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Single-wall pristine and Janus nanotubes based on post-transition metal 
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A B S T R A C T   

The first-principles simulations were performed to investigate the structure and properties of single-wall nano
tubes constructed from the binary MX and mixed M2XY, MLX2 or MLXY (M, L = Ga, In, M ∕= L; X, Y= S, Se, Te, X 
∕= Y) monolayers. Different types of parent monolayers, chirality and diameters of nanotubes have been 
considered. The simulation of Janus nanotubes based on post-transition metal chalcogenides has been performed 
for the first time. The stability of nanotubes was analyzed both with respect to bulk phases and with respect to 
monolayers. It is found that the monolayers of monoclinic phase may be preferable for folding of nanotubes in 
the case of GaTe. On the other hand, the Janus nanotubes possess the lower formation energy than their binary 
(pristine) counterparts if the heaver chalcogen atom is located on the external nanotube surface. The calculation 
of the electronic properties also indicates the promise of Janus nanotubes for photocatalytic applications. 
Young’s and shear moduli, as well as Poisson ratios have been estimated for binary and mixed gallium chal
cogenide nanotubes for the first time. Analysis of elastic properties of nanotubes based on gallium chalcogenides 
shows that they have lower rigidity than nanotubes based on transition metal chalcogenides.   

1. Introduction 

Post-transition metal chalcogenides (PTMC) form an extensive fam
ily of materials promising for use in various fields of science and tech
nology. Among them, a special place is occupied by gallium and indium 
monochalcogenides MX (M = Ga, In; X = S, Se, Te), which are most often 
observed as layered bulk crystals [1]. 

In the last ten years, quite a lot of theoretical works have been 
published devoted to the calculation of the geometric, electronic, and 
phonon structures of bulk crystals and monolayers of gallium and in
dium monochalcogenides. Some publications [2–10] can be mentioned 
as examples. 

The ultrathin films of Ga sulfides, selenides and tellurides, as well as 
In selenides have shown great potential in electronics and optoelec
tronics [1]. Taking into account the achieved experience in the appli
cation of monolayers of transition metal dichalcogenides (TMC) in the 
field of nanoelectronics (e.g. for the design of diode and transistor de
vices [11,12]) one should expect an accelerated growth of applications 
in which nanolayers of PTMC may be used. Particularly, GaSe crystal 
exhibits strong nonlinear optical properties and finds application in laser 
optics as a material for the fast frequency conversion [3,13,14]. GaTe 

crystals were found to be suitable for using as high energy radiation 
detectors [15]. Furthermore, some indium monochalcogenides (for 
instance, InSe) proved to be promising for converting solar energy into 
electricity [16]. Additionally, electrochemical studies [17] provide 
insight into the extensive electrocatalytic performances towards 
hydrogen evolution, oxygen evolution and oxygen reduction reaction of 
layered indium chalcogenides. 

Quasi two-dimensional layered materials have gained a lot of 
attention when they have been reduced to one or few atomic layers. 
Such nanolayers can be obtained, for example, by the chemical vapor 
deposition (GaS [18]; GaSe [19]), the growth-etching-regrowth process 
(GaSe [20]), the phase-controlled synthesis on the MoS2 substrate (GaTe 
[21]), or the physical vapor deposition method (InSe [22]). Another 
approach is the shear-force milling [23], which proved to be an effective 
method for the exfoliation of indium and gallium chalcogenides (GaS, 
GaSe, GaTe, InSe, InTe). It was shown [23] that exfoliated InSe can find 
application in the gas sensing due to its high sensitivity and selectivity. 
On the other hand, it was demonstrated [5,19,24] that nanosheet-based 
GaS and GaTe can be used as highly sensitive photodetectors. Inherent 
electrochemical properties of nanomaterials based on PTMC are dis
cussed in the recent work [25]. These properties could potentially affect 
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the PTMC efficiency when applied as electrode materials. The relative 
stability of group III metal monolayer monochalcogenides as well as 
their suitability for photocatalytic water splitting, have also been 
modeled from the first principles [2]. 

Recently, there has been an explosive growth of interest in the so- 
called Janus monolayers, which have different composition of bound
ary surfaces. The design principles, synthesis, and the properties of 
chalcogenide-based Janus layers are discussed in the recent paper [26] . 
Although no synthesis of Janus PTMC has yet been reported, similar 
systems have been successfully synthesized for TMC. For example, a 
WSSe monolayer was fabricated by implanting Se atoms into a WS2 
monolayer using the pulsed plasma laser ablation technique [27], while 
a MoSSe monolayer was synthesized using a modified chemical vapor 
deposition method as a result of selenization of the MoS2 monolayer 
[28] or sulfurization of the MoSe2 monolayer [29]. 

Guo et al. [30] were evidently the first to design all possible Janus 
monolayers from group III metal monochalcogenides. The considered 
Janus structures can be divided into two groups: M2XY (M = Ga, In; X, Y 
= S, Se, Te; X ∕= Y) and MLX2 (M, L = Ga, In; M ∕= L, X = S, Se, Te). The 
calculations [30] confirmed that the Janus structures are dynamically 
and thermodynamically stable. The authors of this study [30] found that 
the monolayers under consideration have a band gap in the range of 
0.89–2.03 eV, which is lower than that of pristine (binary) monolayers. 
Moreover, for Ga2STe, Ga2SeTe, In2STe, and In2SeTe monolayers, the 
band gap turns out to be direct. It has been established that these 
monolayers exhibit piezoelectric properties, which makes it possible to 
consider them as promising materials for piezoelectric sensors and 
nanogenerators. In the work of Kandemir and Sahin [31], the strain 
dependence of the electronic properties of In2SSe Janus monolayers 
were investigated, and it was shown that Janus In2SSe monolayer has a 
direct band gap. The dependence of the electronic and optical properties 
of a GaInS2 monolayer on strain and electric field have been also studied 
by Betal et al. [32] using density functional theory (DFT) and the 
time-dependent density functional perturbation theory. It was found 
that at a compressive strain of 4%, the band gap of the material changes 
from indirect to direct. 

From the studies carried out, it becomes clear that Janus-type 
nanolayers expand the area of potential use, showing properties that 
are not found in binary systems. For example, the use of a Janus WSeTe 
monolayer instead of WSe2 or WTe2 monolayers provides improved 
performance for atomic-thin Schottky-barrier field-effect transistors 
[12]. 

In the work of Bui et al. [33] the optical and electronic properties of 
Janus monolayers based on gallium chalcogenides have been analyzed. 
The authors concluded that the combination of optical and electronic 
properties of Ga2SSe, Ga2STe, and Ga2SeTe monolayers provides great 
opportunities for their use in UV radiation detectors and photovoltaic 
absorbers. On the other hand, Pang et al. [34] have shown that Janus 
group-III chalcogenide monolayers (Ga2SSe, In2SSe) have a high selec
tivity for the adsorption of polar gas molecules and, therefore, can be 
used as highly sensitive gas sensing materials. 

Bai et al. [35] suggested the likely use of single-layer Janus PTMC as 
photocatalysts. The authors found that the position of the Janus PTMC 
band edge is suitable for photocatalytic water splitting, possibly with the 
exception of Ga2STe, in which the valence band edge is above the 
oxidation potential. In addition, the direct band gap of Ga2SeTe, In2STe 
and In2SeTe is favorable for photocatalysis. A similar study by Huang 
et al. [36] not only proved the efficient photocatalytic performance of 
2D M2XTe (M = Ga, In; X = S, Se) monolayers, but also proposed an 
approach to tuning the band gap of 2D photocatalysts by selecting 
specific Janus structures. Linear and circular photogalvanic effects in 
Janus monolayer In2SSe have been studied by non-equilibrium Green’s 
function technique and DFT in the work of Wang et al. [37]. The ob
tained results show that the In2SSe Janus monolayer is a favorable 
material for visible light solar cells. The analogous study has been done 
for the In2SeTe monolayer by Zhao et al. [38]. The data revealed 

indicate that the photocurrent of In2SeTe solar cells can be comparable 
with thin-film silicon devices. 

The layered structure of PTMC, as well as the possibility of forming 
free nanolayers makes it very probable that quasi one-dimensional 
nanoobjects such as nanotubes (NTs) can be obtained. Indeed, nano
tubes based on gallium sulfide and selenide have actually been synthe
sized [39–41]. Firstly, a simple method was proposed for obtaining 
multiwalled GaS nanotubes by annealing a lamellar precursor prepared 
from sulfur and gallium powders in gaseous Ar [39]. Almost simulta
neously, the multilayer GaS and GaSe nanotubes have been created by 
exfoliation under the action of laser irradiation or thermal treatment of 
bulk chalcogenide powders [40]. Ten years later, the amine-templated 
gallium chalcogenide nanotubes were synthesized [41] through the re
action of gallium (III) acetylacetonate and chalcogen (sulfur or sele
nium) using a mixture of amines as a solvent. In addition, GaS thin films 
were generated [42] by atomic layer deposition onto single-wall carbon 
nanotubes. The resulting composite material has proven to be a highly 
efficient anode for lithium-ion batteries [42]. 

To the best of our knowledge, there are no works on the preparation 
of nanotubes based on gallium tellurides or indium monochalcogenides. 
Only a few reports on the synthesis of nanotubes based on indium (III) 
sulfide have been published [43,44]. 

Despite the rather large amount of experimental data, theoretical 
studies of nanotubes based on gallium and indium chalcogenides are 
limited to a several publications. First of all, one should note the studies 
of single-wall GaS nanotubes carried out by Seifert and his co-workers 
[45,46] in the framework of the semi-empirical density functional the
ory tight-binding (DFTB) method [47]. The first ab initio calculation was 
performed by Côté et al. [48] for GaSe single-wall nanotube (SWNT) in 
the local density approximation. A comparison of the structure and 
stability of GaS and GaSe nanotubes was carried out by Karpov et al. 
using the PBE0 exchange correlation functional (containing 13% 
Hartree-Fock exchange) [49]. In this work, it is shown that the strain 
energy of the nanotubes of gallium selenide is higher than that of gal
lium sulfide at the same diameters. Nevertheless, the strain energies of 
nanotubes of the same composition and diameter, but of different 
chirality, practically do not differ. Only one theoretical study was 
devoted to InS nanotubes [50]. In this work, the structure and stability of 
single- and double-walled nanotubes were analyzed. It has also been 
shown that some InS nanotubes are promising for photocatalytic water 
splitting in the visible region of the light spectrum. 

It should also be noted that Janus nanotubes exist in nature. The 
mineral imogolite Al2SiO3(OH)4 [51] includes single-wall Janus nano
tubes, while the minerals halloysite Al2Si2O5(OH)4 [52] and chrysotile 
Mg3Si2O5(OH)4 [53] form multi-walled Janus nanotubes. Single-wall 
imogolite Janus nanotubes were first synthesized almost half a century 
ago [54] by heating weakly acidic dilute solutions containing hydrox
yaluminium orthosilicate complexes. By this method, a fibrous polymer 
was obtained, each fiber of which consisted of Janus nanotubes with an 
outer diameter of about 2.2 nm and an inner diameter of 1.0 nm. The 
selective etching method was used to create a new modification of 
multi-walled halloysite Janus nanotubes [55]. 

No other single- or multi-walled Janus-NTs were found experimen
tally. Particularly, the Janus nanotubes have not been synthesized for 
either TMC or PTMC. However, there are a lot of theoretical studies of 
Janus SWNTs based on transition metal dichalcogenides (see, for 
example, Refs. [56–58] and references therein). As pointed out by Bölle 
et al. [58], the formation of the Janus SWNTs should be driven by an 
intrinsic self-rolling force existing in asymmetric 2D Janus sheets due to 
a lattice mismatch between inner and outer atomic planes. 

No reports on PTMC Janus nanotubes have been published, except 
for our previous study [59] in which the first-principles calculations 
were used to provide the benchmark systems for classical force-field 
fitting. 

The present first-principles study is aimed at comparing the prop
erties of various single-wall nanotubes composed of layers of gallium 
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and indium monochalcogenides with different structures. Analysis of the 
relative stability of monolayers is carried out at the preliminary stage of 
our study. The structure, stability, electronic and elastic properties of a 
large number of pristine and Janus nanotubes are found and discussed 
by us. The results obtained for Janus nanotubes, as well as for pristine 
GaTe, InSe, and InTe-based nanotubes, are presented for the first time. 
The possibility of tuning of the electronic properties of PTMC nanotubes 
for photocatalytic water splitting is analyzed. 

This article is organized as follows. In the “Computational details” 
section, we describe the methods used in this study. In two following 
sections, “Slab models” and “Nanotube models” we briefly consider the 
structure and properties of 2D monolayers originated from the various 
bulk phases, as well as the models used to design the nanotubes from the 
considered layers. In the “Results and discussion section”, we present 
and discuss the results obtained for the structure, stability, electronic 
and elastic properties of pristine and Janus nanotubes. The main results 
of our research are presented in the “Conclusion” section. 

2. Computational details 

Our calculations were performed within the framework of the peri
odic DFT using the hybrid exchange-correlation functional M06 [60]. 
The basis set of localized atomic orbitals, implemented in the CRYS
TAL17 [61,62] computer code, was used to expand the crystalline or
bitals. The all-electron basis pob_DZVP_rev2 [63] was applied for Ga, S 
and Se atoms. To describe the interaction of core and valence electrons 
in and Te atoms, we used the m-pVDZ-PP_Heyd [64] basis set and the 
corresponding effective core pseudopotentials. The subvalent 4s-, 4p- 
and 4d-shells have been explicitly included for the In and Te atoms. 

When calculating the direct lattice sums of one-electron and two- 
electron Coulomb and exchange integrals, the tight thresholds [62] of 
10− 8, 10− 8, 10− 8, 10− 9 and 10− 18 were used. The Brillouin zone of the 
MX bulk crystals with space group (SG) 194, P63/mmc, was sampled 
using a Monkhorst-Pack [65] 16 × 16 × 4 k-point grid. In other cases, 
the grid in the reciprocal space was set to be inversely proportional to 
the respective cell constants to ensure roughly the same density in the 
k-point sampling mesh. 

To take into account the dispersion contributions to the van der 
Waals (vdW) interactions between MX layers, we applied the zero- 
damping approach DFT-D3 [66] implemented in the CRYSTAL17 code 
[62]. Following this approach, the dispersion correction D3 (DC) in
cludes damped atom-atom pairwise empirical term added to the 
Kohn-Sham DFT total energies. The default values built into CRYSTAL17 
code [62] were used for DC parameters. 

The built-in capabilities of the CRYSTAL17 [62] code were used to 
create the initial structures of single-wall nanotubes. The lattice pa
rameters and positions of all atoms in the considered systems were 
optimized while searching for the most stable structures. 

The described computational approach has been tested on the 
properties of the stable bulk phases of gallium and indium chalcogen
ides. Comparison of the results obtained with the available experimental 
data shows a good agreement of both structural and electronic proper
ties (Table 1). It should be noted that bulk monochalcogenide phases 
have been the subjects of a recent theoretical study [10] using plane 
wave DFT, which was performed to determine the relative energies of 
competing polytypes of bulk layered hexagonal gallium and indium 
chalcogenides. The reported [10] accuracy of reproducing the experi
mental data for the lattice parameters of the GaS, GaSe, and InSe hex
agonal phases is approximately the same as in the present work. 

3. Slab models 

Most of the stable bulk phases of gallium and indium chalcogenides 
consist of layers weakly interacting with each other via vdW forces. The 
only exceptions are the modifications of indium sulfide and telluride, 
which do not show layering and occur in the orthorhombic and tetrag
onal phases (Table 1) at ambient conditions. 

To investigate the relative stability of various nanotubes and their 
precursor monolayers, we considered the same set of structures based on 
experimentally observed modifications of layered bulks. In this set, we 
included hexagonal, trigonal, and monoclinic structures. Various hex
agonal polytypes are known for the stable phases of GaS, GaSe, and InSe 
(see Table 1), the monoclinic (C2/m) phase corresponds to the low- 
temperature modification of GaTe, and the rhombohedral polymorph, 
R–3m, is experimentally found for GaS [78]. This choice is due, on the 
one hand, to the real existence of the phases under consideration, and, 
on the other hand, to the presence of the main types of monolayers 
inherent in the chalcogenides of group IIIA metals. 

The stability of various monolayers can be estimated using their 
formation energy from a certain reference state. In this work, the for
mation energy of monolayers Eform is calculated by the following 
expression: 

EMX
form = EMX

mono

/
NMX

mono − EMX
bulk

/
NMX

bulk, (1)  

where EMX
mono is the monolayer unit cell (UC) energy, EMX

bulk is the UC en
ergy of the most stable bulk phase of the MX crystal, NMX

mono and NMX
mono are 

the corresponding numbers of MX formula units. The calculated differ
ence in total energy between hypothetical substances and the stable 
phases (see Table 1) of the same composition allows us to assess the 
fundamental possibility of their real existence. Monolayers of bulk 
crystals with SG 194 and SG 166 were cleaved parallel to (001) atomic 
plane, while monolayers from the bulk crystals with SG 12 were cleaved 
parallel to (− 201) atomic plane. The first two monolayers exhibit hex
agonal morphology and consist of two M-planes (covalently bonded 
with each other) sandwiched between two X-planes (Fig. 1a and b). The 

Table 1 
Calculated propertiesa,b of the most stable bulk MX phases (M = Ga, In; X = S, Se, Te).  

Crystal SG a (Å) b (Å) c (Å) β (◦) Band gap, Egap (eV) direct/indirect band gap 

GaS 194, P63/mmc 3.608 3.608 15.524  3.06 i 
(3.585) (3.585) (15.500)  (3.1 [73]) 

GaSe 187, P–6m2 3.763 3.763 15.984  2.58 i 
(3.743) (3.743) (15.919)  (2.1 [74]) 

GaTe 12, C2/m 17.919 4.110 10.694 106.3 2.31 i 
(17.404) (4.077) (10.456) (104.4) (1.7 [75]) 

InS 58, Pnnm 4.525 10.898 3.990  2.14 i 
(4.453) (10.650) (3.945)  (2.1 [76]) 

InSe 160, R3m 4.021 4.021 25.275  1.66 d 
(4.000) (4.000) (24.950)  (1.2 [77]) 

InTe 140, I4/mcm 8.822 8.822 7.277  1.15 d 
(8.454) (8.454) (7.152)  (1.2 [75])  

a Experimental values are given in parentheses. 
b Experimental lattice parameters a, b, c, and β are taken from following works [67] for GaS, [68] for GaSe, [69] for GaTe, [70] for InS, [71] for InSe, and [72] for 

InTe. 
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corresponding 2D layer groups (LGs) are 78 (p–6m2) and 72 (p–3m1). 
Monolayers isolated from the monoclinic phases (SG 12) are 

composed of rigid M6X6 chains parallel to [010] direction in conven
tional centered rectangular c12/m1 (LG 18) cell, which are connected by 
M–M bonds between metal atoms laying in perpendicular planes (see 
Fig. 1c). This geometry provides a large flexibility of the monolayers in 
[100] direction (see next section below). 

The data presented in Table 2 demonstrate close calculated values of 
the lattice parameters a, as well as electron band gaps Egap for mono
layers of the same composition cleaved from different bulk phases. The 
monolayer formation energies computed relative to the stable bulk 
phases increase in the following order: p–6m2 ≤ p–3m1 < c12/m1. The 
formation energies of the monolayers cleaved from different phases of 
the gallium chalcogenides with the same symmetry are quite close, 
except that the GaTe base-centered rectangular layer reveals noticeably 
greater stability compared to similar GaS and GaSe structures. In this 
case the most stable phase is monoclinic with the SG 12, therefore, the 
difference in the formation energy of different monolayers is small. In
dium chalcogenide monolayers demonstrate one and a half times lower 
stability, and the minimal formation energy is observed for hexagonal 
InSe layers. 

The structure and stability of mixed (Janus) monolayers with 
composition MLXY (M, L = Ga, In; X, Y = S, Te) have also been studied to 
provide the parent layers for Janus NTs rolling up. These monolayers 
have been constructed from binary M2X2 precursors by replacing a 
chalcogen or/and metal atom in one/two adjacent planes on one side of 
the layer. This ensures that for the MLXY monolayer, metal M is 
chemically bonded to chalcogen X, and metal L is chemically bonded to 

Fig. 1. Structure of monolayers cut from bulk MX phases (M = Ga, In; X = S, Se, Te) with SG 194 (001) (a), SG 166 (001) (b), and SG 12 (− 201) (c). (Colors in online 
version: small blue spheres – M atoms, large beige spheres – X atoms.) 

Table 2 
Calculated properties of MX monolayers (M = Ga, In; X = S, Se, Te).  

Crystal LG Parent 
bulk SG 

Lattice 
parameter, a 
(ba) (Å) 

Formation 
energy, Eform 

(kJ mol− 1) 

Band 
gap, 
Egap 

(eV) 

direct/ 
indirect 
band 
gap 

GaS 18 12 3.606 
(21.491) 

23.2 4.18 i 

72 166 3.620 15.0 4.25 i 
78 194 3.611 14.5 4.09 i 

GaSe 18 12 3.755 
(22.121) 

21.4 3.77 i 

72 166 3.767 14.2 3.95 i 
78 194 3.758 13.7 3.87 i 

GaTe 18 12 4.088 
(23.557) 

15.7 2.76 d 

72 166 4.092 13.5 2.83 i 
78 194 4.074 13.6 2.88 i 

InS 18 12 3.868 
(23.821) 

36.5 3.07 i 

72 166 3.887 24.4 3.17 i 
78 194 3.883 23.9 3.22 i 

InSe 18 12 4.003 
(24.339) 

28.4 3.05 i 

72 166 4.018 18.8 3.13 i 
78 194 4.014 17.9 3.20 i 

InTe 18 12 4.313 
(25.327) 

22.3 2.50 d 

72 166 4.318 20.3 2.71 i 
78 194 4.310 19.7 2.74 i  

a The lattice parameters a and b (in parentheses) of the conventional rectan
gular UC are given for monolayers cleaved from the monoclinic C2/m phase. 

Table 3 
Calculated properties of Janus MLXY monolayers (M, L = Ga, In; X, Y = S, Te) 
with symmetry of layer group 69 (p3m1).  

Crystal SG of 
parent 
binary 
bulk 
phases 

Lattice 
parameter, a 
(Å) 

Formation 
energy, Eform 

(kJ mol− 1) 

Band 
gap, 
Egap 

(eV) 

direct/ 
indirect 
band 
gap 

Ga2STe 194 3.858 27.8 2.52 d 
166 3.871 27.8 2.53 d 

In2STe 194 4.098 31.1 2.08 d 
166 4.104 31.6 2.07 d 

GaInS2 194 3.748 25.4 3.53 i 
GaInTe2 194 4.185 20.6 2.53 i 
GaInSTe 194 3.964 45.8 1.35 d  
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chalcogen Y. 
The main calculation results are presented in Table 3. The formation 

energy of Janus monolayers is calculated using the following formula: 

EMLXY
form =

1
2
(
EMLXY

mono

/
NMLXY

mono − EMX
bulk

/
NMX

bulk − ELY
bulk

/
NLY

bulk

)
, (2)  

where EMLXY
mono and NMLXY

mono are the energy and the number of MLXY formula 
units for the monolayer unit cell, correspondingly, and the factor 1/2 is 
ensures the same energy scale as has been used for pristine monolayers. 
The data of the first 4 rows of Table 3 confirm that monolayers with 
parent SG 166 have similar properties as monolayers with parent SG 
194. It is also interesting to note, that the lattice parameter a of Janus 
monolayer can be well estimated as the arithmetic mean between the 
lattice parameters of the parent binary monolayers. For instance: a 
(GaInSTe) = 3.964 Å, while 1/2 [a(GaS)+a(InTe)] = 3.961 Å. From the 
data in Table 3 we can conclude that the Janus monolayers are signifi
cantly less stable than the parent pristine ones. This is most clearly seen 

for the GaInSTe monolayer, whose formation energy is almost three 
times higher than the average formation energy of GaS and InTe (17.1 
kJ mol− 1). The reason for this, obviously, lies in the tension that occurs 
between the “upper” and “lower” half-layers, which should have 
different cell constants in the parent pristine monolayers. 

The data in Table 2 show that the energy band gap of binary indium 
chalcogenide monolayers is lower than Egap of the corresponding gal
lium chalcogenide monolayers and also decreases with increasing of the 
mass of the chalcogenide atom: MS ≈ MSe > MTe. In the most of binary 
monolayers the band gap possesses the indirect character. In the case of 
Janus chalcogenides, the band gap turns out to be smaller than might be 
expected based on the values for the parent binary phases. As a result, 
the maximum Egap = 4.2 eV was found for the GaS monolayers, and the 
minimum Egap = 1.4 eV – for the GaInSTe monolayer. The band gap is 
direct for all Janus monolayers except for GaInS2 and GaInTe2. 

Fig. 2. Cross-sectional view of optimized structure of NTs folded from the monolayers cut: (a) from the phase of SG 194 with chirality (16, 16); (b) from the phase of 
SG 166 with chirality (16, 16); (c) from the phase of SG 194 with chirality (20, 0); and (d) from the phase of SG 12 with chirality (4, 4). (Colors in online version: 
small blue spheres are gallium or indium atoms, large beige spheres are sulfur or tellurium atoms.) 
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4. Nanotube models 

The initial structure of 1D periodic nanotubes can be obtained as a 
result of the so-called single layer folding [79–81], which means the 
construction of cylindrical surfaces of nanotubes by rolling up 
two-periodic (2D) crystalline layers. In this approach, two vectors must 
be defined for a specific chirality of the nanotube (n1, n2): the rolling 
vector R and the translation vector L. The vector R determines the 
chirality and diameter of the nanotube, passing into the circumference 
of the cylindrical surface when the nanotube is rolled up. Vector L is the 
smallest two-dimensional translation vector normal to R, which pro
vides the one-dimensional periodicity along the nanotube axis. In the 
basis (a1, a2) of the layer UC, both vectors are represented by integer 
coefficients: R = n1a1+n2a2, L = l1a1+l2a2. For a given symmetry of the 
2D layer, the possible types of NT chirality (n1, n2) are uniquely deter
mined by the orthogonality condition between R and L [80]. 

As has been shown in the previous section, the hexagonal P63/mmc 
(SG 194) and trigonal R–3m (SG 166) phases of MX crystals provide the 
hexagonal (001) monolayers, which after rolling up [80] can form 
zigzag (n, 0) and armchair (n, n) achiral SWNTs (see Fig. 2a, b and c). 
The zigzag nanotubes belong to the line group family (LGF) 8 (L 
(2n)nmc), while the armchair nanotubes belong to the LGF 4 (L(2n)n/m). 

According to Damnjanović et al. [80] there are two possible chiral
ities, (n, n) and (n, –n), for periodic NTs rolled up from the centered 
rectangular (c12/m1) 2D layers. Note that the chirality indices in this 
case are defined [80] with respect to a primitive rhombic cell spanned 
on the vectors a’ and b’ with a’ = b’ and γ’ ∕= 90◦. If we use the basis 
vectors a and b of the conventional rectangular cell (a ∕= b and γ = 90◦), 
the (n, n) and (n, –n) chiralities defined with primitive basis should be 
rewritten as (n, 0) and (0, n), accordingly. The folding of monolayers in 
[100] direction corresponds to (n, 0) NT chirality in conventional basis 
or (n, n) NT chirality in primitive basis. Due to the above mentioned 
flexibility, the formation energy of (n, 0) NTs predicted to be much less 
than that of (0, m) NTs of the similar diameter. Additionally, in the case 
of the (− 201) layers from the monoclinic phase, the length of the a 
vector approximately 6 times larger than length of the b vector (a ≈ 6b). 
This means that for NTs of similar diameters the 1D (0, m) unit cell 
consists of 6 times more atoms than (n, 0) unit cell. These are the two 
reasons why only (n, 0) chirality (see Fig. 2d) has been chosen for the 
study of NTs generated from the layers of monoclinic phases. Below we 
will use the primitive UC notation (n, n) for this chirality. The n values 
have been varied from 3 to 10 to provide the NT diameters in the range 
from 20 to 80 Å. According to 1D classification [80] these nanotubes 
belong to the LGF 4 (L(2n)n/m). 

Janus nanotubes have been generated from the mixed nanolayers 
MLXY (M, L = Ga, In; X, Y = S, Te) in the same way as the pristine 
SWNTs. However, only structures with larger atoms (Te and/or In) in 
the outer NT shells were considered. The transition from pristine to 
Janus nanotubes does not change their LGF. 

5. Results and discussion 

5.1. Stability of nanotubes generated from the layers of binary 
chalcogenides 

In this study, we performed DFT calculations of SWNTs folded from 
monolayers that were isolated from the layered chalcogenide phases 
discussed above. The dependence of the calculated properties on NT 
diameter and chirality has been investigated. The interval of the NT 
diameters dNT studied varies from approximately 20 to 80 Å. The 
average dNT value was estimated as the sum of the distances from the NT 
axis to the nearest (Rmin) and the most distant (Rmax) chalcogen atoms. 
There were prepared and optimized six (n, n) and four (n, 0) SWNTs 
folded from (001) layers of the hexagonal (SG 194) and trigonal (SG 
166) phases, and five (n, n) SWNTs folded from (− 201) layers of the 
monoclinic (SG 12) phase. Generally, all considered NTs keep the initial 

symmetry during the geometry optimization procedure. The optimized 
parameters of the nanotubes are given in Supplementary Material (SM), 
Table S1. 

The stability of binary NTs is traditionally measured by the so called 
strain energy, Estr, 

EMX
str = EMX

NT

/
NMX

NT − EMX
mono

/
NMX

mono, (3)  

where EMX
NT is the total energy of NT cell, while NMX

NT is the corresponding 
numbers of MX formula units. Since the free-standing monolayers do not 
really exist for all the considered chalcogenides, the energy of formation 
from bulk crystals, Eform, 

EMX
form(NT)=EMX

NT

/
NMX

NT − EMX
bulk

/
NMX

bulk (4)  

is perhaps a more practical criterion for the stability of nanotubes. Also, 
the calculation of formation energies relative to the most stable bulk 
phases provides a more correct comparison between nanotubes of 
different composition. 

Looking ahead, it should be noted that the calculated properties of 
NTs folded from the hexagonal layers with symmetry p–6m2 (LG 78) and 
p–3m1 (LG 72) practically do not differ. Moreover, the strain Estr and 
formation Eform energies of the (n, n) and (n, 0) NTs with hexagonal 
morphology are very close at equal diameters. This can be clearly seen in 
Fig. 3, where we compare the dependence of Estr and Eform on the GaS 
nanotube diameter. Therefore, below we mainly discuss the results ob
tained for NTs of the first type (folded from the layers of LG 78) with 
chirality (n, n). Fig. 3 also demonstrates that the stability of NTs with 
rectangular morphology is less dependent on the NT diameter than that 
of NTs with hexagonal morphology. The strain energy of SWNTs 
generated from monoclinic phase layers is considerably lower than that 
of SWNTs generated from hexagonal phase layers. The difference in 
formation energy is smaller than the difference in strain energy due to 
the relatively high formation energy of the rectangular layers. Never
theless, one can see that SWNTs generated from monoclinic phase layers 
are more favorable at small diameters (dNT < 50 Å). These circumstances 
are obviously related to the great flexibility of the rectangular layers. 

In Fig. 4 we compare the diameter dependence of both the strain Estr 
and formation Eform energy for selected SWNTs of the chirality (n, n). It 
can be seen in Fig. 4a that at similar diameters the values of the strain 
energy of hexagonal NTs are close for all Ga and In chalcogenides. In all 
cases considered, the strain energy tends to zero with an increase of the 
NT diameter, since the total energy of the NT (per formula unit) tends to 
the corresponding energy of the monolayer. The curves for the Estr of In 
chalcogenides are practically undistinguishable and lie below the curves 
for Ga chalcogenides which arranged in the following order: GaS <
GaSe < GaTe. However, as regards the energy of formation, the order of 
these curves is different. At a given NT diameter, the formation energies 
of Ga chalcogenides are lower than the formation energies of In chal
cogenides, with indium sulfide exhibiting the maximum values. Finally, 
Eform disposes in the sequence: GaS < GaSe ≈ GaTe < InSe < InTe < InS. 
The dissimilarity in the behavior of Eform and Estr is obviously due to the 
different structure of parent bulks and, as a result, unequal stability of 
hexagonal monolayers. Thus, the monolayers of InS and InTe have a 
sufficiently large formation energy from the stable non-hexagonal pha
ses, that leads to relatively low stain energy and relatively high forma
tion energy. InSe NTs are the most stable among indium 
monochalcogenide NTs, which is also due to the fact that the hexagonal 
(SG 194) phase is the most stable bulk phase for the InSe crystal. 

A somewhat different picture is observed for the stability of nano
tubes rolled up from layers of monoclinic phases. First of all, the strain 
energy of such NTs is relatively low and does not exceed 5 kJ mol− 1 for 
diameters greater than 30 Å (Fig. 4c). Moreover, in this region of di
ameters, the negative strain energy is observed in the case of InS and 
InSe nanotubes as a consequence of the relatively large positive for
mation energy of the initial monolayers. The formation energy of NTs 
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with rectangular morphology, calculated with respect to the stable bulk 
phases, increases in the following order: GaTe < InTe ≈ GaSe < GaS <
InSe < InS. Thus, GaTe NTs are the most stable among all SWNTs 
considered, in agreement with the fact that the monoclinic (SG 12) 
structure is the initial phase for this composition. GaTe tubes deserve 
special attention, since a rectangular morphology is more favorable for 
them than a hexagonal one in the entire diameter range under consid
eration. In addition, a comparison of the data in Fig. 4b and d shows that 
most other NTs formed from the monoclinic phase are energetically 
more favorable than those formed from hexagonal phases with a 
diameter of less than 50 Å. 

5.2. Stability of Janus nanotubes generated from MLXY hexagonal layers 
(M, L = Ga, In; X, Y = S, Te) 

As noted earlier, nanotubes obtained by rolling up of nanolayers with 
the composition M2XY (M = Ga, In; X, Y = S, Se, Te; X ∕= Y) are of 
particular interest, since they can presumably be more stable than bi
nary nanotubes. In this work, the Janus nanotubes of gallium and in
dium chalcogenides have been modeled for the first time. Here we 
limited ourselves to Janus NT, which were generated from hexagonal 
monolayers with LG 69 (p3m1). These layers can be obtained from the 
binary layers with LG 78 (p–6m2) by replacing the chalcogen on one of 
the two chalcogen surfaces of the monolayer. By design, the considered 
Janus tubes practically do not differ from similar pristine NT tubes. 
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However, preliminary calculations confirmed that if a chalcogen atom 
with a larger effective (van der Waals) radius is located on the outer 
surface of the tube, and an atom with a smaller radius is located on the 
inner surface (see Fig. 5), then the mixed tube wins in terms of stability. 
Only such Janus nanotubes were considered in this study. The optimized 
parameters of them are given in Table S2 of the SM. 

Indeed, the results of ab initio calculations show that the strain en
ergy of Janus monolayers is negative at diameters greater than 30 Å (see 
Fig. 6a, c). Up to diameters of ≈60 Å, the energy of formation of such 
Janus tubes relative to bulk parent crystals (see Eq. (5) below) is 
significantly less than the energy of formation of the corresponding bi
nary systems (see Fig. 6b, d). At the same time, in the region of 50–60 Å, 
both the strain and formation energies of mixed nanotubes have a 
minimum. Comparison of plots in Fig. 6b and d also demonstrates that 
InSTe nanotubes are less stable than GaSTe nanotubes by about 5 kJ 
mol− 1. As in the case of pristine NTs, the armchair and zigzag chiralities 
have similar energies for the same diameters. Because of this, both 
chiralities in Figs. 6 (and Fig. 7 below) are combined into common 
curves. 

The formation energy of the Janus nanotubes of the general 
composition MLXY (M, L = Ga, In; X, Y = S, Te) is estimated relative to 
the sum of the total energies of two stable parent phases: 

EMLXY
form (NT) =

1
2
(
EMLXY

NT

/
NMLXY

NT − EMX
bulk

/
NMX

bulk − ELY
bulk

/
NLY

bulk

)
, (5)  

where EMLXY
NT and NMLXY

NT are the energy and number of MLXY formula 
units in the Janus NT unit cell. Both formation and strain energies are 
calculated per one metal atom to maintain consistency with results for 
binary systems. As it was shown above, the replacement of chalcogen in 
the outer NT shell can significantly improve its stability. In this regard, 
the question arises, how will the stability of nanotubes change with a 
similar replacement of a metal atom? To answer this question we have 
calculated the structure and formation energy of nanotubes obtained by 
rolling up mixed Ga2XY monolayers in which the outer Ga atom was 
replaced by an In atom (see Fig. S1 in SM). In Fig. 7 we compare the 
strain and formation energies of several ternary NTs with those for one 
quaternary NT (GaInSTe). Due to the high formation energy of the 
corresponding monolayer (see Table 3), the strain energy of the GaInSTe 
nanotube is lower than that of other NTs and is negative, while the 
formation energy is greater than that of others, except the region of 

small diameters (dNT < 40 Å). Among the other ternary Janus nanotubes, 
the Ga2STe composition exhibits the lowest values of both the strain 
energy and the formation energy. Thus, we can conclude that the 
replacement of the Ga atom by the In atom in the penultimate shell on 
the outer surface of the nanotube does not improve the nanotube 
stability. 

Due to the large size of the nanotubes under consideration (con
taining from 72 to 400 atoms, see Table S1), we were unable to check the 
dynamic stability of all of them. Nevertheless, we calculated the phonon 
frequencies at point Γ of Brillouin zone for a limited number of small- 
sized pristine and Janus nanotubes with a diameter of 30–40 Å. In 
addition, using a triple 1D supercell and the extrapolation technique 
provided in the CRYSTAL17 program [82], we estimated the overall 
structure of the phonon bands for three selected nanotubes (GaS, GaTe, 
and Ga2STe) with chirality (18, 18) and containing 144 atoms each. The 
obtained results are shown in Figs. S2 and S3 in the Supplementary 
Material. In all the cases considered, we found no imaginary frequencies. 
Based on these calculations, it can be assumed that both binary nano
tubes and Janus nanotubes considered in this work are dynamically 
stable. 

5.3. Electronic properties of pristine and Janus nanotubes generated from 
gallium and indium chalcogenides 

In Fig. 8 we present the diameter dependence of the band gap of 
binary NT for the different compositions, various parent phases and 
chirality. Our calculations show that at equal diameters the values of the 
band gaps of two NT types folded from the layers of the hexagonal (SG 
194) and trigonal (SG 166) phases are close and weakly depend on NT 
chirality. It can be seen (Fig. 8a and b) that calculated diameter 
dependence for zigzag and armchair binary hexagonal NTs is similar 
except the region of small diameters. In the zigzag cases (Fig. 8a and c), 
the Egap monotonically increases with the NT diameter, tending to the 
relevant monolayer value. The Egap(dNT) curves are almost parallel and 
arranged in the same order as for the corresponding monolayers: GaS >
GaSe > InS > InSe > GaTe > InTe. Fig. 8d shows that nanotubes 
generated from the layers of the monoclinic phase have higher values of 
the band gap, which quickly reaches their limiting value and further 
does not change. 

For the majority of considered pristine nanotubes, the band gap is 

Fig. 5. Optimized structure of Ga2STe Janus nanotubes. A section perpendicular to the axis of the nanotubes with hexagonal morphology is shown: (a) with armchair 
chirality (12, 12); (b) with zigzag chirality (20, 0). (Colors in online version: small green spheres are gallium atoms, large beige spheres are tellurium atoms, and 
middle yellow spheres are sulfur atoms.) 
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direct. The indirect band gap appears for the armchair chirality of sul
fide nanotubes with hexagonal morphology, as well as for the (n, n) 
chirality of sulfide and selenide nanotubes with rectangular 
morphology. Nevertheless, at large diameters, most binary SWNTs 
should have an indirect band gap, since it is observed for monolayers of 
gallium and indium chalcogenides (see Table 2). 

Band gaps obtained for the Janus structures are illustrated in Fig. 9. 
The NTs which have two different metal atoms, GaInS2 and GaInTe2, 
reveal the same character of the Egap(dNT) dependence as was found for 
pristine nanotubes. However, the band gap of nanotubes with two 

different chalcogen atoms shows a non-monotonic dependence on 
diameter. In this case, the Egap values tend to decrease at the largest of 
the considered diameters (about 70 Å). The band gap of the ternary 
Janus nanotubes is mostly direct except the armchair chirality for the 
GaInS2 nanotube. GaInSTe quaternary nanotubes have a band gap of 
about 2 eV over the entire considered diameter range. Taking into ac
count that the limiting value of Egap at large diameters should be 1.4 eV 
(i.e., a monolayer value), we can conclude that GaInSTe nanotubes keep 
the band gap in the range of 2–1.4 eV at dNT > 70 Å. The band gap is 
direct for all studied GaInSTe nanotubes. 
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On Fig. 10a, we compare the position of the band gaps in binary 
monolayers and nanotubes calculated in this work. The water oxidation 
O2/H2O (− 5.67 eV) and hydrogen reduction H+/H2 (− 4.44 eV) poten
tials relative to the vacuum level at zero pH are shown as the straight 
lines. It is easy to see that our results for MX monolayers (M = Ga, In, X 
= S, Te) are in fairly good agreement with the results of Zhuang and 
Hennig [2] obtained using the quasiparticle approximation of 
many-body perturbation theory. The relative arrangement of the band 
edges for the selected nanotubes resembles that for the corresponding 
monolayers. However, the band gaps in nanotubes are narrower that 
Egap in monolayers due to the simultaneous increase in the valence band 
maximum (VBM) and decrease in the conduction band minimum (CBM). 

Our data are consistent with the conclusion [2] that MX nanosystems are 
suitable photocatalysts for water splitting. Due to the reduction in the 
band gap, MX nanotubes allow more light to be absorbed in the visible 
range than MX monolayers. Based on the data obtained, it can be 
assumed that the composition GaTe or InTe is the most suitable for 
photocatalysis using the binary nanotubes. By varying the diameter or 
the number of NT walls, the band gap can be adjusted to 1.75–2.5 eV, 
which corresponds to the center of the visible light region. 

Fig. 10b demonstrates the band edges calculated for Janus mono
layers and nanotubes. It can be assumed [35] that the transition from 
binary systems to Janus systems will allow finer tuning of the properties 
of photocatalysts by selecting specific Janus structures. Our data for 
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Ga2STe and In2STe monolayers qualitatively agree with those reported 
by Bai et al. [35], but our band gaps somewhat wider. By this reason our 
computations show that VBM of the Janus Ga2STe monolayer, as well as 
that of In2STe monolayer, are not higher than the water oxidation po
tential of O2/H2O. Thus, from our point of view, both systems are suit
able for water splitting in the visible light region (with band gaps of 2.5 
eV and 2.1 eV, respectively, see Table 3). 

It is interesting to note, and this, presumably, was discovered for the 
first time, that in the case of ternary systems M2XY or MLXY (X ∕= Y), the 
band gap of nanotubes may be slightly larger than the band gap of the 
parent monolayers (in contrast to binary monochalcogenides) due to an 
increase of the CBM in nanotubes. As a result, it can be assumed that all 
the compositions considered for Janus nanotubes, except for GaInS2 
(Egap > 3 eV), are potentially capable of exhibiting photocatalytic ac
tivity in the visible region. Our data on Janus nanotubes confirm the 
conclusion made for Janus monolayers [35,36] that the presence of Te is 
desirable for good photocatalytic ability. 

To study the influence of deformation on the electronic properties of 
pristine and Janus NTs, we have calculated the band gap of gallium 
chalcogenides at different axial strains (see Fig. 11). We found that the 

band gap Egap of nanotubes depends non-monotonically on the strain ε 
caused by the applied stress. The band gap for all considered types of 
tubes decreases both under compression and stretching (see Fig. 11), 
and the maximum is observed either at the equilibrium period of the 
nanotube, or it is somewhat shifted towards negative or positive strains. 
The dependence of the band gap for the Janus NTs has a form of two 
straight lines intersecting in the region of small positive strains with ε ≈
0.05. It should be noted that the nanotubes under consideration are 
capable of withstanding significant stretching: they retain their structure 
and integrity up to an elongation of 25%. In the entire region of exam
ined deformations, the following relation takes place: Egap(Ga2STe) ≥
Egap(GaTe). At equilibrium UC periods Egap(Ga2STe) ≈ Egap(GaS), but at 
negative and positive strains, the band gap of Ga2STe nanotubes can be 
either smaller or slightly larger than the value for gallium sulfide. The 
found strong dependence of the Egap on stress makes it possible to use 
this effect to tune the band gap of the systems under consideration to
wards smaller values. 

Our calculations also indicated that the effect of small torsional 
stresses (see next section) is different for nanotubes of different chirality. 
The band gap of armchair nanotubes decreases with twisting, while the 
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Fig. 10. Edge positions of the valence and conduction bands in the selected pristine (a) and Janus (b) monolayers and nanotubes.  

A.V. Bandura et al.                                                                                                                                                                                                                             



Physica E: Low-dimensional Systems and Nanostructures 147 (2023) 115611

12

band gap of zigzag nanotubes turned out to be insensitive to twisting, at 
least at small torsion angles. 

5.4. Elastic properties of pristine and Janus nanotubes generated from 
gallium chalcogenides 

The computation of the elastic properties of nanotubes based on 
gallium sulfide and telluride has been performed for the first time. We 
have calculated the Young’s modulus (Y), shear modulus (G) and Pois
son’s ratio (ν). 

The second derivative of the total energy E with respect to the axial 
strain ε‖ has been used to calculate the Young’s modulus of nanotubes 
[83]: 

Y =
1
V0

×
∂2E
∂ε‖2 . (6) 

The equilibrium volume V0 of the nanotube translational unit can be 
determined as follows: 

V0 = 2π R0 L0 W0, (7)  

where R0 indicates the average radius of the unstressed nanotube, and L0 
and W0 are the corresponding length and thickness. In general case, the 
parameters R and W can be defined using some model assumptions [59]. 
In the case of Ga2XY nanotubes (X, Y = S, Te), we can write: 

R=(Rmax +Rmin + |rX − rY|) / 2, (8)  

W = Rmax − Rmin + rX + rY, (9)  

where rS and rTe are the effective atomic radii of S and Te, evaluated 
from the interlayer distances in bulk chalcogenides. The values esti
mated by us are rS = 1.529 Å, rTe = 1.813 Å [59]. 

The Poisson’s ratio can be determined as a ratio of transverse NT 
contraction to axial NT elongation: 

ν= −
L0

R0
×

∂R
∂L

. (10) 

To calculate shear modulus we used the following equation [83]: 

G =
1
V0

×
∂2E
∂γ2 ; ​ γ =

φR
L
, (11)  

where φ is the torsion angle. In the case of a transversely isotropic sys
tem, the values of Y, G and ν should obey the relation: 

G =
Y

2(1 + ν), (12) 

which can also be used to roughly estimate the shear modulus of 
nanotubes. 

Using Eqs. (6) and (10) we have estimated Young’s modulus and 
Poisson’s ratio for GaS, GaTe and Ga2STe nanotubes with several chi
ralities (see Table S3). To obtain the energy second derivatives in Eq. (6), 
the dependences of the total energy on the axial strain were calculated. 
Fig. 12 shows the energy vs. strain for two chiralities (18, 18) and (30, 
0), which have close diameters for a given composition. It is interesting 
to note that the curves presented in Fig. 12 show very little variance 
between the considered compounds. The inequalities between the ob
tained values of Young’s moduli (see below) are due exclusively to 
variations in the equilibrium volume V0 of the nanotube translational 
unit. 

The shear modulus has been explicitly determined (Eq. (11)) for the 
same two chiralities (18, 18) and (30, 0). The adopted procedure is 
based on the line group theory [79]. For both considered chiralities, we 
constructed the twisted nanotubes with a sufficiently small torsional 
angle (≈0.5◦) and acceptable translational periods. The methodology 
used is given in more details in our recent work [84], where it was 
applied for nanohelicenes. 

The obtained results are given in Table 4 (More complete data on 
Young’s modulus and Poisson’s ratio are presented in Table S3 of the 
SM). 

The data in Table 4 indicate a gradual decrease in both moduli and 
Poisson’s ratio in the series GaS > Ga2STe > GaTe. For Young’s moduli a 
weak dependence on chirality and diameter was found (see Table S3 in 
SM). For diameters in the range of 30–60 Å, the values of Y lie in the 
intervals: 103–108 GPa for GaS; 85–88 GPa for Ga2STe; and 70–72 GPa 
for GaTe NTs. Poisson’s ratio depends on diameter and chirality to a 
much greater extent than Young’s modulus. Thus, the values of ν for 
armchair nanotubes are higher than for zigzag nanotubes in accordance 
with the results of Lorenz et al. [83] for MoS2 nanotubes. The same is 
true for the shear modulus calculated directly from Eq. (11). However, 
the shear modulus calculated from Eq. (12) exhibits a week dependence 
on chirality, which should be due to the approximate nature of this 
relation. Ultimately, it can be concluded that armchair-type nanotubes 
are more rigid with respect to twisting compared to zigzag-type nano
tubes. In general, however, nanotubes based on gallium chalcogenides 
seem to have lower rigidity than nanotubes based on molybdenum 
dichalcogenides. Indeed, the calculated values of the elastic moduli of 
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Fig. 11. Dependence of the band gap in GaS, GaTe, and Ga2STe nanotubes with (a) (18, 18) and (b) (30, 0) chiralities on the strain caused by stress along the 
tube axis. 
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gallium monosulfide NTs are approximately two times lower than those 
for molybdenum disulfide NTs [83,85]. 

6. Conclusions 

In this work, we simulated a large set of single-wall nanotubes rolled 
up from monolayers cut from various bulk phases of indium and gallium 
chalcogenides. The stability of the considered nanotubes with respect to 
both bulk phases (Eform) and single monolayers (Estr) is estimated. We 
suppose that the formation energies relative to the most stable bulk 
phases provide a more correct comparison between nanotubes of 
different composition. We found that the stability of NTs folded from the 
layers of two hexagonal polymorphs with symmetries p–6m2 and p–3m1 
practically do not differ. Moreover, the strain Estr and formation Eform 
energies of the armchair and zigzag NTs with hexagonal morphology are 
very close at equal diameters. At a given NT diameter, the formation 
energies of Ga chalcogenides are lower than the formation energies of In 
chalcogenides. In general, the Eform of nanotubes with hexagonal 
morphology increases in the following order: GaS < GaSe ≈ GaTe <
InSe < InTe < InS. On the other hand, GaTe NTs with a rectangular 
morphology turned out to be the most stable due to the fact that the 
parent monoclinic (SG 12) phase is the ground state for the GaTe bulk. A 
comparison of the two morphologies shows that most NTs generated 
from the monoclinic phase are energetically more favorable than NTs 
formed from hexagonal phases if their diameter is less than 50 Å. GaTe 
tubes of rectangular morphology have an energy advantage over hex
agonal tubes in the entire range of diameters studied. 

Our calculations support the assumption that Janus nanotubes have 
the lower formation energy than their pristine counterparts if the 
heavier chalcogen atom is located on the outer surface of the nanotube. 

In addition, it was established that the diameter dependences of the 
strain and formation energy of Janus nanotubes have a minimum be
tween 50 and 60 Å. Among ternary Janus nanotubes, Ga2STe nanotubes 
have the lowest values of both strain and formation energies. Replacing 
the Ga atom with an In atom in the penultimate outer shell does not 
improve the nanotube stability. Preliminary calculations of phonon 
frequencies testify to the dynamical stability of both pristine and Janus 
nanotubes. 

The electron band gap is direct for the majority of considered binary 
nanotubes. The indirect band gap appears for the armchair chirality of 
sulfide nanotubes with hexagonal morphology, as well as for sulfide and 
selenide nanotubes with rectangular morphology. The values of the 
SWNT band gap is decreased in the following sequence: GaS > GaSe >
InS > InSe > GaTe > InTe, and increased with NT diameter. However, 
the band gap of Janus nanotubes with two different chalcogen atoms 
shows a non-monotonic dependence on diameter. In this case, the Egap 
values tend to decrease at the largest of the considered diameters (about 
70 Å). 

Our computations confirm that Janus monolayers and nanotubes can 
potentially be useful for photocatalytic applications, exhibiting 
adsorption in the visible light region. The presence of Te atoms is 
desirable for good photocatalytic performance of both Janus monolayers 
and nanotubes. 

The band gap for all considered types of tubes decreases both under 
compression and under tension. The maximum value of Egap is observed 
near the equilibrium 1D translational period of the nanotube. The band 
gap of armchair nanotubes also decreases upon twisting, while the band 
gap of zigzag nanotubes is insensitive to twisting, at least at small twist 
angles. 

The calculations of the elastic moduli of pristine and Janus 
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Fig. 12. Dependence of the total energy on axial strain in GaS, GaTe, and Ga2STe nanotubes with (a) (18, 18) and (b) (30, 0) chiralities.  

Table 4 
Elastic properties of pristine and Janus GaXY nanotubes (X, Y = S, Te) generated from the monolayers of hexagonal phases (SG 194) with chiralities (18, 18) and (30, 
0).  

Crystal Period, a (Å) Average radius, R (Å) Thickness, W (Å) Poisson’s ratio, ν Young’s modulus, Y (GPa) Shear modulus 

Ga (GPa) Gb (GPa) 

(18, 18) 
GaS 3.63 18.38 7.68 0.317 105.7 40.1 48.3 
Ga2STe 3.88 19.29 8.19 0.280 85.8 33.5 40.0 
GaTe 4.10 20.81 8.60 0.275 69.4 27.2 34.0 
(30, 0) 
GaS 6.21 17.94 7.67 0.270 102.8 40.5 36.8 
Ga2STe 6.62 18.84 8.19 0.245 84.6 34.0 32.0 
GaTe 7.01 20.29 8.60 0.226 69.1 28.2 25.4  

a Shear modulus estimated from approximate Eq. (12). 
b Shear modulus calculated from Eq. (11). 
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nanotubes generated from gallium sulfides and tellurides indicate that 
they have lower rigidity than nanotubes based on molybdenum 
dichalcogenides. The data obtained for Young’s modulus demonstrate a 
weak dependence on both the chirality type and diameter. However, the 
shear moduli, as well as the Poisson’s ratios of armchair nanotubes are 
higher than those for zigzag nanotubes of equal diameter. The Poisson’s 
ratio also decreases with the nanotube diameter. All mentioned elastic 
moduli decrease in the sequence: GaS > Ga2STe > GaTe. 
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[17] Y. Wang, K. Szökölová, M.Z.M. Nasir, Z. Sofer, M. Pumera, Electrochemistry of 
layered semiconducting AIIIBVI chalcogenides: indium monochalcogenides (InS, 
InSe, InTe), ChemCatChem 11 (2019) 2634–2642, https://doi.org/10.1002/ 
cctc.201900449. 

[18] X. Wang, Y. Sheng, R.-J. Chang, J.K. Lee, Y. Zhou, S. Li, T. Chen, H. Huang, B. 
F. Porter, H. Bhaskaran, J.H. Warner, Chemical vapor deposition growth of two- 
dimensional monolayer gallium sulfide crystals using hydrogen reduction of Ga2S3, 
ACS Omega 3 (2018) 7897–7903, https://doi.org/10.1021/acsomega.8b00749. 

[19] Z. Wang, M. Safdar, M. Mirza, K. Xu, Q. Wang, Y. Huang, F. Wang, X. Zhan, J. He, 
High-performance flexible photodetectors based on GaTe nanosheets, Nanoscale 7 
(2015) 7252–7258, https://doi.org/10.1039/c4nr07313d. 

[20] X. Li, J. Dong, J.C. Idrobo, A.A. Puretzky, C.M. Rouleau, D.B. Geohegan, F. Ding, 
K. Xiao, Edge-controlled growth and etching of two-dimensional GaSe monolayers, 
J. Am. Chem. Soc. 139 (2017) 482–491, https://doi.org/10.1021/jacs.6b11076. 

[21] F. Li, M. Chen, Y. Wang, X. Zhu, X. Zhang, Z. Zou, D. Zhang, J. Yi, Z. Li, D. Li, 
A. Pan, Strain-controlled synthesis of ultrathin hexagonal GaTe/MoS2 
heterostructure for sensitive photodetection, iScience 24 (2021), 103031, https:// 
doi.org/10.1016/j.isci.2021.103031. 

[22] J. Zhou, J. Shi, Q. Zeng, Y. Chen, L. Niu, F. Liu, T. Yu, K. Suenaga, X. Liu, J. Lin, 
Z. Liu, InSe monolayer: synthesis, structure and ultra-high second-harmonic 
generation, 2D Mater. 5 (2018), 025019, https://doi.org/10.1088/2053-1583/ 
aab390. 
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