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ARTICLE INFO ABSTRACT

Keywords: Transforming the bulk of tungsten disulfide (WS5) into one-dimensional (1D) nanoscrolls has potential appli-
WS, cations in a variety of fields. The current methods for fabricating (1D) WS; nanoscrolls suffer from low yields,

Nanoscroll high temperatures, a complicated fabrication process, and the use of surfactants. We have reported a facile and

Erioze Lilgzasonicaﬁon cost-effective approach for fabricating WSy nanoscrolls in high yield using ultrasound probe sonication (20 KHz)
Exzf;oliztion from bulk WS, in dimethylformamide (DMF) in two hours. Importantly, this simple method achieves a 90 % WS,

nanoscroll yield. This depends on critical experimental parameters such as the choice of solvent, the initial
concentration of WSy, and the sonication time. Scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) measurements confirm that the nanoscrolls have a closely uniform shape, with an interlayer
spacing of ~ 0.62 nm between adjacent layers of WSy nanoscrolls. Atomic force microscopy (AFM) reveals that
the nanoscrolls have a length of approximately 650 nm and a height profile of 5-10 nm, indicating their for-
mation from multiple layers of WSy. We further investigate the fabricated nanoscrolls using other techniques

such as X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD), and Raman spectroscopy.

1. Introduction

In recent years, intense interest has been paid to the layered two-
dimensional (2D) transition metal dichalcogenides (TMDs). 2D atomi-
cally thin nanosheets of transition metal dichalcogenides (TMDs) have
attracted attention as one of the most promising materials for various
applications owing to their low cost, easy preparation, large surface
areas, and unique chemical and physical properties (Manzeli et al.,
2017; Han et al., 2018).

Converting two-dimensional (2D) nanosheets into one-dimensional
(1D) nanoscrolls is an interesting method of fabricating new nano-
materials (Li et al., 2017; Han et al., 2018; Lv et al., 2015; Dong et al.,
2021). The tubular structures of nanoscrolls are different from 2D thin
nanosheets and exhibit outstanding physical and chemical properties, as
predicted in many theoretical studies (Sharifi et al., 2013; Lai et al.,
2016; Wang et al., 2020). Transforming 2D tungsten disulfide (WS5)
nanosheets into 1D WSy nanoscrolls by rolling opens the door for 1D
tubular-structured materials with unique properties (Aftab,Igbal,and
Rim, 2023), such as superior electronic and electromechanical proper-
ties. These WS, nanoscrolls can be used in many applications including
tribology, field-effect transistors, catalysis, and energy storage (Li et al.,
2017; Han et al., 2018; Lv et al., 2015; Dong et al., 2021).

TMDs nanoscrolls have been fabricated using different chemical and
physical strategies, including strain-induced scrolling (Zhou et al., 2019;
Hao,Yang,and Gao, 2016), supercritical fluids (Thangasamy and Sath-
ish, 2016), amphiphilic organic molecules (Choi and Suh, 2018), argon
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plasma (Meng et al., 2016), alkaline droplets (Wang et al., 2020), vortex
fluidic device (VFD) (Alharbi et al., 2022; Alharbi et al., 2018), and
organic solvents (Fang et al., 2018; Cui et al., 2018; Deng et al., 2019).
Among the fabrication methods, chemical vapor deposition (CVD) has
been widely used to synthesize atomically flat WSy nanosheets,
following which a few drops of an organic solvent are added to the flat
WS, sheets, making them fold to form the structure of a nanoscroll (Fang
et al., 2018; Wang et al., 2020). Zhao et al. successfully fabricated WS,
nanoscrolls with a length of 10 um using CVD-grown monolayer WS,
nanosheets (Zhao et al., 2022). Ethanol, as an organic solvent, was
dropped on the WS, flat nanosheets, and during ethanol evaporation,
the WS, nanosheet edge rolled up to form the scroll structure (Fang
et al., 2018).

Another approach for fabricating nanoscrolls structure is sonication.
Sonication is a simple and fast technique and has been widely used to
fabricate nanoscrolls under ambient conditions because of its advan-
tages such as low cost and mass production. Pradeep et alused an
ultrasonicatior for the fabrication of graphene nanoscrolls in a mixture
of ethanol and water (Pradeep et al., 2021). Additionally, Purkait et al
successfully fabricated graphene oxide nanoscrolls with tunable di-
mensions via low-frequency sonication (20 KHz) (Sontakke and Purkait,
2020). However, these approaches have some limitations, for example,
some methods require high temperature, complex steps or use surfac-
tants and harsh chemicals that can potentially damage the properties of
the fabricated material and generate a waste stream. Therefore, a low-
cost and simple technique for fabricating WS nanoscrolls is required.
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To the best of our knowledge, there have been no previous attempts
to directly scrolling WS, from bulk WS, in high yield using an ultra-
sonicator in dimethylformamide (DMF). This study reports the fabrica-
tion of WSy nanoscrolls from bulk WSy using DMF only, thereby
avoiding the use of harsh chemicals and surfactants. WS, nanoscrolls
were successfully fabricated via probe ultrasonication at room temper-
ature using a single solvent, namely, DMF. The fabricated WSy nano-
scrolls were characterized using different techniques including SEM,
AFM, TEM, STEM, XRD, Raman and XPS.

2. Experimental section
2.1. Chemicals and materials

A WS, powder with a lateral dimension size in the range of 2 um was
purchased from Sigma-Aldrich. Ultrapure water (18.2 MQ cm; Milli-Q
Direct 8) was used in all experiments. DMF (purity = 99 %) was pur-
chased from Sigma-Aldrich, and toluene (purity = 99 %) was purchased
from Alfa Aesar.

2.2. Materials fabrication

The fabrication of WS, nanoscrolls from bulk WSs: Bulk WS, with a
lateral dimension size of ~ 2 um was dispersed in DMF. Briefly, 300 mg
of the WS, powder was added to 60 mL of DMF in a 100-mL beaker and
sonicated using a bath sonicator for 15 min to make a colloid suspension.
No change in the WSy structure was observed at this stage. Then, the
WS, solution was sonicated using the probe ultrasonicator (ultrasonic
processor SONIC Vibra cell with a probe Model 18) for 2 h (2 h) at a low
frequency of 20 KHz. The solution was placed in an ice bath to ensure its
temperature remained close to room temperature (<30 °C). After 2 h,
the product comprising high quantities of WSy nanoscrolls was
collected. The yield of WS nanoscrolls was 90 %, which is calculated
using the volume and concentration of the bulk WS, (5 mg/mL) and the
quantity of the isolated and dried nanoscrolls of WS, the processed
solution of WSy nanoscrolls was centrifuged at 9980 g for 10 min to
remove unscrolled sheets. About 90 % of the top supernatant was then
collected by micropipette and from this the yield was estimated to be 90
%.

2.3. Characterization

WS, nanoscrolls were characterized using scanning electron micro-
scopy (SEM; FEI Quanta 450 high-resolution field-emission scanning
electron microscope; voltage = 10 kV). The morphology of WS, nano-
scrolls was characterized using atomic force microscopy (AFM; Nano-
scope 8.10; tapping mode) and transmission electron microscopy (TEM;
TECNAI 20 microscope, operating at 120 and 200 kV). Scanning TEM
(STEM) analysis and compositional mapping were performed using an
aberration-corrected FEI Titan Themis transmission electron microscope
operating at 200 kV equipped with an energy-dispersive X-ray detector.
The chemical composition of the WS, nanoscrolls was also studied via X-
ray photoelectron spectroscopy (XPS), and a hemispherical analyzer
(SPECS) was performed using an X-ray source with Mg Ka line (hv =
1253.6 eV) with a base pressure of a few 10 ° mbar. X-ray powder
diffraction (XRD) data were collected using a Bruker Advanced D8
diffractometer (capillary stage) using Cu Ka radiation (A = 1.5418 A, 50
kW/40 mA, 20 = 10-80°). Raman measurements were recorded at an
excitation wavelength of 532 nm (<5mW) at room temperature.

3. Results and discussion
3.1. Fabrication of WS3 nanoscrolls

In this contribution, we have reported a simple, straightforward, and
scalable method for directly scrolling WSy from their bulk in DMF,
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which is cost-effective and can be achievable in most laboratories. The
procedure for fabricating WSy nanoscrolls from their bulk material via
ultrasonication is illustrated schematically in Fig. la. The scanning
electron microscopy (SEM) image of bulk WS, powder revealed the
typical multilayered structure with a lateral size ranging from sub
micrometer to a few micrometers (Fig. 1b). A dramatic change can be
seen in the morphology of the bulk WS, after ultrasonication processing
with the nanoscroll formation (Fig. 1c), depending on the time pro-
cessing, solvent choice, and concentration of the bulk WS,.

Initially, we dispersed the bulk WS, powder in various solvents, such
as N-methyl-2-pyrrolidone (NMP), water, and ethanol. Despite these
solvent systems being reported in the literature for exfoliating TMD,
some of them were forming scroll structures either in a low yield or
requiring complex steps to fabricate such structures.(Cui et al., 2018;
Thangasamy and Sathish, 2016; Suh, 2016) They were ineffective in the
probe ultrasonication processing with a concentration of 5 mg/mL for
two hours and at a 20 KHz frequency (Figs. S1-S3).

Next, we chose DMF as the solvent, which led to the formation of
WS, nanoscrolls in a high yield of approximately 90 %, as we will discuss
below. The effects of other parameters, including the concentration of
WS, (i.e., 3, 5 and 10 mg/mL; Fig. S4 and S5c¢) and sonication time (i.e.,
30 mins, 1 h, and 2 h) on WS, nanoscroll formation were studied
(Fig. S5).

Establishing the optimal conditions for fabricating WSy nanoscrolls
using DMF as a solvent at a concentration of 5 mg/mlL, the black sus-
pension of the bulk WS, powder was sonicated in a bath sonicator for 15
min and then placed in a 100-mL glass beaker. The probe ultrasonicator
was placed in the middle of the solution from the top and set on a low
frequency of 20 KHz from 2 h (Fig. 1b). The morphology of WS, changes
dramatically from flat flakes to WSy nanoscrolls after the probe ultra-
sonication (20 KHz) (Fig. 1c).

3.2. Characterization of WS2 nanoscrolls

The structure and morphology of the fabricated WSy nanoscrolls
were systematically investigated by SEM, AFM, TEM, HRTEM, STEM,
XRD, Raman, and XPS. Fig. 2a, b shows low-magnification SEM images
of the bulk WS, before processing; they exhibit an irregular structure
and sizes ranging from a few micrometers to tens of micrometers. After
processing the bulk power of WS, using the probe ultrasonication under
the optimized conditions; including “concentration, low frequency,
solvent and reaction time”. They have dramatically changed from the 2D
bulk WS, structure and completely converted to 1D nanoscrolls of WSy,
as it can be clearly observed from SEM images in Fig. 2c—f. In addition,
no bulk structure from WS, flakes is seen in the solution after processing
(Fig. 2¢c-f).

AFM measurements were performed to characterize the structure of
WS nanoscrolls and investigate their size and shape (Fig. 3), AFM im-
ages further confirm that the fabricated WS, nanoscrolls exhibit a
nanoscroll structure with a closely uniform shape (Fig. 3a-d). They have
a length distribution of 650 nm (Fig. 3e), which is consistent with what
is observed by SEM. The height profile of the selected WS, nanoscrolls
revealed a height ranging between 5 and 10 nm, (Fig. 3f), indicating that
more than one layer of WS, was rolled up during the processing, which is
in good agreement with the literature (Thangasamy,Raj,and Sathish,
2020).

The nanoscrolls of WSy were further investigated using TEM and
HRTEM. Fig. 4a, b shows a low and high magnification TEM image of the
WS, nanoscrolls, which unambiguously confirms the formation of WS,
nanoscrolls. The HRTEM image, Fig. 4c, shows that in the nanoscrolls
formed using multiple layers of WS, the interlayer spacing between
adjacent layers of WS; nanoscrolls is ~ 0.62 nm (Fang et al., 2018; Cui
et al., 2018). Additionally, we performed the elemental mapping of WS,
nanoscrolls using high-resolution STEM. The high-angle annular dark-
field (HAADF) STEM image shows that the WS, nanoscrolls have a
tubular structure. The elemental mapping shows the presence of W and S
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Fig. 1. (a) Schematic of the experimental procedure for fabricating WS, nanoscrolls via probe ultrasonication in DMF with a concentration of 5 mg/mL. SEM image
of (b) bulk WS, and (¢)WS, nanoscrolls.

Fig. 2. SEM images of (a-b) bulk WS, (before processing) and (c-f) WS, nanoscrolls (after processing using the probe ultrasonication under the opti-
mized conditions).
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WS, nanoscrolls
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Fig. 3. (a-d) AFM images, (e) The length distribution and (f) The height profiles of WS, nanoscrolls.

throughout the WSy nanoscrolls (Fig. 4d—f). These findings are in line
with the above SEM and AFM results.

To further investigate the structure of WS, nanoscrolls, X-ray
diffraction (XRD) was conducted for both the bulk and nanoscrolls of
WS,. For the bulk WSy, (Fig. 5a), there are five obvious and sharp
diffraction peaks at 17°, 35°, 40°, 53° and 72°, which can be assigned to
the (002), (004), (100), (103) and (105) planes, which reflects of the
hexagonal crystal structure of 2H-WS.(Stengl and Henych, 2013) After
fabricating of WS, nanoscrolls, (Fig. 5b) only one main diffraction peak
at 20 of 14.97° corresponding to the crystal plane of (002). The two
weak peaks at 20 = 35° and 53° in the XRD pattern of the WS, nano-
scrolls are attributed to the (004) and (1 03) diffractions, respectively
(Thangasamy,Raj,and Sathish, 2020; Thangasamy and Sathish, 2016).
Sathish et al. also reported the appearance of similar diffraction peaks
after forming WSy nanoscrolls using energy efficient supercritical fluid
processing at 400C° (Thangasamy,Raj,and Sathish, 2020).

Raman spectroscopy is employed to characterize the crystal structure
of the bulk WS2 and nanoscrolls, using 532 nm excitation as shown in
Fig. 5¢, d. There are two characteristic peaks can be observed for both
materials, assignable to the (Ez¢) mode at 350 cm ! and the (A1g) mode
at 420 cm™L,(Fig. 5¢), corresponding to the in-plane W — § vibrations
and sulfur out-of-plane vibrations (Adilbekova et al., 2020; Liu and

Komatsu, 2016), respectively, which indicates the fabricated WSy
nanoscrolls show a good crystallinity.(Adilbekova et al., 2020; Liu and
Komatsu, 2016) After fabricating nanoscroll structure from the bulk
WS,,(Fig. 5d), the (E24) mode peak has a red shift, from 350 to 348 em™?
compared with those of the starting WS,, which can be attributed to the
bond strain present in the WS, nanoscrolls after processing (Yue et al.,
2020; Wang et al., 2020). Whereas there is a blue-shifted for (A;g) mode
of the WS, nanoscrolls from 420 to 418.3 cm ™}, which can be attributed
to the van der Waals interactions between neighboring layers in the
nanoscrolls structure (Aftab,Igbal,and Rim, 2023; Wang et al., 2016).
XPS was used to study the elemental composition of bulk WS, and
WS, nanoscrolls. Herein, the expected elements in the XPS spectra are W
and S. Fig. 6 shows the high-resolution XPS spectra of bulk and nano-
scrolls of WS,. In the XPS spectrum of bulk WS,, two strong peaks are
observed at 33.14 and 35.45 eV, which correspond to W 4f; 2 and W 4fs,
2, respectively (Fig. 6a) (Ghosh et al., 2022; Nethravathi et al., 2013).
Similarly, the S 2p XPS spectra of bulk WS, show two peaks at 162.75
and 163.93 eV, corresponding to S 2ps,, and S 2p; /2, respectively (Mao
et al., 2013; Nethravathi et al., 2013) (Fig. 6b). After the formation of
WS, nanoscrolls, two additional main peaks can be observed at 37.10
and 39.25 eV in the W 4f XPS spectrum of WS, nanoscrolls, which are
assigned to W-0. These peaks may appear in the XPS spectra because
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Fig. 4. (a-b) TEM images, (c) HRTEM image, (d) STEM image, and (e-f) elemental mappings of WS, nanoscrolls.
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Fig. 5. XRD patterns of (a) bulk WS, and (b) WS, nanoscrolls and Raman spectra of (c¢) bulk WS, and (d) WS, nanoscrolls.

after processing, the fabricated nanoscrolls are oxidized (Fig. 6¢) (Huang 3.3. Mechanism of WS2 nanoscroll formation

et al., 2018; Zhou et al., 2014; Cohen et al., 2023). Similarly, the S 2p

XPS spectra of the WS nanoscrolls show another main peak at 169.7 eV, The schematic of the mechanism for the formation of WSy nano-
which is attributed to S®* from oxidized S (Fig. 6d) (Miao et al., 2022). scrolls is shown in Fig. 7. The experiment was performed using the probe

ultrasonication at a low frequency (20 KHz) because high-frequency
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Fig. 6. High-resolution W 4f and S 2p XPS spectra of bulk WS, (a-b) and WS, nanoscrolls (c-d).
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Fig. 7. Schematic showing the mechanism for the formation of WS, nanoscrolls.

ultrasonic waves can change and may damage the crystal structure of
the WS, materials and destroy their properties (Fig. S6).(Gopa-
lakrishnan,Damien,and Shaijumon, 2014) The mechanism of WS,
nanoscroll formation from bulk WS, is as follows: First, the bulk WS is
exfoliated by the force induced by cavitation bubble collapse. (Tel-
khozhayeva et al., 2021; Deshmukh et al., 2019) When the cavitation-

induced bubbles collapse with massive energy, and shock stress waves
will act on the bulk WSy crystal rapidly (Fig. 7a), resulting in breaking
down bulk WS, into smaller flakes in the solution as well as exfoliating
WS, into nanosheets of WS, and that occurred after 1 h of sonication, as
shown in Fig. 7b, the formation of nanosheets is well understood, as
reported by several researchers. (Telkhozhayeva et al., 2021; Deshmukh
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et al., 2019) Increasing the probe ultrasonication time to 2 h resulted in
the scrolling of these exfoliated WS, nanosheets and the formation of the
1D structure of WS, nanoscrolls (Fig. 7c).

4. Conclusion

In summary, we have successfully fabricated WS, nanoscrolls in high
yield (90 %) directly from their bulk WS, in DMF using ultrasonication
(20 KHz) for two hours. This simple, low-cost, and scalable method
eliminates the need for surfactant or other harsh chemicals and can be
achieved in any laboratory. Crucial parameters such as choice of solvent,
WS, concentration, and sonication time are systematically explored to
establish the optimal conditions for fabricating WS, nanoscrolls in high
yields. SEM and TEM characterizations confirmed the successful fabri-
cation of WSy nanoscrolls with a closely uniform shape. AFM measure-
ments showed that the 1D WS, nanoscrolls have a height of 5-10 nm
with a length distribution centered at 650 nm. This developed strategy
for fabricating WSy nanoscrolls on demand, with the ability to prepare
them in high yield, paves the way for developing WS, nanoscroll
applications.
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