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Abstract: The reburning process in a furnace, a key way to reduce NOx emissions, is a heterogeneous
reaction during coal combustion, in which the heterogeneous adsorption is dominant. Zhundong coal
with a high content of alkali metal can enhance the reburning process. In this paper, the influence of
sodium and a defect on NO heterogeneous adsorption was studied by the density functional theory,
and the thermodynamic characteristic was also analyzed. The results indicate that the binding energy
for NO adsorption on the pristine graphene surface (graphene-NO), Na-decorated pristine graphene
surface (graphene-Na-NO), defect graphene surface (gsv-NO) and Na-decorated defect graphene
(gsv-Na-NO) is −5.86, −137.12, −48.94 and −74.85 kJ/mol, respectively, and that the heterogeneous
adsorption is an exothermic reaction. Furthermore, except for covalent bonds of C and N, C and O for
gsv-NO, other interactions are a closed-shell one, based on the analysis of AIM, ELF and IGM. The
area of electron localization for NO is graphene-Na-NO > gsv-Na-NO > gsv-NO > graphene-NO. The
dispersion interaction is the main interaction force between NO and the pristine graphene surface.
The δg index for the atom pairs about N–C and O–C on the pristine graphene surface is also the
smallest. The density of spikes at graphene-Na-NO is bigger than that at gsv-Na-NO. Moreover, the
thermodynamics characteristic showed that the reaction equilibrium constant of graphene-NO is less
than those on the other surfaces under the same temperature. Thus, NO on the pristine graphene
surface is the most difficult to adsorb, but the presence of sodium and a defect structure can promote
its adsorption.

Keywords: catalysis; NO; high-sodium Zhundong coal reburning

1. Introduction

NOx, a common pollutant in the chemical and energy industry, can cause environmen-
tal problems such as acid rain and haze. In the energy industry, NOx commonly existing in
the form of NO is mainly caused by the combustion of fossil fuels such as coal. The staged
combustion technique as an effective clean combustion process has been widely used for
low-NOx combustion technology. During staged combustion, the reburning process in
the furnace is one of the key means to reduce NOx emissions, and the graphitized coke
is formed in the reburning zone [1,2]. Coal is the main primary energy in China, and
Zhundong coalfield located in Xinjiang is a huge open-pit coal mine with a storage capacity
of hundreds of billions of tons, according to new discovery. The estimated reserves of
390 billion tons make it China’s largest fully packed coal field [3–6], which has abundant
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alkali metals that can promote the removal of NOx, such as sodium and potassium, which
can promote the removal of NOx. Thus, Zhundong coal has a de-NOx effect [7–9].

Compared with other coals, Zhundong coal has a high alkali metal content, especially
sodium. At present, scholars have mainly studied the law of release and transfer for
sodium during coal pyrolysis, combustion or gasification. Chen et al. [10] investigated the
conversion mechanism of sodium during coal pyrolysis and char combustion. The results
revealed that sodium can release a lot of burning chars, but HCl-soluble Na may mainly
occur during coal pyrolysis. Guo et al. [11] found that sodium in NaAlSiO4, NaAlSi2O6
and Na2SO4 mainly exists in bottom chars and sodium in NaCl and NaAlSiO4 may be in
fly ash during the gasification of Zhundong coal. Furthermore, according to Li et al. [12],
sodium is mainly volatilized in the form of NaCl (g) under the range of 600 to 800 ◦C
burning Zhundong coal. Jiang et al. [13] revealed that sodium could be fixed in the coal ash,
which could be fixed by the reaction if NaCl with other minerals, and that sodium may act
as a catalyst during the pyrolysis and gasification of coal. Li et al. [14] demonstrated that
high-sodium coal can reduce the release of N2O based on the experiments. Wang et al. [15]
also found that the content of sodium can affect the product types during coal catalytic
pyrolysis. According to Wei et al. [16], different forms of sodium can affect nitrogen
transformation. The amount of HCN with NaCl additive can be higher than that with
CH3COONa additive. However, the content of char-N with NaCl additive may be lower
than that with CH3COONa additive. Piewak et al. [17] also investigated the effect of
sodium as a catalyst on the steam gasification reactions of coal. The results revealed
that the reactivity with 3 wt% of sodium additive is the highest, regardless of reaction
temperature. So, exploring the catalytic mechanism of sodium on carbon is important for
the clean utilization of Zhundong coal.

Density functional theory (DFT) can reveal the catalytic conversion mechanism of
substances at the atomic and electronic level [18–23]. Wang et al. [18] studied the best
adsorption sites and structures between CO, N2O and NH3 gases and (Cu, N)/TiO2(001)
surface by DFT calculation. Zhang et al. [19] found that the ability to remove mercury is
Zn < Cu < Ni by the DFT calculation. Zhang et al. [20] demonstrated that H2O molecules
as the catalysis can promote the formation of H2 and OH radicals using a DFT study.
According to Liu et al. [21], the intensity of Lewis acid sites for the hydrogen migration
can increase during NH3 adsorption. In addition, a graphene model is normally used to
simulate the carbon surface [24–26]. Zhao et al. [27] studied the catalytic role of Na on
CO2 in graphite. The results revealed that Na may accelerate the fracture of the C–O bond
during CO2 desorption. Zahra [28] also compared the adsorption characteristics of H2S on
metal-doped graphene. However, the study about NO heterogeneous adsorption by the
modification of Na on carbon may not be reported. Thus, NO heterogeneous adsorption
on graphene can be conducted by DFT.

Since NO is an important pollutant, Zhundong coal can be used in the staged combus-
tion technique due to its high alkali metal contents. Thus, NO heterogeneous adsorption
by the modification of Na on carbon during Zhundong coal reburning was calculated
by density functional theory in this paper. Additionally, the structures, interactions and
thermodynamics characteristics can also be analyzed. Meanwhile, the actual carbon surface
has surface defects. The point-defect on the graphene surface can therefore be considered.

2. Model and Computational Details
2.1. Graphene Surface Model

The model of 4 × 4 supercells was adopted with the size of 9.840 Å × 9.840 Å, and
the thickness of the vacuum layer set to 22 Å. The exclusion of the interaction between
adjacent C atomic layers was caused by the period boundary condition (PBC). According
to the type of C atom on pure graphene, three adsorption sites of hollow site (H), top
site (T) and bridge site (B) were set. The defect graphene surface model may be realized
by deleting one C atom on the surface of pure graphene. Based on the types of the
defect graphene surface, five adsorption sites (site 1, site 2, site 3, site 4 and site 5) were
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divided. The structures of pristine graphene and defect graphene are shown in Figure 1.
Four configurations of NO molecule absorption on the pristine graphene (graphene-NO),
Na-decorated pristine graphene (graphene-Na-NO), defect graphene (gsv-NO), and Na-
decorated defect graphene (gsv-Na-NO) were investigated.
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Figure 1. The structure graphene: (a) pristine graphene; (b) defect graphene.

2.2. Calculation Method

All DFT calculations with the periodic boundary were performed by applying Vienna
Ab Initio Simulation Package (VASP) code [29]. The spin unrestricted was also adopted
for the calculation of the geometry optimization and properties. Additionally, the General
Gradient Approximation (GGA) method with Perdew–Burke–Ernzerhof (PBE) functional
for exchange and correlation interactions was calculated [30]. With the energy cutoff of the
plane wave set to 500 eV, the D3(BJ) method was used to perform the dispersion correction,
to describe the weak interaction. The 3 × 3 × 1 Monkhorst-Pack k-point meshes were
adopted in the brillouin zone integration of the surface. The convergence criterion of SCF
was 1.0 × 10−5 eV, in addition to the value of 0.02 eV/Å for the convergence tolerance of
the maximum force. During the structural optimization, to reflect the reconstruction of the
char surface, the cell was also optimized with the z lattice direction fixed. In addition, the
wave function files of the optimized structures were generated by the ORCA program at
the B3LYP-D3(BJ)/def2-TZVP level [31]. To avoid the influence of boundary in the char
cluster model, we expended the original optimized structures, as shown in Figure S1, and
analyzed the wave function using the Multiwfn code [32]. The thermodynamic properties
of the adsorption process were obtained by the frequency calculation of the adsorbate with
adsorption substrate fixed. In addition, the thermodynamic data at different temperatures
were obtained by VASPKIT.

3. Results and Discussion
3.1. The Analysis of Binding Configuration and Binding Energy

Zhundong coal can be used in the staged combustion technique due to its high alkali
metal content. Thus, the heterogeneous adsorption of NO, an important pollutant, on
carbon by sodium modification during Zhundong coal reburning is considered. The
optimized structures of NO molecule adsorption on pristine graphene and Na-decorated
pristine graphene, which are located on hollow site, are found in Figure 2a,b. The distance
of N and C is 3.123 Å on the pristine graphene, and the distance of N and Na is 2.206 Å
on Na-decorated pristine graphene. Considering the existence of a defect structure on the
actual crystal, the optimized structures of NO molecule absorption on defect graphene and
Na-decorated defect graphene are also shown in Figure 2. The distance between N and its
adjacent C is 2.282 Å on the defect graphene, and the most stable position is vacant site in
Figure 2c. The distance between N and Na for Na-decorated defect graphene in Figure 2d is
2.292Å, and the distance between Na and its adjacent C is 2.556 Å. Furthermore, NO on top
of Na has the most optimized structure. The distance between the N atom and the pristine
graphite surface is longer than that between the N atom and the defect graphite surface.
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NO is more easily adsorbed on the defective graphene surface. Moreover, the distance
between the N atom and Na atom on the Na-decorated pristine graphene surface is shorter
than that on the Na-decorated defect graphene surface. The distance between Na and the
pristine graphite surface may be shorter than that between Na and the defect graphite
surface. The results show that sodium is more stable on the defect graphene surface.
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The binding energy for the NO molecule absorption on graphene surface can be
calculated by the expression (1).

Ead = ENO+grapheme − ENO − Egraphene (1)

Here, ENO+graphene, ENO, and Egraphene represent the energy (kJ/mol) of the total surface,
NO, and graphene surface, respectively. A positive value of the adsorption energy (Ead)
denotes an endothermic process, while a negative value corresponds to an exothermic
one [31].

By calculation, the values of the binding energy for NO adsorption on pristine graphite
surface, Na-decorated pristine graphene surface, defect graphene surface and Na-decorated
defect graphene are −5.86, −137.12, −48.94 and −74.85 kJ/mol, respectively, indicating
the reaction is exothermic. According to previous research, the range of the adsorption
energy of the NO on the pristine graphite system is from −2.93 to −17.94 kJ/mol [33,34].
Compared with the pristine graphene surface, NO can be more easily adsorbed on the
Na-decorated graphene surface and defect graphene surface. This also indicates that the
presence of sodium and a defect structure can promote the adsorption of NO. NO interacts
more easily with defect graphene. The defects can greatly enhance the NO adsorption
capacity. However, sodium on the Na-decorated defect graphene surface is easy to stabilize
on the surface of defect graphene and partly replaces the role of the carbon atom. Thus,
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sodium can increase the adsorption of NO on the pristine graphene surface, but it will
saturate the defect surface and reduce the capacity of absorbing NO.

3.2. Atoms-in-Molecules Topology Analysis

The atoms-in-molecules (AIM) theory was also used to further analyze the adsorption
process though researching the intermolecular interaction. Figure 3 shows the AIM topol-
ogy maps of critical points (CPs) and bond paths, in which purple, orange, yellow, and
green points represent the (3, −3), (3, −1), (3, +1), and (3, +3) CPs, respectively, with orange
lines regarded as bond paths. The difference is caused by the sign of the three eigenvalues
of the Hessian matrix of this function at the critical point. The second number in brackets
is the number of positive eigenvalues minus the number of negative eigenvalues [35].
Figure 3 shows the CPs and bond paths between NO and surface, which indicates the
existence of intermolecular interactions.

Catalysts 2021, 11, x FOR PEER REVIEW 5 of 14 
 

 

  
(c) (d) 

Figure 2. Optimized structure of (a) graphene-NO, (b) graphene-Na-NO, (c) gsv-NO, and (d) 
gsv-Na-NO. (The gray solid spheres indicate that the graphene surface and the purple, red, and 
blue spheres represent sodium, oxygen and nitrogen atoms, respectively.) 

3.2. Atoms-in-Molecules Topology Analysis 
The atoms-in-molecules (AIM) theory was also used to further analyze the adsorp-

tion process though researching the intermolecular interaction. Figure 3 shows the AIM 
topology maps of critical points (CPs) and bond paths, in which purple, orange, yellow, 
and green points represent the (3, -3), (3, -1), (3, +1), and (3, +3) CPs, respectively, with 
orange lines regarded as bond paths. The difference is caused by the sign of the three 
eigenvalues of the Hessian matrix of this function at the critical point. The second num-
ber in brackets is the number of positive eigenvalues minus the number of negative ei-
genvalues [35]. Figure 3 shows the CPs and bond paths between NO and surface, which 
indicates the existence of intermolecular interactions.  

  
(A) (B) 

Catalysts 2021, 11, x FOR PEER REVIEW 6 of 14 
 

 

  
(C) (D) 

Figure 3. AIM topology map of the adsorption configurations for (A) graphene-NO, (B) graphene-Na-NO, and (C) 
gsv-NO, (D) gsv-Na-NO. 

There must be a (3, -1) CP of an electron density for the interaction between atoms, 
which is called bond critical point (BCP), the most representative point under the inter-
atomic interaction. Thus, it can be used to investigate the characteristics of corresponding 
chemical bonds, strength and nature. The real space function of BCP in the AIM theory is 
found in Table 1. For similar interactions, the greater the values of electron density (ρ) 
and potential energy density (V) are, the greater the strength of the chemical bond. The ρ 
and V of C and N, C and O for NO adsorption on the pristine graphene surface are 
smaller than those on the defect graphene surface. Thus, NO is easier to form chemical 
bonds on the defect graphene surface. Furthermore, the ρ and V of N and Na for NO 
adsorption on the Na-decorated pristine graphene surface are bigger than those on the 
Na-decorated defect graphene surface. However, ρ and V of C and Na for NO adsorp-
tion on the Na-decorated pristine graphene surface are smaller than those on the 
Na-decorated defect graphene surface. So, Na can more easily form chemical bonds on 
defect graphene surface, but it saturates the defect surface and reduces the adsorption 
capacity of NO. Furthermore, the values of the Laplacian of electron density ( 2ρ∇ ) in 
Table 1 are more than 0, indicating non-covalent interaction. The values of |V|/G and 
H/ρ can also be used to determine the form of the interaction between the fragments in 
the adsorption system. The closed-shell interaction is pure due to the ratio |V|/G <1 and 
H >0 [36]. The covalent bond is the main chemical bond according to the ratio 1 <|V|/G 
<2 and H <0 [37]. Thus, except for covalent bonds of C and N, C and O for NO adsorp-
tion on the defect graphene surface, other interactions are pure closed-shell ones in Ta-
ble.1. H/ρ represents the energy density of the unit electron at the BCP position. This 
function at the BCP position is called bond degree (BD). The interaction is stronger with 
the increase in the value of BD under non-covalent interactions (H >0). BD between Na 
and N under Na modification is more than that without Na modification. This also 
shows that sodium promotes the adsorption of NO on the graphene surface. 

Table 1. Values of real space function in the AIM theory. 

Name BCP 
Electron 

Density/ ρ  

Laplacian of 
Electron 

Density/
2ρ∇  

Potential 
Energy 

Density/V 

Energy 
Density/H 

Lagrangian 
kinetic Energy 

Density/G 
|V|/G H ρ  

Graphene-NO 
a 7.29 × 10−3 2.50 × 10−2 −3.74 × 10−3 1.25 × 10−3 4.99 × 10−3 0.75 0.17 
b 5.50 × 10−3 2.21 × 10−2 −2.78 × 10−3 1.37 × 10−3 4.15 × 10−3 0.67 0.25 

Graphene-Na-N
O 

a 2.83 × 10−2 0.19 −3.23 × 10−2 8.08 × 10−3 4.03 × 10−2 0.80 0.29 
b 9.63 × 10−3 4.62 × 10−2 −7.27 × 10−3 2.15 × 10−3 9.42 × 10−3 0.77 0.22 

Figure 3. AIM topology map of the adsorption configurations for (A) graphene-NO, (B) graphene-Na-NO, and (C) gsv-NO,
(D) gsv-Na-NO.

There must be a (3, −1) CP of an electron density for the interaction between atoms,
which is called bond critical point (BCP), the most representative point under the inter-
atomic interaction. Thus, it can be used to investigate the characteristics of corresponding
chemical bonds, strength and nature. The real space function of BCP in the AIM theory
is found in Table 1. For similar interactions, the greater the values of electron density (ρ)
and potential energy density (V) are, the greater the strength of the chemical bond. The
ρ and V of C and N, C and O for NO adsorption on the pristine graphene surface are
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smaller than those on the defect graphene surface. Thus, NO is easier to form chemical
bonds on the defect graphene surface. Furthermore, the ρ and V of N and Na for NO
adsorption on the Na-decorated pristine graphene surface are bigger than those on the
Na-decorated defect graphene surface. However, ρ and V of C and Na for NO adsorption
on the Na-decorated pristine graphene surface are smaller than those on the Na-decorated
defect graphene surface. So, Na can more easily form chemical bonds on defect graphene
surface, but it saturates the defect surface and reduces the adsorption capacity of NO.
Furthermore, the values of the Laplacian of electron density (∇2ρ) in Table 1 are more
than 0, indicating non-covalent interaction. The values of |V|/G and H/ρ can also be used
to determine the form of the interaction between the fragments in the adsorption system.
The closed-shell interaction is pure due to the ratio |V|/G < 1 and H > 0 [36]. The covalent
bond is the main chemical bond according to the ratio 1 < |V|/G < 2 and H < 0 [37]. Thus,
except for covalent bonds of C and N, C and O for NO adsorption on the defect graphene
surface, other interactions are pure closed-shell ones in Table 1. H/ρ represents the energy
density of the unit electron at the BCP position. This function at the BCP position is called
bond degree (BD). The interaction is stronger with the increase in the value of BD under
non-covalent interactions (H > 0). BD between Na and N under Na modification is more
than that without Na modification. This also shows that sodium promotes the adsorption
of NO on the graphene surface.

Table 1. Values of real space function in the AIM theory.

Name BCP Electron
Density/ ρ

Laplacian of
Electron

Density/∇2ρ

Potential
Energy

Density/V
Energy

Density/H
Lagrangian

kinetic Energy
Density/G

|V|/G H/ρ

Graphene-NO a 7.29 × 10−3 2.50 × 10−2 −3.74 × 10−3 1.25 × 10−3 4.99 × 10−3 0.75 0.17
b 5.50 × 10−3 2.21 × 10−2 −2.78 × 10−3 1.37 × 10−3 4.15 × 10−3 0.67 0.25

Graphene-Na-NO a 2.83 × 10−2 0.19 −3.23 × 10−2 8.08 × 10−3 4.03 × 10−2 0.80 0.29
b 9.63 × 10−3 4.62 × 10−2 −7.27 × 10−3 2.15 × 10−3 9.42 × 10−3 0.77 0.22

Gsv-NO a 5.21 × 10−2 0.10 −3.44 × 10−2 −4.49 × 10−3 2.55 × 10−2 1.35 −0.09
b 4.69 × 10−2 9.98 × 10−2 −3.07 × 10−2 −2.87 × 10−3 2.78 × 10−2 1.10 −0.06

Gsv-Na-NO a 2.24 × 10−2 0.15 −2.28 × 10−2 7.02 × 10−3 2.98 × 10−2 0.77 0.31
b 1.78 × 10−2 7.39 × 10−2 −1.35 × 10−2 2.51 × 10−3 1.60 × 10−2 0.84 0.14

3.3. Electron Localization Function Analysis

Electron localization function (ELF) is an important real space function for studying
the electronic structure of adsorption systems [38]. It reflects the localized state of electrons.
The isosurface map of ELF analysis is shown in Figure 4, where it is found that the N
atom and O atom have a high localization of electrons on the pristine graphite, and NO
and the pristine graphene surfaces have a poor localization of electrons. So, two centers
are formed for NO adsorption on the pristine graphite surface. However, NO is close
to the defect graphite surface and two obvious centers for the electron localization are
not found. Compared with the pure graphene surface, NO is easier to combine with
the defective graphene surface. In addition, Na and the defect graphite surface have
high electron localization, indicating a strong bond between sodium and the defective
graphene. Furthermore, the electronic local area of NO for the Na-decorated pristine
graphene surface is significantly larger than that for the Na-decorated defect graphene
surface. This shows that NO is easier to bind to the sodium-modified pristine graphene
surface. Moreover, compared with the electronic local area of NO without the Na-decorated
graphene surface, the electronic local area of NO on the Na-decorated graphene surface
is also large. Therefore, NO can be more easily adsorbed on the graphite surface with
sodium modification.
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3.4. Independent Gradient Model Analysis

The Independent Gradient Model (IGM) is commonly developed to study weak inter-
actions [39]. Color-scatter maps and isosurface maps of IGM analysis at four configurations
are found in Figure 5. In the scatter diagram, sign(λ2)ρ represents the multiplication of
sign(λ2) and ρ on a horizontal scale. sign(λ2) and ρ are the eigenvalue symbol of the
Hessian matrix of the electron density and the electron density defined in the AIM theory,
respectively. The blue, green and red parts indicate a strong interaction, a weak interaction,
and repulsion in the scatter maps, respectively. The spike of NO adsorption on the pristine
graphene surface can occur around 0 on a horizontal scale. This shows that dispersion
is the dominant contributing term for the interaction energy, and the weak interaction is
relatively small between NO and the pristine graphene surface. Furthermore, red dots for
NO adsorption on the defect graphene surface appear, indicating the existence of Pauli
repulsion [40]. However, blue dots for NO adsorption on the defect graphene surface can
also occur at sign(λ2)ρ < 0. The larger attraction offsets the Pauli repulsion. So, the defect
structure can promote the adsorption of NO. In addition, the strong interaction may be
found under the sodium-modified graphene surface. The density of spikes at Na-decorated
pristine graphene is bigger than that at Na-decorated defect graphene. This proves that
sodium can promote the saturation of the defect graphene surface, which is consistent with
the results of ELF.
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In addition, the weak interaction region in the adsorption system is shown by the
value of δg in the isosurface diagram. The contribution of each atom to δg is also marked
by color scales of blue, green and red in Figure 5, and the main contributions as the δg
index are listed in Table 2. The blue, green and red parts indicate a strong interaction, a
weak interaction, and repulsion, respectively. However, the blue color represents the atom
with a low contribution to δg, indicating less contribution to the weak interactions. The
red color for the atom represents a higher contribution to the weak interactions. The color
of the isosurface maps for NO adsorption on the pristine graphene surface (Figure 5b)
is only green, indicating that it is the weak interaction. However, NO adsorption on the
Na-decorated graphene surface (Figure 5d,h) in the isosurface maps can be marked by
colors of blue and green, indicating the presence of the strong interactions. In addition, the
color of the isosurface maps for NO adsorption on the defect graphene surface (Figure 5f)
includes blue, green and a little red. A small amount of red represents the occurrence
of the repulsive interactions, but the larger attraction offsets the repulsion. This shows
that the existence of a defect structure and sodium can increase the adsorption of NO on
the graphene surface, and this is consistent with the above results. The color of the N
atom is red in Figure 5f, and the δg index of the N atom is 1.54 in Table 2. So, it has a
higher contribution to the weak interactions on the defect graphite surface. The value of
the δg index for the N atom and Na on four configurations is bigger, but the difference of
the values of the δg index between N and O for NO adsorption on the pristine graphene
surface is the smallest. Furthermore, the values of the δg index for the atom pairs about
N–C and O–C on the pristine graphene surface are also the smallest. Thus, NO is the most
difficult to adsorb on the pristine graphene surface, and the presence of sodium and defect
structures can promote the adsorption of NO.

Table 2. The δg index of atoms and atom pairs.

The Reaction Fragment Atoms and Atom Pairs δg Index

graphene-NO
NO

N 0.53
O 0.40

Atom pairs N–C 0.09
O–C 0.06

graphene-Na-NO
NO

N 0.28
O 0.07

Atom Na 0.31
Atom pairs N–Na 0.23

gsv-NO
NO

N 1.54
O 0.55

Atom pairs N–C 0.36
O–C 0.10

gsv-Na-NO
NO

N 0.25
O 0.07

Atom Na 0.28
Atom pairs N–Na 0.21

3.5. The Analysis of Thermodynamics Characteristic

To reflect the influence of temperature, the Gibbs free energy changes of NO adsorption
on the pristine, Na-decorated pristine graphene surface, defect graphene surface and Na-
decorated defect graphene surface at 1073, 1173, 1273, 1373, 1473, 1573 and 1673 K were also
calculated. Furthermore, the function relationship between the change of Gibbs free energy
and temperature is fitted by quadratic function. The formulas of the change of Gibbs free
energy under different temperatures are found in Figure 6. Gibbs free energy change is
commonly used to determine the direction of the reaction. The values for the change of the
Gibbs free energy of NO adsorption on different graphene surfaces at seven temperatures
are positive. In addition, the value of Gibbs free energy change for each adsorption reaction
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increases with the increase in temperature, indicating that the adsorption capacity decreases.
The value of Gibbs free energy change for NO adsorption on the Na-decorated pristine
graphene surface is the lowest, followed by NO adsorption on the Na-decorated defect
graphene surface. Furthermore, the value of Gibbs free energy change for NO adsorption
on the pristine graphene surface is the highest at the same temperature. Thus, the existence
of sodium and a defect structure can promote the adsorption of NO on the graphene surface
under different temperatures.
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According to Gibbs free energy change, the chemical equilibrium constant of each
reaction under different temperatures can be calculated. This value represents the ratio of
the concentration of the product and the concentration of the reactant under the equilibrium.
The calculation formula is as follows.

Keq = exp(−∆Gc

RT
) (2)

Here, Keq is the chemical equilibrium constant. ∆Gc represents the change of Gibbs
free energy, J/mol. Additionally, R is the ideal gas constant, which is 8.314 J/(mol·K). T is
the temperature, K.

The reaction equilibrium constants at 1073, 1173, 1273, 1373, 1473, 1573 and 1673 K
are shown in Table 3. The results show that the chemical equilibrium constant of NO
adsorption on the Na-decorated pristine graphene surface, defect graphene surface and Na-
decorated defect graphene surface may decrease with the increase in the temperature. The
equilibrium moves to the reverse direction with the increase in the temperature, indicating
that the adsorption is an exothermic reaction, which is consistent with the binding energy.
The reaction equilibrium constant of NO adsorption on the pristine graphene surface
changes little with the increase in the temperature. Moreover, the reaction equilibrium
constant of NO adsorption on the pristine graphene surface is the smallest compared to
those on the other surfaces under the same temperature. This indicates that NO is the most
difficult to adsorb on the pristine graphene surface. Furthermore, the reaction equilibrium
constants for NO adsorption on the defect graphene surface are bigger than that on the
pristine graphite surface at the same temperature. In addition, the reaction equilibrium
constants with sodium modification are larger than that without sodium modification at
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the same temperature. Therefore, defect structure and sodium can promote the adsorption
of NO on the graphene surface.

Table 3. Reaction equilibrium constant of every reaction.

T/K Graphite-NO Graphite-Na-NO Gsv-NO Gsv-Na-NO

1073 6.33 ×10−8 0.64 1.30 ×10−6 8.42 × 10−5

1173 6.23 × 10−8 0.20 9.27 ×10−7 4.28 × 10−5

1273 6.17 × 10−8 0.07 7.06 ×10−7 2.43 × 10−5

1373 6.14 × 10−8 0.03 5.64 ×10−7 1.50 × 10−5

1473 6.12 × 10−8 0.02 4.69 × 10−7 9.91 × 10−6

1573 6.13 × 10−8 0.008 4.01 × 10−7 6.93 × 10−6

1673 6.14 × 10−8 0.005 3.51 × 10−7 5.06 × 10−6

4. Conclusions

In this paper, by introducing the 4 × 4 graphene surface model to simulate the carbon
surface, such as char surface, the heterogeneous adsorption of NO with sodium as a
catalyst was theoretically studied by density functional theory. Meanwhile, the structures,
interactions and thermodynamics characteristics were also analyzed. The results are
shown below.

The values of the binding energy for NO adsorption on the pristine graphene surface,
Na-decorated pristine graphene surface, defect graphene surface and Na-decorated defect
graphene are −5.86, −137.12, −48.94 and −74.85 kJ/mol, respectively.

According to the AIM analysis, except for covalent bonds of C and N, C and O for
NO adsorption on the defect graphene surface, other bonds (N and C, N and Na, Na and
C) are a closed-shell interaction. Furthermore, the ELF analysis shows that Na and the
defect graphite surface have high electron localization. The electronic local area of NO is
graphite-Na-NO > gsv-Na-NO > gsv-NO > graphite-NO. The IGM analysis also proves the
results. Dispersion is the main interaction force between NO and the pristine graphene
surface. The values of the δg index for the atom pairs about N–C and O–C on the pristine
graphene surface are also the smallest. The density of spikes at Na-decorated pristine
graphene is bigger than that at Na-decorated defect graphene.

Moreover, the thermodynamics characteristic shows that the value of the Gibbs free
energy change of each adsorption reaction increases with the increase in temperature.
Furthermore, the value of Gibbs free energy change for NO adsorption on the Na-decorated
pristine graphene surface is the lowest, and that on the pristine graphene surface is the
highest. The reaction is exothermic according to the analysis of the reaction equilibrium
constant. Thus, NO is the most difficult to adsorb on the pristine graphene surface, and
the presence of sodium and a defect structure can promote the adsorption of NO. This
provides theoretical guidance for actual operating conditions and the clean utilization of
Zhundong coal.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
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