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ABSTRACT: Janus transition metal dichalcogenide (TMD) nanoscrolls have recently emerged as promising
nanostructures for studying curvature- and chirality-dependent physical phenomena. However, systematic strategies
to fabricate multilayer Janus TMD nanoscrolls with controlled diameters and to probe their structure-dependent
optical behaviors are still lacking. Expanding on the previous finding that Janus TMD monolayers—with intrinsic
asymmetry and built-in strain—spontaneously form nanoscrolls, we now demonstrate diameter-tunable nanoscrolls
derived from Janus WSSe/WSe, heterostructures. The incorporation of a Janus monolayer facilitates the scrolling of
heterostructures and enables continuous tuning of nanoscroll diameters across a broad range—from ~10 nm to ~1
pm. The resulting structures exhibit uniform crystallinity and composition, as confirmed by scanning transmission
electron microscopy. Optical characterizations reveal anisotropic Raman responses and strain-induced modulation
of second-harmonic generation (SHG). These results indicate that Janus-based nanoscrolls provide a versatile
platform for investigating structure—property relationships and developing rolled TMD systems for advanced
photonic and optoelectronic applications.

KEYWORDS: transition metal dichalcogenides, Janus WSSe, nanoscrolls, plasma treatment, bending rigidity,
second-harmonic generations

Tubular structures of transition metal dichalcogenide (TMD) Chiral TMD nanotubes have also demonstrated nonreciprocal
exhibit unique structural and electronic properties that have superconductivity”’ and giant bulk photovoltaic effects,” likely
inspired applications ranging from transistors and optoelec- due to their chiral structure. Despite these advances, available

tronics to thermoelectrics and sensing. Since the first synthesis
of multiwalled TMD nanotubes in 1992," they have found
applications in diverse fields, including polymer composites,”
catalysts,3’4 sensors,” field-effect transistors,”” optoelectronic
devices,*’ memory devices,'”'! and thermoelectric devices."”
Theoretical studies predict that their electronic structure
depends sensitively on diameter, number of layers, and

samples are largely limited to multiwalled nanotubes with
mixed crystal orientations, which complicates structure—
property analysis and functional control. Achieving structurally
uniform and tunable TMD nanotubes remains a key challenge
for advancing their applications.

chirality,"*~"* motivating efforts to control these parameters Received:  June 29, 2025
experimentally. Small-diameter TMD nanotubes show pro- Revised:  September 9, 2025
nounced curvature effects, including red-shifted photolumi- Accepted: September 10, 2025

nescence due to bandgap reduction.'® In contrast, larger tubes Published: September 23, 2025

(~100 nm) support strong light-matter coupling, such as
exciton polaritons,'”'® and optical microcavity resonators.'’
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Figure 1. Fabrication and characterization of Janus WSSe/WSe, heterostructure. (a) Schematic illustration of the hydrogen plasma-assisted
sulfurization process. Structural models of (b) WSe, bilayer and WSSe/WSe, heterobilayer, (c) Janus WSSe monolayer and the
corresponding monolayer-based nanoscroll, and (d) WSSe/WSe, heterobilayer and the corresponding nanoscroll. (e) Raman and (f) PL
spectra of CVD-grown WSe, monolayer and WSSe monolayer. (g) Raman and (h) PL spectra of CVD-grown WSe, bilayer and WSSe/WSe,
heterobilayer. (i) Optical microscopy image of WSSe/WSe, after plasma treatment. Raman intensity maps of (j) A; mode of WSSe at 288
cm™’, (k) A," mode of WSe, at 250 cm™’, and (1) their superposition (WSSe+WSe,). PL intensity maps of (m) the WSSe peak at 1.7 eV, (n)
the WSe, peak at 1.6 eV, and (o) their combined intensity. Scale bars in (i—0), 20 ym.

To overcome these limitations, nanoscrolls, formed by
rolling TMD sheets, offer an alternative strategy to construct
tubular structures with well-defined crystal orientation. In
contrast to conventional nanotubes, nanoscrolls derived from
single-crystal TMDs maintain coherent stacking, enabling
systematic exploration of structure—property relationships.
Since their first fabrication in 2016,”> TMD nanoscrolls have
been investigated for use in photodetectors,23 gas sensors,”"?*
and catalysts.””*” Two main fabrication approaches have been
reported: strain-induced scrolling and solution-assisted scroll-
ing. The former relies on lattice strain generated by sulfur
vacancy defects,”*" but typically compromises crystallinity,
limiting the quality of the resulting nanoscrolls. The latter uses
solvents introduced between the TMD sheets and their
substrates, where surface tension drives the scrolling.23’29_36
However, conventional TMDs favor flat structures to relieve
strain between chalcogen and metal atoms, often resulting in
ribbon-like morphologies.

To address the structural instability of conventional TMD
sheets, narrow cylindrical nanoscrolls have been fabricated
using Janus monolayers composed of transition metals
sandwiched between two different chalcogen atoms. Sayyad
et al. first reported Janus TMD nanoscrolls formed by
spontaneous rolling of monolayer sheets.”” More recently, we
demonstrated that the intrinsic asymmetry of Janus TMDs
enables the formation of stable nanoscrolls with inner
diameters as small as S nm, as confirmed by electron
microscopy and ab initio calculations.*®** However, these
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previous studies have focused exclusively on monolayer sheets.
Extending this approach to multilayer TMDs by leveraging the
internal strain in Janus sheets offers a viable route to fabricating
nanoscrolls with tunable diameters, as the increased bending
rigidity of thicker TMD stacks naturally leads to larger scroll
diameters.

Here, we report the diameter control of Janus TMD
nanoscrolls and their structure-dependent properties. By
varying the layer number of Janus TMD sheets, we fabricated
nanoscrolls with a wide range of diameters. Janus WSSe sheets
were prepared via plasma-assisted surface atom substitution
and then rolled into nanoscrolls through a solution-based
process. The resulting scrolls were characterized by atomic
force microscopy (AFM) and high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM).
The photostability of Janus WSSe nanoscrolls was assessed
using photoluminescence (PL) and Raman spectroscopy.
Their anisotropic optical response was investigated through
polarized angle-resolved Raman measurements. Nonlinear
optical properties induced by axial strain of nanoscrolls were
characterized by polarization-resolved second-harmonic gen-
eration (SHG).

RESULTS AND DISCUSSION

Figure la-d illustrates the fabrication process of Janus WSSe
based nanoscrolls. Janus WSSe is prepared by plasma-assisted
atom substitution at room temperature (Figure 1a).* In this
process, the Se atoms on the top surface of the WSe, are

https://doi.org/10.1021/acsnano.5¢10877
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Figure 2. Topographic characterization of Janus WSSe-based nanoscrolls. AFM images of nanoscrolls formed from (a) monolayer, (b)
bilayer, and (c) multilayer sheets after solution treatment. (d—f) Height profiles along the white lines shown in (a—c), respectively. (g)
Height and (h) length distributions of nanoscrolls formed from sheets with different initial thicknesses: monolayer (1L, cyan squares),
bilayer (2L, green triangles), trilayer—four-layer (3—4 L, red diamonds), and multilayer (>SL, purple circles).

selectively replaced by S atoms to form a Janus WSSe structure
(Figure 1b). For multilayer samples, only the topmost Se layer
is substituted, resulting in the formation of a WSSe/WSe,
heterostructure (Figure 1b). Figure lc,d shows the structural
models of nanoscrolls with different compositions. Nanoscrolls
composed entirely of WSSe are formed by rolling Janus
monolayers (Figure 1c), while scrolls composed of both WSSe
and WSe, layers are obtained by rolling bilayer or thicker
heterostructures (Figure 1d). Thus, by tuning the number of
layers, nanoscrolls with different morphologies and composi-
tions can be systematically designed.

The fabrication process starts with the growth of a single-
crystalline WSe, on a SiO,/Si substrate by chemical vapor
deposition (CVD). Figure S1 shows the optical microscopy
images after the atom substitution process. The number of
layers was identified by optical contrast, which revealed a
bilayer region stacked over triangular monolayer domains. The
formation of Janus WSSe was confirmed by Raman and PL
spectroscopy. Figure 1 e-h shows the Raman and PL spectra of
the samples before and after the substitution process. In the
monolayer region, the spectra exhibit a peak at 288 cm™ and
1.70 eV (Figure le,f), corresponding to the A; Raman mode
and A exciton of Janus WSSe, respectively, consistent with
previous reports.””*" In the bilayer region, the Raman spectra
exhibit peaks at 250 cm™" and 288 cm ™!, while the PL spectra
show peaks at 1.6 and 1.7 eV (Figure 1gh). These results
indicate that atomic substitution has occurred only in the
topmost layer of WSe,, forming a WSSe/WSe, heterobilayer,
as reported previously.*”*” Raman and PL intensity maps
confirm uniform substitution of surface Se atoms with S atoms
throughout the triangular grains (Figure li-o). Finally, the
substrates were spin-coated with the PMMA/chloroform
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solution to prepare the nanoscrolls and rinsed with acetone.
As reported in our previous work,>® this solution-based
treatment serves as a trigger for the rolling of TMD sheets
(Figure S1).

To characterize the nanoscroll structure, AFM was first used
to study the surface topography and to estimate the number of
layers in the precursor TMD sheets. Figure 2a—c shows
topography images of nanoscrolls formed from WSSe
monolayers, WSSe/WSe, bilayers, and WSSe/3L-WSe, four-
layer sheets after solution treatments. In most regions, the
sheets roll up from multiple directions and typically terminate
upon encountering other nanoscrolls. As a result, individual
nanoscrolls exhibit random orientations, suggesting no
preferential rolling direction in TMD sheets. We note that
alignment control of monolayer nanoscrolls has been
demonstrated by patterning of MoS, films with a focused ion
beam.”” However, the alignment of multilayer nanoscrolls
remains technically challenging due to the difficulty of forming
uniform films over large areas. Patterning for Janus conversion
is also considered an effective approach for orientation
control.*’ Figure 2d-f shows the corresponding height profiles
extracted along the white lines in Figure 2a—c. The nanoscroll
height exhibits variation within each sample, suggesting
differences in interlayer spacing, layer number, and scroll
diameter.

Figure 2g summarizes the height distributions for scrolls
formed from monolayer, bilayer, trilayer, four-layer, and
multilayer (>5 layers) sheets. The scroll height ranges from
11 to 48 nm for monolayers, from 21 to 78 nm for bilayers,
from 85 to 140 nm for trilayers, from 160 to 220 nm for four-
layers, and from 220 to 730 nm for thicker multilayers. These
results reveal a clear correlation between nanoscroll diameter
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Figure 3. HAADF-STEM and EDX characterization of Janus WSSe/WSe,nanoscrolls. (a) Low-magnification HAADF-STEM image of
nanoscrolls formed after solution treatment. The inset shows an overview image of the entire region containing the nanoscrolls. (b) Enlarged
view of the left nanoscroll in (a). (c—e) Selected-area electron diffraction (SAED) patterns obtained from (c) the left nanoscroll, (d) the flat
sheet, and (e) the right nanoscroll in (a). (f) Cross-sectional HAADF-STEM image of a nanoscroll composed of four-layer TMD sheets. (g)
Enlarged view of the right side of the scroll in (f). (h) Further magnified image of the yellow boxed region in (g), showing the stacked layers.
(i) Cross-sectional EDX elemental maps of Se, W, and S atoms corresponding to the nanoscroll in (g). Scale bars: (a) 500 nm; (b) 50 nm;

(c—e) 2 nm™%; (f) 200 nm; (g) 50 nm; (h) 10 nm; (i) 50 nm.

and the number of layers in the precursor sheet. This trend
arises from the relationship between layer number and bending
stiffness. In Janus TMDs, scrolling is driven by the relaxation of
intrinsic strain associated with the asymmetric structure.
Monolayer WSSe readily forms narrow nanoscrolls, as the
strain relaxation provides a significant energy gain. In contrast,
when WSSe is stacked on top of WSe,—forming bilayers or
thicker heterostructures—the added layers increase the overall
bending stiffness and reduce the energy gain associated with
narrow curvature. Consequently, the critical curvature required
to stabilize a scroll shifts toward larger values with increasing
layer number. These findings demonstrate that the nanoscroll
diameter can be effectively tuned by controlling the number of
layers in the starting sheet.

The dependence of the scroll diameter on the layer number
can be qualitatively understood by considering the bending of
an elastic plate. Figure S2 shows the calculated strain energy
density versus diameter, as well as the most stable diameter for
a monolayer (N = 1) and heterostructures (N = 2~4). Here,
the strain energy was evaluated for the two limiting cases: a
perfectly bonded multilayer and independently sliding layers as
previously discussed.”* Details are provided in the Supporting
Information. In both cases, the strain energy density increases
rapidly below d.g which limits the minimum inner diameter
formed in the scroll (Figure S2a,b). Figure S2c shows that the
experimental inner diameters lie between these two limits. This
trend can be attributed to partial interlayer sliding in
nanoscrolls, as reported in bending experiments on multilayer
MoS,.** A more precise statistical evaluation of the inner
diameter and a theoretical assessment of the bending rigidity
are left for future work.

Similarly, Figure 2h presents the length distributions of
nanoscrolls formed from monolayer, bilayer, trilayer, four-layer,
and multilayer (>S layers) sheets. Measured scroll lengths
range from 0.4 to 1.4 ym for monolayers, from 1.0 to 3.2 ym

for bilayers, from 1.1 to 8.2 pum for trilayers, from 2.1 to 16.1
pum for four-layers, and from 10.7 to 77.4 um for thicker
multilayers. Again, a clear correlation is observed between
scroll length and the layer number of the precursor sheet. This
trend can be interpreted through the relationship between
Young’s modulus and crack formation. Nanoscrolls typically
initiate at the edges of cracks that naturally form during plasma
treatment, where tensile strain builds up due to lattice
contraction during the WSe,-to-WSSe conversion. Monolayer
WSSe exhibits a higher crack density owing to its low Young’s
modulus and increased sensitivity to tensile strain. In contrast,
stacking WSe, and WSSe raises the overall Young’s modulus,
enhancing resistance to strain and reducing crack formation. As
a result, the scroll length increases with layer number due to a
reduced density of initiation points. Thus, the nanoscroll
length can be tuned by adjusting the number of layers in the
TMD sheet during fabrication.

To further investigate scroll geometry across different
thicknesses, the samples were examined by electron micros-
copy. Figure 3a shows HAADF-STEM images of nanoscrolls
fabricated from trilayer WSSe/WSe, sheets. In this sample,
multiple nanoscrolls are observed forming in different
directions and terminating upon collision within the same
sheet. The sheet remains between adjacent scrolls, exhibiting
alternating bright and dark contrast consistent with cracks
introduced into the multilayer surface. An enlarged image
reveals a multiwalled tubular structure composed of uniformly
stacked TMD layers (Figure 3b). The measured interlayer
spacing is 0.65 nm, in agreement with previously reported
values for TMD nanoscrolls.””* Figure S3a-c presents TEM
images of nanoscrolls formed from monolayer, bilayer, and
trilayer sheets, respectively. The measured inner (outer)
diameters are 7 (20) nm for monolayers, 70 (80) nm for
bilayers, and 170 (220) nm for trilayers. These outer diameters
are in good agreement with the AFM measurements. Notably,
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Figure 4. Angle-resolved polarized Raman spectroscopy of Janus WSSe/WSe,nanoscrolls. Raman spectra of nanoscrolls with diameters of (a)
30, (b) 200, and (c) 500 nm, measured at four representative polarization angles: 0, 30, 60, and 90°. (d—f) Polarized Raman intensity maps
with diameters of (d) 30, (e) 200, and (f) 500 nm, shown as a function of polarization angle from 0 to 360°. Polar plots of the Raman peak
intensities for nanoscrolls with diameters of (g) 30, (h) 200, and (i) 500 nm.

a strong correlation is observed between inner and outer
diameters across all samples (Figure S3d—f).

Figure 3c-e shows the selected-area electron diffraction
(SAED) patterns obtained from samples in Figure 3a. The
selected-area diffraction pattern of the WSSe/WSe, multilayer
sheet displays a single set of 6-fold symmetric spots,
characteristic of the hexagonal lattice of TMDs. This confirms
that all stacked layers are aligned in the same crystallographic
orientation. The lattice spacing of the (100) plane is estimated
to be ~ 0.27 nm, consistent with that of WSe,. In contrast, the
diffraction pattern obtained from the nanoscroll exhibits two
distinct sets of 6-fold symmetric spots, highlighted by pink and
yellow lines. This is consistent with the expected pattern of a
single-wall TMD nanotube with defined chirality.*** Both sets
of diffraction spots indicate that the constituent layers within
the nanoscroll share a common crystalline orientation. The
hexagonal pattern marked in yellow shows better agreement
with the sheet regions connected to the nanoscroll, suggesting
that the pink and yellow patterns correspond to the front and
back sides of the WSSe/WSe, multilayer. The (100) lattice
spacing in both regions was measured to be ~ 0.27 nm, further
supporting the structural consistency across the sheet and the
scroll.

Cross-sectional HAADF-STEM imaging visualizes the
internal structure of the nanoscrolls (Figure 3fg). An enlarged
view (Figure 3h) shows that the scroll is composed of four-
layer TMD units. The inner cavity measures approximately 140
nm in width and 120 nm in height, forming a near-cylindrical
cross-sectional geometry. The interlayer spacing appears
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slightly larger than the typical 0.65 nm, likely due to residual
surface contaminants introduced during solution processing.
Similar multiwalled scroll structures were observed in bilayer
and trilayer regions (Figure S4). To investigate the elemental
distribution, energy-dispersive X-ray spectroscopy (EDX)
mapping was performed. Figure 3i shows cross-sectional
EDX maps of S, Se, and W atoms in the nanoscroll
corresponding to Figure 3g. The maps reveal spatially resolved
elemental distributions across the layers, supporting the
uniform substitution of sulfur derived from Janus WSSe.

Before the optical characterization, we have evaluated the
photostability of Janus-based nanoscrolls and Janus WSSe flat
sheet under ambient conditions. Figures S5 and S6 show the
normalized Raman spectra and the A; mode (288 cm™) peak
intensities of Janus WSSe samples before and after scrolling,
measured at different irradiation times. Samples were exposed
to 532 nm laser for 30 min. In monolayer sheets, the intensity
dropped sharply within the first S min and plateaued at
approximately 20% of the initial value. In contrast, the Raman
intensities of 1L- and 8L-nanoscrolls remained unchanged after
the same irradiation duration. This behavior, also observed in
PL spectra (Figure S7), is attributed to photoinduced
oxidation of WSSe.*” Moreover, both 1L- and 8L-nanoscrolls
exhibited substantially enhanced stability compared to their
unscrolled counterparts, suggesting that scrolling-induced self-
encapsulation contributes to oxidation resistance under
ambient conditions.

The anisotropic optical properties of the nanoscrolls were
then investigated using polarized angle-resolved Raman
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Figure 5. SHG characterization of Janus WSSe/WSe,nanoscroll. (a) Optical microscope image, (b) corresponding AFM topography image,
and (c) SHG intensity map of the same region showing a nanoscroll and a flat sheet. (d, e) Polar plots of SHG intensity as a function of
polarization angle 6, measured at (d) WSSe/WSe, heterostructure sheet and (e) nanoscroll, corresponding to the white circles in (c). Black
circles are the experimental data. Red solid curves are fits using the strain-inclusive model. For (d), a dashed curve shows the reference fit
obtained without the strain effect, for comparison. Intensities are normalized to the maximum in each panel.

spectroscopy. We measured three nanoscroll samples with
diameters of approximately 30, 200, and 500 nm, correspond-
ing to scrolls fabricated from monolayer WSSe, and two
WSSe/WSe, heterostructures with thicknesses of 5.2 and 8.4
nm, respectively. These thicknesses were determined by AFM
(Figure S8), and the corresponding layer numbers of the
multilayer regions were roughly estimated to be 8 and 12. The
resulting 1L-, 8L-, and 12L-nanoscrolls exhibited heights
(widths) of 30 nm (50 nm), 200 nm (400 nm), and 500 nm
(1 pm), respectively (Figure S9). Figure 4a-c shows angle-
resolved Raman spectra at polarization angles of 0°, 30°, 60°,
and 90°. In these measurements, the polarization direction of
the incident laser was varied by rotating the samples. The 1L-
based nanoscroll exhibits Raman peaks at 280 cm™' and 330
cm™, corresponding to the A; and E modes of Janus WSSe.
The 8L- and 12L-based nanoscrolls show additional peaks at
250 cm™!, 260 cm™!, which are attributed to the A," and E’
modes of WSe,, respectively.

Figure 4d-f shows color maps of the Raman intensity
measured on three different nanoscrolls. Figure 4g-i displays
the polar plots of the A; and E (or A;' and E') mode intensities
for WSSe and WSe,. The 1L-based nanoscroll exhibits a clear
180° periodic variation in Raman intensity, with maxima at 0°,
180°, and 360°, where the polarization is aligned with the
scroll axis. This trend is consistent with that of monolayer
MoSSe nanoscrolls reported in our previous work.”® The 4L-
based scrolls show similar angular dependence, although the
reduction in intensity under perpendicular polarization is less
pronounced. In contrast, the Raman intensity of 12L-based
scrolls shows almost no dependence on polarization. These

results demonstrate that the polarization-dependent Raman
response is strongly correlated with scroll diameter. The
anisotropic Raman response can be partly attributed to the
anisotropic optical absorption of nanoscrolls, in particular the
weak absorption of photons with out-of-plane polarization.*®
In addition, the depolarization effect™” also plays an important
role: for narrow scrolls with widths much smaller than the laser
wavelength, the incident electric field is effectively screened.
For wider scrolls (e.g, > 1 um), the screening becomes
negligible, and the behavior resembles that of planar sheets.
This size-dependent optical response highlights the utility of
nanoscrolls as a platform for exploring nanoscale optical
phenomena, including depolarization effects.

To characterize the Janus-based nanoscroll structures, we
conducted second-harmonic generation (SHG) measurements.
To evaluate the relative intensity of SHG in nanoscroll
structures, we first obtained spatial images of the SHG signal.
Figure Sa—c shows an optical microscope image of the
nanoscrolls, the corresponding AFM image, and the integrated
SHG intensity map. The bright contrast at the center of the
optical and AFM images corresponds to nanoscrolls formed
from multilayer WSSe/WSe, sheets. In Figure S10, the AFM
image reveal step-like features with heights of approximately
8—11 nm. Even at the thinnest regions (~8 nm), the thickness
corresponds to at least 11 layers, assuming an average
interlayer spacing of ~ 0.7 nm.

In TMDs, SHG activity is known to depend on the layer
number due to inversion symmetry: odd-layered structures
lack inversion symmetry and thus exhibit strong SHG, while
even-layered ones possess inversion symmetry, leading to the
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cancellation of SHG signals.”® Accordingly, we observed
significant SHG intensity from odd-layer regions and sup-
pressed signals from even-layer regions. Notably, the SHG
intensity from nanoscrolls was enhanced by a factor of 2.6
compared to that from the corresponding flat sheets. This
enhancement contrasts with a previous study on few-layer
MoS,, which showed a monotonic decrease in SHG intensity
with increasing layer number due to light absorption and
interlayer coupling.”® STEM imaging suggests that the present
nanoscrolls exhibit weak interlayer coupling due to nanoscale
gaps between adjacent layers. This weak coupling may prevent
the electronic structure modification and allow for the
constructive overlap of SHG signals from multiple layers.

Figure 5d presents a polar plot of SHG intensity measured in
a copolarized configuration from the WSSe/WSe, sheet (white
circle in Figure Sc). The SHG response exhibits a characteristic
6-fold symmetry, consistent with the hexagonal lattice
symmetry of TMDs. In such systems, the SHG intensity
reaches its maximum along the armchair direction, where
mirror symmetry is broken. Based on this, we assigned the 0°
direction to the armchair axis and 30° to the zigzag axis.

Figure Se shows a polar plot of the SHG intensity obtained
from the nanoscroll at the position indicated by the white
circle in Figure Sc. The scroll exhibits local intensity maxima at
the same angular directions, indicating that the scroll retains
the crystalline orientation of the original WSSe/WSe, sheet.
The nanoscroll axis is oriented nearly parallel to zigzag
direction, with a chiral angle estimated to be around 27°.
Interestingly, the SHG intensity decreases near 0° and 180°,
i.e., along the direction perpendicular to the nanoscroll axis.
This behavior can be reproduced by a strain-inclusive SHG
model,”" without invoking anisotropic effective electric fields
inside the scroll (Figure S11).>* The fitting procedure is
provided in the Supporting Information. The estimated
principal strain axis (~84°) aligns with the nanoscroll axis
(~88°), underscoring that the scrolling geometry introduces
anisotropic strain and thereby modulates the second-order
nonlinear optical response.

Such anisotropic strain is considered a characteristic feature
of multilayer nanoscrolls. For monolayers, theoretical calcu-
lations suggest that the optimal diameter is around 10 nm, and
the previous experiments frequently observe inner diameters in
the range of 5—10 nm.”®*” These results indicate that the most
stable structures form in the innermost core layer of the scroll
during strain relaxation. However, since the outer layers of a
monolayer scroll exceed 10 nm in diameter, complete strain
relaxation is not possible. Similarly, the larger diameter of the
present multilayer nanoscrolls also prevents full relaxation of
the Janus WSSe layer. Meanwhile, bending induces strain in
the WSe, layers. Thus, multilayer nanoscrolls inherently
stabilize as strained structures, due to van der Waals
interactions between the Janus and non-Janus layers. In this
sense, they provide a platform where strain can be effectively
tuned by varying the number of layers.

Finally, we note key differences between Janus nanoscrolls
and conventional planar Janus monolayers or vertical
heterostructures. First, their nanotube-like geometry gives
them chirality and quasi-one-dimensionality, enabling unique
physical phenomena such as bulk photovoltaic effects and
anisotropic optical responses. Second, nanoscrolls possess a
scroll-specific self-overlapping configuration, in which the
overlapping regions originate from the same sheet. This
geometry gives rise to intralayer interactions that can modulate

the electronic structure, including band bending and type-II
band alignment driven by the built-in dipole, as a previous
theoretical study.”> Furthermore, depending on the scrolling
angle, they can form one-dimensional twisted bilayer or
multilayer moiré structures within the same sheet. Exploring
these possibilities is an exciting direction for future research.

CONCLUSIONS

We fabricated nanoscrolls from multilayer WSe, incorporating
a Janus WSSe monolayer by the solution-assisted roll-up
process. The resulting nanoscroll structures were characterized
by AFM and HAADF-STEM, and their elemental composition
was confirmed by EDX mapping. Raman/PL spectroscopy
demonstrated that the WSSe nanoscroll structures exhibit high
photostability under ambient conditions. Polarized angle-
resolved Raman spectroscopy revealed anisotropic optical
responses, while polarization-resolved SHG probed the
nonlinear optical behavior arising from structural symmetry.
Notably, we found that the inclusion of a Janus WSSe
monolayer facilitates the scrolling of multilayer TMD sheets,
and that the resulting scroll diameter and length can be tuned
by varying the number of precursor layers. These findings
establish Janus-based nanoscrolls as a versatile platform for
exploring chirality-, diameter-, and polarization-dependent
properties in low-dimensional systems, while providing design
principles for strain-engineered TMD nanostructures. Such a
fundamental framework also opens opportunities for nano-
scrolls to serve as tunable model systems for studying
nonlinear optical responses and high-surface-area systems for
sensing, catalysis, and energy storage.

EXPERIMENTAL METHODS

Sample Preparation. Monolayer and multilayer WSe, was
synthesized on SiO, (285 nm)/Si substrates by using a lab-built
CVD system.” WO, and selenium powder were used as precursors,
and KBr was employed as a growth promoter. WO; (50—90 mg), KBr
(30—50 mg), and Se (2 g) powders were placed at positions 1, 3, and
27 cm upstream from the substrate inside a quartz tube, respectively.
A mixture of H,/N, gas (H, = 0.7%) was continuously flowed
through the quartz tube at a rate of 450 sccm. During growth, the
substrates and Se source were heated to 950 and 350 °C, respectively.
Janus WSSe was prepared by plasma-assisted surface atom
substitution of WSe,. The CVD-grown WSe, samples were placed
in a quartz tube wrapped with a copper coil, and sulfur powder was
placed upstream in the quartz tube. The input power and reaction
time were set to 15—30 W and 30—60 min, respectively. For
nanoscroll formation, a PMMA/chloroform solution was spin-coated
on the substrate to facilitate the partial detachment and spontaneous
scrolling of Janus WSSe monolayer and WSSe/WSe, heterostructures.

Transfer Process. To observe the nanoscrolls by TEM/STEM,
the samples were transferred onto a carbon-coated TEM grid. To
prepare the support films, a PMMA/chloroform solution was spin-
coated onto the substrates. The substrate was then immersed in an
etching solution (1 mol/L KOH) at 80 °C for several hours. The
PMMA film was peeled off from the substrate, rinsed with pure water,
and subsequently transferred onto a TEM grid. After drying, the
PMMA film was dissolved using acetone.

Characterizations. Raman and PL spectra were measured under
532 nm excitation in a backscattering configuration using a
microspectrometer (inVia, Renishaw). For polarization-resolved
Raman spectroscopy measurements, the angle between the nanoscroll
axis and the incident laser polarization was controlled by rotating the
samples. Topographic images were acquired using an AFM (NX10,
Park Systems). Samples for cross-sectional TEM observation were
prepared using the focused ion beam method. For cross-sectional
observation, HAADF images and EDX maps were acquired using a
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high-resolution electron microscope (HD-2700, Hitachi High-
Technologies) equipped with a silicon drift detector (Ultim Max
TLE, Oxford Instruments).

For the SHG measurements, a femtosecond pulse laser with a
center wavelength of 1560 nm was used as a pump source, where the
repetition rate and the pulse width were 75.4 MHz and ~ 250 fs,
respectively. The pump beam was focused with a S0x objective lens
and a spot size on the sample plane was ~ 2 ym. Average pump power
was kept less than 10 mW to avoid damaging the sample. A half-
waveplate was used to control the polarization angle 6, and a polarizer
was inserted in front of a single-photon avalanche diode to detect the
second-harmonic signals with polarization parallel to that of the pump
beam. A dichroic mirror and a long-pass filter were also used to
extract the second-harmonic light at 780 nm.

ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsnano.5¢10877.

Evaluation of strain energy and the stable diameter as a
function of layer number; analysis of linear polarization
dependence of the SHG intensity; optical images of as-
prepared WSSe/WSe, sheets and nanoscrolls; strain
energy and the stable diameter at different layer
numbers; TEM characterization of nanoscrolls; cross-
sectional HAADF-STEM characterization of nano-
scrolls; time-dependent Raman spectra of Janus WSSe
samples under ambient conditions; time-dependent
Raman peak intensity plots of Janus WSSe samples
under ambient conditions; time-dependent PL charac-
terization of Janus WSSe samples under ambient
conditions; topography and height profiles of Janus
WSSe/WSe, heterostructures; topography of nanoscrolls
formed from different layer numbers; height profiles of a
Janus WSSe/WSe, heterostructure sheet and a nano-

scroll; and polarization dependence of SHG intensity
(PDF)

AUTHOR INFORMATION

Corresponding Authors

Toshiaki Kato — Graduate School of Engineering, Tohoku
University, Sendai 980-8579, Japan; Advanced Institute for
Materials Research (AIMR), Tohoku University, Sendai 980-
8577, Japan; Email: katol2@tohoku.ac.jp

Yasumitsu Miyata — Research Center for Materials
Nanoarchitectonics (MANA), National Institute for
Materials Science (NIMS), Tsukuba 305-0044, Japan;
Department of Physics, Tokyo Metropolitan University,
Hachioji 192-0397, Japan; © orcid.org/0000-0002-9733-
5119; Email: miyata.yasumitsu@nims.go.jp

Authors

Masahiko Kaneda — Research Center for Materials
Nanoarchitectonics (MANA), National Institute for
Materials Science (NIMS), Tsukuba 305-0044, Japan;
Department of Physics, Tokyo Metropolitan University,
Hachioji 192-0397, Japan

Wenjin Zhang — Research Center for Materials
Nanoarchitectonics (MANA), National Institute for
Materials Science (NIMS), Tsukuba 305-0044, Japan;

orcid.org/0000—0002-3803—4770

Dingkun Bi — Graduate School of Engineering, Tohoku

University, Sendai 980-8579, Japan; Advanced Institute for

Materials Research (AIMR), Tohoku University, Sendai 980-
8577, Japan

Tianyishan Sun — Graduate School of Engineering, Tohoku
University, Sendai 980-8579, Japan; Advanced Institute for
Materials Research (AIMR), Tohoku University, Sendai 980-
8577, Japan

Hiroto Ogura — Graduate School of Engineering, Tohoku
University, Sendai 980-8579, Japan; Advanced Institute for
Materials Research (AIMR), Tohoku University, Sendai 980-
8577, Japan

Takahiko Endo — Research Center for Materials
Nanoarchitectonics (MANA), National Institute for
Materials Science (NIMS), Tsukuba 305-0044, Japan;
Department of Physics, Tokyo Metropolitan University,
Hachioji 192-0397, Japan; © orcid.org/0000-0002-6520-
6048

Yuta Takahashi — Department of Physics, Faculty of Science
and Technology, Keio University, Yokohama 223-8522,
Japan

Shun Fujii — Department of Physics, Faculty of Science and
Technology, Keio University, Yokohama 223-8522, Japan;

orcid.org/0000-0002-0998-366X

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsnano.5c10877

Author Contributions

Y.M. developed the concept and supervised the project. M.K.
conducted nanoscroll preparation, Raman, PL, STEM, and
AFM measurements, and structure analysis. D.B,, T.S., H.O,,
and T.K. carried out the plasma treatment. T.E. conducted
CVD growth. Y.T. and S.F. performed the SHG measurements.
MK and Y.M. prepared the figures and wrote the manuscript.
All authors discussed the results and commented on the
manuscript.

Notes
The authors declare no competing financial interest.

ACKNOWLEDGMENTS

This work was supported by the Japan Science and
Technology Agency (JST), the JST FOREST Program
(JPMJFR213X) and the JST CREST (JPMJCR23A4,
JPMJCR23A2), and Kakenhi Grants-in-Aid (JP21H05232,
JP21H0S5234, JP22HO00280, JP22HO049S57, JP24H00044,
JP24H01202 JP22KJ2561, JP23K13635, JP23H00097,
JP23K17756, and JP24HO01165) from the Japan Society for
the Promotion of Science (JSPS). MANA is supported by the
World Premier International Research Center Initiative (WPL),
MEXT, Japan. Part of this work was carried out under the
Cooperative Research Project Program of the RIEC, Tohoku
University.

REFERENCES

(1) Tenne, R; Margulis, L.; Genut, M.; Hodes, G. Polyhedral and
Cylindrical Structures of Tungsten Disulphide. Nature 1992, 360,
444—446.

(2) Ghosh, S.; Otorgust, G.; Idelevich, A.; Regev, O.; Lapsker, I;
Lewitus, D. Y.; Zak, A. Reinforcement of Poly (Methyl Methacrylate)
by WS, Nanotubes towards Antiballistic Applications. Compos. Sci.
Technol. 2021, 207, No. 108736.

(3) Cardoso, G. L,; Piquini, P. C.; Ahuja, R. From Monolayers to
Nanotubes: Toward Catalytic Transition-Metal Dichalcogenides for
Hydrogen Evolution Reaction. Energy Fuels 2021, 35, 6282—6288.

https://doi.org/10.1021/acsnano.5¢10877
ACS Nano 2025, 19, 34918-34927


https://pubs.acs.org/doi/10.1021/acsnano.5c10877?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c10877/suppl_file/nn5c10877_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Toshiaki+Kato"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:kato12@tohoku.ac.jp
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yasumitsu+Miyata"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9733-5119
https://orcid.org/0000-0002-9733-5119
mailto:miyata.yasumitsu@nims.go.jp
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Masahiko+Kaneda"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wenjin+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-3803-4770
https://orcid.org/0000-0002-3803-4770
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dingkun+Bi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tianyishan+Sun"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hiroto+Ogura"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Takahiko+Endo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-6520-6048
https://orcid.org/0000-0002-6520-6048
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuta+Takahashi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shun+Fujii"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-0998-366X
https://orcid.org/0000-0002-0998-366X
https://pubs.acs.org/doi/10.1021/acsnano.5c10877?ref=pdf
https://doi.org/10.1038/360444a0
https://doi.org/10.1038/360444a0
https://doi.org/10.1016/j.compscitech.2021.108736
https://doi.org/10.1016/j.compscitech.2021.108736
https://doi.org/10.1021/acs.energyfuels.1c00462?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.1c00462?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.1c00462?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.5c10877?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acshano.org

(4) Tsverin, Y,; Popovitz-Biro, R; Feldman, Y.; Tenne, R;
Komarneni, M. R;; Yu, Z,; Chakradhar, A.; Sand, A.; Burghaus, U.
Synthesis and Characterization of WS, Nanotube Supported Cobalt
Catalyst for Hydrodesulfurization. Mater. Res. Bull. 2012, 47, 1653—
1660.

(5) Sedova, A.; Khodorov, S.; Ehre, D.; Achrai, B.; Wagner, H. D,;
Tenne, R; Dodiuk, H.; Kenig, S. Dielectric and Electrical Properties
of WS, Nanotubes/Epoxy Composites and Their Use for Stress
Monitoring of Structures. J. Nanomater. 2017, 2017, 1.

(6) Yomogida, Y.; Miyata, Y.; Yanagi, K. Transistor Properties of
Relatively Small-Diameter Tungsten Disulfide Nanotubes Obtained
by Sulfurization of Solution-Synthesized Tungsten Oxide Nanowires.
Appl. Phys. Express 2019, 12, No. 085001.

(7) Levi, R;; Bitton, O.; Leitus, G.; Tenne, R.; Joselevich, E. Field-
Effect Transistors Based on WS, Nanotubes with High Current-
Carrying Capacity. Nano Lett. 2013, 13, 3736—3741.

(8) Zhang, C.; Wang, S.; Yang, L.; Liu, Y.; Xu, T.; Ning, Z.; Zak, A;
Zhang, Z.; Tenne, R.; Chen, Q. High-Performance Photodetectors for
Visible and Near-Infrared Lights Based on Individual WS, Nanotubes.
Appl. Phys. Lett. 2012, 100, No. 243101.

(9) Zhang, Y. J.; Onga, M,; Qin, F.; Shi, W.; Zak, A;; Tenne, R;
Smet, J.; Iwasa, Y. Optoelectronic Response of a WS, Tubular P-N
Junction. 2D Mater. 2018, S, No. 035002.

(10) Sun, Y,; Xu, S.; Xu, Z.; Tian, J.; Bai, M; Qi, Z.; Niu, Y.; Aung,
H. H,; Xiong, X.; Han, J.; Lu, C,; Yin, J.; Wang, S.; Chen, Q; Tenne,
R; Zak, A; Guo, Y. Mesoscopic Sliding Ferroelectricity Enabled
Photovoltaic Random Access Memory for Material-Level Artificial
Vision System. Nat. Commun. 2022, 13, 5391.

(11) Pelella, A.; Kumar, A.; Intonti, K.; Durante, O.; De Stefano, S.;
Han, X; Li, Z.; Guo, Y.; Giubileo, F.; Camilli, L.; Passacantando, M.;
Zak, A.; Di Bartolomeo, A. WS, Nanotube Transistor for Photo-
detection and Optoelectronic Memory Applications. Small 2024, 20,
No. 2403965.

(12) Kawai, H.; Sugahara, M.; Okada, R.; Maniwa, Y.; Yomogida, Y.;
Yanagi, K. Thermoelectric Properties of WS, Nanotube Networks.
Appl. Phys. Express 2017, 10, No. 015001.

(13) Seifert, G.; Terrones, H.; Terrones, M.; Jungnickel, G.;
Frauenheim, T. Structure and Electronic Properties of MoS,
Nanotubes. Phys. Rev. Lett. 2000, 85, 146—149.

(14) Ghorbani-Asl, M.; Zibouche, N.; Wahiduzzaman, M.; Oliveira,
A. F; Kuc, A; Heine, T. Electromechanics in MoS, and WS,:
Nanotubes vs. Monolayers. Sci. Rep. 2013, 3, 2961.

(15) Hisama, K.; Maruyama, M.; Chiashi, S.; Maruyama, S.; Okada,
S. Indirect-to-Direct Band Gap Crossover of Single Walled MoS,
Nanotubes. Jpn. J. Appl. Phys. 2021, 60, No. 065002.

(16) Rahman, M. A,; Yomogida, Y.; Ahad, A.; Ueji, K.; Nagano, M,;
Ihara, A.; Nishidome, H.; Omoto, M.; Saito, S.; Miyata, Y.; Gao, Y,;
Okada, S.; Yanagi, K. Synthesis and Optical Properties of WS,
Nanotubes with Relatively Small Diameters. Sci. Rep. 2023, 13, 16959.

(17) Yadgarov, L,; Visic, B.; Abir, T.; Tenne, R.; Polyakov, A. Y,;
Levi, R.; Dolgova, T. V.; Zubyuk, V. V.; Fedyanin, A. A.; Goodilin, E.
A.; Ellenbogen, T.; Tenne, R; Oron, D. Strong Light-Matter
Interaction in Tungsten Disulfide Nanotubes. Phys. Chem. Chem.
Phys. 2018, 20, 20812—20820.

(18) Sinha, S. S.; Zak, A.; Rosentsveig, R.; Pinkas, L; Tenne, R;
Yadgarov, L. Size-Dependent Control of Exciton-Polariton Inter-
actions in WS2 Nanotubes. Small 2020, 16, No. 1904390.

(19) Kazanov, D. R; Poshakinskiy, A. V.; Davydov, V. Y.; Smirnov,
A. N,; Eliseyev, 1. A,; Kirilenko, D. A.; Remskar, M.; Fathipour, S,;
Mintairov, A.; Seabaugh, A.; Gil, B.; Shubina, T. V. Multiwall MoS,
Tubes as Optical Resonators. Appl. Phys. Lett. 2018, 113, No. 101106.

(20) Qin, F.; Shi, W.; Ideue, T.; Yoshida, M.; Zak, A.; Tenne, R,;
Kikitsu, T.; Inoue, D.; Hashizume, D.; Iwasa, Y. Superconductivity in
a Chiral Nanotube. Nat. Commun. 2017, 8, 14465.

(21) Zhang, Y. J; Ideue, T.; Onga, M.; Qin, F.; Suzuki, R.; Zak, A;
Tenne, R; Smet, J. H,; Iwasa, Y. Enhanced Intrinsic Photovoltaic
Effect in Tungsten Disulfide Nanotubes. Nature 2019, 570, 349—353.

(22) Meng, J.; Wang, G.; Li, X; Lu, X,; Zhang, J.; Yu, H.; Chen, W.;
Du, L,; Liao, M,; Zhao, J.; Chen, P.; Zhu, J.; Bai, X.; Shi, D.; Zhang, G.
Rolling Up a Monolayer MoS, Sheet. Small 2016, 12, 3770—3774.

(23) Wang, L.; Yue, Q.; Pei, C; Fan, H.; Dai, J.; Huang, X,; Li, H,;
Huang, W. Scrolling Bilayer WS,/MoS, Heterostructures for High-
Performance Photo-Detection. Nano Res. 2020, 13, 959—966.

(24) Zhang, L.; Hao, Q; Liu, J.; Zhou, J.; Zhang, W.; Li, Y. Rolling
up of 2D Nanosheets into 1D Nanoscrolls: Visible-Light-Activated
Chemiresistors Based on Surface Modified Indium Selenide with
Enhanced Sensitivity and stability. Chem. Eng. J. 2022, 446,
No. 136937.

(25) Park, H; Park, J.; Kang, S.-W.; Jeong, S.-H. 3D-Nanostructured
MoS, Nanoscroll with Highly Active Sites for Improving NO, Gas
Detection. Mater. Lett. 2023, 349, No. 134733.

(26) Hwang, D. Y.; Choi, K. H,; Park, J. E;; Suh, D. H. Highly
Efficient Hydrogen Evolution Reaction by Strain and Phase
Engineering in Composites of Pt and MoS, Nano-scrolls. Phys.
Chem. Chem. Phys. 2017, 19, 18356—18365.

(27) Wang, W,; Li, Y,; Li, M.; Shen, H.; Zhang, W.; Zhang, J.; Liu,
T.; Kong, X; Bi, H. Metallic Phase WSe, Nanoscrolls for the
Hydrogen Evolution Reaction. New J. Chem. 2022, 46, 8381—8384.

(28) Chy, X. S; Li, D. O.; Green, A. A.; Wang, Q. H. Formation of
MoO; and WO; Nanoscrolls from MoS, and WS, with Atmospheric
Air Plasma. J. Mater. Chem. C 2017, 5, 11301—11309.

(29) Cui, X.; Kong, Z.; Gao, E.; Huang, D.; Hao, Y.; Shen, H.; Dj, C.
a; Xu, Z.; Zheng, J; Zhu, D. Rolling up Transition Metal
Dichalcogenide Nanoscrolls via One Drop of Ethanol. Nat. Commun.
2018, 9, 1301.

(30) Zhao, B.; Wan, Z.; Liu, Y.; Xu, J.; Yang, X.; Shen, D.; Zhang, Z.;
Guo, C; Qian, Q; Li, J; Wu, R;; Lin, Z; Yan, X,; Li, B.; Zhang, Z,;
Ma, H,; Li, B;; Chen, X; Qiao, Y.; Shakir, I; et al. High-Order
Superlattices by Rolling up van Der Waals Heterostructures. Nature
2021, 591, 385—390.

(31) Deng, W.; You, C.; Chen, X.; Wang, Y.; Li, Y.; Feng, B.; Shi, K;
Chen, Y.; Sun, L.; Zhang, Y. High-Performance Photodiode Based on
Atomically Thin WSe,/MoS, Nanoscroll Integration. Small 2019, 15,
No. 1901544.

(32) Yue, Q; Wang, L,; Fan, H.; Zhao, Y.; Wei, C.; Pei, C.; Song,
Q.; Huang, X,; Li, H. Wrapping Plasmonic Silver Nanoparticles inside
One-Dimensional Nanoscrolls of Transition-Metal Dichalcogenides
for Enhanced Photoresponse. Inorg. Chem. 2021, 60, 4226—423S.

(33) Wang, Z; Wu, H.-H.; Li, Q; Besenbacher, F.; Zeng, X. C;
Dong, M. Self-Scrolling MoS, Metallic Wires. Nanoscale 2018, 10,
18178—1818S.

(34) Qian, Q; Zu, R; Ji, Q; Jung, G. S;; Zhang, K; Zhang, Y,;
Buehler, M. J.; Kong, J.; Gopalan, V.; Huang, S. Chirality-Dependent
Second Harmonic Generation of MoS, Nanoscroll with Enhanced
Efficiency. ACS Nano 2020, 14, 13333—13342.

(35) Lin, C.; Cai, L.; Fu, J.-H,; Sattar, S.; Wang, Q.; Wan, Y,; Tseng,
C.-C; Yang, C.-W,; Aljarb, A; Jiang, K; Huang, K-W,; Li, L.-J;
Canali, C. M,; Shi, Y.,; Tung, V. Direct Band Gap in Multilayer
Transition Metal Dichalcogenide Nanoscrolls with Enhanced Photo-
luminescence. ACS mater. lett. 2022, 4, 1547—1555.

(36) Wang, R.; Guo, S.; Li, Z.; Weller, D.; Quan, S.; Yu, J.; Wu, M,;
Jiang, J.; Wang, Y.; Liu, R. Strong Anisotropic Optical Properties by
Rolling up MoS, Nanoflake. J. Phys. Chem. Lett. 2022, 13, 8409—
8415.

(37) Sayyad, M.; Qin, Y.; Kopaczek, J.; Gupta, A.; Patoary, N.;
Sinha, S.; Benard, E.; Davis, A.; Yumigeta, K; Wu, C.; Li, H,; Yang, S,;
Esqueda, I. S.; Singh, A; Tongay, S. Strain Anisotropy Driven
Spontaneous Formation of Nanoscrolls from 2D Janus Layers. Adv.
Funct. Mater. 2023, 33, No. 2303526.

(38) Kaneda, M.; Zhang, W.; Liu, Z.; Gao, Y.; Maruyama, M,;
Nakanishi, Y.; Nakajo, H.; Aoki, S.; Honda, K; Ogawa, T,;
Hashimoto, K.; Endo, T.; Aso, K,; Chen, T.; Oshima, Y.; Yamada-
Takamura, Y.; Takahashi, Y.; Okada, S.; Kato, T.; Miyata, Y.
Nanoscrolls of Janus Monolayer Transition Metal Dichalcogenides.
ACS Nano 2024, 18, 2772—2781.

https://doi.org/10.1021/acsnano.5¢10877
ACS Nano 2025, 19, 34918-34927


https://doi.org/10.1016/j.materresbull.2012.03.053
https://doi.org/10.1016/j.materresbull.2012.03.053
https://doi.org/10.1155/2017/4838095
https://doi.org/10.1155/2017/4838095
https://doi.org/10.1155/2017/4838095
https://doi.org/10.7567/1882-0786/ab2acb
https://doi.org/10.7567/1882-0786/ab2acb
https://doi.org/10.7567/1882-0786/ab2acb
https://doi.org/10.1021/nl401675k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl401675k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl401675k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.4729144
https://doi.org/10.1063/1.4729144
https://doi.org/10.1088/2053-1583/aab670
https://doi.org/10.1088/2053-1583/aab670
https://doi.org/10.1038/s41467-022-33118-x
https://doi.org/10.1038/s41467-022-33118-x
https://doi.org/10.1038/s41467-022-33118-x
https://doi.org/10.1002/smll.202403965
https://doi.org/10.1002/smll.202403965
https://doi.org/10.7567/APEX.10.015001
https://doi.org/10.1103/PhysRevLett.85.146
https://doi.org/10.1103/PhysRevLett.85.146
https://doi.org/10.1038/srep02961
https://doi.org/10.1038/srep02961
https://doi.org/10.35848/1347-4065/abffc6
https://doi.org/10.35848/1347-4065/abffc6
https://doi.org/10.1038/s41598-023-44072-z
https://doi.org/10.1038/s41598-023-44072-z
https://doi.org/10.1039/C8CP02245C
https://doi.org/10.1039/C8CP02245C
https://doi.org/10.1002/smll.201904390
https://doi.org/10.1002/smll.201904390
https://doi.org/10.1063/1.5047792
https://doi.org/10.1063/1.5047792
https://doi.org/10.1038/ncomms14465
https://doi.org/10.1038/ncomms14465
https://doi.org/10.1038/s41586-019-1303-3
https://doi.org/10.1038/s41586-019-1303-3
https://doi.org/10.1002/smll.201601413
https://doi.org/10.1007/s12274-020-2725-9
https://doi.org/10.1007/s12274-020-2725-9
https://doi.org/10.1016/j.cej.2022.136937
https://doi.org/10.1016/j.cej.2022.136937
https://doi.org/10.1016/j.cej.2022.136937
https://doi.org/10.1016/j.cej.2022.136937
https://doi.org/10.1016/j.matlet.2023.134733
https://doi.org/10.1016/j.matlet.2023.134733
https://doi.org/10.1016/j.matlet.2023.134733
https://doi.org/10.1039/C7CP03495D
https://doi.org/10.1039/C7CP03495D
https://doi.org/10.1039/C7CP03495D
https://doi.org/10.1039/D2NJ01598F
https://doi.org/10.1039/D2NJ01598F
https://doi.org/10.1039/C7TC02867A
https://doi.org/10.1039/C7TC02867A
https://doi.org/10.1039/C7TC02867A
https://doi.org/10.1038/s41467-018-03752-5
https://doi.org/10.1038/s41467-018-03752-5
https://doi.org/10.1038/s41586-021-03338-0
https://doi.org/10.1038/s41586-021-03338-0
https://doi.org/10.1002/smll.201901544
https://doi.org/10.1002/smll.201901544
https://doi.org/10.1021/acs.inorgchem.0c03235?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.0c03235?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.0c03235?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C8NR04611E
https://doi.org/10.1021/acsnano.0c05189?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.0c05189?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.0c05189?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmaterialslett.2c00162?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmaterialslett.2c00162?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmaterialslett.2c00162?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.2c02072?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.2c02072?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adfm.202303526
https://doi.org/10.1002/adfm.202303526
https://doi.org/10.1021/acsnano.3c05681?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.5c10877?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano Wwww.acshano.org

(39) Gao, Y.; Kaneda, M.; Endo, T.; Nakajo, H.; Aoki, S.; Kato, T.;
Miyata, Y.; Okada, S. Strain-induced scrolling of Janus WSSe. Phys.
Rev. B 2024, 110, No. 035414.

(40) Trivedi, D. B.; Turgut, G; Qin, Y.; Sayyad, M. Y.; Hajra, D.;
Howell, M.; Liu, L,; Yang, S.; Patoary, N. H,; Li, H.; Petric, M. M,;
Meyer, M.; Kremser, M.; Barbone, M.; Soavi, G.; Stier, A. V.; Miiller,
K,; Yang, S.; Esqueda, L. S,; Zhuang, H.; Finley, J. J.; Tongay, S.; et al.
Room-Temperature Synthesis of 2D Janus Crystals and their
Heterostructures. Adv. Mater. 2020, 32, No. 2006320.

(41) Petric, M. M.; Kremser, M.; Barbone, M.; Qin, Y.; Sayyad, Y.;
Shen, Y.; Tongay, S.; Finley, J. J.; Botello-Méndez, A. R.; Miiller, K.
Raman Spectrum of Janus Transition Metal Dichalcogenide
Monolayers WSSe and MoSSe. Phys. Rev. B 2021, 103, No. 035414.

(42) Zhang, W.; Liu, Z.; Nakajo, H.; Aoki, S.; Wang, H.; Wang, Y,;
Gao, Y.; Maruyama, M.; Kawakami, T.; Makino, Y.; Kaneda, M,;
Chen, T.; Aso, K,; Ogawa, T.; Endo, T.; Nakanishi, Y.; Watanabe, K;
Taniguchi, T.; Oshima, Y.; Yamada-Takamura, Y.; Koshino, M,;
Okada, S.; Matsuda, K.; Kato, T.; Miyata, Y. Chemically Tailored
Semiconductor Moiré Superlattices of Janus Heterobilayers. Small
Struct. 2024, 5, No. 2300514.

(43) Guo, Y; Lin, Y.; Xie, K.; Yuan, B.; Zhy, J.; Shen, P. C.; Ly, A.
Y.; Su, C; Shi, E,; Zhang, K,; HuangFu, C.; Xu, H,; Cai, Z.; Park, J.
H.,; Ji, Q; Wang, J.; Dai, X,; Tian, X.; Huang, S.; Doy, L,; Jiao, L.; Li,
J; Yu, Y,; Idrobo, J. C.; Cao, T.; Palacios, T.; Kong, J.; et al. Designing
artificial two-dimensional landscapes via atomic-layer substitution.
Proc. Natl. Acad. Sci. US.A. 2021, 118, No. e2106124118.

(44) Wang, G.; Dai, Z.; Xiao, J.; Feng, S.; Weng, C; Liu, L.; Xu, Z;
Huang, R.; Zhang, Z. Bending of Multilayer van der Waals Materials.
Phys. Rev. Lett. 2019, 123, No. 116101.

(45) Xiang, R.; Inoue, T.; Zheng, Y.; Kumamoto, A.; Qian, Y.; Sato,
Y,; Liu, M; Tang, D.; Gokhale, D.; Guo, J.; Hisama, K; Yotsumoto,
S,; Ogamoto, T.; Arai, H; Kobayashi, Y; Zhang, H; Hou, B;
Anisimov, A.,; Maruyama, M.; Miyata, Y.; et al. One-Dimensional van
Der Waals Heterostructures. Science 2020, 367, 537—542.

(46) Nakanishi, Y.; Furusawa, S.; Sato, Y.; Tanaka, T.; Yomogida, Y.;
Yanagi, K;; Zhang, W.; Nakajo, H.; Aoki, S.; Kato, T.; Suenaga, K ;
Miyata, Y. Structural Diversity of Single-Walled Transition Metal
Dichalcogenide Nanotubes Grown via Template Reaction. Adv.
Mater. 2023, 35, No. 2306631.

(47) Zhang, W.; Matsuda, K; Miyauchi, Y. Photostability of
Monolayer Transition-Metal Dichalcogenides in Ambient Air and
Acidic/Basic Aqueous Solutions. ACS Omega 2019, 4, 10322—10327.

(48) Zheng, W.; Li, F; Li, G.; Liang, Y; Ji, X.; Yang, F.; Zhang, Z,;
Huang, F. Laser Tuning in van der Waals Crystals. ACS Nano 2018,
12, 2001—2007.

(49) Sasaki, K.-i; Tokura, Y. Theory of a Carbon-Nanotube
Polarization Switch. Phys. Rev. Appl. 2018, 9, No. 034018.

(50) Li, Y.; Rao, Y,; Mak, K. F.; You, Y,; Wang, S.; Dean, C. R;
Heinz, T. F. Probing Symmetry Properties of Few-Layer MoS, and h-
BN by Optical Second-Harmonic Generation. Nano Lett. 2013, 13,
3329-3333.

(51) Mennel, L.; Furchi, M. M.; Wachter, S.; Paur, M.; Polyushkin,
D. K; Mueller, T. Optical imaging of strain in two-dimensional
crystals. Nat. Commun. 2018, 9, 516.

(52) Gao, Y.; Okada, S. Energetics and Electronic Structures of Janus
WSSe Nanoscrolls. ACS Applied Electronic Materials 2025, 7, 5861—
5867.

(53) Wada, N.; Py, J.; Takaguchi, Y.; Zhang, W.; Liu, Z.; Endo, T.;
Irisawa, T.; Matsuda, K; Miyauchi, Y.; Takenobu, T.; Miyata, Y.
Efficient and Chiral Electroluminescence from In-Plane Hetero-
structure of Transition Metal Dichalcogenide Monolayers. Adv. Funct.
Mater. 2022, 32, No. 2203602.

\‘ CAS BIOFINDER DISCOVERY PLATFORM™

PRECISION DATA
FOR FASTER
DRUG
DISCOVERY

CAS BioFinder helps you identify
targets, biomarkers, and pathways

Unlock insights

34927 https://doi.org/10.1021/acsnano.5¢10877
ACS Nano 2025, 19, 34918-34927


https://doi.org/10.1103/PhysRevB.110.035414
https://doi.org/10.1002/adma.202006320
https://doi.org/10.1002/adma.202006320
https://doi.org/10.1103/PhysRevB.103.035414
https://doi.org/10.1103/PhysRevB.103.035414
https://doi.org/10.1002/sstr.202300514
https://doi.org/10.1002/sstr.202300514
https://doi.org/10.1073/pnas.2106124118
https://doi.org/10.1073/pnas.2106124118
https://doi.org/10.1103/PhysRevLett.123.116101
https://doi.org/10.1126/science.aaz2570
https://doi.org/10.1126/science.aaz2570
https://doi.org/10.1002/adma.202306631
https://doi.org/10.1002/adma.202306631
https://doi.org/10.1021/acsomega.9b01067?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.9b01067?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.9b01067?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.8b00010?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevApplied.9.034018
https://doi.org/10.1103/PhysRevApplied.9.034018
https://doi.org/10.1021/nl401561r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl401561r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-018-02830-y
https://doi.org/10.1038/s41467-018-02830-y
https://doi.org/10.1021/acsaelm.5c00290?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaelm.5c00290?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adfm.202203602
https://doi.org/10.1002/adfm.202203602
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.5c10877?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.cas.org/solutions/biofinder-discovery-platform?utm_campaign=GLO_ACD_STH_BDP_AWS&utm_medium=DSP_CAS_PAD&utm_source=Publication_ACSPubs

