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Abstract. The hydrogen adsorption properties and surface charge distribution of single-walled
carbon nanotubes (SWCNTs) with chirality parameters of (5,5), (9,5), (9,9) were investigated
using molecular dynamics methods. Relation between maximum hydrogen uptake and
SWCNT structural properties was investigated. It was shown that surface charge distribution of
chiral nanotubes could not be compensated for the same amount of steps that leads to fully
neutral CNT with armchair structure.

1. Introduction

Rare-earth elements are actively used for formation of nanotubes at electrochemical synthesis from
carbon fragments of graphene type in the environment of ions of rare-earth metal [1]. This way of
production has considerable impact on structure of carbon nanotubes and is reflected in functional
properties. It demands attentive studying, including methods of mathematical modeling.

The present level of computer science and software development provides for significantly wider
application of computational simulation as compared to studies conducted just a decade ago. Until
recently, one of the most popular basic simulation methods for various structures and compounds was
the calculation of the system molecular dynamics under various external conditions. These conditions,
in their turn, were simulated by limiting the computational region and variations of the system initial
state through setting the force-field, simulated atoms and molecules.

A large number of software solutions and algorithms for the implementation of various simulation
conditions were developed. For instance, the Monte Carlo method was proposed as a technique to
improve the efficiency of calculations. This method allowed one to reduce significantly the calculation
time without a considerable loss in the accuracy of the end result [2-4]. However, all molecular
dynamics methods used to describe the force-field and interatomic interactions do not account to the
full extent for the electronic structure of individual atoms. Therefore, in some cases, it is impossible to
describe all the processes occurring in the system. For example, without considering the electronic
properties of atoms it is rather difficult to describe accurately various chemical reactions and magnetic
properties of various compounds. Furthermore, when considering nanostructured systems, various
quantum effects can be very important, and their electronic structures may significantly differ from the
electronic structures of solid bodies. There is also a limitation with regard to a range parameter in
interaction. The wider range makes it difficult to select the conditions and parameters of calculation,
and also reduces the universality of potential.
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Therefore, comparatively recently it has been proposed to use quantum-mechanical calculations for
multinuclear and many-electron systems to describe more accurately the processes occurring in the
system [5].

The analysis of the adsorption characteristics of various carbon adsorbents including those based
on carbon nanotubes (CNT) raises the issue of how to account for their electronic properties, for
example, in the case that a CNT structure contains other functional groups (-NH,, -OH, etc.) in
addition to carbon atoms, or when considering more complex interactions. Similar problems are
currently solved using quantum chemistry methods such as the variations of the density functional
theory (DFT) and the computations according to the Hartree-Fock method. At the moment, some
results of such calculations for a limited number of structures based on CNT are available. For
instance, in [6], it was shown that the use of CNT functionalized with OH and NH, groups can
significantly improve the adsorption properties of these materials. There are also published data on the
calculation of the adsorption properties of CNT using the quantum-mechanical methods that
demonstrate how some parameters of the electronic and molecular structures can affect their end
properties [7-8].

However, the present data on complex studies of the adsorption properties and electronic structure
of CNTs with different chirality obtained using quantum-mechanical calculations and molecular
dynamics method are insufficient to compare the calculated results with experimental data [9-12].

The approach proposed in this paper will help to provide a more complete picture of adsorption
properties for the basic types of CNT structures.

2. Calculation Method

This paper presents molecular dynamics simulation for hydrogen adsorption process on the CNT
structures calculated using LAMMPS [13] software with AIREBO [14] potential for carbon-hydrogen
bond simulation. Surface charge distribution was obtained with Avogadro [15] molecular editor.

The adsorption characteristics and structural properties were simulated for three basic types of
single-walled nanotubes 2 nm in length and the following chirality parameters: n = m = 5 (armchair
type), n =9, m = 5 (chiral type) and n =9, m = 9 (armchair type). Figure 1 shows the structures.

The adsorption characteristics were simulated for three types of structures: a single nanotube (a),
"square" configuration (b) and "triangle" configuration (c). Figs. 2 and 3 give the types of
configuration.

The calculation was performed for a simulation cell of SWCNTs square array and SWCNTs
triangle array as well as is shown in Figures 2-3. The modeling was performed for a temperature of 77
K, and the initial pressure of hydrogen varied from 0.1 to 50 MPa. The simulation step was 0.5 fs. The
periodic boundary conditions were used in all three directions. The temperature of 77 K corresponds to
the boiling point of liquid nitrogen. Therefore, it was used to compare the obtained results with the
experimental data, which are often obtained at this temperature. An NPT assembly was used for
calculation, because it was necessary to control the pressure in the system. Fifty randomly distributed
hydrogen molecules were introduced into the cell so that the minimum distance between the molecules
was not less than 0.5 nm. Then the structure was subjected to optimization for 5000- steps in order to
determine the nearest energy minimum of the system, after which 1-10° steps of molecular dynamics
were calculated.

Based on the simulated results, the adsorption isotherms were calculated within the pressure range
of 0 to 5 MPa by the molecular dynamics methods and the corresponding energy minima were
calculated by the quantum methods.

3. Results and discussions
Based on the calculated data, the adsorption isotherms were constructed for each type of the nanotubes
(Figures 4-6).

The highest adsorption values are typical for the nanotubes with larger diameters, i.e. the structures
with the parameters of (9,9) and (5,5). Moreover, the "chiral" nanotubes with the structure parameters
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of (9,5) not only have larger diameter, but are characterized by a large number of uncompensated
bonds located at both ends of the structure. This means that adsorption is much more probable due to
an increased energy of carbon atoms having the smallest number of neighbors.

Isotherms for “square” and “triangle” pattern differ from single SWCNT mostly in highest
hydrogen uptake values. The “triangle” configuration shows the lowest hydrogen uptake due to the
smallest distance between neighbor CNTs.

Here, we consider the distributions of surface charge of carbon nanotubes before and after
adsorption simulation.

Figure 7a shows the model of the (9,5) CNT structure before the adsorption with the generated map
of surface charge. The uncompensated negative charge is shown red and the uncompensated positive
charge is shown blue. The neutral atoms are shown gray. As it is seen from the Figure 7a, the structure
is characterized by a large number of uncompensated negative charges. Therefore, favorable
conditions for the adsorption of positively charged particles, including atomic hydrogen, are created.

Figure 7b demonstrates that, after the hydrogen adsorption, the compensation of negative charge is
observed at the edges of the nanotube. This results in an overall reduction of the surface energy of the
structure. Similar changes in the surface charge distribution are observed for other types of the
simulated structures; however, the example of chiral nanotubes with the parameters of (9,5) most
clearly demonstrates the partial compensation of the surface charge as a result of adsorption.

Figures 8a and 8b show the models of the surface charge distribution for the nanotubes with the
parameters of (5,5) before and after the adsorption of hydrogen, respectively. It is seen that, in this
case, after the adsorption, an excess negative charge of the structure is completely compensated.

This is also an evidence for the formation of stable carbon-hydrogen chemical bonds, which is the
expected result due to the presence of uncompensated surface bonds in the nanotubes.

armchair armchair chiral

Figure 1. Models of nanotube structures (5,5), (9,9), (9,5)
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Figure 2. "Square" Configuration of Nanotubes

Figure 3. "Triangle" Configuration of Nanotubes
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Figure 4. Adsorption isotherms for a single nanotube with the parameters of (5,5), (9,5), (9,9)

16

14

1.2

0.8

0.6

0.4

7 ’J
v4amnyd
pal

/ //
//

Pressure, MPa
Figure 5. Adsorption isotherms for a triangle array of SWCNT (5,5), (9,5), (9,9)
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Figure 6. Adsorption isotherms for a square array of SWCNT (5,5), (9,5), (9,9)

Figure 7. Model of surface charge (electrostatic potential) distribution for a carbon nanotube with the
parameters of (9,5) a) before hydrogen adsorption and b) after the hydrogen adsorption
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Figure 8. Model of surface charge distribution for a nanotube with parameters (5, 5) a) before
hydrogen adsorption and b) after the hydrogen adsorption

4. Conclusions
Based on these results, we can conclude that the structures under consideration demonstrate rather
similar properties in the context of the applied calculation methods. An increase in the adsorption with
increasing diameter and number of defect of nanotubes (increasing number of uncompensated surface
bonds) is also clearly seen. At the same time, when considering the simulated structures, it is seen that
the hydrogen molecules are first located at the free ends of the nanotubes and then adsorption can be
observed in the middle of the nanotube structure at sufficiently high pressure in the system. The inner
surface of the nanotubes is practically unfilled.

As a result of the adsorption interaction of the simulated structures with hydrogen, the partial
compensation of surface charge is observed in the case of chiral nanotube and full compensation in the
case of nanotube of the armchair type.
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