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A B S T R A C T

Hybrid density functional theory calculations are performed for the first time to compare the stability, structural
and electronic properties of monolayers and single-wall nanotubes based on pure Mo(W)S(Se)2 and mixed
(Janus) Mo(W)SSe dichalcogenides. The stability, structural and electronic properties of Mo and W dichalco-
genide nanotubes have been compared at different wall compositions, chiralities and diameters using the same
calculation scheme. Different types of mixed nanotubes are considered – with S or Se atoms on the outer (inner)
shell of the nanotube. It was found that nanotubes Se(out)WS(in) with average diameter (Davr) greater than
≈40 Å have the negative strain energy. Our calculations show that the band gap is direct for zigzag MS2 and S
(out)MSe(in) nanotubes (M=Mo, W) but it becomes indirect in armchair nanotubes. For the MSe2 and Se(out)
MS(in) nanotubes of both chiralities, the band gap is mostly direct, except the armchair tubes with Davr < 18Å
and zigzag tubes with Davr in interval from 18 to 26 Å where it is indirect.

1. Introduction

Since the discovery of graphene [1], two-dimensional (2D) and one-
dimensional (1D) materials have attracted increasing attention due to
their unique properties. Strictly speaking 2D and 1D mean the dimen-
sion of the translation lattice as the materials themselves are 3D objects.
In the past years 2D materials have become the main focus of research
in connection with their potential use in new electronic and optoelec-
tronic devices [2–7]. Besides the monolayer, its one-dimensional deri-
vatives, such as nanotubes, are also considered as the promising na-
nomaterials for next-generation nanoelectronics [8].
Numerous 2D materials and their structural derivatives have been

prepared experimentally [9–12]. Among them, the molybdenum and
tungsten dichalcogenide nanolayers and corresponding nanotubes have
been synthesized. For example, Tenne and his colleagues were the first
who reported on the synthesis of inorganic transition metal disulfide
nanotubes (NTs) based on MS2 (M=Mo, W) [13]. In addition, Nath
and Rao [14] obtained MoSe2 and WSe2 nanotubes by reducing the
corresponding triselenides in hydrogen or by the decomposition of the
ammonium selenometallates in a hydrogen atmosphere.
As far as we know, a mixed monolayer of MoSSe does not exist in

nature, but its structure was theoretically predicted for the first time by
Cheng et al., in 2013 [15], and after a short time it was successfully

synthesized using the modified chemical vapor deposition (CVD)
method by Lu and co-workers in 2017 [16]. To fabricate it, Lu and co-
workers synthesized a monolayer of MoS2 using CVD on SiO2 substrate,
then separated the top-layer S atoms and replaced them with H atoms
using hydrogen inductively coupled plasma, and, finally, replaced H
atoms with Se atoms using thermal selenization. Thus, the former up-
layer S atoms in MoS2 were completely replaced by Se atoms with the
formation of a mixed MoSSe monolayer. Later, Kandemir and Sahin
[17] studied the structural, vibrational and electronic properties of the
stable WSSe single layer. In addition, they studied bilayer stacking
order in the hypothetical WSSe 2H-structure.
At the present time, the mixed (Janus) nanotubes have not yet been

synthesized. Nevertheless, the rapid progress in the synthesis of nano-
systems allows us to hope that such an opportunity will appear in the
nearest future. Theoretical modeling of these systems will undoubtedly
contribute to the achievement of this goal. To date, several works have
been published on the study of mixed nanotubes based on MXY
(M=Mo, W; X, Y= S, Se). Among them, more attention was paid to
the calculations of electronic structure and stability of mixed mo-
lybdenum dichalcogenide nanotubes, and relatively fewer works were
devoted to similar tungsten dichalcogenide nanotubes. The work of Wu
et al. [18] should be mentioned among the first ones. In this work [18]
the electronic structure of MoXY (X, Y= S, Se) single-wall nanotubes
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was investigated at different NT diameters using first-principles calcu-
lations. Luo et al. in their theoretical work [19] show that the properties
of mixed nanotubes depend on the composition of their inner and outer
shells. In the work of Tang et al. [20], first-principles calculations of the
geometry, electronic structure, and optical properties of the MoSSe
nanotubes were carried out. The obtained results [20] show that the
strain energy of armchair MoSSe nanotubes is noticeably less than that
of zigzag nanotubes. At a radius of 21 Å, the strain energy of the arm-
chair MoSSe nanotubes is only 0.01 eV/atom. This means that there are
no energy barriers for the practical synthesis of MoSSe-based nano-
tubes. More important is that the calculations predict that armchair
MoSSe nanotubes should exhibit good optical absorption properties in
the visible light region [20].
The calculations mentioned do not analyze the possible bulk Mo (W)

dichalcogenide phases to choose from them the most favorable as the
reference state for further nanotubes calculations. Due to the different
calculation schemes used there are some contradictions in the results
obtained by different authors. In the present paper, we make attempt to
overcome these difficulties with the intention of future calculations of
phonon spectra and thermodynamic properties of the mixed (Janus)
dichalcogenide nanotubes. In our previous work [21] we have used the
hybrid density functional theory (DFT) to compare the structural and
electronic properties, stability, vibrational frequencies, and thermo-
dynamic functions of MoS2 and WS2-based monolayers and single-wall
nanotubes using the same calculation scheme. In this article, we use a
similar approach to study and compare the stability, geometry and
electronic properties of mixed nanotubes MXY (M=Mo, W; X, Y=S,
Se) with different composition of the inner and outer tube shells.

2. Computational details

The calculations were carried out within the framework of the DFT
using the HSE06 hybrid exchange-correlation functional [22] im-
plemented in the computer program CRYSTAL17 [23]. The Bloch one-
electron functions were expressed in terms of linear combinations of
atomic orbitals (LCAO). The semi-empirical Grimme correction [24]
was used to account for van der Waals interactions. As in our previous
works [21,25,26], Conesa approach [27] was applied to evaluate
Grimme dispersion correction parameters. The interaction between
core electrons and valence and sub-valence electrons in Mo and W
atoms and between core and valence electrons in the S and Se atoms
was described by means of the CRENBL [28–31] relativistic effective
core pseudopotentials. The corresponding Gaussian basis sets were used
in calculations. The Monkhorst-Pack method was applied [32] to gen-
erate k-points for Brillouin zone (BZ) sampling. The k-point meshes
with shrinking factors 18× 18×6, 18×18, and 18 were used for
hexagonal bulk, monolayer, and nanotubes, respectively. The Kohn-
Sham equations were solved iteratively before self-consistency within
the total energy range of 10−8 eV. The lattice constants and the posi-
tions of all atoms were fully optimized until forces acting on the atoms
became below the value of 0.003 eV Å−1.

3. Bulk and monolayer properties: comparison between MXY
(M = Mo, W; X, Y=S, Se)

At the first stage of our investigation, we calculated the properties of
2H-polytypes of bulk molybdenum and tungsten dichalcogenides. It is
known [33,34] that the most stable bulk MS2 and MSe2 (M=Mo, W)

Fig. 1. Optimized structure of bulk MoSSe. View along [001] (top) and [110] (bottom) directions, 2× 2×1 cells are shown. Legend: big orange and middle yellow
balls are for chalcogenides (Se and S) atoms and small blue balls are for metal atoms. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

Table 1
Calculated and experimental (in parentheses) properties of bulk MXY (M=Mo, W; X, Y = S, Se).

Compound a (Å) c (Å) Eatom (eV atom−1) Egap (eV) Bulk modulus (Gpa)

MoS2 3.146
(3.160 [35])

12.504
(12.294 [35])

5.13
(4.98 [36])

1.56
(1.29 [35])

43.17(50.00 [37])

MoSSe 3.208 12.769 4.85 1.40 36.57
MoSe2 3.268

(3.299 [35])
13.087
(12.938 [35])

4.59 1.36
(1.09 [38])

38.07(40.78 [37])

WS2 3.157
(3.153 [33])

12.530
(12.323 [33])

5.63
(5.77 [39])

1.63
(1.35 [38])

44.56(52.67 [37])

WSSe 3.222 12.758 5.32 1.48 38.84
WSe2 3.283

(3.282 [33])
12.948
(12.961 [33])

5.03 1.40
(1.20 [38])

41.71(41.78 [37])
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have a hexagonal layered structure with the space group P63/mmc. The
primitive unit cell consists of two triple-plane monolayers which are
stacked together with weak van der Waals interactions. In hexagonal
monolayers the S (Se) atoms are positioned in trigonal-prismatic co-
ordination around the metallic atoms. In the mixed monolayer the one
of S (Se) atomic plane is replaced by alternate Se (S) atomic plane. The
properties of pure (unmixed) bulk phases have been studied in a
number of theoretical works including our previous investigations of
MoS2 and WS2 [21,25].
Taking into account the results of the previous simulations [17] of

the mixed bilayer, we constructed the four hypothetical structures of
bulk MSSe (M=Mo, W) phases. They have a hexagonal layered
structure with space group P63mc (for the first one), P-3m1 (for the
second one), and P3m1 (for the last two ones). The calculated structures
of MoSSe polytypes is shown in Fig. 1. According to our calculations,
the third structure with the space group P3m1 (Fig. 1c) has the lowest
energy (see Table S1 in Supplementary Material). It corresponds to a
bilayer type AAʹ in the classification used by Kandemir et al. [17]. We
consider this structure as the most probable for the mixed bulk phase
and all data below are given only for it.

Table 2
Calculated and experimental (in parentheses) properties of monolayers MXY (M=Mo, W; X, Y = S, Se).

Compound a (Å) M-S (Å) M-Se (Å) Eform (eV) Eatom (eV/atom) Egap (eV)

MoS2 3.148
(3.150 [40])

2.40 – 0.24 5.05 2.33
(1.80 [41])

MoSSe 3.207
(3.252 [42])

2.40
(2.41 [16])

2.52
(2.58 [16])

0.26 4.76 2.23

MoSe2 3.267
(3.320 [43])

– 2.52 0.27 4.50
(4.56 [43])

2.11
(1.55 [44])

WS2 3.161 2.41 – 0.23 5.64 2.53(2.05 [45])
WSSe 3.223 2.41

(2.42 [17])
2.52
(2.54 [17])

0.27 5.23 2.41

WSe2 3.286 – 2.53 0.30 4.93 2.27

Fig. 2. Total and projected density of states of bulk phases (top) and monolayers (bottom) of (from left to right) WS2, WSSe and WSe2. Fermi level is shown as the
horizontal dashed line.
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After geometry optimization, the atomization energy (Eatom) and the
band gap (Egap) were calculated for bulk crystals. Obtained results, to-
gether with the available experimental values, are given in Table 1. It
can be seen that the calculation method used in this work provides the
lattice parameters and physical properties of bulk MX2 (M=Mo, W;
X= S, Se) pure phases in good agreement with known experimental
data, although the estimation of lattice constant c is less precise than
the estimation of lattice constant a.
At the second stage of our study, the monolayers of MXY (M=Mo,

W; X, Y=S, Se) were simulated. The monolayer formation energy
(Eform) was calculated according to the following formula:

=E E
n

E
n

–form
slab

slab

bulk

bulk (1)

where Eslab, nslab and Ebulk, nbulk are the total energy and the number of
formula units in monolayer and bulk unit cells, correspondingly.
Table 2 shows the following calculated properties of monolayers:

the lattice constant a, the M-S(Se) bond lengths, the formation energy
Eform, the atomization energy Eatom, and the band gap Egap. It can be seen
that the lattice constant a and the formation energy Eform increases in
the series MS2 < MSSe < MSe2 (M=Mo, W), but the band gap Egap
decreases in this series. The M-S and M-Se bond lengths in the MSSe
compounds (M=Mo, W) are practically equal to the corresponding
bond lengths in the MS2 and MSe2 pure monolayers.
Fig. 2 shows the total density of states (DOS) and projected density

of states (PDOS) of the bulk phases and triple-plane WXY (X, Y=S, Se)
monolayers. It is seen that total DOSs of the bulk and monolayer va-
lence band (VB) can be divided in two sub-bands. VB bottom states
form a wide sub-band with the dominant contribution of p-orbitals of
chalcogen atoms. VB top states have a greater contribution of d-orbitals
of metal. A narrow minimum between VB top and bottom states is more
pronounced in the monolayer DOSs. In the case of WSe2 monolayer, the
Fermi level is higher than that in WSSe and WS2 monolayers. In the
LCAO calculations of 1D and 2D systems the Fermi level is referenced to
a vacuum. Our results clearly show that the VB maximum rises in the
sequence: WS2 < WSSe < WSe2, thus providing the reducing of band

Fig. 3. Fragmentary cross-sectional view on the optimized structures of WSe2
(a–b), SeWS (c–d) and SWSe (e–f) (12, 12) nanotubes (left) and (20, 0) nano-
tubes (right) with similar Davg≈22Å. The specified Mo–S and Mo–Se bond
lengths are in Angstrom units. Calculated W–S and W–Se bonds lengths in the
relaxed monolayers are 2.41 Å and 2.53 Å, correspondingly(seeFig. 1 for atom
labeling).

Table 3
Calculated structure of nanotubes MXY (M=Mo, W; X, Y=S, Se). (Davg –
average diameter NT, L – period of nanotube, w – nanotube wall thickness).

Chirality MoSe2 SeMoS SMoSe

Davg, Å L, Å w, Å Davg, Å L, Å w, Å Davg, Å L, Å w, Å

(6,6) 12.06 3.30 3.14 11.54 3.24 3.09 11.91 3.23 3.00
(12,12) 22.36 3.28 3.28 21.68 3.22 3.20 22.05 3.22 3.16
(18,18) 32.93 3.27 3.31 32.08 3.21 3.23 32.47 3.21 3.20
(10,0) 12.11 5.42 3.13 11.64 5.32 3.08 11.83 5.39 3.00
(20,0) 21.85 5.60 3.28 22.17 5.50 3.21 22.46 5.52 3.16
(30,0) 31.94 5.62 3.31 31.09 5.53 3.23 31.45 5.53 3.20

Chirality WSe2 SeWS SWSe

Davg, Å L, Å w, Å Davg, Å L, Å w, Å Davg, Å L, Å w, Å

(6,6) 12.05 3.33 3.13 11.54 3.27 3.08 11.91 3.25 3.00
(12,12) 22.46 3.30 3.28 21.77 3.24 3.20 22.13 3.24 3.16
(18,18) 33.11 3.30 3.31 32.23 3.23 3.23 32.62 3.23 3.20
(10,0) 12.06 5.50 3.13 11.62 5.39 3.08 11.80 5.44 3.00
(20,0) 21.91 5.64 3.27 22.23 5.54 3.20 22.54 5.55 3.16
(30,0) 32.09 5.67 3.31 31.22 5.56 3.23 31.57 5.56 3.20

Fig. 4. Diameter dependence of strain energies of MoSSe-based nanotubes
(with both considered chiralities).

Fig. 5. Diameter dependence of strain energies of WXY (X, Y=S, Se) nanotubes
(with both considered chiralities).
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gap (BG) in the same sequence. Molybdenum dichalcogenides exhibit
the same DOS picture as tungsten dichalcogenides both for bulks and
monolayers (see Fig. S3 in Supplementary Material).

4. Comparison of the structure, stability and electron properties of
MXY (M = Mo, W; X, Y=S, Se) nanotubes

We performed the calculations of armchair (n, n) and zigzag (n, 0)
MXY (M=Mo, W; X, Y=S, Se) achiral nanotubes, which were gener-
ated by rolling up of the corresponding pure and mixed monolayers. We
consider armchair nanotubes with n=6–30 and zigzag nanotubes with
n=8–30. The diameters of these nanotubes lay between 10 Å and 54 Å.
The average NT diameters Davg have been estimated as a sum of rin and
rout which are the distances from inner and outer chalcogen atom cen-
ters to a tube axis, respectively. During optimization we keep the full
NT line group symmetry including the rotohelical symmetry operations.
Because of this, all NT atoms are located on the surfaces of three cy-
linders (shells) nested into each other, and rin and rout are the same for
all inner and outer atoms. In the case of MSSe (M=Mo, W) nanotubes,
the outer (inner) atomic shells can be different (composed of S or Se
atoms), which leads to the different composition of the tube surface, its
structure and, furthermore, different NT electronic properties. We will
designate by SMSe the nanotube, in which the sulfur atoms form the
outer shell and selenium atoms form the inner shell, and by SeMS – the
opposite case.
In Fig. 3 we show the relaxed structure of XMoY (X, Y=S, Se) na-

notubes with chiralities (12, 12) and (20, 0) which have approximately
the same diameters of about 22 Å. When the monolayer is rolled up to a
nanotube, one X-plane (X= S, Se) becomes the outer shell and another
– the inner shell. Folding the monolayer into a nanotube induces the
elongation of the lengths of external W–S (Se) bonds directed mainly

across the tube axis by about 0.02–0.07 Å (see Fig. 3). On the contrary,
the internal bonds W–S (Se) shrink by 0.02–0.04 (0.02–0.05) Å. Ex-
ternal bonds aligned mainly with the tube axis are slightly lengthened
or shortened in armchair or zigzag NTs, respectively. Evidently, with
tube diameter increasing, bond lengths gradually return to values in a
monolayer.
The period of nanotubes (n, 0) is about 3.2–3.3 Å, and it is about

5.3–5.6 Å for nanotubes (n, n) which is close to the initial values before
optimization (the initial period of (n, 0) NT is equal to monolayer lattice
constant, while the initial period of (n, 0) NT is 3 times larger).
However, the period of zigzag nanotubes reduces, whereas the period of
armchair nanotubes enlarges with NT diameter increasing (see Table 3).
The NT wall thickness w increases and tends to the thickness of the
monolayer when the diameter rises. The wall thickness of nanotubes
with selenium in the inner shell is less than that of nanotubes with
sulfur in the inner shell. This is especially noticeable for nanotubes with
small diameters. When molybdenum is replaced with tungsten, the
period of similar nanotubes slightly increases while the other NT
parameters remain practically unchanged.
The stability of the nanotube can be measured by so called strain

energy Estr, that is, the formation energy (per formula unit) of the na-
notube from the monolayer:

=E E
n

E
nstr

NT

NT

slab

slab (2)

where ENT, nNT and Eslab, nslab are the total energy and the number of
formula units in nanotube and monolayer unit cells, correspondingly.
Comparison of energies calculated for molybdenum dichalcogenide

nanotubes shows a large difference between the strain energies of
SeMoS and SMoSe for a given diameter, namely, the SeMoS is more
favorable than SMoSe. This is in accordance with the results of the

Fig. 6. Diameter dependence of strain energies of MSe2-based nanotubes (left) and MSSe-based nanotubes (right) (M=Mo, W). Both considered chiralities are
included.

Table 4
Band structure evolution of WSe2 nanotubes.

Chirality (6, 6) (12, 12) (15, 15) (24, 24) (8, 0) (16, 0) (18, 0) (24, 0) (30, 0)

Davg, Å 12.05 22.46 27.77 43.86 10.15 17.91 19.90 25.96 32.09
Egap, eV 0.57 1.78 2.06 2.18 0.39 1.44 1.64 1.85 2.11
Band gap indirect indirect direct direct direct direct indirect indirect direct
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previous plane-wave DFT PBE calculations: Luo et al. [19] and Tang
et al. [20]. In Fig. 4, we compare Estr calculated by us and those ob-
tained with the PBE functional in the mentioned study. As one can see,
the data of Luo et al. [19] for SMoSe are somewhat lower than ours for a
given NT diameter, whereas there is practically no difference for SeMoS
NTs. Here, for the case of comparison we used the relation D= 2*rin,
where rin are the radii from the center to the inner shell because this
particular definition of NT diameter was used in the previous work
[19]. In contrast to results of Tang et al. [20] and in accordance with
results of Luo et al. [19] we did not find a noticeable difference in
diameter dependence of the strain energies of armchair and zigzag
MoSSe nanotubes.
Our data show that nanotubes SeMoS at Davr greater than approxi-

mately 40 Å have the negative strain energy. As a result, the strain
energy has a minimum at diameters of ≈75 Å (see Fig. S4 in
Supplementary Material). This behavior of Estr is similar to that for
halloysite and imogolite (aluminosilicate) single-wall or double-walled
nanotubes [46,47], which were actually synthesized and also have
different composition of the inner and outer surfaces.
In Fig. 5 we compare the calculated strain energies Estr of the pure

and mixed WXY (X, Y = S, Se) nanotubes with different S/Se locations
for the both considered chiralities (n, n) and (n, 0). As one can see, the
strain energies of SeWS nanotubes with inside sulfur atoms are smaller
than the strain energies of SWSe nanotubes with outside sulfur atoms as
it was found for MoXY NTs. For small diameters, the strain energies of
WSe2 nanotubes are slightly higher than Estr of WS2 nanotubes, whereas
this difference becomes insignificant at large diameters. Similar to

SeMoS, the nanotubes SeWS have the negative strain energy at
Davr > 40Å. At a fixed diameter, Estr increases in the following order:
SeWS < WS2≤WSe2 < SWSe. The difference between Estr of SeWS
and SWSe nanotubes is noticeably greater than the difference between
Estr of WS2 and WSe2 nanotubes. This result can be easy explained by
the fact that the location of larger Se atom inside the nanotube opposes
the monolayer folding, whereas the alternate location promotes it.
In Fig. 6, we compare the strain energies Estr of the MoXY (X, Y = S,

Se) nanotubes with those of the WXY (X, Y = S, Se) nanotubes. As one
can see, the strain energies of the WSe2 nanotubes are slightly higher
than the strain energy values of the MoSe2 nanotubes at small dia-
meters, whereas the difference becomes insignificant at large dia-
meters. The calculated strain energies are approximately proportional
to 1/D2 as predicted by the classical theory of elasticity [48].
Among the electronic properties of nanotubes under consideration,

we have calculated the band structure and density of states. According
to data in Table 4, the band gap of WSe2 nanotubes increases mono-
tonically with diameter increasing. For small diameter armchair na-
notubes the band gap is indirect, but it becomes direct when the dia-
meter increases. This phenomenon is also specific to SeMoS and SeWS
nanotubes (see Table S5 in Supplementary Material). For zigzag na-
notubes, the band gap is direct, while for nanotube with n=18–24 it
becomes indirect. With a further diameter increase, the direct band gap
is returned. Wu et al. [18] also observed this effect of indirect-direct
band gap crossover for molybdenum dichalcogenide nanotubes. Also,
Gao et al. [49] found that the armchair WSe2 nanotubes have the in-
direct (direct) band gap when n≤15 (n > 15), while the zigzag ones
always possess a direct band gap regardless of n.
In the work of Luo et al. [19], the band structure was calculated for

mixed armchair nanotubes with n=5–12 and zigzag nanotubes with
n=9–18. The results [19] show that armchair MoSSe nanotubes are
mainly indirect semiconductors, while zigzag ones are mostly direct
semiconductors. The nanotubes with S-outer layers have much smaller
band gaps than the ones with Se-outer layers. In the work of Wu et al.
[18], the MoS2 armchair nanotube demonstrates an indirect band gap
depending on nanotube diameters from 10 Å to 50 Å, while MoSSe and
MoSe2 exhibit a surprising diameter-induced indirect–direct band gap
crossover at the diameters of 25 Å and 33 Å, respectively.
To analyze changes in electron states near the valence band max-

imum and conduction band minimum due to layer folding, we have
calculated the PDOS of W d-orbitals and S (Se) p-orbitals located in the
inner or outer shells of selected nanotubes. Calculated PDOS is dis-
played in Fig. 7; to improve the visibility of the curves, we smoothed
them. It can be seen that states near the top of VB and bottom of CB
mainly consist of W d-orbitals, while below and above these states the
larger contribution of chalcogenide p-orbitals takes place. The PDOS
analysis also shows that in all cases the contribution of S (Se)-outer p-
orbitals to the top VB states is greater than contribution of S (Se)-inner
p-orbitals. In the cases of SWSe and WS2 nanotubes it is comparable to
that of W d-orbitals. As the diameter increases, the contribution of the
inner shell increases (see Figure S8 in Supplementary Material). Thus,
we can suppose that it is the composition of the outer shell that de-
termines the peculiarities of the band gap dependence on tube dia-
meter.
We found that in accordance with conclusion above, the depen-

dence of the band gap of SWSe nanotubes on the diameter is similar to
that of WS2 nanotubes, and the dependence of BG of SeWS nanotubes is
similar to that of BG for WSe2 nanotubes. The fundamental BG increases
with the tube diameter in all cases. At equal diameters the band gaps of
zigzag and armchair WS2 and SWSe nanotubes are close to each other
(see Fig. 8a). However, the diameter plays a more pronounced role for
WSe2 and SeWS nanotubes (see Fig. 8b and c).
The inverse relation between the band gap of cylindrical SWNTs and

the tube diameter was found in some previous works [21,50,51]. We
applied this approach to illustrate the differences between dichalco-
genide nanotubes. The obtained dependences are shown in Fig. 8 for

Fig. 7. Projected density of states of WS2, SWSe, SeWS and WSe2 nanotubes
with chirality (9, 9). Fermi level is shown as the horizontal line.
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considered nanotubes of both chiralities. As can be seen, the data for
both the WS2 and SWSe nanotubes are well approximated by a single
line. The limiting values at D→∞ (1/D=0) are 2.95 and 2.55 for the
WS2 and SWSe nanotubes, respectively. Band gaps for SeWS and WSe2
nanotubes can be divided into two zones: when the calculated
Egap<2 eV and Egap>2 eV. The fitted lines have a different slope in
those two regions. In the second region the limiting values are 2.56 and
2.42 for the SeWS and WSe2 nanotubes, respectively. Obtained limiting
values are slightly above the band gaps in corresponding monolayers.
Obviously, diameter dependence of BG has its origin in the dia-

meter-dependent curvature of the X-M-Y triple layers. It is accompanied
by compressive and tensile strain in the inner and outer part of one
triple layer, respectively, whose magnitude again depends strongly on
the curvature (which is proportional to 1/D) of the rolled layers and
hence on the diameter D of the tube wall as a whole. As it was argued in
Refs. [52,53], the main reason for the band gap shrinking lies in the
tensile strain that brings down the conduction band's antibonding Mo-d-
S-p states near the K point. The 1/D low may be due to the fact that the
tensile strain is equal to w/D, where w is the thickness of the NT wall.

5. Conclusions

In summary, we have theoretically investigated a series of MXY
(M=Mo, W; X, Y=S, Se) bulk crystals, monolayers and single wall
nanotubes using DFT calculations. To find out the ground bulk state for
mixed (Janus) systems, we modeled four hypothetical structures for the
MSSe (M=Mo, W) bulk crystals. We obtained the similar optimized
bulk lattice parameters for all the unit cells considered. The structure
with the space group P3m1 appears to be the most stable. The unit cell
of this structure consists of two three-plane MSSe layers, with the dif-
ferent composition (S or Se) of opposite atomic planes, separated by a

vacuum gap. The knowledge of the structure and stability of mixed
dichalcogenide bulk crystals could be useful for the interpretation of
properties of mixed (Janus) multi-walled nanotubes.
Currently, the mixed nanotubes have not yet been synthesized, and

one can hope that a theoretical modeling of these systems will facilitate
their successful synthesis in the nearest future. To this purpose, we
studied the dependence of stability, structural and electronic properties
of Mo and W dichalcogenide nanotubes on their composition, chirality
and diameter. Using the unified approach and the same calculation
scheme allows us to perform a comparison between properties of pure
and mixed (Janus) systems. In accordance with the previous results we
show that the strain energy increases in the following order:
SeMS < MS2 < MSe2 < SMSe (M=Mo, W). The energy advantage
of SeMS nanotubes compared to SMSe nanotubes is because the loca-
tion of larger Se atom inside the nanotube opposes the monolayer
folding, whereas the alternate location promotes it. At the same time,
there is no significant difference between the strain energies of arm-
chair and zigzag nanotubes at equal diameters. Replacement of tung-
sten with molybdenum does not affect the strain energy of nanotubes.
Comparing to the previous works [18–20] we considered the larger
scope of NT chiralities, diameters and compositions. We more carefully
analyzed the dependences of NT stability and electronic properties on
diameter. Thus, we found that the nanotubes SeMS at Davr > 40Å have
the negative strain energy that is very meaningful for the practical
synthesis of these nanotubes. The minimum strain energy was located
at approximately 75 Å.
Our calculations show that the band gap is direct for zigzag MS2 and

SMSe (M=Mo, W) nanotubes but it becomes indirect in armchair
nanotubes. For the MSe2 and SeMS nanotubes of both chiralities, the
band gap is mostly direct, except the small diameters for armchair tubes
and within the diameter interval from 18 to 26 Å for zigzag tubes where

Fig. 8. Inverse diameter dependence of band gap for zigzag and armchair WS2 and SWSe NTs (a), for SeWS NTs (b), and for WSe2 NTs (c). Band gap of monolayer is
shown as the horizontal dotted line.
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it is indirect. The band gap dependence on diameter and the PDOSs
analysis show that SMSe nanotubes are similar to the MS2 nanotubes
while the SeMS nanotubes are similar to the MSe2 nanotubes (M=Mo,
W). We proved that in the case of SeMS and MSe2 nanotubes the band
gap diameter dependence can be divided into two zones. Thus, we can
propose that the composition of the outer atomic shell determines the
electronic properties and peculiarities of the band gap dependence on
tube diameter. The possible reason is that it is the tensile strain of outer
NT shell may govern the value of nanotube band gap.
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