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ABSTRACT

For nanoparticles with sub-10 nm diameter, the electronic bandgap becomes size dependent due to quantum confinement; this, in turn,
affects their electro-optical properties. Thereby, MoS2 and WS2 monolayers acquire luminescent capability, due to the confinement-induced
indirect-to-direct bandgap transition. Rolling up of individual layers results in single wall inorganic nanotubes (SWINTs). Up to the present
study, their luminescence properties were expected to be auspicious but were limited to theoretical investigations only, due to the scarcity of
SWINTs and the difficulties in handling them. By optimizing the conditions in the plasma reactor, relatively high yields of WS2 SWINTs
3–7 nm in diameter were obtained in this work, compared to previous reports. A correlative approach, transmission electron microscopy
coupled with a scanning electron microscope, was adapted to overcome handling obstacles and for testing individual nanotubes by low-
temperature cathodoluminescence. Clear cathodoluminescence spectra were obtained from WS2-SWINTs and compared with those of WS2
multiwall nanotubes and the corresponding bulk material. Uniquely, the optical properties of INTs acquired from cathodoluminescence were
governed by the opposite impact from quantum size effect and strain in the bent triple S-W-S layers. The experimental findings were con-
firmed by the Density Functional and Time-Dependent Density Functional theoretical modeling of monolayer and bilayer nanotubes of dif-
ferent chiralities and diameters. This study provides experimental evidence of the quantum confinement effect in WS2 SWINTs akin to WS2
monolayer. The ability to tune the electronic structure with morphology or number of layers may be exploited toward photoelectrochemical
water splitting with WS2 catalysts, devising field effect transistors, photodetectors, and so on.

VC 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0019913

I. INTRODUCTION
Electronic properties of layered transition metal dichalcogenide

(TMD) nanostructures are closely related to their morphology (pla-
nar, spherical, or tubular), as well as to their size, number of layers,
and chirality (for nanotubes). A classic example validating this phe-
nomenon is the confinement-induced indirect-to-direct bandgap
transition observed in molybdenum disulphide (MoS2)

1,2 and tung-
sten disulfide (WS2)

3,4 by exfoliating bulk 2H-MoS2/2H-WS2 to a
monolayer. The energy gap of the indirect transition progressively

increases as the number of layers decreases, which is attributed to
quantum size effect, and becomes so high in a monolayer that the
material converts into a direct bandgap semiconductor.
Consequently, a dramatic enhancement of the luminescence quan-
tum efficiency by a factor of more than 104 was observed in MoS2
monolayers1 compared to their bulk counterparts. Similarly, an
increase in photoluminescence quantum yield by factors �10 and
�103 was recorded from a WS2 bilayer and monolayer,4 respectively,
compared to the bulk material.
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The direct bandgap offers a plethora of optoelectronic applica-
tions for these TMD monolayers, including those in switchable elec-
tronics. Field effect transistors fabricated of MoS2 and WS2
monolayers demonstrated a room-temperature high carrier mobility
and exceptionally large current ON-OFF ratio.5,6 Logical circuits and
amplifiers prepared of these 2D systems were also tested.7,8 In addi-
tion, emerging from their band structures, atomic monolayers of both
MoS2 and WS2 exhibit strong excitonic effects, extremely high optical
responsivity, a near-unity quantum yield luminescence,9,10 and effi-
cient valley polarization for spintronics.11,12

The dependence of the bandgap on the number of layers in zero-
dimensional (0D) WS2 inorganic fullerene-like (IF) nanoparticles
(NPs) was investigated by Frey et al.13 In these NPs the layers are bent
into co-spheres creating onion-like configurations, but retain the
structure inherent to bulk 2H-WS2: van der Waals bonding between
the 2H-stacked layers and trigonal prismatic arrangement of the cova-
lently bonded S and W atoms inside the layer. The IF NPs were
obtained by sulfurization of tungsten oxide NPs in the outside-inward
mechanism described by Feldman et al.14 The growth features in the
initial stages of the synthesis of these NPs lead to the formation of the
first few WS2 layers conformably to the surface of the encapsulated
tungsten suboxide core. For IF-WS2, 15–350nm in diameter with a
few (n< 5) WS2 external layers, a blue shift of the A and B excitonic
energies in the absorption spectra was recorded as compared to bulk
2H-WS2. This blue shift was ascribed to the carrier confinement in a
direction parallel to the c-axis (or z direction, perpendicular to the
layers) similar to the quantum size effect observed in atomically thin
sheets of MoS2 andWS2.

1–4 Unexpectedly, IF-WS2 NPs with a number
of layers from n¼ 6 and beyond exhibited reduction of the A and B
exciton energies compared to the bulk.13 Moreover, the shrinkage of
the gap became larger as additional inner layers (of smaller diameters)
were formed along with the reaction (sulfurization) time at the
expense of the oxide core. This red shift, intrinsic to layered nanostruc-
tures, was ascribed to the deformations, curvature, and discommensu-
ration between adjacent atomic layers that the structure must
accommodate in order to formmultilayered IF NPs.13,15

Similar shrinkage of the gap for inorganic nanotubes (INTs, the
layers of which are bent into coaxial cylinders) of different TMDs
(GaS,16 GaSe,17 and MoS2

18) and sizes, compared to the bulk material,
has been predicted theoretically, but confirmed experimentally for
multiwall nanotubes of WS2

19,20 and MoS2,
21 only. Measurements

based on resonant Raman spectroscopy,19 for example, show that the
A-exciton transition energy (with �50meV binding energy) of multi-
layered WS2 nanotubes is lower than the bulk value (1.98 eV).
Moreover, it becomes smaller (reducing from 1.95 to 1.91 eV) with
decreasing nanotube diameter (in the range from 121 to 46nm,
respectively) implying a red shift, which is in contrast to what one
would expect from the quantum confinement effect. These results
were ascribed to enhanced strain, incorporated in the walls of TMDs’
nanotubes with the reduction in size, and they confirmed the theoreti-
cal predictions of Seifert et al.22,23 for smaller INTs (2–5nm). It was
shown22 that the strain energy in the rolled triple X-M-X (X-chalco-
genide, M-metal) layers follows roughly a 1/D2 behaviour, with D
being the tube diameter. The lowered D resulted in increased strain
and in a subsequent gap size shrinkage (red shift).

Both IFs and INTs did not exhibit a carrier confinement parallel
to the layers (in spite of their nano size), due to the relatively small

exciton radius in the a-b plane (xy direction) and the closed-shell
(effectively infinite) structure.13,24 All these works13–25 demonstrated
that the semiconductor character of WS2 and MoS2 materials is pre-
served in the IF and INT structures. The electronic structure of indi-
vidual WS2 multiwall nanotubes (MWINT) measured by electron
energy loss spectra (EELS)25 exhibited a small indirect bandgap
(�1.3 eV) and a moderate direct bandgap (�1.8 eV), which is smaller
than the bulk value of�2.05 eV.13

The bandgap of single wall MoS2 and WS2 nanotubes (SWINT)
was investigated theoretically.22,26,27 In general, nanotubes with two
types of electronic structure depending on their chirality, were
observed: armchair (n, n) nanotubes were found to exhibit a small
indirect and moderate direct gap, while zigzag (n, 0) nanotubes possess
a small direct gap. It was shown22,26 that the size of the gaps depends
upon diameter and chirality of the nanotube, always being smaller
than the corresponding bulk value.

Thus, up until the current study experimental results reporting the
bandgap profile in WS2/MoS2 nanotubes focused on MWINTs,19,20,25

while studies of SWINTs are limited to theoretical works22,26,27 only. In
this work we report the experimental CL spectra from SWINT nano-
tubes (3–7nm in diameter) at low temperatures (–140 �C) and compare
them with those of multiwall tubes and exfoliated flakes.

Through this investigation, clear CL spectra have been observed
for SWINTs. The obtained peak was assigned to the direct bandgap
with the energy (1.98 eV) blue shifted compared to MWINTs
(1.87 eV), whose value is compatible with previous EELS measure-
ments.25 Both SWINTs andMWINTs reveal red shift compared to the
bulk WS2 bandgap (2.01–2.07 eV),19,22,26,28,29 which is in accordance
with theoretical predictions22,26 and some experimental results,19,20

and similar to the IF-WS2 behaviour.13 The increase in bandgap
energy in the SWINT compared to the MWINT was theoretically pre-
dicted earlier30 but has not been realized experimentally so far.

The synthesis of single wall nanotubes from layered TMD com-
pounds is not a trivial task. Smaller diameter with a consequent smaller
radius of curvature for nanotubes renders them unstable owing to high
strain energy. Calculations based on Density Functional Tight-Binding
Theory (DFTB) show that the strain energy in their triple (X-M-X)
layers is about an order of magnitude larger than that of carbon nano-
tubes with similar diameter.22,26 This causes the complicity in the syn-
thesis of such structures and points to the need of highly energetic
conditions for their preparation. To achieve these conditions, high-
energy plasma was used in this study to produce SW nanotubes of WS2.
The details of this process were previously reported.31 The current study
brought new insights into the reaction protocol, resulting in reproduc-
ible production of WS2 SWINTs in significant amounts, bestowing an
opportunity for experimental study of their optical properties and deter-
mination of their bandgap energy that has been unavailable hitherto.

The experimental findings have been substantiated by modeling
with Density Functional Theory (DFT) and Time-Dependent Density
Functional Theory (TDDFT), where monolayer and bilayer nanotubes
of different chiralities and diameters have been considered. The theo-
retical findings clearly show an increased bandgap for monolayer tubes
compared to double-wall tubes, which is in agreement with the experi-
mentally measured CL data. A blue shift of 0.22 to 0.45 eV was
obtained by comparing the calculated photoabsorption spectra of sin-
gle wall vs double wall WS2 nanotubes for different external diameters.
The largest calculated diameters are in close agreement with
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experimentally observed SWINTs. The threshold energies of the single
wall tubes were consistently larger than those of the double wall tubes.

The study is particularly important as it provides future opportu-
nities for bandgap engineering32,33 as a function of the number of
layers and dimension of the nanotubes.

II. EXPERIMENTAL

A recently developed synthetic protocol31 could produce WS2
1–3 layered hollow nanotubes with 3–7nm diameter and 20–100nm
length usingWS2 multiwall (MW) nanotubes as precursor.

Highly exergonic conditions, required for this synthesis, were real-
ised through high-power, inductively coupled radio frequency plasma
irradiation. Plasma treatment of multiwall nanotubes caused cutting of
fragments from the MWINT external layers along specific crystallo-
graphic orientations or line defects. Subsequently, the monolayer or few
layer flakes, depends on reaction conditions, exfoliated and furled in the
opposite direction and seamed, resulting in generation of single wall
(SW) to few layer WS2 nanotubes. In addition to the strong interaction
of the highly energetic plasma with the outer surface of the parent multi-
wall nanotubes, the formation of tubular structures is simultaneously
governed by a release of the large elastic strain stored in the walls of
MWINTs and by the presence of dangling bonds at the reactive edges
of the fragments. The entire scheme representing the growth mecha-
nism of single wall, “daughter,” INTs is depicted in Fig. 1.

The MW (parent) INTs of WS2 were produced through reduc-
tion and evaporation of the tungsten oxide precursor, growth of sub-
oxide 1D nanowhiskers, and their following sulfurization to tungsten
sulphide nanotubes. A protocol for this reaction route was conceived34

and optimized35 for scalable synthesis of WS2 nanotubes. As synthe-
sized MWINTs went through a deagglomeration procedure involving
ultrasonication (US) of the nanotubes in a US bath for 1min using
acetone, as the dispersing medium. Toward synthesis of SWINTs, the
acetone suspension with MWINT precursor was deposited on a flexi-
ble tungsten substrate. A thin film of MWINTs was formed after evap-
oration of the acetone.

Subsequently, these MW nanotubes were subjected to pre-
annealing at temperatures that varied from 350 �C to 500 �C in a vac-
uum over a time period, which was also varied from 15 to 40min.
Then, clean of organic residuals, the MWINT films were exposed to
argon (Ar) plasma coupled with high temperature. The various pro-
cess parameters, which were optimized, include argon pressure,

amount of parent MWINTs, pre-annealing temperature and time,
plasma power, temperature at which the MWINT surface was exposed
to the plasma, bias voltage, and plasma treatment duration. The argon
pressure was studied in the range of 10Pa to 1000Pa. The power of
the plasma irradiation was systematically varied between 150 to 650W
based on our previous experience of producing SWINT.31 The
MWINT samples were subjected to test conditions comprising a tem-
perature varied from 350 �C to 600 �C in conjunction with simulta-
neous plasma irradiation applied for 1, 5, 20, or 40minutes. The
experimental setup, presented in Fig. S1 of the supplementary mate-
rial, was also modified to implement combined heating and negative
bias voltage (from –40 to –70V) in order to enhance the kinetic energy
of the argon ions.

In addition, the effect on SWINTs’ yields through variation of the
parent MWINTs’ layer thickness on the tungsten substrate was stud-
ied. Other efforts to optimize the yield of SWINTs involved using of a
nickel mesh and application of a positive bias (þ12V) to attenuate the
effect of plasma on the MW nanotubes.

The SW tubes thus produced were analysed by high-resolution
transmission electron microscopy (HR-TEM) using a JEOL 2100
microscope operating at 200 kV and a scanning electron microscope
(SEM), JSM 7500F JEOL. Grazing Incidence X-ray Diffraction
(GIXRD) patterns of powders before and after plasma treatment, dis-
cussed in the supplementary material, were obtained with a Bruker D8
Advance diffractometer with measurements performed at an incident
angle x ¼ 0.5� over a range of 10�–80� for 2H (2 Theta) with a step
width of 0.02� and 5 s per step.

The CL studies were preformed using a Gatan MonoCL4 Elite
detector and spectrometer, which is installed on a high-resolution
scanning electron microscope (HRSEM), Zeiss Gemini SEM 500.
The SEM is also equipped with a cryo-stage by Leica Microsystems.
However, since the resolution of the SEM while acquiring CL is lim-
ited, the SWINTs cannot be observed. To overcome this challenge a
correlative approach was adapted between the SEM-CL and the
TEM. In particular, the samples were imaged with TEM, and the
SWINTs were mapped on the grid so they can be located later in the
SEM-CL.

For this purpose, marked TEM finder grids (Electron
Microscopy Sciences, EMS grid, 400 mesh, Holey Carbon coated)
were utilized to immobilize the SWINTs. Once the locations of the
SWINTs on the grid were determined through TEM, these grids were

ions / e–

FIG. 1. Growth mechanism of “daughter” SWINTs showing plasma ions’ bombardment of MWINT, cutting and exfoliation of nanostripes with dangling bonds along their edges.
The stripes furl to form single to few layer nanotubes, which is an energetically favourable structure.
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used as a sample for CL examination via HRSEM. Among all the solu-
tions used, ethanol as a dispersing medium with a sonication period of
1min, proved to be the best for sample preparation for TEM studies.
X-ray photoelectron spectroscopy (XPS) was acquired by an Axis
Ultra DLD Kratos instrument.

III. RESULTS AND DISCUSSION

A. Synthesis and characterization of SWINTs

The synthesized MWINT of WS2 are obtained as urchin type
agglomerates. Their scanning electron microscope analysis at two dif-
ferent magnifications and associated TEM image of an untreated pre-
cursor MW nanotube are presented in Figs. 2(a) though 2(c). The
SEM images [Figs. 2(a) and 2(b)] confirm a pure nanotubes phase and
the length of the nanotubes varied from 2 to 20 lm. Figure 2(c)
presents a TEM image showing a MWINT having 24 layers with a
diameter of 56 nm.

As evident from the SEM images of a cluster of multiwall nano-
tubes, the agglomeration of synthesized tubes was detrimental toward

exposing the maximum surface area to plasma. Thus, the nanotubes
were deagglomerated and dispersed before exposure to the plasma. A
black thin film of such nanotubes on the tungsten substrate after evap-
oration of acetone exhibits flat surface and good dispersion as shown
in Figs. 3(a) and 3(b), respectively.

At the preliminary stages of this study, the dispersion of
MWINTs in organic solution reduced the yield of the SWINTs
[Fig. 3(c)]. This understanding, eventually led to the introduction of a
post deagglomeration pre-annealing step (prior to the plasma etching),
which was necessary for removal of carbon traces and proper plasma-
MWINTs’ surface interaction. Subsequently, the MWINTs were
plasma irradiated with simultaneous heating of the INTs to strengthen
the exergonic conditions of the reaction. The heating was possibly very
important also for promoting the seaming of the exfoliated WS2
monolayers and formation of the nanotubes. The heating of the
MWINT was controlled via temperature of the tungsten substrate.
Improved dispersion of the INTs on the tungsten substrate resulted in
a better thermal contact of the INTs with the substrate.

10 μm
20 nm

(a) (b) (c)

FIG. 2. (a, b) Scanning electron microscopy images at different magnifications showing phase purity of the multiwall WS2 nanotubes grown in the urchin-like agglomerates. (c)
Transmission electron microscopy image of an individual multiwall nanotube 56 nm in diameter and consisting of 24 layers.

2 mm

(b)

100 μm 10 nm 100 nm

(a) (c) (d)

FIG. 3. (a) Photography of WS2 MWINTs film precursor deposited on tungsten substrate (15� 45) mm2 after dispersion in acetone. (b) Scanning electron microscopy high
magnification image of the WS2 MWINTs film showing its carpet-like surface. (c) Small amount of SWINT after plasma treatment without pre-annealing. (d) Large amount of
SWINT after addition of a pre-annealing step at 350 �C.
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On the long way to the optimization, the influence of various param-
eters on SWINTs production yield was investigated. Among them: pre-
annealing temperature and time, plasma power and Ar pressure, tempera-
ture at which the MWINT surface was exposed to the plasma, the plasma
treatment time, and applied bias voltage. The optimization of these param-
eters resulted in the dual-step plasma-synthesis parameters: pre-annealing
of the deagglomerated precursor at 350 �C for 40min, and thereafter,
treatment in Ar plasma of 10Pa at a power of 600W along with a thermal
treatment at 500 �C, applied for 40min. The optimized synthesis parame-
ters for acquiring high yield of SWINTs through plasma exposure of
MWINTs are collated in Table I of the supplementary material. This pro-
cedure enhanced the formation of SW tubes and resulted in their high
yield [see Fig. 3(d)]. The SEM images of plasma-treated samples for differ-
ent combinations of plasma power, pre-annealing conditions, plasma
exposure time, and temperature to achieve the desired structure and yield
for the SWINTs from the MW precursor tubes are collated in Figs. S2(a)
through S2(e) of the supplementary material.

Along with tracking the production yield of the daughter (single
wall) tubes, profiling the plasma-treated powder was imperative to avoid
the formation of any unwanted by-product from the plasma treatment.
This is particularly important as Ar plasma was reported to cause oxida-
tive unzipping of carbon nanotubes (CNTs) and consequent formation
of C¼O complexes.36 This prompted the XRD and XPS analyses of the
samples containing a high concentration of SW nanotubes. The XRD
pattern presented in Fig. S3 (see the supplementary material) attests to
the phase integrity of the plasma treated samples. All the peaks originat-
ing from the sample containing SWINT are congruent with the peaks of
the precursor WS2 tubes implying that no new phase has been formed.
Analysing the XPS spectra on Fig. 4 further corroborated the phase
purity of the plasma treated samples.

The XPS survey revealed signals characteristic exclusively of tung-
sten and sulphur. The presence of carbon is attributed to the C 1s peak
used as a reference for correcting peak shifts. Peaks at 162.5 and 163.6 eV
can be associated with the sulphur 2p3/2 and 2p1/2 orbitals, respectively,
while those at 33.1, 35.4, and 38.5 eV originate from the W 4f7/2, W 4f5/2,
andW 5p3/2 orbitals.

37 An apparent reduction in the absolute intensity of
the peaks for the plasma treated samples is ascribed to the dilution of
atoms at the surface from the imposed exergonic conditions.

B. TEM correlated cathodoluminescence (CL)
measurements

The CL studies were performed through HRSEM. To overcome
the low resolution of this microscope during CL measurements, the
precise localization of the SWINT was done by means of HRTEM
prior to CL study. The marked TEM finder grids were utilized to
immobilize the SWINTs. Once the locations of the SWINTs on the
marked grid were determined via TEM, these grids were used as a
sample for the CL measurement on HRSEM.

1. Sample preparation

Since the phase integrity of the samples after the plasma treatment
was established via XRD and XPS, the subsequent step of dispersing the
powder in an organic medium toward CL study was undertaken. It was
a nontrivial effort to separate the SWINTs from the MWINTs, given
the small dimensions of these nanotubes and an ensuing van der Waals
interaction with the MWINT together with the tendency of the nano-
structures to form agglomerates. Different dispersing media either in its
pristine form or laced with certain ionic or non-ionic surfactants were
tested. In the present study, among all solvents, ethanol without any
form of surfactants was found to be the best way for separating the
SWINTs from the MWINTs. The SWINTs were removed from the sur-
face of MWINTs, but remained entrapped in the flaky regions next to
the MWINT. Thus, the dispersed solution was comprised of both single
wall and multiwall nanotubes along with flaky regions. Sonication time
also played a prominent role in dispersing the system as imparting
energy through sustained sonication beyond a threshold period often
damaged the small nanotubes irreparably. Dispersion stability of the
nanotubes in a medium was highlighted through the intensity of the
UV-visible absorption (extinction) spectrum. This technique was uti-
lized previously towards sorting of WS2 nanotubes with varying diame-
ters.38 The UV-visible spectroscopy, performed in the reflectance mode,
exhibits the extinction spectrum (including absorption and scattering)
shown in Fig. 5. The obtained peaks, originating at 684nm, 575nm,
and a shoulder at ca. 504nm, are of polaritonic nature and might be
ascribed to strong coupling effect between optical cavity modes confined
in the nanotubes and their two excitons.39,40 The excitons of WS2 are

FIG. 4. XPS spectra of pristine and plasma treated WS2 MWINTs showing peaks at similar binding energies. The reduction in intensity is ascribed to the dilution of atoms at
the surface as a result of plasma interaction with INTs.
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typically observed at 630nm (A) and 520nm (B), which are almost
identical with the dips in the current extinction spectrum clearly visible
at�623 and�518nm.40

A strong absorbance (extinction) signal highlighted in the UV-
visible spectrum implies a stable dispersion of the nanotubes. Thus,
samples with the best spectra (or most stable dispersion) were finally
chosen for HRTEM analysis, and subsequently, for CL measurements
on HRSEM.

It should be noted that UV-visible spectroscopy is a potent
tool to determine the crystallite size dependence of the bandgap by
considering inter-band transitions of excitons. However, the UV-
vis spectrum in our case was not feasible for determining the band
profiles of SWINTs as it was impossible to fully segregate the
SWINTs from the MWINTs and obtain a homogeneous solution
containing exclusively the former. Contrarily, a focused electron
beam at a high magnification of electron microscope during the CL
studies was impinged for probing the bandgap transitions of
SWINTs solely. Once the position of SWINT was fixed on the
TEM grid, the grid was transferred to SEM to perform the CL anal-
ysis. Through this correlative technique, TEM coupled with SEM,
a spatial resolution sub-10 nm41 and of even 1 nm42 could be
achieved, which is much more feasible for extracting the bandgap
information pertinent to the SWINTs.

2. TEM correlated CL measurements

Transmission electron microscopy images for the single layer
structures are shown in Fig. 6. In addition to entrapped SW nanotubes
in the exfoliated zones, scrolls and furls can be also observed in the
vicinity of the multiwall tubes.

The TEM correlated CL studies provide the resolution necessary
to identify and examine the regions comprised exclusively of SW tubes
trapped in exfoliated regions, devoid of MWINT or other structures
(see Fig. 7).

Sixteen zones encompassing multiple SW nanotubes were identi-
fied and localized through HRTEM analysis, which were subsequently
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FIG. 5. UV-visible (extinction) spectrum of a plasma treated sample comprising
both SW and MW nanotubes. The extinction spectrum acquired in reflectance
mode highlights the A and B excitons at the dips, while the polaritonic branches are
observed at 575 and 684 nm.

FIG. 6. Transmission electron microscopy images showing nanoscrolls and nanotubes of single to few layers and 3–7 nm diameter.
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utilized for CL studies. A few (5–6) TEM images from each zone were
acquired at different magnifications for pinning the exact location of
SWINTs during SEM-CL measurements (see an example in Fig. 8).

3. CL measurements

The CL emission spectra, originated from native multiwall
nanotubes, exfoliated (fluky) regions devoid of any SW tubes and
regions with abundant entrapped SWINT, were collected using the
SEM-CL. First, the regions containing SWINT (a few adjacent pixels
on the mapping image) were located by SEM imaging through the
preceding correlative TEM studies. Afterward, simultaneous SEM
and CL imaging was performed to locate the luminescent regions.
Panchromatic CL images were acquired using a PMT (photomulti-
plier tube). Then, CL spectra were collected either at specific points
or by mapping a small area. The accelerating voltage was set to 20 kV
(for the hyper spectral map) or 25 kV (for the point spectrum), with
acquisition time of 30 s per pixel while using a 150 line/mm diffrac-
tion grating centred at 600 nm (2.06 eV).The spectra was collected at

–140 �C to improve the signal to noise ratio. Figure 9 displays the CL
spectra of the (a) WS2 flakes (furls), (b) MW- and (c) SW-nanotubes,
where the sharp peaks correspond to the direct bandgap of these
nanostructures.

We have probed multiple locations (16 zones) with SW nano-
tubes and the representative result is shown here.

The excitonic effects play an important role in the luminescence
behavior. Thus, the sharp peaks at 625 and 661nm in the CL spectra
of the different WS2 nanostructures [flakes (furls), MWINT, and
SWINT] could be associated with the A exciton, while the broad peaks
at higher energies (�513, 525, 530 nm) can be most likely assigned to
the B exciton [see Fig. 9(a)–9(c)], both arose from direct gap transi-
tions. A broad peak at the lower energy region (750–850nm) could
relate to the luminescence from the indirect bandgap or defect states
in the nanotubes.43

The direct bandgap transitions (sharp peaks) for both flaky
(furls) regions [Fig. 9(a)] and MWINT [Fig. 9(b)] devoid of single lay-
ered tubes were observed at 661 nm (1.87 eV). The regions comprising
SW nanotubes alone produce the peak, related to the direct bandgap

5 nm 5 nm 5 nm

FIG. 7. Transmission electron microscopy images showing single layer WS2 nanotubes.

FIG. 8. Transmission electron microscopy images showing the procedure for fixing a location of a zone with daughter SW nanotubes at different magnifications gradually pan-
ning in. Blue circles and red arrows point on SW nanotubes.
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transition, at 625 nm (bandgap of 1.98 eV) and exhibit a considerable
blue shift (�36nm or 0.11 eV) compared to MWINT.

The broad peak assigned to the B exciton, was observed at 525
and 530nm (2.36 and 2.34 eV) on the CL spectra acquired from the
exfoliated zone (with furls and without SWINTs) and multiwall nano-
tube, respectively, while the region containing SWINTs has B exciton
peak at 513nm (2.42 eV). This result is in agreement with the B exci-
ton energy of mixed powder as deduced from the UV-visible (extinc-
tion) spectrum [517nm (2.4 eV)], presented in Fig. 5. In analogy with
the direct bandgap, associated with A exciton, the B exciton peak of
SWINTs exhibits slight but distinct blue shift compared to MWINTs
and exfoliated zones. The blue shift of the A and B excitonic peaks has

been previously observed for WS2 (and WSe2) flakes4 and WS2
fullerene-like nanoparticles,13 with a decrease the flake/wall thickness
from 5 to 1 layer.

This blue shift of the SWINTs is a straight manifestation of the
quantum confinement in the c-axis (perpendicular to the layers) due
to decreasing number of layers,13 and, hence, stemmed from a rela-
tively large exciton radius (exceeding the layer thickness of �3 Å) in
this direction for the SW tubes. Noticeably, the shift (0.11 eV) between
MW and SW WS2 nanotubes is smaller than that observed previously
in planar WS2 sheets (�0.8 eV)3 by decreasing their thickness from
bulk to monolayer. Moreover, a few layers of sheets are blue shifted
compared to bulk.3,4 Oppositely, the bandgap energies of both
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FIG. 9. SEM images and CL spectrum acquired from (a) exfoliated zone (furls) devoid of any SWINTs, (b) MWINT and (c) a region containing SWINTs. (a) SEM image show-
ing the exfoliated zone (marked by yellow crosshair in red circle) from where the CL spectrum was acquired; the CL spectrum reveals a sharp peak at 661 nm. (b) SEM image
showing a MWINT along with the spot (yellow crosshair in red circle) from where the CL spectrum was acquired. The spectrum [right picture of panel (b)] shows a sharp peak
at 661 nm. (c) SEM image of the region containing SWINT where the green rectangle represents the total area mapped for the CL study. Red rectangle represents a specific
region containing SWINT (location of SWINTs was previously fixed through correlative TEM) from where the CL spectrum was acquired. The spectrum exhibits a sharp peak
at 625 nm, exhibiting a blue shift of 36 nm (0.11 eV) compared to the CL spectra acquired from MWINTs and exfoliated zone devoid of SWINTs. The inset of each CL spectrum
shows the corresponding CL intensity plotted against the energy. The peaks for the inset spectrum are observed at 1.87 eV for both (a) furls and (b) MWINT; the peak at
1.98 eV is obtained for (c) zone with the presence of SWINTs. The broad B excitonic peak initially observed in UV-visible spectrum at 517 nm is apparent in the CL spectra of
furls, MWINT, and SWINT centered at (a) 525 nm (b) 530 nm, and (c) 513 nm, respectively.
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MWINTs and SWINTs exhibit red shift compared to the bulk mate-
rial gap (2.01–2.05 eV), which is in good agreement with previous
studies and originates from the strain induced in the bent triple
(S-W-S) layer of WS2.

19,20 Indeed, the deformations, curvature, and
discommensuration between adjacent layers in onion-like and tubular
NPs induce a red shift of the direct gap energy for multilayer INTs30

and IFs13 compared to 2H-WS2. Moreover, the red shift was found to
be larger for MWINTs with smaller diameters19 and for IFs containing
more inner layers with smaller diameters,13 which is opposite to the
observed trend in CNTs with atomically thick layers,44 and non-
layered NPs.45–47 This observation was confirmed by theoretical calcu-
lations exhibiting a sustainable increase in strain energy for the bent
layers with a decrease in diameter.22,26

The SWINTs in this study have smaller diameters (3–7nm) than
MWINTs with 60–80nm external and 20–30nm internal diameters.
Therefore, the spectral red shift for SWINTs, related to the strain in
the lattice, is expected to be larger than that for the multiwall nano-
tubes. However, a lone layer of SWINT vs 20–30 layers in MWINTs
also induces a strong quantum size effect in the z-direction, which usu-
ally is accompanied by a blue shift. Thus, the competitive upshot of
strain and quantum confinement results in smaller value of the red
shift for SWINTs than that of MWINTs vs bulk gap, or in a blue shift
of SW vs MW, as demonstrated in the current study.

The comparative representation of the direct band gaps for the
studied nanotubes and data available in the literature is depicted in
Fig. 10(a). The WS2 nanostructures included are: multiwall and single
wall nanotubes of two different diameters, double wall nanotube, furl
layers, plane monolayer sheet and bulk. Accordingly, smaller diameter
MWINTs (D1 vs D2) as well as SWINTs (d1 vs d2) have smaller gaps
(larger strain and, therefore, larger red shift compared to the bulk
material), while the gap of a single wall tube is blue shifted (large con-
finement effect) compared to that of MWINTs and a double wall nano-
tube with the same external diameter. A qualitative strain-energy
dependence on nanostructures’ size and number of layers, as reported
in the literature19,20,22,26,30 and present study, is presented in Fig. 10(b).

Similar results were obtained by comparing the optical absorp-
tion spectra obtained for MWINTs, planar nanoflake structures exfoli-
ated from MWINTs and bulk WS2.

48 It was found that the A- and B-
exciton peaks of few layered planar flakes exhibit a blue shift compared
to that of both nanotubes and bulk, while MW nanotubes were red
shifted relative to the bulk (2H-WS2 platelets). The blue shift of nano-
flakes was ascribed to two factors: release of strain by straightening
after exfoliation from furled MWINTs and quantum confinement
along the c-axis due to the small number of layers.

Interestingly, Frey et al.13 found that below a critical number of
layers (n< 5) in onion-like IFs 20–200nm in diameter, the excitons
(both A and B) are blue shifted compared to the bulk. Above this
number of layers, the excitonic transitions are red shifted as compared
to 2H-WS2 bulk platelets. Thus, it can be inferred that for IF
nanoparticles with low (< 5) numbers of layers, the quantum confining
effect of carriers is predominant between the two effects, possibly due to
the relatively large IFs’ diameter and, therefore, smaller strain.

It should be noted that the exfoliated region without any SW
tubes did not show any blue shift compared to the MWINTs. This was
unexpected as the tubular conformation introduces lattice strain
within the bent layers, which diminishes for flaky structures, and
should result in a blue shift for flakes compared to NTs. This might be
ascribed to the fact that these flaky nanostructures are multilayer and,
being originated through exfoliation of the MWINTs during plasma
treatment, are partially bent, resulting in a bandgap similar to that of
MWINTs.

C. Theoretical calculations

Ab initio calculations for the determination of the structural, elec-
tronic, and optical properties of single wall and multiwalled zigzag and
armchair WS2 nanotubes, of planar single layers, multilayers, and bulk
WS2, have been carried out using the DFT and TDDFT methods. The
technical details of the calculations are presented in the supplementary
material.

Few WS2 WS2 - MWINTs

MWINTs SWINTs

WS2 - SWINTs 2H-WS2 Bulk

2H-WS2 Bulk platelets

Monolayer
WS2Layers furl

(18, 19)

(Refs: 25, 28) Strain energy
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(b)

~ 1.80 eV(24); 1.87 eV(this work) ~ 1.98 eV(this work) ~ 2.05 eV(13) ~ 2.10 eV(13)

D1

(28) (3,4) ΔEg(21,25, this work)

D2 d1 d2 d2

FIG. 10. Comparative representation of the (a) WS2 band gaps for bulk material, monolayer sheet, few layers furl, nanotubes of different diameters, and amount of layers, ana-
lyzed here with CL spectra and in the literature using other techniques. (b) Comparative representation of strain energy in the WS2 bulk material and nanotubes of different
diameters and amount of layers as reported in the literature and present study. (d/D - diameter of SW/MWINT, respectively).
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Specifically, we have investigated single wall WS2 nanotubes of
different chiralities and diameters: armchair (8,8), (10,10), (12,12),
(14,14), (16,16) nanotubes and zigzag (16,0), (20,0), (24,0), (28,0),
(32,0) nanotubes. We also studied the representative double-walled
(10,10)@(16,16), (16,0)@(28,0), and (20,0)@(32,0) nanotubes. In addi-
tion, we have studied the planar monolayer, bilayer, trilayer, and the
bulk WS2. A detailed description and explanation of the fundamental
structural aspects of these systems, as given by the DFT computations,
can be found in previous works by some of the present authors.49,50

The calculated electronic gaps between occupied and unoccupied
states of armchair and zigzag single wall WS2 nanotubes are shown as
a function of the nanotube diameter in Fig. 11(a); and Tables II and III
of the supplementary material give the numerical values of diameters
and gaps for armchair and zigzag nanotubes, respectively. Those tables
also include data for double wall nanotubes. The range of diameters
studied is between 1.5 and 3.5 nm. The behaviour of the gap is similar
for both types (armchair and zigzag) of nanotubes: the electronic
bandgap decreases steeply as the nanotube diameter is reduced. In the
double wall nanotubes (see Tables II and III of the supplementary
material), the electronic gap is in between the gaps of the two isolated
single wall tubes forming the double wall tube. Our calculated gaps are
in good agreement with those reported by S. Piskunov et al.,51 and the
trend with nanotube diameter is the same.

We now turn to compare the calculations with the experimental
results for the CL presented above. Previous studies on WS2 and anal-
ogous MoS2 nanotubes

22,23,51 have found that their stabilities, as mea-
sured by the strain energy, follow the 1/D2 behavior, where D is the
external diameter of the nanotubes (diameter of the external S layer of
the exterior S-W-S trilayer). Our results for the strain energy per atom,
plotted in Fig. 11(b), reproduce the 1/D2 behavior. On the other hand,
those previous studies exhibited a near independence of the strain
energy from the tube chirality, while our calculated strain energies
show that the zigzag nanotubes are unambiguously more stable than
the armchair nanotubes, as shown in Fig. 11(b). The difference in

strain energies between the armchair and zigzag nanotubes is tiny but
distinct, while the strain energy of zigzag tubes is systematically smaller
than that of armchair nanotubes for all studied diameters. Moreover,
using the fitted curves, this difference was calculated, exhibiting a
decrease from 62 to 7 meV as the nanotube diameter increases from
1.5 to 3.5nm. Interestingly, the obtained result and previously reported
direct gap nature (essential for CL) of zigzag tubes26 suggest that pref-
erential formation of nanotubes with zigzag chirality should be
expected in the synthesis experiments. Accordingly, the experimental
CL results have to be compared with the theoretical calculations done
for zigzag nanotubes, in our opinion. In fact, in the analysis that we
present next, the experimental CL is consistent with the theoretical
results based on zigzag nanotubes, which can be taken as a confirma-
tion of formation of the zigzag nanotubes in the experimental CL
study.

The experimental gap from CL experiments is 1.87 eV for multi-
wall tubes, and 1.98 eV for single wall tubes: there is a blue shift of
0.11 eV when going from multiwall to single wall. The calculations
also predict a blue shift if we compare double wall and single wall
tubes of the same (approximate) diameter. For instance (see Table III
of the supplementary material), in the case of zigzag tubes, the gap of
the double wall (16,0)@(28,0) tube is 1.82 eV, and the gap of the single
wall (28,0) tube is 2.27 eV (blue shift¼ 0.45 eV); the gap of the double
wall (20,0)@(32,0) is 1.99 eV, and that for the single wall (32,0) is
2.31 eV (blue shift¼ 0.32 eV). One can observe that the magnitude of
the blue shift decreases as the tube diameter increases. In the case of
armchair nanotubes (see Table II of the supplementary material), the
gap of the double wall (10,10)@(16,16) nanotube is 1.99 eV, and the
gap of the single wall (16,16) tube is 2.21 eV; so the blue shift is
0.22 eV.

However, one has to keep in mind that standard DFT does not
provide an accurate description of excited electronic states, and conse-
quently, the electronic gaps calculated by standard DFT do not provide
an accurate account of the experimental excitation threshold. This
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FIG. 11. (a) Electronic band gaps (in eV) between occupied
and unoccupied electronic states and (b) strain energy (in
eV) of the single wall armchair and zigzag WS2 nanotubes
as a function of the nanotube diameter (in nm). The strain
energy was defined as the difference between the total ener-
gies per atom of the single wall nanotubes (with different
diameters) and 2D periodic WS2 planar monolayer (constant
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deficiency is overcome in part by TDDFT, which allows for a better
description of the excited states and a more confident comparison
with the experimental excitation spectrum. However, some many-
body effects beyond TDDFTmay still affect the electronic excitations52

and are not included in the calculations. The calculated photoabsorp-
tion spectra obtained by TDDFT show peaks and the position of the
first peak (the absorption threshold) can be identified with the experi-
mental CL bandgap. By construction, those peaks have some width,
and this sets limits to the precision with which the adsorption thresh-
old can be estimated.

The calculated absorbance spectra of single wall and double wall
nanotubes, planar few-layers and bulk are reported in Fig. 12. The zig-
zag single wall nanotubes show two peaks for energies below 3 eV.
Those two peaks can be seen more clearly in the expanded Fig. 13(a),
where the energy of the first peak (absorption threshold) is indicated for
each curve in the legend of the figure. The energy of the absorption
threshold of the single wall zigzag nanotubes is between 1.69 eV (16,0)
and 2.14eV (32,0), and increases with increasing nanotube diameter [see
Fig. 13(b) and Table III of the supplementary material]. The absorption
thresholds for the tubes with the larger diameters [(24,0), (28,0), (32,0)]
are consistent with the gap measured in the CL experiments for single
wall nanotubes: 1.98 eV. It is also noticeable that the average of the five
calculated absorption thresholds is 1.94 eV. By comparing the threshold
energies of double wall and single wall zigzag nanotubes, a clear blue shift
is evident: the threshold energies of the single wall tubes are larger than

the threshold energies of the double wall tubes. The precise position of the
second peak in the calculated absorption spectrum of zigzag nanotubes is
more difficult to determine, because the peak is broad. The estimated
averaged values from the spectra plotted in Fig. 13(a) for double wall and
single wall nanotubes are 2.55 eV and 2.75 eV, respectively. These values
show a blue shift from double wall to single wall tubes, which is consistent
with the corresponding blue shift between multiwall and single wall tubes
observed in the B exciton measured in the CL experiments. The B exciton
features in the CL and UV-visible experiments are also broader than the
A feature.

The spectra of armchair nanotubes in Fig. 12(b) also show two
peaks. The second peak of the single wall armchair tubes is located at
energies close to 4 eV and is very weakly dependent on tube diameter.
The adsorption thresholds (first peak) are between 2.78 and 2.89 eV
(see Table II of the supplementary material). This peak is barely visible
in some tubes because it is masked by the strong and wide second
peak. A blue shift from multiwall to single wall nanotubes is also evi-
dent in the absorbance threshold of armchair nanotubes. However, the
adsorption thresholds of armchair nanotubes differ from the experi-
mental CL gap, and this provides support to the expectation that the
nanotubes formed in the experiment are likely zigzag tubes. Figure
12(c) shows the absorption spectra for planar few-layers with one,
two, and three layers, as well as the spectrum of the bulk material. The
calculated absorption thresholds are 3.01 eV (monolayer), 2.37 eV
(bilayer), 2.27 eV (trilayer), and 2.12 eV (bulk), and the value for the
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absorbance spectra were calculated using Time-Dependent
Density Functional Theory.
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bulk material is in excellent agreement with the previously measured
bulk gap of 2.01–2.05 eV.19,20 A blue shift of the single layer with
respect to the few-layers is again noticed. The blue shift of the mono-
layer with respect to the bulk is 0.89 eV, in good agreement with the
experimental blue shift of �0.8 eV.3 Also consistent with experiment
is the blue shift for the bilayer and trilayer with respect to the bulk.3,4

A final comparison can be made for the nanotubes vs bulk WS2.
The results in Fig. 13 (see also Table III of the supplementary material)
reveal a red shift in the adsorption thresholds of both double wall and
SWINTs [except of (32,0) tube, in which case the absorption thresh-
olds are nearly the same] compared to the bulk material, which is con-
sistent with the behaviour of the current experimental band gaps. We
should notice that the CL experiment was done at –140 �C, while the
absorption data were taken at RT (�25 �C) and the DFT and TDDFT
are made for 0K. Thus, the small differences between measured gaps
and calculated absorption thresholds could be mainly ascribed to tem-
perature variations.

IV. CONCLUSIONS

To summarize, this article presents an experimental measure-
ment of CL of single and multiwall WS2 nanotubes. It provides the
first experimental evidence of quantum confinement in a single layer
inorganic nanotube compared to MWINTs, through a considerable
blue shift of 36 nm (110meV) observed in the CL spectra. In addition,
the bandgap energies of both MW- and SWINTs revealed red shift
compared to the bulk material gap due to strain induced by the bent
S-W-S triple layers of WS2. Actually, the changes in bandgap energy of
INTs (as well as other furled layered nanostructures) vs bulk material
reflect a competitive effect of the bending related strain and the quan-
tum confinement. Both of these experimental observations (blue and
red shifts) are in good agreement with the TDDFT based theoretical
models presented here. Estimated band gaps for SWINTs by this
model are red shifted compared to the bulk and blue shifted compared
to the nanotubes modeled with two layers. Agreement of calculated
values for gaps of zigzag (rather than for armchair) tubes with experi-
ment, and estimated strain energies point at preferential formation of
zigzag SWINTs in plasma reactor.

The protocol for producing single layer nanotubes by plasma
treatment of MWINT has been modified to optimize the quality and
yield of the former. This article also discusses a TEM correlated tech-
nique for the localization of SWINTs nanotubes on the TEM finder
grids so as to investigate them further through CL studies by SEM-CL.

The ability to tune the electronic structure with morphology or
number of layers may be exploited, for example, towards photoelectro-
chemical water splitting with WS2 catalysts, devising FETs and
photodetectors.

Future plans: To study CL vs number of layers, layers’ chirality
and size of nanotube, which have direct implications on their band
structure. To calculate bandgap variations in SW, MW vs bulk. To
check if indirect-to-direct band transition happens upon reduction of
number of layers in the nanotubes.

SUPPLEMENTARY MATERIAL

The supplementary material contains information on the synthe-
sis and characterization of single wall inorganic nanotubes (SWINTs).
It entails the experimental setup for plasma treatment of multiwall
nanotubes (MWINTs), SEM images of samples prepared under

different plasma treatment conditions and XRD analysis of the speci-
mens phase before and after plasma exposure. It also delineates the
technical details of Density Functional (DFT) and Time-Dependent
Density Functional (TDDFT) calculations and provides a table for var-
iation of estimated bandgap and absorption threshold as a function of
tube diameter and layers.
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