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Coronal multi-walled silicon nanotubes
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Abstract
By means of first-principles density functional theory (DFT) calculations and molecular dynamics (MD) simulations, a series of coronal multi-
walled silicon nanotubes (MWSiNTs) without or with hydrogen terminations are systematically identified. Notably, coronal MWSiNTs, where
the interaction between the walls is preferable through covalent bonds rather than weak interaction, show better stability than CNT-like SiNTs.
Moreover, they exhibit good elasticity with small Young’s modulus. The investigation of the electronic structure demonstrates that they present
metallic characteristics, which is in striking contrast to bulk silicon. Thus, the MWSiNTs may find important applications in electronic devices.
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1. Introduction

Since the discovery of carbon nanotubes (CNTs) in 1991,
extensive research has revealed that the unique structural
and electronic properties of tubular materials are distinctly
different from those of their bulk [1]. Silicon is an important
atom belonging to the same group (group IV) as carbon in the
periodic table. However, Si has more electrons than C, result-
ing in higher polarizability and stronger dispersion force [2].
Nanotubes composed of Si atoms [3,4] have attracted consid-
erable attention partly because of their apparent compatibility
with Si-based microelectronics, and they are thus very promis-
ing in various applications of magnetics [5], photoelectronics
[6], electrodes [7], transistors and field emission devices [8].
Particularly, Si nanotubes (SiNTs) have been regarded as the
promising candidates for gas storage. SiNTs demonstrated
considerably higher adsorption capacity of H2 than the iso-
mer CNTs [9]. In addition, Balilehvand et al. [10] performed
a combination of ab initio quantum mechanical (QM) cal-
culations and canonical Monte Carlo (CMC) simulations to
investigate the effects of size, temperature, and pressure on
the adsorption and separation behavior of H2 and CH4. They
found the remarkable enhancement of both H2 and CH4 ad-
sorption capacity on the SiNTs compared to the CNTs due to
stronger van der Waals (VDW) attractions.

However, unlike CNTs, the successful synthesis of analo-
gous SiNTs based on rolled-up graphene-like sheets is rather

difficult, which may obstruct further study of their physical
and chemical properties. This is mainly attributed to the rather
weak π-bonds [3] as well as the flexible coordination geome-
try of silicon atoms, such as five- and six-coordinate [11−13].
Sha et al. [14] reported that the multiwalled SiNTs (MWS-
iNTs) can be efficiently synthesized within nano-channels of
an alumina substrate by chemical vapor deposition. Tang et al.
[15] prepared self-assembled SiNTs from silicon monoxide
under supercritically hydrothermal conditions. Note that only
MWSiNTs, where the interaction between the walls prefers
covalent bonds [15], rather than single-walled SiNTs (SWS-
iNTs) can only be experimentally obtained under appropri-
ate conditions. Theoretically, Fagan et al. [16] examined
the electronic and structural properties of SiNTs and CNTs
by density functional theory (DFT) and found that they are
similar to each other. Zhang et al. [17] showed that SiNTs
adopted corrugated tubular structures via semiempirical cal-
culations. Moreover, Zeng et al. [18,19] demonstrated the
possible existence of square, pentagonal and hexagonal SWS-
iNTs (Figure 1) and they suggested that those SiNTs are met-
als rather than semiconductors with wide-gap. However, to
the best of our knowledge, in-depth theoretical investigations
on MWSiNTs [4,20] are very rare. In this work, we em-
ployed first-principles DFT calculations and molecular dy-
namics (MD) simulations to explore four kinds of hypothetical
coronal MWSiNTs with emphasis on their geometric, elec-
tronic and elastic properties.
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Figure 1. Schematic models of single-walled silicon nanotubes. (a) Square, (b) pentagonal, (c) hexagonal

2. Computational details

The first-principles DFT calculations were performed us-
ing the DMol3 package [21,22]. The exchange-correlation in-
teraction was treated within the generalized gradient approx-
imation (GGA) in the form of Perdew, Burke and Ernzerhof
(PBE) [23]. All the electron treatment and double numeri-
cal basis set plus polarization functions (DNP) were utilized
[21,22]. The convergence threshold in energy and force was
set at 1×10−5 eV and 5×10−2 eV/Å, respectively. The Bril-
louin zone integrations were carried out by a 1×1×6 k-mesh
according to Monkhorst-Pack scheme [24]. The MWSiNTs
were placed in supercells with spacings of at least 15 Å to
avoid drawbacks in terms of interaction between the tubes.
Typically, the binding energy (Eb) was calculated as:

Eb = (nESi −ENT)/n (1)

where, n is the number of Si atoms; ESi and ENT are the en-
ergies of silicon atom and MWSiNTs, respectively.

MD simulations were carried out with the GULP code
[25] under constant volume and constant temperature condi-
tions (NVT). Tersoff forcefield [26], which is verified to yield
nearly the same melting point (1684 K) as the measurement
(1683 K) for bulk Si, was employed. The 20-unitcell non-
periodic superstructures from optimized previous structures
by DMol3 package were equilibrated at various temperatures
from 298 K to 1200 K. At each site, the simulation in NVT en-
semble was lasted for 500 ps with a time step of 1.0 fs, while
the temperature was controlled by Nosé thermostat [27].

3. Results and discussion

Inspired by the distinct structures of MWSiNTs and
SWSiNTs [18,28,29], we attempt to build up four types of
MWSiNTs on the basis of Euclidean geometry. In two of
these cases, a central n-ring is surrounded by a belt of n equiv-
alent fused rings of size m, which is labeled as (m, n). To
satisfy a plane, only two possible solutions are obtained, in-
cluding (6, 6) and (5, 10). Both of patterns, as depicted in

Figure 2(a) and 2(b), can be viewed as integrations of hexag-
onal, pentagonal SWSiNTs with fused sides. Two more ana-
logues are built up from square, pentagonal and hexagonal
SWSiNTs, binding with each other, as shown in Figure 2(c)
and 2(d). Scrutinizing the structures of coronal MWSiNTs can
find that 2D polygon-silicon layers bridge with vertical Si–Si
bonds and lead to a 3D multi-walled tube. It should be noted
that five-coordinate silicon atoms exist in these four coro-
nal MWSiNTs. Although the previous work witnessed that
hyper-coordinate silicon can energetically exist in elemen-
tary substance [12] and some chelates [13], five-coordinate
silicon atoms are seldom found in periodic nanostructures.
The optimized geometries reveal that four coronal MWSiNTs
maintain their regular polygons with amazingly pretty sym-
metry of C6, C10, C6 and C10. The internal diameters of the
hexagon, decagon, dodecagon and icosagon MWSiNTs are
4.93 Å, 8.10 Å, 9.86 Å and 16.42 Å, respectively. The aver-
age angles of the polygons approximate to 120o, 108o and 90o

for hexagon, pentagon and square, respectively. The average
bond length of Si–Si (2.52 Å) in the layer is larger than that
of Si–Si single bond (2.38 Å as calculated), while the vertical
Si–Si bond distance between the layers is about 2.64 Å.

To explore the electronic properties, we computed the
band structure (BS) of coronal MWSiNTs. It was found that
they all show similar electronic structures. Therefore, only the
band structure of decagonal coronal MWSiNT is presented in
Figure 2(e) and discussed. It can be seen that the whole en-
ergy bands cross the Fermi level from conduction band to va-
lence band are widely dispersed in the vicinity of Fermi level,
revealing that decagonal coronal MWSiNT exhibits metallic
behavior. Compared with that of pentagonal SWSiNT previ-
ously reported, the metallicity of decagonal coronal MWS-
iNTs is more obvious, owing to the mixed state of hyper-
coordinated silicon atoms. Therefore, the obtained results
by DFT calculations uncover that the hyper-coordinated sil-
icon atoms play an important role in the electronic structures
of these coronal MWSiNTs. Herein, it is mentioned that the
characteristics of coronal MWSiNTs are remarkably different
from those of bulk Si (a narrow band gap of 0.90 eV), CNT-
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like silicon nanostructures (a narrow band gap depending on
structural details) and DWSiNTs with faceted wall surface (a
wide band gap of 2.18 eV). Scrutinizing their structures re-
veals that the decrease of band gap may be related to the fact
that regular geometry of MWSiNTs facilitates 3p orbits of sil-
icon effective overlap so as to let 3p band disperse around the
Fermi level. The phenomenon is in good agreement with the
previous report [30].

To further investigate the effect of hyper-coordinated sil-
icon on electronic properties, calculations on the hydrogen-
terminated MWSiNTs (Figure 3) are employed since the sur-
face termination of nanotubes, such as hydrogen-termination
or oxygen-termination, usually has significant effect on elec-
tronic band structure [20]. However, H-terminated coronal
MWSiNTs, where all the silicon atoms are five-coordinated,
behave similar electronic properties with the pristine ones.

Figure 2. Perspective projecting geometries of side and top views of optimized structures of coronal MWSiNTs with hexagon (a), decagon (b), dodecagon (c)
and icosagon (d) for the internal wall, respectively; (e) band structure for decagonal coronal MWSiNTs (the Fermi energy is set to zero)

Are the hypothetical coronal MWSiNTs stable? In or-
der to answer the question, four evidences are given from
different aspects. First, coronal MWSiNTs are local sta-
ble configurations derived from optimizations by DMol3

code with DNP basis set, as well as CASTEP program
[31] with an ultrasoft pseudopotential method [32]. Second,
the binding energy of coronal MWSiNTs is relatively large
(5.72 eV/atom), which may show strong covalent bonds in
the nanotubes. The binding energy of coronal MWSiNTs
(1.54 eV/atom) is larger than that of (5, 5) CNTs-like SiNTs
(4.18 eV/atom), suggesting that coronal MWSiNTs are much
more energetic than (5, 5) CNTs-like SiNTs thermodynami-
cally. Third, the prototype moieties of our coronal MWSiNTs,
namely, SWSiNTs, are believed to be stable by previous re-
searchers using classical MD simulations [19,29]. However,
the binding energy of our coronal MWSiNTs (5.72 eV/atom)
is larger than that of the most stable SWSiNT (5.59 eV/atom).
Finally, the kinetic stability of coronal MWSiNTs is very
good, as indicated by the results of MD simulations. A 20-

layer non-periodic superstructure is applied in the calculation.
Below 900 K, all the four nanotubes preserve their geome-
tries very well, while above 1000 K the coronal MWSiNTs
transform to amorphous silicon nanowire. Accordingly, once
formed, coronal MWSiNTs can well maintain their structural
integrity at least up to 900 K, as shown in Figure 4.

The Young’s modulus of 3D bulk is known as a second
partial derivative, as presented:

Y =
1
V0

(
∂2Eb

∂ε2

)
ε=0

(2)

where, V0 is the equilibrium volume; Eb is the binding en-
ergy of the nanotube; and ε stands for the strain. However, the
Young’s modulus of MWSiNTs is difficult to be obtained ow-
ing to the ambiguous cross-sectional area of the tube, which
obstructs the clarification of V0. Thus, the alternative Young’s
modulus (Yc) specialized for MWNTs was performed based
on the modified Hernánde’s method [33], as defined:
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Yc =
1
c0

(
∂2Eb

∂ε2

)
ε=0

(3)

where, c0 is the unit-cell length of the supercell. Given that
V0 = c0Sc, one can resume the usual definition by simply
dividing by Sc: Y = Yc/Sc, where Sc stands for the cross-
sectional area of coronal MWSiNT, if a particular consue-
tude is adopted. Then we compare Yc values of the MWS-
iNTs and CNTs, which have similar diameters for each inter-
nal wall (Figure 5). The (6, 6), (10, 10), (10, 0) and (20, 0)

CNTs are employed in this work, and the calculated data is
in good consistency with previous work. It can be obviously
seen that Yc of coronal MWSiNTs and CNTs goes up with the
diameter increase. However, MWSiNTs exhibit much smaller
Young’s modulus. Thus, coronal MWSiNTs are more flexible
than CNTs, implying MWSiNTs feature better elastic proper-
ties. It may be attributed to the relatively weak vertical Si–Si
bond along the tube. It is noteworthy that the Young’s mod-
ulus of coronal MWSiNTs is at the same order of magnitude
as those of BNNTs and SiCNTs (all arranging from 0.3 to
0.7 TPa·nm2) [34].

Figure 3. Perspective projecting geometries of side and top views of hydrogen-terminated coronal MWSiNTs with hexagon (a), decagon (b), dodecagon (c) and
icosagon (d) for the internal wall, respectively; (e) band structure for H-terminated decagonal coronal MWSiNT (the Fermi energy is set to zero)

Figure 4. The structures at (a) 300, (b) 500, (c) 700, (d) 900, (e) 1000 and (f)
1200 K under NVT ensemble MD simulations Figure 5. Young’s modulus (Yc) of coronal MWSiNTs and different CNTs
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4. Conclusions

In summary, by DFT calculations and MD simulations
we build up four novel coronal MWSiNTs with a large ratio
of five-coordinated silicon atoms. It is found that the coro-
nal MWSiNTs exhibit stable and high symmetric geometries
as well as rather good elastic properties with small Young’s
modulus. The coronal MWSiNTs present metallic character-
istics, which is in striking contrast to bulk silicon and CNT-
like SiNTs. It is mentioned that our result is in good agree-
ment with that reported by Ni et al. [6]. On one hand, our
study may pay an effective way to explain the structures of
MWSiNTs and thereby suggesting the possibility of synthe-
sizing coronal MWSiNTs. On the other hand, the special fea-
ture of coronal MWSiNTs, derived from the prototype struc-
tures of SWSiNTs, may make them more attractive in these
fields of electronic nanodevices.
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