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Abstract

The thermodynamic and kinetic processes of Ce-doped graphene were simulated by the
method of first-principles molecular dynamics. The structural optimization and
annealing, the Kinetic properties of Ce-doped graphene composites were calculated by
the classical mechanics Forcite module. The results show that with the increase of Ce
doping concentration, the order of the radial distribution function in the system
increases and presents a state of aggregation. According to the analysis of mean azimuth
shift function, the mean square displacement (MSD) value of Ce doped graphene
composite increases with the increase of doping concentration, and the corresponding
diffusion coefficient also increases. The research of gyration radius and gyration
evolution radius shows that with the increase of temperature and doping concentration,
the gyration evolution radius of atoms becomes shorter and shorter, indicating that the
interatomic force in the system is enhanced and the range of activity is shortened.
Combined with the analysis of local cluster structure, it can be seen that the maximum
cluster size and number of Ce doped graphene composites do not change significantly
with the increase of doping concentration, indicating that Ce atom doping will improve
the order in the system, increase the diffusion coefficient and enhance the interaction
force between atoms. The paper aims to reduce the error between the theoretical
properties and the actual properties, and provide a theoretical basis for the
development of new materials with excellent properties.
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1. Introduction

Materials are indispensable in people's lives, it exists and serves people in all aspects, clothing,
food, housing, economic society, national development and national heavy industry
construction. Under the background of the new era, new materials have also become a major
chassis technology in China's manufacturing industry, even if China's new materials continue
to make new breakthroughs and progress, but there are still many problems, such as China's
basic materials industry still has insufficient original innovation, weak support and guarantee
ability, sustainable development ability is not strong and other outstanding problems!il. The
research and development of new materials can fundamentally solve the above problems. Since
the graphene material was discovered, it has been widely studied, and researchers have found
that it shows better performance in all aspects, so it is also very popular with people. Graphene
has high hardness strength, good stability and electrical and thermal conductivity, of which the
theoretical thermal conductivity reaches 5000 W/(meK), The theoretical Young's modulus is
1.0 TPa, the inherent tensile strength is 130 GPa, It is a new material, which is a kind of excellent



Frontiers in Science and Engineering Volume 4 Issue 9, 2024
ISSN: 2710-0588

modified material, in which carbon atoms connected by sp? hybrid are tightly packed into a
single two-dimensional honeycomb lattice structure [2]. It has high strength, good stability, good
electrical conductivity, excellent mechanical strength and optical properties(3l. At room
temperature, the carrier mobility is faster, the electron mobility is less affected by temperature
changes, there is no backscattering when encountering impurities in the carrier, and the
absorption rate reaches 2.3% in a wide wavelength range [4], so it is used in many fields. Such
as the production of liquid crystal display screens, solar cells, biological materials, lithium
batteries, semiconductor materials, early cancer diagnosis, seawater desalination filtration
membranes, graphene decontamination sponges and so onl5l. In 2004 Andre K. Geim et al. [¢]
won the Nobel Prize in Physics after repeatedly pasting graphite with tape to obtain a single
layer of graphene and designing the smallest diode. In the same year, Kostya. Novoselov and
Andre.K. Geim!7] also prepared graphene. In 2008, Konstantin V. Emtsev et al(8l. also prepared
optimized graphene films. In March of the same year, the Watson Research Center of
International Business Machines Corporation made a low-noise graphene transistor based on
SiC substrate, which shows that the application of two-layer graphene can be realized in real
life; In June of the same year, Maki Suemitsu, a professor at Tohoku University in Japan,
produced two graphite films with an area of 100x150 um?.

In the research of graphene, a large number of scientific researchers in China have also invested
in it, especially in China's relevant scientific research units and major universities and colleges,
in theory, preparation, testing and other aspects have made breakthrough progress, China has
made important progress in the industrialization of graphene. At present, China has established
anumber of graphene production enterprises, and the production capacity of these enterprises
is also constantly improving. At the same time, China's graphene industry chain is also
becoming more and more perfect, and research results have been widely used. Secondly, China
has also made new breakthroughs in the development of graphene materials. A number of well-
known scientific research institutions such as Chinese Academy of Sciences and Tsinghua
University have carried out in-depth research on the development of graphene materials, and
made some important achievements in the performance optimization and preparation process
of graphene materials. For example, Fan Cui et all®l. found that the anti-stray light ability of
mixed spray blackening of graphene and epoxy rubber is significantly better than that of
electroless nickel plating blackening. Yang Zhendong [101 synthesized a novel ionic liquid-
graphene hybrid nanomaterial through the covalent interaction between ionic liquid and
graphene. Zhang Huining et al. [11] found that 3D printing 3D graphene can also be well applied
to water treatment. Shandong University has successfully produced a large area of graphene on
a 2-inch SiC substrate.

Considering the research situation at home and abroad, it can be seen that compared with the
research of graphene when it was discovered, a large number of researchers invested in the
research, and its research results have made a huge leap both at home and abroad [12]. From the
overall research at home and abroad, some obvious problems can be found in the major studies.
It can be seen from the current development situation that its limitations are mainly reflected
in the following aspects: first, there is a certain difference between the theoretical performance
and the actual performance of the material, and the performance does not reach the theoretical
predicted value; Second, in terms of characterization means, the degree of orientation can be
directly evaluated by microscopic characterization, but there is a lack of relevant
characterization means for the influence of microscopic structure on macro performance.
Therefore, in this paper, the selection of Ce doping to regulate the physical and chemical
properties of graphene and the kinetic mechanism of doping formation process are studied.
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2. Calculation Method and Model

2.1. Calculation Model

Where, Ce is a square crystal, the density is 6.9 g/cm3 [13]. The structure of Ce doped into
graphene is a cubic crystal system, and the symmetric elements are four cubic rotation axes [14],
all of which are symmetric P1[t3]. The specific cell constants are shown in Table 1 and Table 2.

Table 1. Cell parameters at different doping concentrations at 300 K

Concentration a/A b/A c/A a/° B/° v/°
1% 40.58 40.58 40.58 90.00 90.00 90.00
2% 41.94 41.94 41.94 90.00 90.00 90.00
3% 43.23 43.23 43.23 90.00 90.00 90.00

Table 2. the Mass, volume and number of particles at different doping concentrations at 300

K
Concentration Density /(g/cm3) Volume / A Population of particles
1% 1.00000 66814.4 3030
2% 1.00000 73794.7 3060
3% 1.00000 80774.9 3090

Figure 1 is the structural model diagram of Ce doped graphene, the gray sphere represents
graphene, and the yellow sphere represents Ce. Due to the difference in Ce doping amount, the
proportion of different colors can be clearly seen. (a) the doping concentration is 1% and the
structural model is 300K; (b) the doping concentration is 2% and the structural model is 300K.
(c) is a structural model with a doping concentration of 3% and 300 K.

(a) 1% 300k (b} 3% 300k (c) 3% 300k

Figure 1. The structural model of Ce doped graphene (a) is the structural model at a doping
concentration of 1% and 300K, (b) is the structural model at a doping concentration of 2%
and 300K, and (c) is the structural model at a doping concentration of 3% and 300K

2.2. Calculation Parameters

Three groups of graphene with different doping concentrations were annealed at an initial
temperature of 300 K [16], The annealing cycles were 5 times, the mid-cycle temperature (the
highest part of the cyclic annealing) was 2000 K, and the temperature gradient steps of the
cooling process in one cycle were 20, and the kinetic steps of each temperature gradient were
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100. The total number of kinetic steps is 2000, and the optimized structure is annealed. In the
kinetic parameters, the micro regular NVE ensemble is adopted (the number of atoms, volume
and energy of the system are constant) [17-20], the step size is 1.00 fs, and the initial velocity is
randomly default. In the energy parameters, the Universal force field of the system is selected,
and the simulation method of Ewald's ball method is adopted [21l. The accuracy is kept at 0.001

kcal/mol, and the buffer width distance is 0.5 A2,

3. Results and Discussion

3.1. Dynamic Characteristic Analysis

In order to obtain more accurate data, Anneal module is used in this paper to anneal the initial
model above. Anneal is annealed at an initial temperature of 300 K, the number of annealing
cycles is 5 times, the temperature in the middle of the cycle (the hottest part of the cycle
annealing) is 2000 K, and the number of temperature gradient steps in the process of heat
reduction in one cycle is 20. The number of dynamic steps for each temperature gradient is 100,
and the total number of dynamic steps is 2000, and the optimized structure is annealed. Figure

2 simulated running annealing process.
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Figure 2. Function relationship between temperature and time during simulated annealing

After annealing is completed, Dynamics module is used for dynamic analysis of the model, and
whether the system tends to be stable is analyzed through the output energy and temperature
change trend diagram. In the NPT ensemble simulated by molecular dynamics, the balance of
the system is judged through energy fluctuations. If the change amplitude of the total potential
energy is within 10%, the system can be judged to have reached equilibrium [2], indicating that
the temperature and energy of the system have reached a stable state, then the analysis can be

carried out.

3.2. Radial Distribution Function

In the radial distribution function (RDF), when the order of an RDF structure is strong, it will
form a distinct peak. The height and sharpness of this peak can reflect the degree of order of
the RDF structure. If the peak is high and sharp, it indicates that the connection between the
atoms is relatively close and the structure is more orderly. On the contrary, if the peak is short
and flat, it indicates that the structure are more loose and disordered. In other words, by
analyzing RDF values and their distribution, the structure and tight aggregation characteristics
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in the whole system can be predicted [23]. As r increases indefinitely, the value of g(r) tends to
10241, The mathematical formula for RDF is as follows:

p(r)

g(r) =2 (1

Where, p(r) is the particle density in the crystal.

In the RDF graph, the closer the position of the first peak value is to the Y-axis and the higher
the smoothness indicates that the binding ability is stronger there, and the system may show a
state of aggregation. If it is far away from the y axis or not obvious, it indicates that the binding
force is weak and the system may present a discrete state. For a tightly packed system, g(r) will
quickly peak and then decrease to 1. The integral of g(r) at the first peak is the average number
of particles in the shell there. Figure 3 is the RDF diagram of graphene at different doping
concentrations. From the diagram, we can see that when the central atomic distance is 1.41 A,
its radial distribution function has a maximum value of 32.34. The results show that when
r=1.41 A, the interaction force between the central atom and the adjacent atom is the strongest,
which shows the short-range order and aggregation state, and also indicates that the average
particle number reaches the maximum. The number of separated peaks represents the position
of particles on the lattice point, that is, there are 5. With the increase of radius, the radial
distribution function gradually tends to 1, indicating that the interaction force between atoms
is very weak, and the system has reached stability.

35
35 ‘ N —— ROF
N —— RDF wh 34.77
30 | 32.34 '
25
, )
3l 3
o0 w0 1
15F
10 10
sk
(
0 A 0 1
- T T
0 L 5 10 0 5 10
rA r(A)
(a) (b)
40 :
— RDF
3 AN
36. 9¢
30
25
Z
"]
15
10
sk
0 L
T
0 5 10
r (A
(c)

Figure 3. RDF at different doping concentrations of 300 K, (a)1%, (b)2%, (c)3%
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3.3. Mean Square Displacement

MSD is the mean azimuth shift, that is, in the process of molecular dynamics simulation, the
particles do irregular thermal motion from the initial time, and the average displacement of the
particles in a certain period of time is the mean azimuth shift [24]. It corresponds to the diffusion
coefficient of atoms. In practice, the statistical data will decrease with the time interval, usually
producing a large fluctuation at the end. Through the mean azimuth shift analysis, the change
of the diffusion coefficient with temperature is obtained. The increase of MSD over time is
related to the diffusion coefficient D, expressed as follows:

1
r2(6) = = (X piciIr(®) = r(0)) (2)
According to Einstein's diffusion law, the following expression can be obtained:

tlim(r)z =C + 6Dt (3)

Where r is the mean azimuth shift function, D is the diffusion coefficient, and C is the constant.
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Figure 4. MSD at different doping concentrations of 300 K, (a)1%, (b)2%, (c)3%

Figure 4 is the MSD diagram at different doping concentrations of 300 K, and Figure 4(a) is the
MSD diagram at 1% 300 K, where the black is the MSD curve and the red is the fitted MSD curve.
The origin curve fitting tool can tell that the fitted curve expression is y = 0.3352x-27.74.
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Through calculation, the diffusion coefficient can be obtained from the mean azimuth shift
curve as 0.05586930 A 2/ps, which is converted to 0.97130160 cm?2/s. Figure 4(b) 2% 300K
MSD diagram, in which the blackis the MSD curve and the red is the fitted MSD curve. The origin
curve fitting tool shows that the fitted curve expression is y = 0.4906x-35.753. After calculation,
the diffusion coefficient can be obtained from the mean azimuth shift curve as 0.08176070 A
2 /ps, which is converted to 0.96774486 cm?/s. Figure 4(c) is the MSD diagram at 3% 300K, in
which the black one is the MSD curve and the red one is the fitted MSD curve. It can be seen
from the origin curve fitting tool that the fitted curve expression is y = 0.8732x-58.425. The
diffusion coefficient can be obtained from the mean azimuth shift curve as 0.14553724 A 2/ps,
which is converted to 0.95417058 cm?/s. In conclusion, with the addition of Ce atom, the
diffusion coefficient in the system increases and the diffusion capacity becomes stronger, which
is mainly shown as 1.455x10-7>0.818x10-7>0.559x10-7.

3.4. Radius of Rotation and Radius of Rotation Evolution

The radius of rotation generally also refers to the radius of inertia, which refers to the distance
between the axis of rotation concentrated around the center of the object, its value is the square

root value of the moment of inertia of any section to a certain axis divided by the area of the
section [24], the expression is:

D2—-d?2

r="2 4

In this study, we studied and discussed the interaction of atoms in the system under different
doping concentrations by output probability density function images and gyroradius function
images, so as to analyze the overall properties of atoms in the system.
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Figure 5. Cyclotron evolution radius at different doping concentrations of 300 K, (a)1%,
(b)2%, (c)3%
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Figure. 5(a) 1% 300 K cyclotron evolution radius diagram, from which it can be seen that in the
running 500 ps, the gyroscope of the system shows A general downward trend, the highest
gyroscope is 2.2891 A, the lowest is 2.2868 A, and the range of the gyroscope remains between
2.2868 and 2.2891. The range of cyclotron radius of the output probability density function
graph is mostly kept in 2.46~2.79. Both the single probability density image and the gyration
evolution radius image show that the gyration radius of the atoms in the system keeps within a
certain value range and has a downward trend, indicating that the binding force of the atoms in
the system is getting stronger and stronger. Figure. 5(b) is the cyclotron evolution radius
diagram at 2% 300 K. It can be seen from the diagram that during the operation of 500 ps, the
rotation radius in the system generally presents A downward trend, with the highest rotation
radius being 2.2891 A and the lowest being 2.2858 A. Moreover, the range of cyclotron radius
is kept between 2.2858 and 2.2891, and the range of cyclotron radius of the output probability
density function graph is mostly kept between 2.47 and 2.79. Both the single probability density
image and the gyrotron evolution radius image show that the cyclotron radius of atoms in the
system is kept within a certain value range and has a downward trend. It shows that the binding
force of atoms in the system is getting stronger and stronger. Figure. 5(c) is 3% 300K cyclotron
evolution radius diagram. It can be seen from the diagram that in the 500 ps operation, the
gyroscope of the system generally presents A downward trend, with the highest gyroscope
being 1.8158 A and the lowest being 1.8136 A, and the range of gyroscope is maintained
between 1.8136 and 1.8158. The range of cyclotron radius of the output probability density
function graph is mostly kept in 2.47~2.79. Both the single probability density image and the
gyrotron evolution radius image show that the cyclotron radius of the atoms in the system is
kept in a certain numerical range and has a downward trend, indicating that the binding force
of the atoms in the system is getting stronger and stronger. In summary, with the increase of Ce
concentration, the gyroradius becomes smaller and smaller, showing 2.2868 A > 2.2858 A >
1.8136 A. Therefore, it is concluded that the addition of Ce atoms makes the binding force in the
system more and more strong, showing aggregation.

3.5. Local Cluster Structure Analysis

Figure 6. 300 K is the local cluster structure of Ce-doped graphene (a)1%, (b)2%, (c)3%

Under the condition of 1% 300 k, the system has 3030 atoms and 230 types of clusters,
including 16, 14 and 1 size types, among which 100 clusters with 16 size are proposed.
Therefore, the large and large size clusters of the system are obtained, as shown in Figure 6 (a),
which consists of 100 clusters and 1600 atoms. Under the condition of 2% 300 k, the system
has 3060 atoms and 260 types of clusters, including 16, 14 and 1 size types, among which 100
clusters with 16 size are proposed. For this reason, the large and large size clusters of the
system are obtained, as shown in Figure 6 (b), which consists of 100 clusters and 1600 atoms.
Under the condition of 3% 300 k, the system has 3090 atoms and 290 types of clusters,
including 16, 14 and 1 size types, among which 100 clusters with 16 size are proposed.
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Therefore, the large and large size clusters of the system are obtained, as shown in Figure 6 (c)
above, which consists of 100 clusters and 1600 atoms. In summary, combined with the output
file, it is inferred that Ce doping does not cause changes in cluster size, and the doped Ce atom
forms a single cluster, which is why the cluster type increases with the increase of doping
concentration.

4. Conclusion

In this paper, the classical dynamics module Forcite in Material Studio was used to conduct
dynamic research on the simulated kinetic model of Ce doped graphene composite. After
annealing, the kinetic calculation was carried out, and the force distribution of atoms inside the
composite was simulated through the radial distribution function. The diffusion coefficient of
the composite was simulated by the mean azimuth shift. The internal aggregation and
dispersion of atoms are simulated by the gyration radius and gyration evolution radius, and
then the Cluster analysis in ovito software is used to analyze the internal cluster of atoms. After
the Ce doping concentration of 1%, 2% and 3% of the systems were respectively studied, their
radial distribution function, mean azimuth shift, rotation radius and rotation evolution radius
were obtained: (1) With the incorporation of Ce atoms, the structure order in the system is
improved. (2) With the incorporation of Ce atoms, the bond in the system is closer and appears
as an aggregation state. (3) With the incorporation of Ce atoms, the diffusion coefficient
increases and the diffusion capacity becomes stronger. (4) The doping of Ce atoms does not
affect the existing clusters in the system, indicating that the incorporation of Ce atoms will make
the force of each cluster stronger, making the architecture more compact.
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