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A B S T R A C T   

Selective catalytic reduction of NOx with NH3 (NH3-SCR) is a dominant technology to reduce NOx (deNOx). 
However, there are two shortcomings for commercial deNOx catalysts (vanadium-titanium-based metal oxides), 
such as poor low-temperature efficiency and toxicity. Thus, it is urgent to develop environmentally friendly low- 
temperature catalysts with high deNOx efficiency. Therefore, we firstly proposed a single-atom iron coordinated 
with four N atoms (Fe1-N4) as a novel low-temperature NH3-SCR catalyst, due to its high coordination unsatu-
ration and safety. The detailed reaction mechanisms are revealed via density functional theory calculations and 
microkinetic modeling. Seven possible reaction pathways were found in the NH3-SCR reaction. Different from 
metal oxides, special intermediates such as N2H and NHNO are found in the reaction pathway. The dominant 
pathway of the NH3-SCR reaction over the Fe1-N4 catalyst is a three-step process including NO oxidation, NO2 
reduction, and NHNO decomposition. The suitable temperature window of the Fe1-N4 catalyst is <430 K due to 
its relatively low energy barrier of 0.99 eV. Different from other metal oxide catalysts, the fast oxidation of NO on 
Fe1-N4 catalyst significantly promotes the reaction rate of NH3-SCR on Fe1-N4 catalyst. Based on its outstanding 
performance, we believe that single Fe atom catalyst can provide new insights to design novel catalysts for NH3- 
SCR.   

1. Introduction 

Nitrogen oxides (NOx) from fossil fuel combustion are considered as 
a key contributor to anthropogenic emissions since it leads to environ-
mental problems such as acid rain, photochemical smog, greenhouse 
effect and smog [1]. Currently, several deNOx technologies have been 
developed including selective catalytic reduction (SCR), selective non-
catalytic reduction (SNCR), and nonselective catalytic reduction (NSCR) 
[2]. SCR processes using NH3 as a reducing agent have been industrially 
applied in combustion units due to a higher NOx removal efficiency than 
that of SNCR or combustion control [3]. 

Commercial catalysts for NH3-SCR are mainly vanadium-titanium- 
based metal oxides, such as V2O5-WO3/TiO2 and V2O5-MoO3/TiO2, 
etc. [4]. The NOx conversion rate can reach more than 90% within its 
operation temperature window (300–400 ◦C). Due to its narrow and 
high operating temperature window, SCR devices are permanently 
placed between the economizer and air preheater in coal-fired power 

plants [5,6]. Simultaneously, due to the renewable energy synchroni-
zation, low-load operation of power plants has become the new trend. 
When the load of 300 MW units is dropped to 35%, the temperature of 
the flue gas at the entrance of the SCR devices is ~275 ◦C [7,8]. How-
ever, the low-temperature (<300 ◦C) catalytic activity of vanadium- 
titanium-based catalysts is low, resulting in a significant reduction in 
the NOx conversion rate and making it difficult to meet NOx pollutant 
emission standards [9]. In addition, the waste V-based metal oxide 
catalysts are highly toxic to the environment. Therefore, environmen-
tally friendly low-temperature catalysts are being sought for control of 
NOx pollution in coal-fired power plants. 

The NH3-SCR reaction mainly consists of the “standard SCR” (4NH3 
+ 4NO + O2 → 4 N2 + 6H2O) and “Fast SCR” (2NH3 + NO + NO2 → 2 N2 
+ 3H2O) pathways. The reaction rate of the latter is 10 times faster than 
that of the former at low temperature [10], indicating that the addition 
of NO2 can significantly increase the reaction rate of NH3-SCR at low 
temperature. Therefore, catalytic oxidation of a part of the NO in the flue 
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gas to NO2 is beneficial to promote the “Fast SCR” reaction, and ulti-
mately improve the deNOx efficiency of the metal oxide catalysts. 
However, the surface of metal oxide catalysts is coordination saturated, 
resulting in poor adsorption and activation capacity for the O2 molecule; 
as a result, the NO oxidation rate of metal oxide catalysts is generally 
lower than 40% at 200 ◦C [11]. In recent years, Mn-based [12], Fe-based 
[13], Cu-based [14], and Ce-based [15] low-temperature metal oxide 
catalysts have been studied. By creating vacancy defects and doping 
metal ions on the surface of the metal oxides [16], the surface coordi-
nation is unsaturated and its low-temperature catalytic activity is 
enhanced. These metal oxide catalysts realize the catalytic reduction of 
NO at lower temperatures nearer 200 ◦C, but the NO conversion rate of 
most catalysts is less than 80%. When evaluated against existing emis-
sion standards, the low-temperature catalytic activity of current metal 
oxides is obviously insufficient. 

Considering the high coordination unsaturation of single-atom cat-
alysts (SACs), we infer that SACs have potential advantages in the NH3- 
SCR reaction. Although there have been few studies on the use of SACs in 
the NH3-SCR reaction so far, the high catalytic activity of SACs at low 
temperature has been proved by previous research [17]. Zhang et al. 
[18] used H2 as a reducing agent to carry out a low-temperature cata-
lytic activity experiment for the reduction of NO over single-atom Pd 
catalyst; they showed 100% conversion rate of NO could be achieved at 
200 ◦C. On the other hand, Furukawa et al. [19] used CO as a reducing 
agent, and the conversion rate of NO could reach 100% at 175 ◦C. The 
studies by Deng et al. indicated that the single-atom Fe catalyst could 
achieve the catalytic oxidation of benzene [20] and methane [21] at 
room temperature. In addition, the Fe1-N4 catalyst can be synthesized 
through high-temperature pyrolysis and strong acid etching [22], sug-
gesting that Fe1-N4 catalyst should have high thermal stability and 
strong acid resistance, which is critical for its engineering application in 
coal-fired power plant. 

Our previous researches show that the single-atom iron catalyst (Fe1- 
N4) has good O2 activation ability [23] and NO oxidation ability [24], so 
we infer that the Fe1-N4 can carry out the NH3-SCR reaction. A single 
iron atom serves as the catalytic active center and its coordination is 
highly unsaturated. Unpaired electrons of the d orbital give it favorable 
redox ability, which is beneficial for the activation of the O2 molecule at 
low temperature promoting the “Fast SCR” reaction [25]. Simulta-
neously, the Fe1-N4 catalyst is environmentally friendly and inexpensive 
given the abundance of Fe, which makes it suitable for engineering 
applications. 

To explore the feasibility of NH3-SCR reaction on Fe1-N4 in detail, we 
first considered the possible adsorption structures of various gases (NH3, 
NO, NO2, O2, ⋅OH, N2) on Fe1-N4 to lay the foundation for reaction path 
analysis. Secondly, based on the adsorption sequence, the reaction 
pathways of NH3-SCR over Fe1-N4 catalyst were systematically studied. 
Additionally, thermodynamic analysis and kinetic analysis were carried 
out to determine the influence of temperature on the equilibrium con-
stant (K) and reaction rate constant (kTST). Finally, microkinetics 
modeling was performed to calculate the turnover frequency (TOF) of 
the NH3-SCR reaction and the coverage of surface species. The rate- 
determining step (RDS) of the whole reaction and the influence of 
temperature and pressure on reaction rate were discussed. This theo-
retical research can provide a new perspective for the design of NH3-SCR 
catalysts. 

2. Method 

Considering that density functional theory (DFT) calculation has the 
advantages of being efficient and accurate with an energy accuracy of 
2–3 kcal/mol [26], a systematic DFT calculation was carried out to 
quickly verify the catalytic activity of the Fe1-N4 catalyst in NH3-SCR 
reaction. All calculations were performed by the Vienna ab initio 
simulation package software (VASP 5.4.4) [27,28]. To be specific, the 
Projector-Augmented-Wave (PAW) method was adopted to characterize 

the interaction between the nucleus and valence electrons, and the 
Perdew-Burke-Ernzerhof (PBE) method was used to describe the ex-
change and correlation energy of electrons [29]. Considering the low 
loading of graphene in the experiment and the periodic mirror effect, a 
5x5 single-layer graphene with a 15 Å vacuum layer was selected as the 
substrate. To obtain the accurate lattice constant of the graphene model, 
the lattice constant of the graphene model has been automatically 
optimized through setting ISIF = 3. Based on our test (shown in Fig. S1), 
a 4 × 4 × 1 Γ-centered K-point grid was used for geometric optimization 
[30]. Our previous studies have shown that a 450 eV energy cutoff and 
0.02 eV/Å force convergence standard are suitable to acquire accurate 
results [31–33]. The self-consistent total energy calculation used a more 
intensive 8 × 8 × 1 K-point grid with 10− 5 eV self-consistent electron 
iteration as the convergence threshold. Given the unpaired d electrons of 
Fe atom, the spin polarization (ISPIN) was set equal to 2 [34,35]. To get 
more accurate optimized structures and calculate adsorption energy 
more precisely, especially for NH3, Van der Waals interaction was 
included by using the DFT-D3 correction [36]. 

To acquire the accurate transition states, the climbing-image nudged 
elastic band (CI-NEB) method [37–39] was selected to roughly obtain 
the general reaction paths and transition states. Moreover, the improved 
dimer method (IDM) [40] was applied to accurately locate the transition 
states derived from the results calculated by CI-NEB method. This joint 
strategy with the force convergence tolerance of 0.05 eV/Å has been 
proved to be an effective method for quickly locating the transition 
states by our previous studies [24,41]. The accuracy of transition states 
and system energy was calculated by vibrational frequency, which was 
operated under limited displacements of ±0.02 Å [42,43]. 

The energy of the gas adsorbed on single-atom iron catalysts was 
expressed by the adsorption energy (Eads) which measures the adsorp-
tion strength of the adsorbent and adsorbate as follows: 

Eads = Etot – Esur+Fe – Egas (1)where Etot, Esur+Fe and Egas represent the 
total energy of the adsorption system, substrate and gases respectively. 
The more negative the adsorption energy, the more stable is the 
adsorption. 

The reaction energy barrier (Eb) and heat (ΔE) in the reaction paths 
were expressed by the following two formulas: 

Eb = ETS – EIS (2) 
ΔE = EFS – EIS (3)where EIS, ETS and EFS represent the energy of the 

initial state, transition state, and final state, respectively. 
The equilibrium constant (K) was calculated to perform thermody-

namic analysis as follows [44]: 
ΔG = GFS – GIS = -RT⋅lnK (4)where GIS and GFS are Gibbs free energy 

of initial and final state; R is the universal gas constant; T is the tem-
perature, and K is the equilibrium constant. 

To be specific, the calculation of Gibbs free energy could be divided 
into the gas and solid categories [45]: 

Ggas(T) = Eele + ZPE + RT – TS (5) 
Gsolid(T) = Eele + ZPE – TS (6)where Eele is the system energy in 

ground state; ZPE is the zero correction energy; T is the temperature; and 
S is the entropy of whole system acquired from vibrational frequency. 

The reaction rate constant (kTST) was calculated to perform kinetic 
analysis in the light of the classical transition state theory as follows 
[44]: 

kTST =
kBT

h
× exp

(
− ΔGb

kBT

)

(7)  

where kB is the Boltzmann constant, 8.6173303 × 10− 5 eV⋅K− 1; h is the 
Planck constant, 6.582119514 × 10− 16 eV⋅s; ΔGb is the energy barrier in 
Gibbs free energy, eV. 
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3. Results and discussion 

3.1. Catalyst model 

The optimized lattice constant and bond length are 2.46 Å and 1.42 
Å, respectively, which are consistent with the experimental value and 
theoretical data [46]. The geometric structure of Fe1-N4 catalyst is 
shown in Fig. 1(a). In this theoretical calculation model, the active site is 
Fe atom coordinated with four N atoms, corresponding to the Fe K-edge 
Fourier transform-extended X-ray absorption fine structure (FT-EXAFS) 
spectrum in the previous experiment research [22,47,48]. The Fe 
loading rate is 8.7 wt%, which is similar to the previous experimental 
study (8.9 wt%) [49]. Based on the above analysis, this theoretical 
calculation model of Fe1-N4 catalyst should be reasonable. Considering 
that the stability of catalyst is critical for its application, the thermal 
stability and structural stability of Fe1-N4 catalyst were verified through 
binding energy and ab initio molecular dynamics (AIMD) simulation. 
The strong binding energy (− 7.20 eV) is significantly larger than its 
cohesive energy (− 4.28 eV) [50], indicating that the graphene-based 
substrate can firmly anchor Fe atoms. In addition, to further verify the 
structural stability of Fe1-N4 catalyst, an AIMD simulation at 900 K 
under 10 ps was performed to study the variation of energy and bond 
length. The system energy and bond length of Fe-N both fluctuate in a 
small range even at the high temperature of 900 K, indicating that Fe1- 
N4 catalyst should have high stability for the catalytic reaction of NH3- 
SCR. 

3.2. Gas adsorption 

Given the complexity of the NH3-SCR reaction, the adsorption energy 
of the main reaction gases, including NH3, NO, NO2 O2 and H2O, were 
calculated to lay the foundation for the subsequent reaction path search, 
as shown in Fig. 1(b). Similar to other metal oxide catalysts [51,52], the 
adsorption of NH3 is relatively weak. The adsorption energies of NO, 
NO2 and O2 on the Fe1-N4 catalyst are − 1.94, − 1.29, and − 0.81 eV, 
respectively, belonging to the chemical adsorption. Moreover, the 

adsorption energy of N2 is − 0.30 eV, indicating that the desorption 
process of generated N2 from the Fe1-N4 catalyst is relatively easy. In 
addition, the adsorption energy of H2O is 0.18 eV, suggesting that the 
desorption process of the NH3-SCR product should occur spontaneously. 

3.3. Detailed reaction process 

To explore the mechanism of NH3-SCR reaction on the Fe1-N4 cata-
lyst, we constructed possible reaction paths by tuning the adsorption 
order of reaction gases, including NH3 adsorption, NO adsorption, NO2 
adsorption, and O2 adsorption. Given that the generated ⋅OH, as an 
active radical, can take part in the NH3-SCR reaction, the reaction path 
was also included in this work. All configurations of NH3-SCR reaction in 
different reaction paths were plotted in Fig. 2. Correspondingly, ex-
pressions of different reaction paths were listed in Table1. The energy 
variation maps of corresponding reaction paths were plotted in Figs. S2 
to S9. 

3.3.1. NO adsorption 
For path1 (as shown in Figs. 2 and S2), the NH3 from the gas phase 

dissociates into NH2 fragment and H atom. The resulting H atom mi-
grates to an O atom and the N atom of NH2 fragment interacts with the N 
atom of NO to form the intermediate (IM1). The energy barrier and heat 
of reaction are 2.54 eV and 1.66 eV, respectively. A positive heat of 
reaction indicates that the reaction is endothermic. The intermediate 
(IM1) is not strongly stable and continues to decompose to N2H* and 
H2O. The reaction energy barrier of 0.34 eV reveals that the reaction is 
more likely to occur and the reaction releases a relatively large heat of 
reaction equal to − 3.36 eV to promote the subsequent dehydrogenation 
of N2H. In the reaction pathway of N2H* → N2* + H*, the H atom of the 
N2H fragment is extracted by the C atom through the transition state 
(TS3). The dehydrogenation reaction is an endothermic reaction with an 
activation energy barrier of 1.07 eV and heat of reaction is 0.06 eV. 

3.3.2. NH3 adsorption 
NH3* can undergo reduction reactions with NO, NO2, or a 

Fig. 1. (a) The geometric structure of Fe1-N4. (b) The most stable structures and adsorption energies of NH3, NO, NO2, O2, N2 and H2O on Fe1-N4 catalyst. (c) Energy 
and bond length variation of Fe1-N4 catalyst in AIMD simulation at 900 K under 10 ps with a time interval of 1 fs. 
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dehydrogenation reaction. Different from path1, in path2 (as shown in 
Figs. 2 and S3), the NO molecule attacks the NH3 molecule and causes 
the NH3 molecule to decompose to NH2 fragment and an H atom. The 
generated H atom is captured by a C atom to form a C–H bond, and the 
NH2 fragment combines with the NO molecule to form the NH2NO in-
termediate through a N-N coupling reaction. The NH2NO intermediate 
has been confirmed to exist in Liu et al.’s [53] experiments and the re-
action pathway agrees with that over the monomeric vanadia/TiO2 
surfaces [54]. The reaction needs to overcome a 1.72 eV energy barrier 

and absorb 1.06 eV of heat. The energy barrier is slightly higher than 
that (1.36 eV) reported by He et al. [54]. Afterwards, the O atom strips 
an H atom from the NH2 fragment to generate a new intermediate (IM6). 
The cleavage of the N–H bond and formation of the O–H bond are 
observed in this step. This step is an endothermic reaction with an 
activation energy barrier of 1.18 eV and heat of reaction being 0.42 eV. 
In the final decomposition step, IM6 decomposes to H2O and N2. The 
decomposition reaction is activated by 1.14 eV, and a relatively large 
heat (-2.70 eV) is released to promote the desorption of N2. 

Fig. 2. The configurations of initial states, transition states, intermediates, and final states for NH3-SCR.  

W. Yang et al.                                                                                                                                                                                                                                   
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In the NH3 dehydrogenation step (NH3* → NH2* + H*), the NH3 
molecule dissociates into NH2 fragment and H atom, as shown in Figs. 2 
and S4. The N atom of the NH2 fragment is coordinated with the Fe atom 
and the H atom transfers to a C atom. Due to the relatively weak acti-
vation of NH3, the energy barrier of this step is 2.25 eV. The NH2 frag-
ment formed from NH3 dehydrogenation reacts with the free NO 
spontaneously to generate NH2NO species, which is consistent with the 
formation of the NH2NO species over Mn-TiO2 [55]. The process is 
exothermic with heat generated equal to − 0.59 eV. Finally, the NH2NO* 
species decomposes to N2 and H2O through the transition state (TS8). 
The H atoms from the NH2 fragment are stripped by the O atom in turn, 
and H2O is generated. The decomposition reaction is an exothermic 
reaction with an energy barrier of 0.88 eV and heat of reaction − 2.69 
eV, which promotes subsequent N2 desorption. 

NO2, as a reactant of the fast SCR reaction (2NH3 + NO + NO2 → 2 
N2 + 3H2O), can accelerate the reaction rate of NH3-SCR. In the reaction 
pathway of NO2 + NH3* → NHNO* + H2O (as shown in Figs. 2 and S5), 
the gas-phase NO2 attacks the adsorbed NH3 molecule. The cleavage of 
the N–H and N-O bonds is observed during the reaction. Finally, the 
reaction yields the NHNO* species and dissociative H2O. The energy 
barrier and heat of reaction are 0.55 eV and − 0.32 eV, respectively. Such 
a low energy barrier indicates that NO2 molecule is more likely to un-
dergo the reduction reaction with the NH3 molecule. In the reaction 
pathway of NHNO* → N2* + ⋅OH, the NHNO species decomposes to 
form N2 and ⋅OH with an energy barrier of 0.99 eV and heat of reaction 
− 0.39 eV. 

3.3.3. NO2 adsorption 
For path5 (as shown in Figs. 2 and S6), the gas-phase NH3 molecule 

attacks the NO2 molecule, and two H atoms from NH3 molecule are 
abstracted by the O atom from the NO2 molecule to form H2O. The 
resulting NH species interacts with produced NO molecule via a N-N 
coupling reaction to form the NHNO species. The reaction has a rela-
tively high activation energy of 2.94 eV since the adsorption configu-
ration of NO2 on the catalyst surface is a stable configuration and the 
reaction heat is − 0.15 eV. path4 and path5 are both reduction reactions 
of NO2. However, the reaction energy barriers of path4 and path5 are 
different due to the distinct adsorption order, which is consistent with 
the conclusion drawn from the previous NO reduction reaction. In the 
elementary reaction step (NHNO* → N2* + ⋅OH), the NHNO species 
decomposes to form N2 and ⋅OH. The decomposition reaction is an 
exothermic reaction with an energy barrier of 1.59 eV and heat of re-
action being − 0.29 eV. 

3.3.4. O2 adsorption 
Based on our previous research [24], NO can be oxidized to NO2 with 

a low energy barrier. NO2 plays an important role in the fast SCR re-
action. For path6 (as shown in Figs. 2 and S7), the NO molecule strips 
one of two O atoms to form gas-phase NO2. The reaction just overcomes 
the 0.01 eV energy barrier and releases 0.56 eV heat, which indicates 
that NO is easily oxidized to NO2 under the activity of the catalyst. 

Afterwards, the resulting O* atom continues to react with NH3 and two 
H atoms from NH3 molecule are extracted by the O* atom. The reaction 
has a relatively high activation energy of 3.46 eV since the adsorption 
energy of O atom is − 4.50 eV, which indicates that the desorption of 
generated H2O may be relatively hard for the reaction of O atom with 
NH3. Moreover, the reaction is an endothermic reaction with reaction 
heat of 0.41 eV. The produced NH fragment reacts with the NO molecule 
spontaneously to generate the NHNO species. The process releases a 
huge reaction heat of − 2.04 eV to promote the decomposition of NHNO. 
Finally, the NHNO species dissociates into N2* and ⋅OH. The energy 
barrier and reaction heat are 0.99 eV and − 0.38 eV, respectively. 

3.3.5. ⋅OH adsorption 
Given that ⋅OH originated from the above reaction paths may be 

involved in the NH3-SCR reaction, its possible reaction path was also 
explored. For path7 (as shown in Figs. 2 and S8), the gas-phase NH3 
molecule attacks OH* and decomposes to NH2 fragment and H atom. 
The resulting H atom combines with ⋅OH to generate H2O. Desorption of 
the H2O molecule and adsorption of the NH2 fragment are also observed 
during the reaction. The reaction is an endothermic reaction with a high 
energy barrier of 4.52 eV and reaction heat of 0.10 eV. The generated 
NH2 fragment can still react with NO spontaneously to form NH2NO 
species and emit heat of − 0.24 eV. In the reaction pathway of NH2NO* 
→ N2* + H2O, the NH2NO species finally decomposes to N2* and H2O. 
The decomposition reaction only needs to overcome 0.85 eV to proceed 
and releases a lot of heat (-2.71 eV). 

3.3.6. Removal of residual H atom 
To complete the catalytic cycle of Fe1-N4 catalyst, the H atom 

generated in path1 to path3 should interact with ⋅OH generated in path4 
to path6. As shown in Figs. 2 and S9, the ⋅OH first adsorbs on the Fe1-N4 
site, and the cleavage of C–H bond and formation of H2O molecule are 
observed via the transition state (TS16). The adsorption energy of H2O is 
positive (0.18 eV), indicating that the H2O molecule can directly desorb. 
The reaction is an exothermic reaction with an energy barrier of 1.19 eV 
and reaction heat of − 1.42 eV. 

3.3.7. Dominant reaction path analysis 
To intuitively describe the energy variation of different pathways, 

the skeletal reaction scheme is illustrated in Fig. 3. The pathways to 
generate N2 from the NH3-SCR reaction over Fe1-N4 catalyst include 
seven different pathways. Compared with other reaction pathways, 
path4 exhibits lower energy barriers during the entire reaction process, 
which is conducive to the formation of N2. Meanwhile, the desorption 
energy of N2 is 0.48 eV in path1 to path3 (FS → P1), and 0.3 eV in path4 
to path7 (FS → P2). Except for path1, the last steps of other paths are 
exothermic reactions. The huge release of heat is sufficient to make the 
N2 desorb spontaneously at low temperatures. The NO molecule only 
needs to overcome 0.01 eV to generate a NO2 molecule via NO + O2* → 
O* + NO2. Although the activation of NH3 is insufficient on Fe1-N4, the 
super high catalytic activity of Fe1-N4 catalyst for NO oxidation signif-
icantly promotes the reaction rate of the NH3-SCR reaction. Comparing 
the energy barriers of different pathways, we can conclude that path4 is 
the dominant reaction path of Fe1-N4 catalyst for NH3-SCR reaction. To 
further clarify the dominant reaction path of Fe1-N4 catalyst for NH3- 
SCR reaction, the catalytic cycle of Fe1-N4 in the path4 was plotted, as 
shown in Fig. 4. Obviously, there are two reaction steps, including the 
interaction between NO2 and NH3 as well as the formation of N2 and 
⋅OH. 

3.4. Thermodynamic analysis 

Through the analysis of the above reaction pathways, the detailed 
reaction pathways, energy profiles and skeletal reaction scheme have 
been obtained. In addition, thermodynamic analysis is conducted to 
study the effect of temperature on the NH3-SCR reaction. The Gibbs free 

Table 1 
Complete reaction mechanism of NH3-SCR on Fe1-N4 catalyst.  

No. Reaction No. Reaction 

Part 1 NO adsorption pathway 5–1 NH3 + NO2* → NHNO* + H2O 
1–1 NH3 + NO* → N2H* + H2O 5–2 NHNO* → N2* + ⋅OH 
1–2 N2H* → N2* + H* Part 4 O2 adsorption pathway 
Part 2 NH3 adsorption pathway 6–1 NO + O2* → O* + NO2 

2–1 NO + NH3* → NH2NO* + H* 6–2 NH3 + O* → NH* + H2O 
2–2 NH2NO* → N2* + H2O 6–3 NHNO* → N2* + ⋅OH 
3–1 NH3* → NH2* + H* Part 5 ⋅OH adsorption pathway 
3–2 NH2NO* → N2* + H2O 7–2 NH3 + OH* → NH2* + H2O 
4–1 NO2 + NH3* → NHNO* + H2O 7–3 NH2NO* → N2* + H2O 
4–2 NHNO* → N2* + ⋅OH Part 6H removal pathway 
Part 3 NO2 adsorption pathway 8–1 OH* + H* → H2O*  

W. Yang et al.                                                                                                                                                                                                                                   
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energy (ΔG) of the eight pathways versus temperature (T) is plotted in 
Fig. S10. The value of ΔG less than zero indicates that the reaction is 
spontaneous, and when it is greater than zero, it is non-spontaneous. 
Apart from path1, the remaining seven pathways are all spontaneous 
in the temperature range of 298.15–1000 K. To be specific, path3 and 

path7 are slightly suppressed by temperature. Fig. 5(a) shows the curve 
of the natural logarithm of the equilibrium constant (lnK) with tem-
perature (T). When the equilibrium constant is greater than 105, the 
reaction is completely irreversible [56]. When the temperature is below 
700 K, apart from path1, the remaining pathways are completely irre-
versible, but when the temperature is above 700 K, path2, path4 and 
path5 may not be conducted irreversibly and completely. From the 
above thermodynamic analysis, it can be inferred that path1 is not a 
dominant reaction. In addition, although path7 is more spontaneous and 
irreversible, it may not be a main reaction due to its high energy barrier 
of the RDS (4.52 eV). On the contrary, the moderate Gibbs free energy 
and reaction equilibrium constant of path4 with its low energy barrier of 
the RDS (0.99 eV) demonstrate that path4 is the dominant reaction 
pathway. The more negative Gibbs free energy (ΔG) value and the 
higher equilibrium constant at low temperature both indicate that the 
NH3-SCR over Fe1-N4 catalyst is more suitable to occur at low 
temperature. 

3.5. Kinetic analysis 

To assess the speed of the NH3-SCR reaction over Fe1-N4 catalyst, 
kinetic analysis was used to examine the kinetic characteristics of the 
different reaction pathways. The RDS of the eight reaction pathways 
were selected as representative for kinetic analysis. According to the 
traditional transition state theory, the natural logarithm of reaction rate 
constants (lnkTST) versus temperature (T) can be obtained, as shown in 
Fig. 5(b). Meanwhile, the activation energy and pre-exponential factor 
of different reaction pathways are acquired by linearly fitting the reac-
tion rate constants, as listed in Table2. From Fig. 5(b), the reaction rate 
constants increase with rising temperature, which indicates that 
increasing temperature can accelerate the NH3-SCR reaction. Among the 
different reaction pathways, path4 has the largest reaction rate constant, 

Fig. 3. A skeletal reaction scheme for NH3-SCR reactions over Fe1-N4 catalyst. N atoms of NH3 and NOx(x = 1, 2) are highlighted with blue and red, respectively. The 
rate-determining steps of the reaction are highlighted with red and the activation energy and reaction heat are given in eV. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 4. Catalytic cycle of Fe1-N4 in the dominant reaction path for NH3- 
SCR (path4). 
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and path7 has the smallest reaction rate constant. Moreover, the lower 
activation energy of path4 is 1.02 eV, demonstrating that this pathway 
should be the dominant reaction pathway of NH3-SCR on Fe1-N4 cata-
lyst. Essentially, the NH3-SCR reaction on Fe1-N4 catalyst is not the 
direct reaction of NO with NH3, but the reduction reaction of NO2 with 
NH3, which is the most significant difference from traditional catalysts. 

3.6. Microkinetic modeling 

To further evaluate catalyst activity under flue gas conditions, 
microkinetic modeling based on above calculated kinetic parameters 
was conducted by using the CatMAP software [57]. The temperature (T) 
and logarithm of pressure (logP) are selected as two descriptors, and 
turnover frequency (TOF) values are used as a parameter of reaction 
rate, as shown in Fig. 6. Simultaneously, the transformation of coverage 
with the temperature (T) and the logarithm of pressure (logP) is plotted 
in Fig. S4. From Fig. 6, high TOF values are marked with yellow and low 
TOF values are highlighted in blue. path4 exhibits the highest rate with a 
wide area in the descriptor space. This is consistent with the previous 
reaction path, thermodynamic, and kinetic analysis, indicating that 
path4 is the dominant pathway and the temperature window with Fe1- 
N4 is 300–430 K. The coverage of NO* and NO2* of path1 and path5 
demonstrates that increasing temperature and pressure can accelerate 
the reaction rate, but the values of TOF are still low (<10− 9 S− 1). 
Although the NH3* coverage of path2 and path3 is zero, the H* coverage 
of path2 and the extremely low TOF value in the descriptor space 
(<10− 15 S− 1) indicate that the reaction has difficulty occurring. On the 
contrary, the H* coverage of path3 shows that the reaction can occur 
under high temperature and pressure. The O2* coverage of path6 in-
dicates that NO oxidation is likely promoted, and the high O* coverage is 
due to the higher adsorption energy of the O atom(− 4.5 eV). path7 is 
unable to react within the descriptor space and requires higher tem-
perature and pressure. 

3.7. Activity comparison 

According to the above analysis, the dominant pathway of NH3-SCR 
reaction over Fe1-N4 catalysts includes three steps: (1) NO + O2* → O* +
NO2, (2) NO2 + NH3* → NHNO* + H2O, and (3) NHNO* → N2* + ⋅OH. 
The RDS is the final step with an energy barrier of 0.99 eV, which is 
lower than that of the commonly used metal oxides, zeolites, spinels, 
and metal–organic framework catalysts (as shown in Table 3). The lower 
energy barrier of the Fe1-N4 catalyst than other SCR catalysts can pro-
vide solid evidence that the Fe1-N4 catalyst has super high catalytic 
activity in NH3-SCR reaction. In addition, the super high catalytic ac-
tivity of Fe1-N4 catalyst should originate from its unique coordination 
environment. 

4. Conclusions 

Based on DFT calculations, the adsorption behavior of various gases 
(NH3, NO, NO2, O2, ⋅OH, N2), reaction pathways of NH3-SCR, the in-
fluence of temperature on the equilibrium constant (K) and reaction rate 
constant (kTST), and turnover frequency (TOF) were systematically 
analyzed. Seven possible reaction pathways were found in NH3-SCR 
reaction. Different from metal oxides, special intermediates, such as N2H 
and NHNO exist. The results demonstrate that the dominant pathway of 
NH3-SCR reaction over Fe1-N4 catalyst is a three-step process including 
NO oxidation, NO2 reduction, and NHNO decomposition. The energy 
barrier of rate-determining step is 0.99 eV which is obviously lower than 
that of other SCR catalysts. Different from other metal oxide catalysts, 
the fast oxidation of NO on Fe1-N4 catalyst contributes to the reaction of 
“Fast SCR”, which significantly promotes the reaction rate of NH3-SCR 
reaction on Fe1-N4 catalyst. Additionally, the NH3-SCR reaction over 
Fe1-N4 catalyst can proceed spontaneously and irreversibly at low 
temperature with an optimal temperature window of the Fe1-N4 catalyst 
from 300 to 430 K. According to our theoretical results, Fe1-N4 can be a 
novel environmentally friendly low-temperature catalyst, which pro-
vides new insights for designing novel catalyst for NH3-SCR and 
fundamental guidance for subsequent experimental research. Inspired 
by the super high catalytic activity of Fe1-N4 catalyst, the subsequent 
experimental study will be carried out in the future. 
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Fig. 5. (a) The logarithm of reaction equilibrium constants of different reaction pathways. (b) The logarithm of reaction rate constants of rate-determining steps.  

Table 2 
Kinetic parameters for different reaction pathways.  

Paths Ea(eV) A(s− 1) 

path1  2.63 4.78 × 1014 

path2  1.78 4.32 × 1013 

path3  2.45 2.09 × 1016 

path4  1.02 6.21 × 1013 

path5  3.02 1.49 × 1015 

path6  3.52 1.68 × 1014 

path7  4.59 3.43 × 1014 

path8  1.25 1.36 × 1015  
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