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ARTICLE INFO ABSTRACT

Single-atom nickel adsorbent supported with different graphene-based substrates is supposed as a novel material
for the adsorption and detection of acid gases (NO, NO,, SO, and SO3). In this work, the adsorption char-
acteristics, including adsorbent structures, adsorption configurations, adsorption energy, magnetic properties
and thermodynamic properties, are investigated through density functional theory (DFT) calculations. According
to the charge transfer and hybridization characteristics calculated by the electron density difference maps and
the density of states, the binding mechanisms of four kinds of acid gases on different single-atom nickel ad-
sorbents are explored. The calculated results indicate that NO, NO,, SO, and SOs can stably be adsorbed on
single vacancy graphene with three nitrogen atoms doped (Ni-SVN3/GN) graphene adsorbent, and the values of
the adsorption energy are —3.51 eV, —2.50 eV, —1.72 eV and — 2.37 €V, respectively. EDDs, DOS and magnetic
moment are calculated to reveal the electronic transfer in the whole process, which show that gas molecules
acquire electrons and metal atom contributes electrons. Based on theoretical results, it can conclude that Ni-
SVN3/GN is the most suitable adsorbent for acid gas removal. The theoretical study can guide the development
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of new materials for the removal of toxic gases.

1. Introduction

Developing detection and removal materials of hazardous gases is
crucial for the emission reduction of pollutants in coal-fired power
plants. A mass of poisonous gases discharged by coal-fired power plants
have caused massive harm to humans [1]. Pollution gases can produce
serious environmental problems, including smog, acid rain and photo-
chemical smog [2]. Especially, nitrogen oxides (NO,) and sulfides (SO,)
are the primary toxic gases in the flue gas, and the emission is up to
1.14 million and 1.20 million tons each year in China, respectively.
Therefore, they bring about significant harm to the living body and
environment [3-5]. The NO, in the atmosphere forms nitric acid under
the action of oxygen and water vapor, which corrodes the animals and
plants on the ground, acidifies the soil and reduces soil fertility.
Moreover, NO, can enter the ozone layer and catalyze the destruction of
the atmosphere. NO,  is mainly removed by selective catalytic reduction
(SCR) or non-catalytic reduction technology (SNCR) [6] and SO, is
mainly removed by limestone dry (FGD) or wet (WFGD) technology
[7]. However, these methods have the disadvantages of mutual
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influence when multiple pollutants are simultaneously extracted. Con-
trolling pollutant emission to improve our living environment has be-
come a significant issue in every country [8]. Therefore, it is an urgent
research field to control pollutant emission released from coal-fired
plants.

The adsorption sites of single-atom adsorbents are mainly on metal
atoms, so it is important to find a highly active metal site. To find an
adsorbent with high activity, high stability, low cost and anti-poi-
soning, scientists have continuously explored [9,10]. Fajin et al. [11]
declared that with the doping of cerium or lanthanum on the Ni (1 1 0)
surface, it was beneficial to form methane. Hinojosa-Reyes et al. [12]
conducted that Au/TiO, doped with Ni nanoparticles showed high
catalytic activity and low deactivation rate in CO catalysis. Ghods et al.
[13] discovered MgSiO3; was beneficial to the synthesis of methane
from carbon dioxide by adding Ni to high-surface-area mesoporous. Li
et al. [14] explained that Ni/Pd (1 1 1) surface had a proper dissocia-
tion of CH,4 and the best adsorption site, especially in the Ni reaction
sites of Ni/Pd (1 1 1). Based on these literatures, Ni has applied in CO
catalytic reaction, CO, methanation synthesis reaction and CH,4
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Fig. 1. The most stable structures of Ni adsorbents based on different graphene (Brown, blue and silver balls represent carbon, nitrogen and nickel atom, respec-

tively).

Table 1

The adsorption height of Ni atom (h, A), Bader atomic charge of Ni atom (g, e),
the bond length of Ni-C/N bonds (dni.c/n, A) of each geometry, the binding
energy of Ni atom and graphene (E,, eV), and magnetic moments (M, uB).

adsorbent h(A) Ag(e) dyi.cn(A) Ey(eV) M(uB)
Ni-SV/GN 1.68 -0.50 1.80(1.90[477) -7.50 0
Ni-SVN3/GN 1.74 -0.77 1.85 -5.14 1.54
Ni-DV/GN 0.90 —0.60 1.91 -7.14 1.54
Ni-DVN4/GN 0.52 —-0.84 1.88 -8.34 0
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adsorption reaction, indicating that Ni had high activity. Catalytic
oxidation of NO and SO, has been widely seen as a feasible method for
removal of NO,, and SO,, because the product can be easily absorbed by
WFGD using good water solubility after NO and SO, are converted to
NO, and SOs. Considering that the adsorption process is the first step of
catalytic reaction, it is necessary to investigate the adsorption char-
acteristics of toxic gases on the adsorbents.

Two-dimensional material graphene has become the research hot-
spots for its high specific surface area, excellent physical properties and
chemical characters [15-18]. A great number of scientific researchers
have applied graphene to fields of energy [19,20], electronic [21,22],
chemical [23] and material science [24]. However, the pure graphene
has poor adsorption characteristics and this shortcoming restricts the
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Fig 2. The partial density of states of Ni/GN.
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Fig. 4. Adsorption configuration of SO, and SO3 on Ni/GN of the side and top view.

further development of graphene. A series of researches have been
conducted since the single-atom catalysts (SACs) are proposed [25].
And the single-atom catalyst has been applied to CO oxidation [26,27],
NO reduction [28], CH,4 oxidation [29] and so on.

Although a great number of papers have paid much attention to
metal clusters and graphene as an adsorbent, only a few of them fo-
cused on the single-atom adsorbent. Based on our previous study, Gao
et al. [30] doped 1 ~ 4 Ni clusters to graphene vacancy, and the results
showed that doping a nickel atom had a strong adsorption character-
istic of NO. Rh, (x = 1,3,10,20) nanoparticles were researched by
Furlan et al. [31] and their group suggested metal clusters anchored on
graphene can play a valuable role as adsorbents. Moreover, when one
or two NO, molecules were close to Rh, nanoparticles, N atom or O
atom was equally possible to be adsorbed. Karin et al. [32] found that
the structure of Pt nanoclusters was highly similar to Pt (1 1 1) surface
in the process of adsorbing SO,. Co, clusters model (x = 2 ~ 55) was

structured by Yu et al. [33], and they mainly researched the highly
symmetrical, stable structure of Co3, Cosg, Coss. The results found that
for the same adsorption model, the adsorption energy of Coss was the
lowest and the energy barrier of Coss is the lowest for a CO, molecule.
According to the above research findings, metal clusters have better
adsorption of gas molecules. Ali Shokuhi [34] studied Al-doped gra-
phene to adsorb NO, and N,O, and the results showed that compared
with initial graphene, Al-doped graphene had significant adsorption
energy, elevated net charge transferring values and smaller bond dis-
tances to gas. Ali Shokuhi et al [35,36] researched the adsorption
performance of Pt-decorated graphene for NO, SO, and Oz, and con-
cluded Pt-decorated graphene had a perfect adsorption effect on it. And
Pt-decorated graphene had the ability to make gas sensors. Hence,
compared with cluster adsorbent, it is valuable to research single-atom
adsorbent. Loading Ni on the nitrogen-doped graphene substrate is
worth exploring to research adsorption performance of the toxic gases
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Table 2

The height change of Ni atom after adsorption (Ah, A), the bond length between
Ni atom and carbon and the nitrogen atom (dy;.n/c, A), the electron transfer of
gases (Aq, e) and the adsorption energy of the gas molecules (E,q4s, €V).

gas adsorbent Ah(R) duinc(R) gas-Aq(e) Eaqs(eV)
NO Ni-SV/GN 0.14 1.85 0.32 —1.64
Ni-SVN3/GN 0.19 1.95 0.33 —-3.51
Ni-DV/GN 0.26 1.94 0.21 —-1.87
Ni-DVN4/GN 0.05 1.89 0.23 -0.29
NO, Ni-SV/GN 0.08 1.83 0.53 —-1.83
Ni-SVN3/GN 0.15 1.91 0.51 —-2.50
Ni-DV/GN 0.17 1.96 0.38 -1.30
Ni-DVN4/GN 0.04 1.89 0.39 —-0.30
SO, Ni-SV/GN 0.07 1.84 0.52 —-0.92
Ni-SVN3/GN 0.14 1.93 0.37 -1.72
Ni-DV/GN 0.07 1.90 0.21 —-0.36
Ni-DVN4/GN 0.01 1.89 0.25 -0.23
SO3 Ni-SV/GN 0.14 1.83 0.92 -1.59
Ni-SVN3/GN 0.15 1.89 0.98 —-2.37
Ni-DV/GN 0.33 1.94 0.42 —-0.38
NiDVN4/GN 0.16 1.89 0.47 —-0.34

(NO, NO,, SO, and SOs3) compared with cluster adsorbent.

In this paper, the four adsorbent models were structured of Ni-
doped graphene adsorbents, including single vacancy, single vacancy
with three nitrogen atoms, double vacancies and double vacancies with
four nitrogen atoms which can be named Ni-SV/GN, Ni-SVN3/GN, Ni-
DV/GN and Ni-DVN4/GN. Firstly, the most stable structure of a gra-
phene-based single-atom adsorbent is calculated under the guidance of
density function theory (DFT). Secondly, adsorption behaviors and
adsorption energy are discussed of the four configurations to adsorb
NO, NO,, SO, and SOs, respectively. Furthermore, a sea of geometric
parameters are considered, for instance, bond length, adsorption
height, charge transfer amount and so on. Moreover, the electron
density difference is analyzed for the reason to gain the relationship
between the adsorbates and graphene-based. Finally, thermodynamics
is calculated to study the change of Gibbs free energy with the in-
creasing temperature. This work invests systematically the adsorption
properties of nickel atom adopted graphene and this study would give
guidance for industry to remove toxic gases.

2. Method

The calculation was conducted by the Vienna ab initio simulation
package (VASP) with the basic algorithm of density functional theory
(DFT) [37-39]. To express electron exchange and correlation, the
Perdew-Burke-Ernzerhof (PBE) [40-42] method of generalized gradient
approximation (GGA) was used. Besides, the projector-augmented wave
(PAW) was adopted to improve the accuracy of core and valence
electronic calculations. Considering that the computing system was
magnetic, spin polarization was added to the calculation process. Ac-
cording to our previous researches [28,43-45], a 4 X 4 supercell of
single-layer graphene was employed of all the calculations in this work.
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To avoid the mutual influence of the image mirror, 15 A vacuum layers
were executed [46].

In the structural optimization calculation, the kinetic energy of
500 eV was selected based on the plane-wave. Gaussian smearing was
adopted as 0.05 eV. The threshold of electronic self-consistent con-
vergence criterion was set to 10 > eV and the convergence criterion was
that the force of each atom was less than 0.02 eV/A. A7 x 7 x 1T-
centered k-point grid was selected to describe the Brillouin zone, and a
15 x 15 x 1 T'-centered k-point grid was chosen for self -consistent
field calculations to get more accurate energy.

The binding energy (E,) can be calculated by the following formula:

Ey = Equp+ni — Esup — Eni (1)

where Egpini, Esup and Ey; represented the total energy of both gra-
phene substrate and loaded atom graphene, the substrate as well as the
metal atom, respectively.

The adsorption energy can be delimited by the following formula:

Eoas = sub+Ni+gas — Lsub+Ni — Egas (2)

whereE+Nitgas» Esup+niand Egqs represented the total energy of the
graphene system, graphene substrate, and load atom as well as gas,
respectively.

3. Results and discussion
3.1. Adsorbent model

Considering the preparation and stability of the material, the fol-
lowing four structures are selected as research models, including single
vacancy (SV), single vacancy with three nitrogen atoms (SVN3), double
vacancies (DV) and double vacancies with four nitrogen atoms (DVN4).
The four optimized structures of adsorbents are plotted in Fig. 1. In
Fig. 1 (a) (c), the Ni atom is surrounded by three or four carbon atoms,
named them Ni-SV/GN or Ni-DV/GN; in Fig. 1 (b) (d), different num-
bers of carbon atoms have been replaced by nitrogen atoms, which can
call Ni-SVN3/GN or Ni-DVN4/GN. The corresponding parameters, such
as bond length, charge variation, binding energy and magnetic mo-
ment, are summarized in Table.1.

For the system of the Ni/GN, the order of the height of the metal
atoms anchored on graphene is Ni-SVN3/GN > Ni-SV/GN > Ni-DV/
GN > Ni-DVN4/GN. Moreover, the maximum lift of nickel atoms is
1.74 A in the case of Ni-SVN3/GN adsorbent. From Table 1, there are
minor changes for the bond length of Ni-C/N of the four kinds of ad-
sorbents, the longest of them is 1.91 A of Ni-DV/GN and the shortest of
the bond length is 1.80 A of Ni-SV/GN. The subtle changes of bond
length can be explained that carbon and nitrogen atom is adjacent in
the periodic table of elements so that there is a slight difference in the
bond length between them. Wanno et al. [47] studied the adsorption of
CO on transition metal-doped graphene and concluded that the bond
length of Ni-C is 1.90 f\, which proved the reliability of our calculations.
Besides, Bader charge analysts show that negative value means metal
atoms supply electric charge to the graphene substrate. According to
our previous research[48], we found that in one of the single vacancy or

(€) > 9 -
8By 5y
M‘c, —fn*; y O s $= ’
O N
) = -

Fig. 5. The electrostatic potential distribution of the adsorbent substance of the side and top view (the value of the charge density surface is 0.002 e/Bohr?).
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Fig. 6. The electron density difference of toxic gases on Ni/GN.
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Fig. 7. The spin density of gases adsorbed on the Ni/GN (The contour lines in plots are drawn at 0.02 e/Bohr® intervals).

double vacancies system, the number of transferred electrons was in-
creasing gradually with the number of doped nitrogen grew. In Ni-SV/
GN adsorbent, the metal atom donates 0.50 e to the graphene, and
other adsorbents systems provide 0.77 e, 0.60 e and 0.84 e to their
supporting carrier, respectively. Furthermore, there is 0.84 e electron
transfer from Ni atom to substrate, demonstrating nickel and nitrogen
atom have formed a strong ionic bond. The bonding energy range of
these adsorbents is 5.14 eV to 8.34 eV which show the dopants can be
anchored on graphene stably.

To analyze the hybridization of metal atoms and substrates, the

partial density of states (PDOS) are drawn, as shown in Fig. 2 There is
no obvious hybrid peak in the picture, indicating the metal atom nickel
does not form a covalent bond with carbon or nitrogen atoms on the
graphene substrate. Moreover, the adsorbents of Ni-SV/GN and Ni-
DVN4/GN are symmetrically up and down indicating that the two types
of adsorbents are no spin characteristic and have zero magnetic mo-
ments[49], and this can also be verified in Table 1.
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Fig. 8. The projected density of state profiles of NO adsorbed-on Ni/GN.

3.2. NO, NO,, SO, and SO3 molecules adsorption on Ni decorated graphene
substrate

Based on the most stable structure of Ni/GN adsorbents, the ad-
sorption characteristics of NO, NO,, SO, and SO3 are researched. All
kinds of adsorption configurations are constructed for finding the op-
timal reaction site. The most stable adsorption configurations of the
toxic gases are shown in Fig. 3 and Fig. 4. As illustrated in Fig. 3 and
Fig. 4, all the gases adsorb on the nickel atom, indicating the doped
metal element has better reactivity and it could play the significant role
of the adsorption process. The adsorption parameters are summarized
in Table 2.

The height of the metal atom is lifted up after the gases adsorb on
the surface of the adsorbents, and the rise of metal atoms appear due to
the stretching effect of gas molecules in order to get rid of the binding of
the adsorbent. Moreover, the more nitrogen atoms are doped in the
graphene, the higher the metal atom will be elevated. For different
gases, the maximum lifting height of Ni/GN is 0.26 A, 0174, 0144A
and 0.33 [o\, respectively. Meanwhile, the distance between the metal
atom and its adjacent graphene-based atoms becomes larger slightly
when the gases are adsorbed on the adsorbents. These results could also
explain the reason that nickel is lifted to make gas molecules adsorb on
the adsorbent stably.

To further understand the adsorption characteristics, the adsorption
energy of gases are calculated, which could fundamentally explain the
capability of the graphene-based adsorbent. On the process of NO ad-
sorption, the adsorption energy are —1.64 eV, —3.51 eV, —1.87 eV
and —0.29 eV, which illustrate gases can be linked to the nickel atom

stably and the size of the adsorption energy show the adsorbents have a
good adsorption effect expect Ni-DVN4/GN. Ni-SVN3/GN has the best
adsorption effect, while Ni-DVN4/GN has the worst adsorption effect.
The adsorption energy of NO on Ni-SVN3/GN (-3.51 eV) is larger than
that of NO on Ni (1 1 1) (-2.48 eV) surface [50]. Furthermore, the ni-
trogen atom of NO almost vertically connects to the nickel atom except
for the type of Ni-DV/GN from Fig. 3 (a)~(h), while the oxygen atom
has a trend that is from perpendicular to the plane of the adsorbent to
gradually parallel to the graphene substrate with the order of Ni-SV/
GN, Ni-SVN3/GN, Ni-DV/GN and Ni-DVN4/GN. Combined with the
other three gases, the single vacancy graphene adsorbents have a po-
sitive effect on the adsorbent property while double vacancies reduce
the adsorption characteristics. Moreover, the Ni atom devotes electrics
partly and the gases receive them. Due to the interaction between
charges, gas molecules could overcome space resistance and be ad-
sorbed stably on the surface of the adsorbent. The type of adsorptions
belongs to strong chemical adsorption from the value of adsorption
energy of NO except Ni-DVN4/GN.

As shown in Figs. 3 and 4, the similar adsorption behaviors can be
observed that nitrogen or sulfur atom is adsorbed on the nickel atom,
the oxygen that has adsorbed on the nickel atom gradually moves away
with the nitrogen-doped and vacancies increase. The adsorption energy
of SO, in the state of double vacancies is low, which belongs to weak
physical adsorption. Though the adsorption is weak, double vacancies
may be an outstanding structure for the subsequent reaction because
adsorption is former and oxidation is latter. As for SO3 configurations,
what attract our attention most is the change of the structures. As
shown in Fig. 4, the oxygen atoms of SO; molecule adsorb on nickel
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Fig. 9. The projected density of states profiles of NO2 adsorbed on Ni/GN.

atom in single vacancy and the sulfur atom links to the nickel in double
vacancies, and this may explain the difference of adsorption energy
which single vacancy belongs to strong chemisorption while double
vacancies are physical adsorption.

To analyze the effect of the substance on the adsorption process, the
electrostatic potential (ESP) is drawn in Fig. 5. In the EPD maps, the
redder district represents lower electrostatic potentials which is easy to
be approached by electrophiles, and the bluer region represents higher
electrostatic potentials that is vulnerable to be attacked by the nu-
cleophile. It can be observed that the size order of the blue area is Ni-
SVN3/GN > Ni-SV/GN > Ni-DV/GN > Ni-DVN4/GN, which is al-
most consistent with the orders of adsorption energy on the corre-
sponding substrate, suggesting that our calculated results are reliable
and precise.

3.3. Electronic properties analysis

The electron density difference (EDD) maps can visually represent
the charge transfer in the adsorption process, so the EDDs of four ab-
sorbed systems are provided in this work. As shown in Fig. 6, the EDDs
are drafted where the color of yellow and cyan stand for gaining and
losing of the charge density, respectively. In Fig. 6, the gas molecules
are mainly surrounded by yellow distinct which illustrates that gases
obtain charges in the process of adsorption and the metal atom is sur-
rounded by cyan region which means the nickel atom as a donor to
transmit electrons to gas molecules. The EDDs can match the amount of
gas charge transfer well as listed in Table.2 which proves the correct-
ness of our calculations.

Bader charge analysis show that single vacancy has a large transfer

amount of electron and double vacancies have a relatively small
amount of charge transfer than that of single vacancy. In addition, the
amount of charge transfer in EDDs is shown in the size of the sur-
rounded distinct. Compared with double vacancies, the single vacancy
has a larger area in Fig. 6. There is no significant linear relationship
between the number of transferred electrons and the adsorption energy,
moreover, this can be further understood the formation of the atomic
bond depends not only contributing to the charge transfer between
atoms but also sharing of electron pairs among atoms.

3.4. DOS and magnetic properties analysis

To establish a reaction relationship between adsorbents and gas
molecules, the DOS and magnetic moment properties analysis are cal-
culated. The partial density of states (PDOS) represents the ratio of
electrons in the corresponding energy, indicating the occupation of
electrons. The spin of a molecule can reflect the information of the
magnetic moment. Therefore, the spin density maps of molecular ad-
sorption are also plotted in Fig. 7, the PDOS of toxic gases adsorb on
adsorbents are drawn, as shown in Figs. 8-11, and the magnetics of the
adsorbent systems are calculated in Table 3. According to Table 3, the
magnetics of the adsorption system is all non-negative. The magnetic
moments of Ni-SVN3/GN and Ni-DV/GN adsorbent are zero and others
are positive in the NO, adsorption process, and only the adsorbent of
Ni-SVN3/GN is positive in the SO, system. To verify the correctness of
our calculation results, the spin density maps and PDOS are drawn,
respectively.

In Figs. 8-11, the total density of states, d orbital of Ni and p orbital
of target gases in the adsorption system are plotted. From the PDOS of
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Fig. 10. The projected density of states profiles of SO, adsorbed on Ni/GN.

the gases adsorb on the adsorbents, the unpaired electrons in the 3d
orbital of the nickel atom are easily hybridized with the unpaired
electrons of the 2p orbital of the adsorbed gas in the special system. The
results indicate hybridization effect contributs to the formation of the
covalent bond and the Ni d-shell electrons plays a significant role in
enhancing gases adsorption on the adsorbents. In addition, combined
with the electronic transfer in Table 2, it is safe to conclude that the
formation of bonds in the adsorption system is determined by covalent
bonds and ionic bonds.

In Fig. 7, the yellow region represents spin up, in other words, the
spin-up shows that the magnetic moment is positive. As shown in Fig. 7
(b), a graph that is surrounded neither by yellow nor by cyan district
represents no magnetic moment. When the magnetic moment is inter-
preted by PDOS, the spin-up and optional downward symmetry of the
molecules explain that the magnetic moment is zero. According to the
graphs and tables, the image can perfectly display the data in the table.
The nickel atom acts as the central atom of the catalytic reaction, and
the unpaired electrons in the 3d orbital of the nickel atom are easily
hybridized with the unpaired electrons of the 2p orbital of the adsorbed
gases. The center of the valence bond theory is that the central atom
forms a covalent bond or an ionic bond with the atom of the ligand. In
this work, the amount of charge transfer can be used to explain the
nature of the bond formation, the amount of transferred charge is small,
it indicates that the type of bond formation is mainly a covalent bond,
and the opposite is an ionic bond. At the same time, the appearance of
distinct hybrid peaks in DOS also provids a theoretical basis for the
formation of covalent bonds.

3.5. Thermodynamic analysis

Temperature, as an important parameter during the adsorption, is
discussed through thermodynamic calculation. According to the cal-
culated results, gases can adsorb on the graphene surface spontaneously
and stably. However, it is difficult to predict the situation when exposed
to high temperatures. To have a comprehensive understanding of the
adsorption state of gas molecules under different temperatures, the
temperature range is selected from 298 K to 1500 K. Gibbs free energy
variation (AG) is used to indicate the adsorption effect [51-53], and the
formula can be expressed by the following:

AG = GNi/GN—gas — GnijoN — Ggas 3
_ | Eae + ZPE+ RT - TS  (gas)
" | Ew + ZPE — TS (solid)

)

where Gni/gn-gas» Gnizan, and Gy, signify the Gibbs free energy of the
adsorbed systems, graphene-based single-atom nickel adsorbent and
gas, respectively. E,j. is the ground-state energy of an adsorbent system,
ZPE is the zero-correction energy acquired from the frequency calcu-
lation, R is an ideal gas constant which the value is 8.314 J/(mol'K), T is
the thermodynamic temperature and S is the entropy of our calculate
system. Furthermore, the value of Gibbs free energy was negative
meant gases can adsorb on the adsorbents spontaneously. According to
eq. (2), the more negative, the more stable of the adsorption.

The curves are drawn of the temperature and Gibbs free energy on
the four kinds of graphene substrates, as shown in Fig. 12. Gibbs free
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Fig. 11. The projected density of states profiles of SO; adsorbed on Ni/GN.

Table 3

Magnetic moment(uB) of gas adsorption on Ni/GN.
M(uB) SV SVN3 DV DVN4
NO 1.00 0.00 0.00 0.82
NO, 0.90 0.00 0.00 0.98
SO, 0.00 1.00 0.00 0.00
SO3 0.00 1.00 0.00 0.00

energy becomes higher gradually with the increasing temperature,
which means the temperature has an inhibitory effect for all the ad-
sorption, and it can prove that the adsorption process is an exothermic
reaction. Gao et al.[49] studied the gas molecules adsorb on single-
atom iron and demonstrated that temperature inhibited adsorption.
Dong et al. [48] conducted that temperature had a restraining effect on
gas adsorption of a graphene-based monoatomic cobalt adsorbent.

As Fig. 12 shown, the temperature has a critical effect of the ad-
sorption process and the AG is greater than 0 eV which means this
process cannot be spontaneously performed. All the four gases cannot
be adsorbed on Ni-DVN4/GN adsorbent, which manifests that one
cannot be used for industrial removal of these toxic gases. NO can be
stably adsorbed on the adsorbent of Ni-SVN3/GN within the tempera-
ture range, and it can spontaneously adsorb on the surface of the ad-
sorbent within a specific temperature range in terms of Ni-SV/GN and
Ni-DV/GN, 880 K and 980 K respectively. By comparing NO,, it is more
liable to adsorb at the same temperature on the Ni-SVN3/GN. However,
it can’t be carried out the reaction on the adsorbent of Ni-DV/GN above
420 K. Experimental data shows that the removing effect of both Ni-SV/
GN and Ni-SVN3/GN are becoming similar with the increasing

temperature below 1000 K. Similarly, Ni-DV/GN and Ni-DVN4/GN are
not the most appropriate adsorbent for SO, and SOs, and others also
show week adsorption effect. During SO, adsorption, it cannot actively
adsorb on the surface of Ni-SV/GN outside the temperature range of
350 K and even the most effective adsorbent cannot be stably adsorbed
at temperatures higher than 650 K. Equally, the adsorption effect of SO3
is similar to SO, which means that gas molecules are not adsorbed on
the adsorbents of double vacancies. In the case of single vacancy ad-
sorbent, its removal temperature is higher that is about 600 K and
800 K, respectively.

From a general perspective that the order of adsorbent adsorption
effect is: Ni-SVN3/GN > Ni-SV/GN > Ni-DV/GN > Ni-DVN4/GN.
Therefore, single vacancy graphene-based adsorbent is better than
double ones. According to the above-mentioned thermodynamic ana-
lysis, Ni-SVN3/GN may be a promising adsorbent during the flue gas
treatment of the boiler power station. Firstly, it is the highest tem-
perature (650 K) that can remove the gases spontaneously for the
corresponding gases, and it is higher than the boiler exhaust gas tem-
perature. Moreover, Yang et al. [54] researched the reaction pathway of
NO oxidation by using Fe-SV/GN adsorbent. Esrafili et al. [55] de-
monstrated that Si-SV/GN can convert SO, to SO3 stably even at room
temperature; Long et al. [56] showed that porous graphene oxide can
oxidize SO, to SO3 through experiments, and further produce by-pro-
duct sulfuric acid. These research results indicate our research has
practical guiding significance.

4. Conclusion

Toxic gases (NO, NO,, SO, and SO3) adsorb on graphene-based
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Fig. 12. The AG of gases as a function of temperature Ni/GN adsorbent.

single-atom nickel adsorbents are conducted based on the first princi-
ples calculation. Structure parameters, adsorption energy, electronic
properties, the density of states and thermodynamic analysis are in-
vestigated to understand the influence of the vacancy and doped ni-
trogen. By analyzing the effects of vacancies and nitrogen doping on the
adsorbent, it is found that the vacancies and doping have changed the
parameters and adsorption energy, and both of them play significant
roles in the adsorbent. EDDs, DOS and magnetic moment are calculated
to reveal the electron transfer in the whole process, which show that gas
molecules acquire electrons, metal atom contributes electrons. Equally
important, compared with the magnetic moment, the spin density maps
and PDOS can fit the data perfectly. Lastly, thermodynamic analysis
shows that temperature has an inhibitory function, and the adsorbent of
Ni-SVN3/GN is the most suitable for removing the toxic gases. Above
all, we hope that this article can provide practical guidance for the
study of adsorbents and open up new paths for single-atom adsorbents.
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