculations 
(Figure 6c). The results show that SO2 can be easily oxidized by 
the adsorbed O atom on Fe1-N4 sites with a low energy barrier 
of 0.58 eV. The RDS is the desorption of SO3, with an energy 
barrier of 0.61 eV, which is obviously lower than that of second 
NO oxidation (1.26 eV) (Figure 6a). Therefore, we believe that 
the addition of SO2 accelerates the consumption of residual  
O atoms on Fe1-N4 sites, thereby boosting the catalytic cycle of 
NO oxidation.

To further understand the structural stability of Fe1-N4, ab 
initio molecular dynamics (AIMD) simulation was conducted 
at 500 °C for a relatively long time duration (10 000 fs). The 
variations of energy and average FeN bond length fluctuate 
in the ranges of −280 to −279 eV and 1.85 to 1.95 Å, respec-
tively (Figure 6d). The results suggest that Fe1-N4-C can keep 

the coordination structure of Fe1-N4 even at such a high tem-
perature, in good agreement with the high stability of Fe1-N4-C 
observed in the experiments.

3. Conclusions

A single-atom Fe catalyst, Fe1-N4-C with abundant coordina-
tively unsaturated Fe1-N4 sites, was fabricated from Fe-doped 
ZIF-8 precursor followed by controlled pyrolysis. The unique 
Fe1-N4 sites in Fe1-N4-C enable the direct conversion of NO to 
NO2 even at room temperature. Meanwhile, Hg° can also be 
oxidized by Fe1-N4-C with ultrahigh gas hourly space velocity. 
Strikingly, Fe1-N4-C affords robust catalytic stability against 
sulfur poisoning, which has never been observed thus far. 
DFT calculations reveal that the moderate energy barriers 
are responsible for the efficient oxidation of NO and Hg0 at 
relatively low temperatures. The robust sulfur resistance of  
Fe1-N4-C originates from the preferable adsorption of reac-
tants rather than SO2 and SO3 on Fe1-N4 sites. Moreover, the 

Figure 6. The energy variations along reaction path of a) NO and b) Hg0 oxidation. c) Oxidation path between SO2 and adsorbed O atom. d) Energy 
variation and average FeN bond length of Fe1-N4 sites in a 10000 fs AIMD simulation at the temperature of 500 °C.
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unprecedented activity enhancement effect of SO2 toward 
NO oxidation is ascribed to the accelerated consumption of 
adsorbed O atoms on Fe1-N4 sites promoted by SO2 oxidation, 
leading to the regeneration of Fe1-N4 sites. This work not only 
develops exceptionally efficient and unprecedented sulfur-
resistant SACs but also provides new insights toward catalytic 
oxidation of NO and Hg0 for the removal of multiple pollutants 
in coal-fired power plants.
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