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Abstract: In this work, the adsorption of CO onto the surface of the transition metal Ni at different
coverage levels was explored based on the density functional theory (DFT). The corresponding
periodic slab plate models were established, and the adsorption parameters and CO electronic states
on different nickel surfaces under different coverage (0.11 mL, 0.25 mL and 0.5 mL) were calculated.
The results showed that the most stable adsorption sites on Ni (111) and Ni (100) crystal surfaces
were valley sites, while the most stable adsorption sites on a Ni (110) surface was a short bridge site.
By comparing the energy of the same adsorption sites, it was found that the adsorption of CO on a
Ni (100) crystal surface was superior to the other two surfaces. Furtherly, from the perspective of
the electronic structure, the density of states (DOSs) of Ni atoms and CO molecules were calculated
before and after adsorption. The density of states showed that the main factor of surface adsorption
generation originates from hybridization among the orbitals. This article provides insight into the
mechanisms of the nickel adsorption of CO.

Keywords: density functional theory; Ni crystal surface; adsorption energy; adsorption site; density
of states

1. Introduction

In the context of modern industry, industrial emissions have become a major source of
air pollution [1,2], where carbon monoxide (CO) is one of the components with a relatively
high contribution to exhaust gases [3-5]. CO is mainly derived from the incomplete
combustion of hydrocarbons and carbon-containing substances; industrial flue gas and
automobile exhaust contain large amounts of CO. Taking iron ore sintering as an example,
the mass concentration range of CO in sintered flue gas is about 5000 mg/m?>-12,000 mg/m?
due to incomplete combustion. Relevant studies have shown that CO not only damages the
function of the human heart, brain and respiratory system and severely damages human
health but also causes photochemical smog pollution via photochemical reactions with
NMHC (non-methane total hydrocarbons) and NOy in the air [6,7]. However, compared
with other pollutants, CO has not attracted enough attention. As the environmental
situation becomes more and more severe, reducing CO emissions has attracted widespread
attention. Because of this, the effective control and removal of CO is of great significance to
human society and the ecological environment.

At present, CO reduction processes are mainly divided into three categories: source
reduction, process control and terminal treatment. Compared with the other two strategies,
terminal treatment is the most direct and effective method of pollution reduction.

In the process of terminal treatment, many researchers have explored a variety of
methods to eliminate CO, including direct combustion, condensation, variable pressure
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adsorption, catalytic oxidation, etc. The direct combustion method is simple and efficient,
but the method is mainly suitable for the removal of high concentrations of waste gas. The
method of condensation enables a large degree of exhaust gas purification. In this process,
the higher the purification requirement, the lower the temperature of the cooling required,
which will increase the degree of difficulties and the cost. As a result, the condensation
method is usually used in combination with activated carbon adsorption, combustion and
other purification methods. The variable pressure adsorption method is easy to operate
and can be automatically controlled, but the cost of the device is high, which affects the
industrial scale. Catalytic oxidation is one of the more promising methods of reducing CO
because it has a large number of advantages, such as the fast rate of reaction, high removal
efficiency, the short residence time of the exhaust gas and low operating costs.

Many researchers have explored various catalytic oxidation reactions, trying to find
low-cost and efficient catalytic methods [8,9]. Relevant research [10-13] has been centered
around two components: (i) Advanced catalytic oxidation technologies, including plasma,
vacuum ultraviolet photolysis and catalytic ozonation technologies, which greatly enhance
catalytic efficiency by introducing active factors through advanced oxidation means. How-
ever, these methods are not suitable for typical industries represented by sintered flue
gas due to the difficulty and cost of operation. (ii) The exploration or development of
new catalysts for different substances, which can accelerate the reaction process by reduc-
ing the activation energy of the reaction. To reduce CO in sintering flue gas, studies on
traditional catalytic technology mainly focus on the research and development of new
catalysts. Reasonable and efficient catalysts can reduce costs and improve catalytic effi-
ciency. Regarding the selection of catalysts, transitional metals such as Ni, Ru, Fe, Co, Pd,
Pt [14], Rh, Cr and their oxides are generally preferred [15-18]. The noble metal Ru has the
best low-temperature catalytic activity of all catalysts, but it is too expensive to be widely
used in the industry. Metallic iron is easy to prepare and inexpensive, but the operating
temperature is high, and the catalytic activity is relatively low, while Ni-based catalysts, as
typical transition metal catalysts, have high reactivity, high stability, good selectivity and
are inexpensive, making them one of the most promising catalysts for current applications.

Previously, the research process of the traditional catalytic oxidation method was
mainly based on physics and chemistry experiments. The surface catalytic reaction mecha-
nism is of great significance in improving the catalyst and increasing the reaction rate. The
use of the transition metal Ni for the adsorption of CO molecules is currently receiving
extensive attention [19-22]. Yun et al. investigated the effect of chemisorbed CO, O, or H
on the segregation behavior of the Ni element in CuNi (111) alloys. The calculated results
showed that adsorbates could significantly affect the Ni segregation behavior on the CuNi
(111) surface [23]. Bai et al. presented a study of adsorption structures, binding energies and
so on for the adsorption of atomic species and molecular species and found that all these
decomposition reactions were superior to their respective molecular desorption rates [24].
Mitchell et al. [25] explored the main pathways of CO hydrogenation reactions over Ni
catalysts. They found that the CO molecular vibration frequencies on the Ni (111) surface
were not well correlated with the adsorption of H atoms. Bromfield et al. [26] and Scheijen
et al. [27], explored the activation energy of CO dissociation on the Ni (100) surfaces of Fe
and Mo at 0.25 and 0.5 mL, respectively. For the specific location of CO molecules adsorbed
on a Ni (110) crystal face, Mahaffy [28] suggested that CO molecules were adsorbed at the
long bridge site. In contrast, Haq [29] showed that topside adsorption predominated when
the coverage was below the 0.8 monolayer. From different perspectives, researchers still
have different conclusions on the same issue. In addition, the above study only investigated
one type of Ni surface and did not carry out a comprehensive and systematic analysis.
The adsorption energy of the corresponding model was calculated based on DFT, and the
conclusion was drawn by comparing them. The adsorption mechanism was not explored
from the perspective of a deeper electronic structure.

Based on previous research results, this paper will systematically and comprehensively
analyze the adsorption situation of CO on different crystal surfaces of the transition metal



Energies 2023, 16, 525

30f13

Ni. The stable adsorption structure of CO adsorbed on Ni surfaces was studied based
on the atomic layer number, bond length change and adsorption energy. Combined with
molecular dynamics [30], relevant models were established to explore information about
the corresponding preferential adsorption surface and adsorption site according to the
calculation results. In light of the research results, we can select a better adsorption
surface as the research object to calculate the density of the states of related atoms and
molecules from the perspective of atomic orbits. Furthermore, according to the changes
in the electronic structure before and after adsorption, we can determine the root cause
of adsorption. Understanding the adsorption structure and density of states of CO on Ni
surfaces at the atomic level is the key to studying the related catalytic reaction mechanism.
It is also of great significance for the further study of gas catalytic reaction mechanisms.

2. Computational Model and Parameter-Setting

All calculations in this work are based on DFT [31-34]. The correlated energy of
electronic exchange in the form of the GGA /PBE function is used in the electronic structure
calculations, where the spin state of electrons needs to be considered because of the mag-
netic material properties of nickel. Seven-layer nickel atoms are used to simulate different
surface structures. The cutoff energy is set to 520 eV. The self-consistent iterative loop
convergence criterion is set to 1 x 107, and the ion step relaxation convergence standard is
set to —0.01. The conjugate gradient method is chosen for the ion step relaxation algorithm.
The optimized model of Ni structure cell and CO molecule is shown in Figure 1.

;% CcO
C'%Gn .
e 9

Figure 1. Optimized bulk Ni cell and CO molecule.

The Ni cell is structurally optimized with K-points of 7 x 7 x 7. The lattice parameter
of Ni after optimization is 3.520 A, approaching the experimental value of 3.524 A [35].
According to the experiment, the bond length of the C-O bond is 1.128 A [36-38], and the
simulation result is 1.143 A. The two values are similar, which indicates that the chosen
method and parameter settings are reliable. A series of tests of cutoff energy and K-
point sampling were carried out before the formal start of the calculation, and the results
demonstrate that the calculation parameters reach convergent conditions.

Nickel metal has a face-centered cubic structure, and three different crystal surfaces of
(111), (100) and (110) were selected to explore the adsorption sites. The three neighboring
atoms of the Ni (111) surface are located at exactly three vertices of an equilateral triangle.
The distance between adjacent atoms is 2.489 A, and the Ni (111) face generally undergoes
only atomic relaxation without reconfiguration. The four adjacent atoms on the surface of
Ni (100) form a square with 2.489 A between adjacent atoms. Furthermore, the four adjacent
atoms on the surface of Ni (110) form a rectangular surface. To meet the requirement of
periodic boundary conditions for DFT calculations and to ensure that the intermolecular
forces are sufficiently small, a vacuum layer of 15 A in thickness is set to separate the
supercells. In addition, considering the influence of surface relaxation on the adsorbate
(CO), only some of the bottom atoms need to be fixed so that the upper atoms can relax,
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which can reduce the computational effort while maintaining the accuracy of the calculation.
The models are then optimized on the structure, and the adsorption energy of each model
is then explored to select the better adsorption site.

The stability of adsorption is expressed by the magnitude of the molecular adsorption
energy, which can be defined by the following equation:

Ead = _%(ECO_ad — Esut —nEco) M
where Ecq ,q is the total energy generated by the adsorption of carbon monoxide molecules
and nickel atoms, eV. Eg ¢ is the energy of the cell plane, eV. Ecg is the energy of an isolated
carbon monoxide molecule in a vacuum, eV. E,q4 is the energy after carbon monoxide
molecules are adsorbed on the surface, eV.

Coverage is a relatively important physical quantity in surface science, represented by
the character S:

s=+ @)

This is the proportion of the quantity of CO to the number of monolayer atoms on
the solid surface, where 7 is the number of adsorbed gas molecules. In addition, N is the
quantity of nickel atoms in the first layer. For example, in the system being researched, on
a surface of p (2 x 2) Ni (111), if the quantity of nickel atoms in the first layer of the model
is 4 and only one CO molecule is adsorbed, the coverage of CO is 0.25 mL.

3. Comparison of Adsorption Energies
3.1. Exploration of the Adsorption Ability of a Ni (111) Crystal Surface

There are four positions on the Ni (111) crystal surface, namely, the bridge sites, valley
sites and top sites, of which the valley sites are further divided into two cases. In this
process, CO is always adsorbed vertically on the Ni (111) crystal surface, and the adsorption
conformation is displayed in Figure 2. The energy, adsorption parameters and adsorption
configurations are shown in Table 1. The energies of these adsorption sites are 2.02 eV,
2.07 eV, 2.05 eV and 1.61 eV. By comparing the adsorptive energy of CO at different sites on
the Ni (111) surface, it is found that CO adsorbs preferentially at the valley site, followed by
the bridge site and, finally, at the top site of the nickel atom. In addition, through statistics
and analysis, it is found that the length of the C-O bond is 1.143 A in a free state. After the
adsorption, the C-O bond length of all adsorption sites increases, and under this condition,
the adsorption energy has a linear relationship with the length of the C-O bond.
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Figure 2. Four adsorption models of a CO and Ni (111) crystal surface.
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Table 1. Adsorption parameters of CO adsorption on (111), (100) and (110) surfaces at a 0.25 mL.

. No. of Eco_ad Ejq .
Surface Site Layers V) V) dc.o (nm)  dyj.c (nm)
CcO 0.114
BE 7 —162.88 2.02 0.118 0.187
. V fec 7 —162.91 2.05 0.119 0.194
Ni (111) A\ hep 7 —162.93 2.07 0.119 0.194
TP 7 —162.47 1.61 0.116 0.173
BE 7 —161.19 2.04 0.118 0.187
Ni (100) A\ 7 —161.3 2.15 0.121 0.203
TP 7 —160.94 1.79 0.116 0.173
LB 7 —157.51 1.82 0.125 0.197
. SB 7 —157.71 2.05 0.118 0.187
Ni (110) A\ 7 —157.45 1.76 0.121 0.198
TP 7 —157.48 1.79 0.116 0.174

BE: bridge site, SB: short bridge site, LB: long bridge site, TP: top site, V: valley site.

3.2. Exploration of the Adsorption Ability of a Ni (100) Crystal Surface

There are three adsorption positions, including the bridge site, valley site and top
site. The adsorptive configurations are shown in Figure 3, and the relevant data are shown
in Tables 1 and 2. The data statistics and comparisons show that the Ni-C bond length
is roughly distributed at 2.04 A when CO is preferentially adsorbed at the valley site.
Compared with the free state, the increasing length of the C-O bond length is 0.07 A. This
shows that when CO is at the valley sites of the Ni (100) surface it has a significant effect on
the activation of CO. In addition, by analyzing the data, we can draw the conclusion that
the adsorption energy of CO is weaker on the Ni (111) surface than on the Ni (100) surface
at the corresponding position without changing the calculated parameters.

&P P P 09%09,69 09°g9° 0®
P & e° o0 o® o
PP P 0%0%00 PP ed
P & 09 @0 @® oo
P P P 099%09%,0¢ 09°g9° 500
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Figure 3. Three adsorption models of a CO and Ni (100) crystal surface.

Table 2. Energy of CO in the free state and the energy of the three nickel crystal surface faces.

Scheme 111 Energy (eV)
Ni (111) —146.08
Ni (100) —144.37
Ni (110) —140.91

cO —14.78
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3.3. Exploration of the Adsorption Ability of a Ni (110) Crystal Surface

Figure 4 shows four adsorption models of CO on a Ni (110) surface at 0.25 mL, and
the adsorption energy, adsorption configuration and other information are listed in Table 1.
These adsorption models are all seven-layer slab models, as shown in the diagram.

Figure 4. Four adsorption models of CO on Ni (110) crystal surface.

Initially, the number of atomic layers of the flat model is set to three. In this situation,
structural optimization and calculation analysis are carried out. By comparing the models
with different atomic layers, it is found that when the quantity of atomic layers is low
some models are deformed, and the original morphology is changed. When the number of
atomic layers is set to seven in these models, the four adsorption models mentioned above
do not show any reconfiguration after structural optimization. The relevant data obtained
from the calculations show that CO has the highest adsorption energy (2.05 eV) when CO
is at the short bridge position of a Ni (110) crystal surface. The research results indicate
that it is the most stable adsorption site for CO on the Ni (110) surface. The dy;.c in this
situation is 1.87 A, and the dc.o is 1.18 A, which is approximate to the results obtained by
Ge et al. [39] through theoretical calculations.

The phenomenon of reconfiguring Ni (110) crystal surfaces may be due to the change
in surface balance when CO is adsorbed onto the nickel metal surface. The main objective of
the current research is to explore the influence of different crystal surface configurations on
the adsorption properties, so we will not investigate the changes. In addition, a comparison
of the three-layer and seven-layer atomic layer data shows that the adsorption energy will
be weakened when the crystal plane is reconstructed.

3.4. Influence of Coverage on CO Adsorption

At this research stage, the structural parameters of different adsorption positions are
closely related to the absorption ability. When exploring the influence of coverage on
adsorption performance, we mainly select the most stable adsorption positions at different
crystal planes for research and analysis. In addition, we select the coverage levels of
0.11mL, 0.25 mL and 0.5 mL. In these conditions, the adsorption positions on different
crystal planes are kept the same, and structural optimization and numerical analysis are
carried out. The relevant data of CO adsorption on any surfaces at three coverage degrees
is shown in Table 3. For a more intuitive display, the relationship between energy and
coverage is shown in Figure 5.
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Table 3. Adsorption parameters of CO adsorption on three surfaces at different coverage levels.

Surface 111 100 111
S (mL)

Energy (eV)
0.11 2.12 2.18 2.07
0.25 2.07 2.15 2.01
0.5 1.90 2.03 1.87
dc.o (nm)
0.11 0.1194 0.1216 0.1184
0.25 0.1192 0.1212 0.1182
0.5 0.1183 0.1200 0.1176
2.2
—a— 111
—e— 100
—&— 110
2.1 F
>
W
~—
=
m' 2.0+
1.9
. 1 . 1 .
0.0 0.2 0.4 0.6

S (mL)
Figure 5. The variations of adsorption energy with coverage on three crystal surfaces.

The adsorption energy of CO adsorbed on three crystal surfaces of nickel is calculated
separately for different coverage levels. From the calculations, we discovered that the
strength of the interaction is in the order of (100) > (111) > (110) when CO is adsorbed
on the surfaces of nickel with diverse coverage. And the corresponding adsorption will
decrease when the coverage is increased. The results show that under certain coverage
levels, the smaller the coverage level, the greater the adsorption effect. When the coverage
level increases, the mutual repulsion between the CO molecules will gradually strengthen,
and the adsorption effect between the CO and the surface of the Ni will weaken. Eichler
also obtained the same conclusion by studying the Ni (111) surface [40].

The calculation outcomes show that the adsorption ability will be affected by the repul-
sion force between CO molecules. With the increase in coverage, the distance between CO
molecules will become smaller, and the adsorption energy will decrease. This phenomenon
may be caused by the electronic effect, which will inhibit CO from receiving electrons from
Ni cells [41,42]. The conclusion that adsorption decreases with the increase in coverage
can also be demonstrated by the change in the C-O bond length. The bond length in the
free state of CO is 1.143 A. When CO molecules are on the crystal plane of nickel, the
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bond length of carbon monoxide will increase, and the lower the coverage, the longer the
length of the CO. Still, with the increase in coverage, the length of the C-O bond shows a
decreasing trend. However, it is always higher than the bond length in the free state. The
details are shown in the Figure 6.

0.122
—=— 111
—e— 100
0.121 —a— 110
E 0.120
S
o
=
0.119
0.118 -
0.0 02 04 0.6

S (mL)
Figure 6. The variation of C-O bond lengths with coverage on three crystal surfaces.

4. The Density of State Analysis

The above calculations show that CO is preferentially adsorbed on the Ni (100) crystal
surface. On account of this, the surface is used as the object of study. The change in the
electronic structure in the adsorption process is studied, and the electronic density of the
states of Ni and CO before and after adsorption is calculated. Figure 7 shows the changes
in the density of the states of the CO and Ni before and after adsorption. As can be seen
from the image, the density of the states of both the CO and Ni change before and after
adsorption. Compared with that before adsorption, Ni atoms show surface electronic states
in an energy range of —10 eV~—8 eV and —7.5 eV~—6 eV. The electronic density of the
states of the CO molecules change significantly before and after adsorption, and surface
electronic states appear in an energy range of —10 eV~—8eV,-7.5eV~—6eV and 2 eV~5eV.

Figure 8 reveals a comparison of the density of the states of CO and Ni after adsorption.
It can be seen in the figure that there is a hybrid phenomenon between them in an energy
range of —10 eV~—8 eV, —7.5 eV~—6 eV and 2 eV~5 eV. Among them, in the energy
range of —10 eV~—8 eV and —7.5 eV~—6 eV, Ni atoms and CO molecules have strong
hybridization, while in an energy range of 2 eV~5 eV, there is no apparent hybridization
between them.

The adsorption of CO molecules on the Ni crystal face leads to a change in their
electronic states. In order to confirm their orbital compositions, the density of the state
image is divided according to the different orbitals based on Figure 8 to obtain the atomic
orbital density of the state images of carbon, oxygen and nickel atoms. Figure 9 shows
the density of the states of the different orbitals of carbon, oxygen and nickel atoms after
adsorption. Based on the results shown in the graphics, the hybridization of CO molecules
and Ni atoms in an energy range of —10 eV~—8 eV mainly comes from the hybridization
of the s orbitals of the carbon atom and the s and p, orbitals of the oxygen atom with
the s, p and d orbitals of the nickel atom. In an energy range of —7.5 eV~—6 eV, the
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surface adsorption of both produces hybridization mainly due to the hybridization of the
px and py orbitals of carbon and oxygen atoms with the s and d orbitals of nickel atoms.
The hybridization phenomenon in the energy range of 2 eV-5 eV arises mainly due to
the hybridization of the px and py orbitals of carbon atoms with the p and d orbitals of
nickel atoms.
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Figure 7. Electronic density of states of (a) Ni and (b) CO before and after adsorption.
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tes of a CO molecule and a Ni atom after adsorption.
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Figure 9. Density of the orbital states for each atom after adsorption: (a) carbon atom; (b) oxygen

atom; (c) nickel atom.

5. Conclusions
1.

By simulating and calculating the parameters of CO adsorption energy, the adsorption
structure and the bond length on different crystal faces and different adsorption
sites, we conclude that CO has the strongest energy at the valley position on the Ni
(111) crystal surface under the four models. Similarly, the most stable adsorption
position on the Ni (100) crystal surface is the valley position. Different from the former,
the most substantial adsorption position on the Ni (110) crystal face under the four
adsorption models is the short bridge site. CO is activated to varying degrees at all
adsorption sites. At 0.11 mL, 0.25 mL and 0.5 mL, the preferential adsorption order of
COis (100) > (111) > (110).

When a carbon monoxide molecule is adsorbed on Ni (111) and Ni (100) crystal
surfaces, the length of the C-O bond will be longer with the increase in adsorption
energy. However, there is no such linear relationship when it is adsorbed on a Ni
(110) crystal surface. In addition, when located at the same adsorption position, the
C-O bond length decreases with the increase in coverage, and the adsorption effect
becomes weaker.

The results of the density of states study show that the main reason for the adsorption
of CO on the Ni crystal plane contains two parts: the first part is the hybridization of
the s orbitals of carbon atoms and the s and p, orbitals of oxygen atoms with the s, p
and d orbitals of nickel atoms in an energy range of —10 eV~—8 eV. The second part
is the hybridization of the pyx and py orbitals of both carbon and oxygen atoms with
the s and d orbitals of nickel atoms in an energy range of —7.5 eV~—6 eV.
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