
Citation: Lu, J.; Guan, J.; Chen, H.; Li,

M.; Hua, Z.; Niu, F.; Zhang, Y.

Molecular Dynamical Investigation

of Lithium-Ion Adsorption on

Multilayer Fullerene. Coatings 2022,

12, 1824. https://doi.org/10.3390/

coatings12121824

Academic Editor: Alessandro Latini

Received: 27 October 2022

Accepted: 23 November 2022

Published: 25 November 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

coatings

Article

Molecular Dynamical Investigation of Lithium-Ion Adsorption
on Multilayer Fullerene
Jinbin Lu 1, Jie Guan 1, Hao Chen 1,2, Minghua Li 2, Zhongwei Hua 3, Fuzhou Niu 1,2,* and Yang Zhang 3,4,*

1 School of Mechanical Engineering, Suzhou University of Science and Technology, Suzhou 215009, China
2 Jiangsu Juli Intelligent Machinery Co., Ltd., Suzhou 215009, China
3 School of Science, Nanjing University of Science and Technology, Nanjing 210094, China
4 Department of Architecture and Civil Engineering, City University of Hong Kong,

Kowloon, Hong Kong, China
* Correspondence: fzniu@usts.edu.cn (F.N.); hfutzy@njust.edu.cn (Y.Z.)

Abstract: As the cathode of lithium-ion batteries, carbon material has been the focus of research. At
present, diverse investigations have been carried out on the lithium convergence behavior in the
carbon material family. As a new carbon material, multilayer fullerenes have been shown in various
experimental studies to have a high discharge rate as an electrode, indicating that onion-like carbon
has the potential to release energy quickly. Materials and mechanical scientists are increasingly
interested in lithium-ion batteries. In this paper, the molecular dynamics (MD) method was used to
simulate the absorption of lithium ions by multilayer fullerenes. A model of five layers of fullerenes
was established to compare the lithium-ion absorption rates of multiple layers of fullerenes at different
lithium-ion concentrations. The effects of the lithium-ion diffusion rate on the results were considered.
In addition, the effects of the number of lithium ions, the velocity, and the layer number of multilayer
fullerenes on the structural behavior and stress were investigated thoroughly when the multilayer
fullerenes adsorbed lithium ions.

Keywords: molecular dynamics (MD) method; multilayer fullerene; lithium-ion battery; diffusion-
induced stress

1. Introduction

Carbon materials have always been the focus of energy applications. The focus of
attention has shifted from the continuous use of coal as the primary energy source to
standard lithium-ion battery anode materials. In recent years, new types of carbon nano-
forms with carbon nanotubes and graphene as the main directions have emerged. There
is no doubt that this process has promoted research related to electrochemical energy
storage and conversion, leading to the birth of a “new era of carbon” [1]. There are
many different carbon nanoforms and allotropes in the carbon family. Among them, the
multi-layer fullerene, which is also called onion-like carbon (OLC) or carbon nano onion
(CNO), is the most interesting one. Multilayer fullerenes are approximately spherical
nanoscale carbon particles composed of multiple closed fullerene-like carbon shells. They
have a concentric layered structure similar to onions. In addition to being called CNO
and OLC, multilayer fullerenes are also called superfullerenes or onion-like fullerenes.
These names include various concentric shells ranging from nested fullerenes to small
(<100 nm) polyhedral nanostructures, discovered by Iijima et al. [2]. In 1980, Ugarte et al. [3]
synthesized and described multilayer fullerenes in amorphous carbon black. After only
20 years, Mordkovich [4] reported the first experimental observations of two-layer and three-
layer multilayer fullerenes in 2000. Ostroumova et al. [5] conducted a reactive molecular
dynamics study on the formation of onion-like carbon nanoparticles. The team of Dastjerdi
et al. [6] conducted an in-depth study on the bending analysis of the fullerene structure. Gu
et al. [7] studied the electrochemical properties of 5–10 nm onion-like carbon nanoparticles,
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the presence and absence of functional groups on the surface of these nanoparticles, and
non-diamond soot with similar particle morphology and mesoporous activated carbon.
Wang et al. [8] used molecular mechanics calculations to generate geometrically optimized
structures of large spherical fullerenes.

Multilayer fullerenes have a unique combination of high conductivity (compared to
carbon black), large surface area and nanometer size (generally no more than 10 nm), and
the possibility of large-scale synthesis and chemical modification [9]. From biomedical
imaging [9] to electrochemical energy storage (EES) [10], lubrication and catalysis [11], and
water treatment [12], this material has been advantageous. In EES applications, whether it is
electrode materials for ultrafast charge/discharge devices [13], or conductive additives used
to enhance the power-handling capability of activated carbon [14], multi-layer fullerenes
have been widely used. Currently, there is more and more research on multilayer fullerenes
for advanced electrochemical applications [15,16] due to the fast ion/electron transfer
characteristics leading to the stable porous nanosphere structure formed by multilayer
fullerenes with good electrochemical properties [17].

To deepen our understanding of the diffusion-induced stress in multi-layer fullerene
during the lithium-ion diffusion process, the present work mainly studies the coupled effect
of lithium intercalation behavior and multilayer fullerene structure behavior considering
the influence of the velocity and concentration of lithium ions and the number of layers of
multilayer fullerenes.

In this paper, MD was used to study the lithium insertion behavior in multilayer
fullerenes. Molecular dynamics has a powerful ability to simulate the motion process of
atoms, but it has not been reported on the motion evolution law and stress distribution
of fullerene electrodes in the process of lithium-ion diffusion. Lithium ions contact and
diffuse on the surface of multilayer fullerenes. Compared to macroscopic simulations, MD
can help gain detailed insights into the microscopic mechanism of Li-ion intercalation into
fullerene electrodes.

First, a model of five layers of fullerenes was established to compare the lithium-ion
absorption rates of multiple layers of fullerenes at different lithium-ion concentrations.
Then, we consider the effect of the lithium-ion diffusion rate on the results. Finally, we
compared the effects of different layers on the stress changes of multilayer fullerenes.
The results show that the concentration of lithium ions is positively correlated with the
stress change of multilayer fullerenes. The higher the concentration is, the greater the
stress fluctuation is. However, due to the limited amount of lithium ions adsorbed by
multilayer fullerenes, increasing the concentration of lithium ions after exceeding the
maximum adsorption concentration has little influence on the stress change. The velocity
also directly affects the stress fluctuations produced by the multilayer fullerenes. The
higher the velocity, the greater the stress fluctuation produced by multilayer fullerenes at
the same concentration. In addition, the influence of the number of layers on the stress
change is negatively correlated. The more layers, the less stress fluctuation.

2. Simulation Method

In this study, all the simulations are performed with the Large-scale Atomic/Molecular
Massively Parallel Simulator (LAMMPS, Sandia National Laboratories, Albuquerque, NM,
Sandia, USA) package [18], and atom visualization is done by the Open Visualization Tool
(Ovito, OVITO Basic, Darmstadt, Germany) [19].

MD has been widely used to investigate the mechanical behavior of various nanostruc-
tures. For example, MD has been adopted to study the interaction between graphene [20–27],
carbon nanotubes [28,29] and lithium ions, respectively. Furthermore, MD is also employed
to examine the interaction between fullerene and potassium ion, which is called the inner
membrane potassium ion fullerene (K+@C60) [30–32]. In addition, there are many studies
on the interaction between spherical molecules, such as fullerenes using M [33–36]. Most of
the above-mentioned papers adopted the adaptive intermolecular reactive empirical bond
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order (AIREBO) [37] force field to study the mechanical properties of carbon systems. In this
paper, AIREBO potential is also used to describe the interaction between carbon and carbon.

Apart from the bonding interaction that AIREBO describes, the nonbonding interac-
tion, such as the van der Waals (vdW) interaction and Coulomb interaction, also needs to be
considered. The Lennard-Jones (LJ) 12-6 potential is used to describe the vdW interaction
of carbon–lithium and lithium–lithium pairs as

ELJ = Dij

[ (
σij

r

) (
σij

r

)12
−
(

σij

r

) (
σij

r

)6
]
(r < rc)ELJ = Dij

[ (
σij

r

) (
σij

r

)12
−
(

σij

r

) (
σij

r

)6
]
(r < rc)

where Dij and σij are the Lennard-Jones potential parameters and rij is the interatomic
distance between the i th and j th atoms [38]. The potential energy parameters used in the
present simulation are shown in Table 1.

Table 1. Potential energy parameters.

Parameter Value

DC
a 0.1050

DLi
a 0.0250

σC
b 3.8510

σLi
b 2.4510

aD is in kcal/mol. bσ is in Å. In the calculation of Dij and σij, the arithmetic means [38] were used.

In the system, the Coulomb interaction affects C-Li, Li-Li, expressed as

ECoulomb =
Cqiqj

rij
(r < rc)

where qi and qj are the net atomic charges of i th and j th atoms, respectively.
The formula for the combination of carbon and lithium is

6C + Li+ + e− 
 Liδ+ C6
δ−

δLi was fixed as 0.68 for the different stages in this study [38].

2.1. Simulation Process

In this paper, the single-layer fullerene model is combined, and the combined model is
fully relaxed in Lammps to obtain the required multilayer fullerene molecular model, i.e.,
five-layer and three-layer multilayer fullerene, respectively. An Intel core i5 Duo 3.0-GHz
processor running Windows 10 (Thinkpad X220, Lenovo, Beijing, China) is used for the
simulations.

Firstly, as illustrated in Figure 1a, we add lithium ions along the Z-axis in the base
model. For simplicity, a cylindrical boundary is set to limit the movement of lithium ions.
To avoid interaction between lithium-ion atoms and multilayer fullerene atoms during the
relaxation period, the distance between bottom lithium ions and the multilayer fullerene
surface is not less than 1 nm. Then, the whole system is equilibrated for 15 ps using a
canonical ensemble (NVT). The Nosé–Hoover thermostat is used to keep the temperature
300 K in the simulation. The time step is taken as 0.01 fs.

Secondly, lithium ions are distributed in a cylindrical space after equilibrium, and
the model energy reaches the lowest state. Then, the lithium ions diffuse for 10 ps using
NVT. In this stage, the time step is taken as 0.005 fs to capture a more detailed movement
message. As the lithium ions move, they will collide and then be adsorbed by the multilayer
fullerene. When the moving lithium ions are absorbed, the multilayer fullerene will move
slightly along the negative direction of the Z-axis (as shown in Figure 1). In Figure 1, the
lilac particles are lithium ions.
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Figure 1. (a) Front view of the model. (b) Top view of the model. (c) Multilayer fullerenes adsorb
moving lithium ions.

Due to the nature of the multilayer fullerenes, lithium ions enter the multilayer
fullerenes with great difficulty. Only the adsorption of lithium ions on the surface of
multilayer fullerenes is considered in this paper.

In the simulation process, lithium ions only adsorb on the surface of multilayer
fullerenes, so the calculation of lithium-ion concentration only considers the outermost
layer, C1500. The value of lithium-ion concentration in the simulation process is shown
in Table 2. It can be seen that both the lithium-ion ratio and concentration are positively
correlated with the number of the lithium ions in the whole system. The ratio is the ratio
between the number of lithium ions and the outermost layer of the multilayer fullerene,
C1500. The concentration causes the spatial distribution of lithium ions.

Table 2. The lithium-ion ratio corresponds to the lithium-ion concentration.

Number Ratio Concentration (atoms/nm3)

50 0.033 0.46
100 0.067 0.92
150 0.1 1.38
200 0.133 1.85
250 0.167 2.31
300 0.2 2.77

In addition, considering the impact of lithium-ion velocity on the results, we set the
comparison under different velocities, which are 10, 20, 30, and 40 (The unit is Å/ps).

In the whole simulation, we respectively compared the influence of different concen-
trations on the results when the velocity was 20 Å/ps and 40 Å/ps, and the influence of
different velocities on the results when the ratio was 0.2.

2.2. Stress Calculation

Strictly speaking, stress is uncertain for a single atom and can only be calculated mean-
ingfully for an influential group of atoms. Calculating the atomic stress of a single carbon
atom only follows the concept of stress, which has completely different characteristics
from macroscopic stress. At present, analysis of stress has been widely used in much MD
research [39–43].

The atomic stress of each atom calculated by LAMMPS is the negative value of the
pressure tensor of each atom, which is expressed as Stress × Volume. In the calculation
process of Lammps, the atomic stress tensor of the atom α is given by the following formula,
where a and b take the values x, y, and z to generate the components of the tensor:

Sα
ab = −mαvα

a vα
b − Wab.

The first term is a kinetic-energy contribution for atom α. The second term is the virial
contribution due to intra- and intermolecular interactions. Most researchers adopt the
following expression to calculate atomic stress,
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σα
ab = − 1

Vα

(
−mαvα

a vα
b − ∑

β

Fαβ
a rαβ

b ab

)

where Vα is the atomic volume of atom α, Fαβ
a is the a-component of the force between

atom α and atom β obtainable from the derivative of the potential, and rb
ab represents the

scalar components of the distance vector rab.
This means that in order to compute atomic stress σα

ab, Sα
ab must be divided by the

volume of each atom. However, the volume of a single atom is difficult to calculate.
Therefore, microscopic unit volume V (namely, equivalent unit) is adopted instead of the
volume of a single atom to compute atomic stress, as depicted in Figure 2. The stress of a
group of carbon atoms can be obtained as follows:

σab = − 1
V ∑

α

(
−mαvα

a vα
b − ∑

β

Fαβ
a rαβ

b ab

)
.
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Figure 2. Two sets of carbon atoms are taken on the surface of five-layer multilayer fullerene (a) group
5L5Y (b) group 5L5(-Z). (c) A group of carbon atoms 5L3Y were taken from the surface of the three-
layered fullerenes.

To reduce possible errors and be as objective as possible, we studied two sets of carbon
atoms (blue atoms). One group is located at the fifth layer along the positive Y axis (located
on the side of a multilayer fullerene), namely, group 5L5Y, as shown in Figure 3a,b. The
other group is located at the fifth layer along the negative Z axis (on the underside of a
multilayer fullerene), namely, group 5L5(-Z). To study the influence of the number of layers
on the stress, a group of atoms, namely, group 3L3Y, was taken at the same position on the
surface of the three-layer fullerene, as shown in Figure 2c, for comparison. After relaxation,
the stress is extracted every 100 steps.
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3. Results and Discussions

When the multilayer fullerene adsorbs lithium ions, the stress will change with the
increase of lithium-ion concentration. Figure 3 shows the stress component σx generated
by group 5L5Y when the ratio is 0.2 and the velocity is 20 Å/ps. It can be seen that the
stress fluctuated greatly after the multilayer fullerene adsorbed lithium ions. Tradition-
ally, negative stress means attraction, whereas positive stress means repulsion. For the
convenience of display, we smooth the data of tensile stress and compressive stress respec-
tively, as shown in the red and blue lines. When the velocity of the lithium ion is 20 Å/ps,
the smooth curve of the stress component σx generated by group 5L5Y under different
lithium-ion concentrations is compared. It can be seen that with the increase of lithium-ion
concentration, the smooth stress curve gradually increases, but the degree of increase
gradually decreases. The same situation is shown using the variance, as shown in Table 3,
which shows the variance of the stress component data in the three directions of 5L5Y and
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5L5(-Z) for two sets of the carbon atom. Except that the variance of σy of group 5L5Y and σz
of group 5L5(-Z) is very small, the variance of other stress components increases with the
increase of concentration. This indicates that the increase in concentration will gradually
increase the fluctuations of the stress components of each group of carbon atoms, and the
whole system becomes more and more active. However, when the concentration reaches a
certain degree, the number of lithium ions that the system can absorb approach saturation,
and the influence of the concentration on the stress change gradually decreases. When the
speed is 40 Å/ps, the same results are shown in each group of data, as shown in Table 4. In
addition, due to the fact that the multilayer surface of fullerenes in the set range is small,
and because of the layers of the fullerenes’ layered structure, the carbon atoms in the two
groups will show the nature of the two-dimensional material. However, inevitably, due
to deformation in the process of simulation of extrusion interaction with the other layers,
the stress will fluctuate less. Although it is not apparent, it can still be seen that due to the
increase of concentration, it also presents a slightly increasing trend.

Table 3. The variance of the stress components at the velocity is 20 Å/ps.

Concentration
(atoms/nm3)

Group 5L5Y Group 5L5(-Z)

σx σy σz σx σy σz

0.033 6.24715 1.66906 6.42387 6.36227 6.28345 0.72257
0.067 7.70491 3.90405 8.48047 8.00011 7.94726 0.88737

0.1 9.59082 3.173 9.7935 9.45388 9.92849 1.15529
0.133 10.77693 3.87023 10.47897 10.89653 11.02246 2.29164
0.167 11.07554 3.34023 11.52931 11.12232 11.36959 2.67114

0.2 11.77553 3.87955 11.87052 11.37549 12.07888 3.01447

Table 4. The variance of the stress components at the velocity is 40 Å/ps.

Concentration
(atom/nm3)

Group 5L5Y Group 5L5(-Z)

σx σy σz σx σy σz

0.033 7.76728 1.63038 8.43773 8.11088 7.8469 0.9264
0.067 9.82621 3.51548 9.987 10.20131 10.47156 2.31871

0.1 12.75335 3.67027 13.49606 12.81874 12.90796 3.47614
0.133 14.15314 4.42892 14.05658 13.77621 14.353 4.56613
0.167 14.7284 4.11106 15.18183 14.79008 15.66053 4.48393

0.2 14.47299 4.65719 14.29492 14.68558 14.63591 4.79911

When the lithium-ion ratio was 0.2, we compared the results of four groups with
different velocities, as shown in Table 5. It can be seen that with the increase of velocity,
the variance of each stress component gradually increases, which means that with the
increase of velocity, the fluctuation of stress in all directions generated by groups five and
six increases. Even at saturation, an increase in the velocity of the lithium ions makes the
carbon atoms in the multilayer fullerenes more active.

Table 5. The variance of the stress components at the ratio is 0.2.

Velocity
(Å/ps)

Group 5L5Y Group 5L5(-Z)

σx σy σz σx σy σz

10 9.61928 3.20742 10.29145 9.41925 9.61151 1.90242
20 11.78373 3.88003 11.87032 11.37543 12.07914 3.01467
30 13.44391 4.34859 14.09353 13.96878 14.06485 3.8023
40 14.47299 4.65719 14.29492 14.68558 14.63591 4.79911

In the layer-number contrast study, the lithium ion concentration and the velocity ratio
were kept the same and the five fullerenes were distributed into three layers and five layers
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to simulate the fullerenes group 5L5Y’s and group 3L3Y’s variance of stress. In Table 6, we
can see that when layers increase, the stress fluctuation of the layers of fullerenes is reduced.
This shows that in the same situation, the increase of the layers increases the stability of
the system. After lithium ion adsorption, the surface activity of carbon atoms is reduced,
and the results are confirmed by the Dastjerdi [6] et al. With the increase of radius, the
elastic modulus of the fullerene decreases gradually, so the larger the number of layers, the
smaller the stress amplitude of the outermost layer. As the number of layers of multilayer
fullerenes increases, the stress of multilayer fullerenes are decreased. Since lithium ions
cannot enter the interior of multilayer fullerenes, the volume of multilayer fullerenes will
directly affect the product, thus reducing the battery capacity.

Table 6. The variance of stress generated by multilayer fullerene with different layers under the same
concentration.

- σx σy σz

Group 5L5Y 11.77553 3.87934 11.87005
Group 3L3Y 16.67001 5.09723 15.54763

4. Conclusions

The effects of the concentration and velocity of lithium ions and the number of lay-
ers of multilayer fullerenes on the surface stress during the adsorption of lithium ions
by multilayer fullerenes were studied. In the process of absorbing lithium ions, stress
fluctuations occur. As the concentration of lithium ions increases, the carbon atoms on
the surface of the multilayer fullerenes become more active, resulting in a greater range
of stress fluctuations, and then gradually decrease their activity after the concentration
of lithium ions reach a critical point. When the saturation concentration is reached, the
influence of the concentration will gradually decrease. At the same time, the higher the
velocity, the more active the carbon atoms on the surface of the multilayer fullerenes and the
greater the stress fluctuations. The increase of the number of layers will reduce the active
degree of carbon atoms and reduce the amplitude of stress fluctuation. The performance
of the electrode is comprehensively influenced by the number of layers and lithium-ion
velocity. Therefore, the appropriate concentration and velocity of lithium ions and the
radius of the multilayer fullerenes will better optimize the charging performance of the
multilayer fullerenes electrode batteries. Studying the stress evolution law of lithium ions
in the fullerene electrode particle group is an important research direction for future studies
and has great practical significance.
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