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Abstract  

Tungsten disulphide 1D single-walled nanotubes (WS2 SW NTs), either achiral (possessing armchair (n, n) or zigzag-type (n, 0) chiralities) 
or chiral (2n, n) with diameters dNT > 2.0 nm have been found to be suitable for photocatalytic applications since their band gaps correspond 
to the range of visible light between the red and violet edges (1.5 eV < ∆εgap < 2.6 eV). We have simulated the electronic structure of 
gradually growing armchair (ac), zigzag (zz), and chiral WS2 single-walled nanotubes, diameters of which reach up to 12.0 nm (all of them 
are determined as diameters of internal W-containing shells of nanotubes). For all the WS2 nanotubes, the top of valence band and the 
bottom of conduction band edges (εVB and εCB) must be properly aligned relatively to the oxidation (εO2/H2O) and reduction (εH+/H2) potentials 
separated by 1.23 eV, respectively, i.e.: εVB < εO2/H2O < εH+/H2 < εCB. For thin nanotubes (0.5 < dNT < 1.8 nm), the latter condition is not 
fulfilled. It has been found that band edge positions of SW WS2 NTs (εVB and εCB) depend only on diameter and not chirality. At the same 
time separation between pairs of energies (εVB, εO2/H2O) and (εH+/H2, εCB) is small enough to satisfy requirements of photocatalytic suitability 
for SW WS2 NTs of arbitrary diameters (dNT > 1.0 nm) without any presence of point defects (e.g., dopants). Large scale ab initio 
calculations on SW WS2 nanotubes have been performed by us within the formalism of hybrid Density Functional Theory and Hartree-
Fock method (using HSE0 Hamiltonian) properly adopted for tungsten disulphide bulk.   
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1 Introduction 

While the sphere of renewable energy has undergone 
essential development in the last decades, there are many 
issues to be addressed. One of the possibilities to substitute 
fossil fuel consumption with a renewable alternative is to 
develop efficient catalysts for solar hydrogen generation 
from water. Such catalysts have been known for 45 years 
since the pioneering work of Honda & Fujishima [1], but 
have not yet reached sufficient level to make the technology 
economically competitive, i.e. ≥10% conversion efficiency 
[2]. During the last years, the nanostructures of transition 
metal chalcogenides (TMCG) attract growing attention, in 
particular, tungsten disulphide (WS2) nanotubes (NTs) of 
different chiralities and diameters [3]. 

It is important that parameters of the band structure of 
these nanotubes possessing defectless morphology almost 
ideally fit to the visible light range of electromagnetic 
spectrum. When diameters of single-walled (SW) WS2 NT 
(dNT) grow from 1.8 nm up to 12 nm, the energy gap ∆εgap 
increases within the range 1.5 eV < ∆εgap < 2.6 eV, which 
corresponds to change of colour from red to violet. Also, the 
obligatory condition for suitability of nanotube for 
photocatalytic applications is that the top of valence band 
and the bottom of conduction band edges (εVB and εCB) must 
be properly aligned relatively to the oxidation (εO2/H2O) and 
reduction (εH+/H2) potentials separated by 1.23 eV, 
respectively, i.e., εVB < εO2/H2O < εH+/H2 < εCB. In the case of 
thin SW WS2 NTs (0.5 < dNT < 2.0 nm) the latter condition 

is not fulfilled, i.e., efficiency of their application in 
photocatalysis will be substantially lower than in the case of 
those which diameter is larger. 

To clarify dependence of photocatalytic suitability on 
the morphology of WS2 SW NTs, either achiral (possessing 
armchair (n, n) or zigzag-type (n, 0) chiralities) or chiral (2n, 
n) with diameters dNT > 1.0 nm, we have performed large-
scale ab initio calculations of their electronic structure, 
consequently varying n index. 

2 Computational details and models 

The equilibrium geometry and electron band structure of 
achiral and chiral WS2 single-wall nanotubes (Fig. 1) were 
simulated within a full symmetry approach implemented in 
CRYSTAL14 code [4]. Self-consistent electronic-structure 
calculations were performed using both Gaussian atomic 
orbitals for expansion of the Bloch functions (LCAO 
approach) and the hybrid exchange-correlation functional 
HSE06 [5]. The choice of the latter can be justified by the 
fact that it adequately provides the value of ∆εgap for bulk 
(1.35 eV) and its edges found to be qualitatively close to the 
experimental data [6].  

The k-point mesh in the reciprocal space, at which the 
Hamiltonian matrix is diagonalized, was generated 
according to Monkhorst Pack scheme [7]. The reciprocal-
space Brillouin zone (BZ) sampling was performed with 
18×18×10 and 18 k-points for 3D WS2 bulk and SW NTs, 
accordingly [8]. One-electron equations have been solved 
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iteratively to self-consistency in energy within threshold of 
3・10–9 eV. Total optimization of the lattice constants and 
atomic sites in 3D and 1D WS2 hexagonal structures were 

performed whilst the forces on atoms have been reduced to 
< 0.003 eV・Å–1. 

   
(a) (b) (c) 

FIGURE 1 Three types of WS2 SW NT chiralities modeled in this study: (a) armchair (n, n), (b) zigzag (n, 0) and (c) chiral (2n, n). 
Left side of each subfigure corresponds to the NT cross-section while right side images unit cell of the nanotube 

 
FIGURE 2 Dependence of edge positions on dNT and chirality of nanotubes (SHE, standard hydrogen electrode, corresponds to εH+/H2 = 0) 

3 Conclusions 

We have simulated the electronic structure of gradually 
growing WS2 SW NTs of three different types of chiralities 
(Fig. 1), diameters of which increase from 1.0 nm up to 12 
nm (Fig. 2). The band edge positions were found to be 
depended only on diameter dNT (permanently growing with 
its increase) and not on chirality. Beginning with dNT > 2.0 

nm, this energy diagram corresponds to the requirement of 
nanotubes’ photocatalytic ability: εVB < εO2/H2O < εH+/H2 < εCB. 
Tuning of the band gap in this case possesses exclusively 
high resolution which makes WS2 SW NTs suitable for 
photocatalytic applications in the corresponding range of 
visible spectrum. Additional analysis of nanotubes’ stability 
against photocorrosion has to be performed.  
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