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Abstract In this paper, the mechanical properties of fully
oxygenated silicon carbide nanotubes (O,-SiCNTs) are ex-
plored using a molecular mechanics model joined with the
density functional theory (DFT). The closed-form analytical
expressions suggested in this study can easily be adapted for
nanotubes with different chiralities. The force constants of
molecular mechanics model proposed herein are derived
through DFT within a generalized gradient approximation.
Moreover, the mechanical properties of fully oxygenated sil-
icon carbide (O,-SiC) sheet are evaluated for the case that the
oxygen atoms are adsorbed on one side of the SiC sheet.
According to the results obtained for the bending stiffness of
0,-SiC sheet, one can conclude that the O,-SiC sheet has
isotropic characteristics.

Keywords Density functional theory - Mechanical
properties - Molecular mechanics model - Oxygenated silicon
carbide sheet - Oxygenated silicon carbide nanotubes

Introduction

Silicon carbide-based materials, owing to have superlative
physical properties such as high hardness, excellent thermal
stability, and heat conductivity [1-3], have drawn great inter-
est from both academia and industry in recent years [4, 5].
The simplest tubular forms of SiC, i.e., SICNTs were ex-
perimentally synthesized via the reaction of SiO with multi-
walled carbon nanotubes (MWCNTS) [6]. Recently, through
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first-principles calculations it was revealed that the single-
walled SiCNTs (SWSiCNTs) have superior properties in com-
parison to single-walled carbon nanotubes in several aspects
[7-17].

Owing to the difference in the electronegativities of C and
Si atoms, SiCNTs are polar materials while on the contrary
carbon nanotubes (CNTs) are non-polar. Moreover, the cova-
lent bond length in SiC (1.801&) is larger than those of B-N
(1.441&) and C-C (1.42A). As a result, SiCNTs are better
candidates compared to boron nitride nanotubes (BNNTs)
and CNTs for applications involving materials storage [18].
Meanwhile, theoretical studies revealed that SICNTs due to
their polar nature exhibit better reactivity than CNTs [11].

Some other studies have also been conducted to investigate
the properties of SiCNTs [10, 19-30]. To mention some of
these works Baumeier et al. [10] who studied the structural,
elastic, and electronic properties of SICNTs via ab initio
methods, Zheng and Lowther [19] who investigated numeri-
cally the mechanical properties of SICNTs and Khani et al.
[21] who discussed the vibrational behavior of SiCNTs. In
addition, Dai and his associates [23] investigated the structural
and electronic properties of N, P, As, and Sb doped (9.0)
SWSICNTs via the firs-principle theory. Alfieri and Kimoto
[25] performed an ab anitio study and showed how hydrogen
overcome the metastability of SICNTSs.

The interaction between O, and SiCNTs is an important
issue which needs considerable attention especially when
SiCNTs are upon air exposure. Nevertheless, the number of
studies devoted to the effect of O, on SiCNTs is very limited
in the literature [31-33]. For instance, Szab6 and Gali [31]
investigated the SiC oxidization phenomenon in the presence
of oxygen through ab initio DFT calculations. Their results
showed that the structure of SiCNTs remains unchanged in
ambient oxygen. In addition, they demonstrated that the O,
molecules dissociate as interstitials on SICNTs even at room
temperature. Cao et al. [32] applied DFT to explore the
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adsorption/dissociation of the O, molecule on the sur-
face of SiCNTs. In their investigation, several adsorption
configurations such as chemisorptions and cycloaddition con-
figurations were found for triplet and singlet O,. Ganji and
Ahaz [33] studied the binding of molecular oxygen to a (5,0)
SWSICNT by density functional calculations. They tested the
stability of O,-SiCNT via ab initio molecular dynamics sim-
ulation at room temperature. Their findings revealed that ad-
sorptive capability of SICNTs is higher than that of CNTs.

According to the discussion presented in the previous par-
agraph, it can be concluded that the adsorbed-O, molecules
may be detrimental to the mechanical properties of SICNTs.
Hence, more investigations are required to study the effect of
O, on SiCNTs for all the possible usage of these nanostruc-
tures. For this purpose, the mechanical properties of the fully
oxygenated SWSiCNTs and SiC sheet are investigated in this
work in which the oxygen atoms are adsorbed on one side of
the unwrapped SiC sheet. Using a molecular mechanics mod-
el, closed-form expressions are derived to obtain size- and
chirality-dependent mechanical properties of O,-SiCNTs and
0,-SiC sheet such as surface Young’s modulus and Poisson’s
ratio. These expressions can be successfully applied to
SiCNTs with different chiralities including armchair, zigzag,
and also chiral. In addition, DFT is utilized in order to calcu-
late the force constants of molecular mechanics theory.

Molecular mechanics model

While quantum mechanics methods have proven their effi-
ciency in calculating the potential energy of nanostructured
materials via the electronic structure of molecule, they lack a
priori concept of chemical bonds. Molecular mechanics
methods are more efficient approaches in this respect. In mo-
lecular mechanics methods, the potential energy of the system
is determined without invoking any description of quantum
mechanics. The Born-Oppenheimer approximation which is
the basis of molecular mechanics model allows one to de-
scribe the motions of electrons and the motions of nuclei in-
dependently. Moreover, unlike quantum mechanics methods,
in molecular mechanics model the motions of nuclei are stud-
ied and electrons are implicitly included in the calculations
which are assumed to find their optimum distribution around
the nuclei.

As aforementioned, calculations of potential energy within
molecular mechanics methods outweigh in some aspects com-
pared to quantum mechanics approaches. It should be noted
that the comparison between these two approaches, for more
complex structures such as nanotubes, especially ones with
different chiralities shows that the molecular mechanics
methods are much faster and highly reliable. Additionally,
the use of quantum methods for complex structures which
contain a large number of atoms is computationally inefficient
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and somewhat unworkable [34], so this is something which
requires high computational effort for calculating the potential
energy of any special state. In other words, with the aid of
molecular mechanics methods which are highly accurate and
fast, similar results with ones from quantum mechanics ap-
proaches can be obtained with less computational effort. In
this regard, a molecular mechanics model is suggested in this
study to determine the Young’s modulus and Poisson’s ratio of
0,-SiCNTs. Note that the atomistic demonstration of O,-
SiCNT is shown in Fig. 1.

In a molecular system, the total potential energy which is
the sum of individual potential components can be written in
the following form:

E,=E,+E¢y+E,+E;+ Eyp+ Ee. (1)

E,, Ey, E,, E; in the above equation denote the bond
stretching, bond angle variation, bond inversion, and bond
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Fig. 1 Top and side view of oxygenated SiC sheet in tubular form
(atomistic view)
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torsion energies, respectively. The other two terms, i.e., E, g,
and E,, represent the van der Waals and electrostatic interac-
tions, respectively. Depending on the different materials and
loading conditions, different functional forms can be used for
the energy terms in Eq. (1). In some cases, such as the present
analysis, it is expected that £, and Ej to be the dominant terms
in contrast to the other remaining terms.

Hook’s law with adequate efficiency and accuracy is fre-
quently used to define the interactions between bound atoms,
thus, the total energy of the system can be written as:

E =) %Kp(dr)z + Z%Ce(dé))z , 2)

in which dr is the bond elongation and d6 is the bond angle
variance. K, and Cy are the force constants representing the
energies associated with the bond stretching and the bond
angle variation, respectively.

As seen from Fig. 2, for an atom indexed by #j in a SICNT
three bond lengths 7,1, 7, 7;;3 and three bond angles 6,1, 0,
0,3 are attributed.

To obtain the equilibrium equations an effective “stick-
spiral” model is employed. In the effective “stick-spiral”
model an elastic stick with an axial stiffness of K, and infinite
bending stiffness is used to model the force-stretch relation-
ship of the Si-C bond. The reason for considering infinite
bending stiffness is due to the fact that the chemical bonds
always remain straight regardless of the applied load.
Moreover, a spiral spring with a finite torsional stiffness of
Cy is used to model the twisting moment caused by angular
variation of bond angle. It should be noted that in the proposed

2
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Fig. 2 Definition of atom position in a chiral nanotube

molecular mechanics model it is assumed the hexagonal struc-
ture of nanotubes remains intact after oxygen adsorption oc-
curs in the SiCNT. Thus, to incorporate the influences of ox-
ygen adsorption into the model, the proper values of force
constants will be obtained within DFT.

The closed-form expressions for surface Young’s
modulus and Poisson’s ratio of a chiral nanotube can be
defined as [35]:

1 (n+m)K,r

Yy=——
27R 1
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3 2/ \Cytan (%)
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. 3(n? 2) .
where 6 represents the chiral angle and R = % is

the radius of nanotube. Note that rq is the Si—C bond length.
Note that in order to employ the molecular mechanic method,
and also for the aim of simplicity, equality is considered for
the values of bond lengths as given in Table 1.

. 9 Si““’”;’t ) (5)
4sin(0,)cot (73) ~2sin (73) cot(f;)cos (n : m)

It is worth mentioning that in order to avoid the ambiguity
in the definition of wall thickness of nanotubes, in this study
the surface Young’s modulus is used which is obtained by
multiplying the conventional Young’s modulus by the nano-
tube wall thickness.

As can be deduced, the bond angles 85 and 6, in the unde-
formed configuration of a chiral nanotube are equal to 27/3.
By letting n approaches infinity in Egs. (3) and (4), the ex-
pressions for surface Young’s modulus and Poisson’s ratio of a
SiC sheet are given by [36]:

8V3K,
K,,r%
Cy

Yg = (6)

+ 18
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Table 1  Properties of the O,-SiC sheet
Surface Young’s Poisson’s Lattice constant Si—C bond O-Si adsorption bond O—C adsorption bond
modulus (GPa nm) ratio (nm) length (nm) length (nm) length (nm)
126 0.32 0.266 0.186 0.167 0.158
K pi’% the relaxed configuration is slightly different. As known, al-
Cy —6 though the oxygen adsorption phenomenon changes the atom-
v= K3 ‘ () ic structure of the SiC sheet, but it is assumed that the atomic
Co + 18 structure remains unchanged after the oxygen atoms are

Results and discussion

In this section, the mechanical properties of O,-SiCNTs with
different types of chiralities are investigated using a proposed
molecular mechanics model within the DFT framework. In
order to accurately estimate the force constants (K, and Cp)
of Eq. (2) the generalized gradient approximation is used for
the exchange correlation of Perdew-Burke-Ernzerhof (PBE)
[37, 38]. Meanwhile, the DFT calculations are performed to
determine the magnitudes of surface Young’s modulus,
Poisson’s ratio, bending stiffness and atomic structure of O,-
SiC sheet. Note that all the simulations in this study are carried
out using Quantum-Espresso code [39]. To avoid the ambigu-
ity of sophisticated conditions, in the present analysis the
smallest hexagonal unit cell is chosen. This assumption is
based on the fact that increasing the unit cell dimensions do
not considerably affects the obtained results [40]. Moreover,
Brillouin zone integration is executed using a Monkhorst-
Pack [41] k-point mesh of 12x12x12 and the plane-wave
cut-off energy for wave functions is taken as 60 Ry.

The most stable state of oxygen adsorption on the SiC sheet
is illustrated in Fig. 3. According to this figure, the adsorption
of oxygen atoms on silicon and carbon atoms occurs at one
side of SiC sheet. Notably, the structure illustrated in Fig. 3 is
apparently the starting point of oxygen adsorption phenome-
non in which the structure is not relaxed yet. In other words,

Fig. 3 Stable state of oxygen adsorption on SiC sheet
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adsorbed via SiC sheet.

This assumption enables one to employ Egs. (3) and (4) for
the mechanical properties of O,-SiCNTs on the basis of the
molecular mechanics approach. To include the effect of
adsorbed oxygen atoms, the force constants are determined.
To this end, the strain energy derived from DFT is equated
with that from molecular mechanics method. Moreover, it is
worth mentioning that as long as the strain energy calculations
are in the harmonic elastic deformation range, and hence the
applied strain is small, it can be assumed that the initial hex-
agonal structure of SiC sheet is maintained.

The alteration of strain energy versus the axial strain for
0,-SiC sheet is illustrated in Fig. 4. It is worth mentioning that
the strain energy calculations are performed for the harmonic
elastic deformation regime. Accordingly, since the harmonic
zone for strain is taken between —0.02<e<0.02, it is accept-
able to consider that the hexagonal structure of SiC sheet is
kept unchanged.

Using the DFT calculations and applying the relations of
Y,=(1/A¢) % (6*Es/d=?) (4o denotes the equilibrium area of the
system) and v=—€yans/Eaxial (the ratio of the transverse strain
to the axial strain) for the surface Young’s modulus and
Poisson’s ratio, respectively, the mechanical properties of
0,-SiC sheet is given in Table 1. In this table, the values of
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Fig. 4 Alteration of strain energy Eg versus axial strain for the
0,-SiC sheet
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lattice constant and bond lengths of oxygenated SiC sheet are
also listed. According to this table, the surface Young’s mod-
ulus of O,-SiC sheet obtained in this paper is 24.1 % smaller
than that of calculated in [40] for the pure SiC sheet. This
finding clearly signifies that the oxygen adsorption has a de-
structive influence on the mechanical properties of SiC-based
nanostructures. Moreover, in order to calculate the bending
stiffness of O,-SiC sheets, they are wrapped into nanotubes
along different directions. The style of wrapping O,-SiC
sheets is denoted by a pair of indices (7, m). In addition, when
the SiC sheets are wrapped to form the SiCNTs, the adsorbed
oxygen atoms can be either inside or outside of the SiICNTs.
By keeping this in mind, the alteration of strain energy per
atom with respect to the bending curvature is depicted in
Fig. 5. According to this figure, the strain energies per atom
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Fig. 5 Alteration of strain energy per atom versus bending curvature of

the O,-SiC sheet. a The oxygen atoms are adsorbed on the inside of
SiCNT. b The oxygen atoms are adsorbed on the outside of SICNT
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Fig. 6 Alteration of surface Young’s modulus of the O,-SiCNTs for
different types of chiralities versus tube diameter

for fully relaxed wrapped O,-SiC sheets for armchair, zigzag,
and chiral orientations are the same. This clearly points out
that the direction of wrapping does not have any influence on
the results. Thus, it is already proved that the chirality has no
effect on the bending stiffness. In other words, it can be con-
cluded that O,-SiC sheets are isotropic. Also, the values of
bending stiffness for the cases that the oxygen adsorption oc-
curs inside and outside of the SICNT are obtained as 0.396 eV
and 0.377 eV, respectively. These values which are obtained
by differentiating twice the strain energy with respect to the
bending curvature indicate that the direction of oxygen atoms
on the SiCNT affects the bending stiffness in which when the
oxygen atoms are inside the SICNT the bending stiffness is
found to be larger compared to the case when they are outside
the SiICNT.

Molecular mechanics theory as stated beforehand acts as a
means for computing those molecular properties which do not

0.36 ]

—de— Armchair

A Chiral
—0—Zigzag
—— O,- SiC sheet

0.35 ]
0.34]
0.33]
0.32 ]
0.31 ]
0.30]
0.29 ]

Poisson’s Ratio

0.28 ]
0.27 ]
0.26

0.25 ]

T T T T T T T T
0.0 0.5 1.0 15 2.0 2.5 3.0
Tube Diameter (nm)

Fig. 7 Alteration of poisson’s ratio of the O,-SiCNTs for different types
of chiralities versus the tube diameter
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depend on the electronic structure and only takes into account
the physicochemical interactions. Hence, the calculations per-
formed to determine the potential energy are fast and efficient.
As long as these calculations are done without including the
effects of the electronic structure, the accuracy of the
prediction might be lost. Therefore, in order to increase
the accuracy of the results a relation between molecular
mechanics and DFT is needed. For this aim, the force
constants of molecular mechanics model (K, and Cj)
are introduced which are obtained through establishing
a linkage between the individual energy terms from mo-
lecular mechanics and the strain energy calculated from
DFT. Accordingly, the effects of electronic structure are
incorporated into the calculations which can improve the
accuracy of the results obtained within the molecular
mechanics model.

By substituting the values of surface Young’s modulus and
Poisson’s ratio of the O,-SiC sheet into Egs. (6) and (7) the
values of 290.984 nN/nM and 0.724 nN nm are obtained for
K, and Cy, respectively. Now, by applying the calculated force
constants K, and Cy into Eq. (3), the values of surface Young’s
modulus of the O,-SiCNTs with various types of chiralities
can be evaluated. As seen from Fig. 6, surface Young’s moduli
of armchair, zigzag, and chiral O,-SiCNTs are plotted versus
the tube diameter. When a large value is chosen for the diam-
eter of O,-SiCNT, the curvature of the tube approaches zero,
hence, in this case the O,-SiCNT can be considered as an O,-
SiC sheet. As shown in Fig. 6, the surface Young’s modulus of
0,-SiC sheet is constant with respect to the diameter. With a
closer look to this figure, it is observed that as the diameter of
0,-SiCNT increases their corresponding surface Young’s
moduli tend to that of O,-SiC sheet for all types of chiralities
CM?7. In addition, it can be concluded that for all values of
tube diameters, the values of surface Young’s modulus of
chiral O,-SiCNTs are between those of armchair and zigzag
0,-SiCNTs, in which the values for armchair O,-SiCNTs are
highest.

Poisson’s ratios of the O,-SiCNTs with various types
of chiralities are calculated through Eq. (4) by substitut-
ing the values of force constants obtained from DFT.
The alterations of Poisson’s ratio corresponding to arm-
chair, zigzag, and chiral O,- SiCNTs against tube diam-
eter are depicted in Fig. 7. This figure clearly shows that as
the tube diameter decreases the values of Poisson’s ratio de-
crease. As seen from this figure, when the tube curvature
approaches zero its effect on the Poisson’s ratio is similar to
that discussed formerly for the surface Young’s modulus.
Moreover, for all values of the tube diameter, the values of
Poisson’s ratios for armchair O,-SiCNTs are lower than those
of zigzag O,-SiCNTs. All these findings clearly show that
for the smaller values of the tube diameter the influence of
chirality is more pronounced on the mechanical properties of
0,-SiCNTs.
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Conclusions

In this paper, the mechanical properties of O,-SiC sheet and
achiral and chiral O,-SiCNTs including surface Young’s mod-
ulus, Poisson’s ratio, and bending stiffness were investigated
using a molecular mechanics model. The method used in this
study compensates the inability of molecular mechanics mod-
el in accounting for the electronic structures of the system. For
this aim, the force constants of molecular mechanics theory
were obtained successfully using DFT within a generalized
gradient approximation. This success can be regarded as a
basis for further exploring different features of oxygenated
SiCNTs using molecular mechanics.

The bending stiffness of O,-SiC sheet was obtained for two
cases; in the first case it was considered that the oxygen atoms
are adsorbed from inside of the SICNT whereas in the second
case it was assumed that the oxygen adsorption occurs outside
the SiCNT. In addition, it was observed that as the tube diam-
eter of O,-SiCNTs increases the surface Young’s modulus
increases while the Poisson’s ratio decreases. Further, when
a large value is chosen for the tube diameter the mechanical
properties of O,-SiCNTs tend to those of O,-SiC sheet.
Finally, it was concluded that for all values of the tube diam-
eter the values of Young’s modulus of armchair O,-SiCNTs
are larger than those of chiral O,-SiCNTs, and zigzag O,-
SiCNTs have the minimum values among the given cases.
However, a reverse trend was observed for the variation of
Poisson’s ratio with regard to chirality.
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