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Formation of MoO3 and WO3 nanoscrolls from
MoS2 and WS2 with atmospheric air plasma†

Ximo S. Chu, a Duo O. Li, a Alexander A. Green b and Qing Hua Wang *a

Nanostructured transition metal oxides (TMOs) have intriguing electrochemical and physical properties

that make them useful in a variety of electrochemical applications. Here, we report the synthesis of

MoO3 and WO3 nanoscrolls from atomically thin layers of two-dimensional (2D) MoS2 and WS2 with

atmospheric air plasma treatment. These structures with rolled layers have an increased surface-to-

volume ratio and are promising for electrochemical applications. The morphology of the nanoscrolls is

characterized by atomic force microscopy (AFM), while X-ray photoelectron spectroscopy (XPS)

measurements confirm the formation of MoO3 from MoS2. Control experiments with a plasma

generated from a mixture of N2/O2/H2O gases MoS2 suggest that the rolling mechanism is due to a

combination of factors including oxide formation, stresses due to bonding changes, defects in the initial

2D material, and interplanar forces.

Introduction

Two-dimensional (2D) transition metal dichalcogenides (TMDCs)
such as molybdenum disulfide (MoS2), tungsten disulfide (WS2),
molybdenum diselenide (MoSe2) and tungsten diselenide (WSe2)
are receiving significant attention due to their excellent electrical,
optical, mechanical, and chemical properties.1,2 Their related
transition metal oxides (TMOs) such as molybdenum trioxide
(MoO3) and tungsten trioxide (WO3) are a fascinating class of
materials that have seen use in applications such as lithium-ion
batteries,3,4 solar cells,5,6 gas sensors,7–10 and thermoelectrics11

due to their electrochemical and physical properties. While
continuous thin films of TMOs have advantages in applications
such as hole transport layers in solar cells,12 nanostructured
forms of TMOs have improved performance in applications such
as batteries and gas sensors that require a higher surface-to-
volume ratio. Several techniques to synthesize MoO3 and WO3

nanorods and nanowires have been developed, including pulsed
laser deposition,13,14 hydrothermal,15–17 and sol–gel methods.9,10,18

Nanoscroll structures made by rolling up atomically thin
films have even higher surface-to-volume ratios and improved
structural stability than nanorods and nanowires.19 While the
nanoscroll morphology is relatively new for MoO3 and WO3,

there have been some reports for graphene and graphene oxide
nanoscrolls that illustrate the utility of the rolled geometry. In
general, nanoscroll structures have higher surface-to-volume
ratios with more available surface sites for chemical interactions.
For example, a method to decorate the interlayer surfaces of
graphene nanoscrolls with iron oxide nanoparticles has been
developed,20 leading to increased stability of the nanoparticles
adsorbed in the rolled layers. In another example, Guo et al.
reported a sulfur encapsulated cathode structure by impregnating
sulfur particles into graphene nanoscrolls, which resulted in
higher sulfur loading and electrochemically stable electrodes.21

To control the thermal degradation in phosphor converted white
light emitting diodes, reduced graphene oxide nanoscrolls were
used to wrap the phosphor particles, which show a lower thermal
degradation than the unwrapped phosphors.22 These examples of
graphene-based nanoscroll structures show some of the advan-
tages of the nanoscroll morphology, and suggest promising future
applications for nanoscrolls of MoO3 and WO3.

While examples of graphene-based nanoscrolls have been
reported previously as described above, to the best of our
knowledge the main examples of metal oxide nanoscrolls are
those composed of WO3 synthesized from a multi-step hydro-
thermal technique, which have been reported to exhibit improved
electrochemical performance,23 and vanadium oxide-based nano-
scrolls synthesized from a hydrothermal method, which have
potential as electrode materials in lithium ion batteries due to
their high theoretical reversible capacity,24 and rapid lithium ion
insertion/deinsertion.25 However, methods to form TMO nano-
scrolls directly from TMDCs have not been reported to the best of
our knowledge. In this paper, we present a new synthesis method
for MoO3 and WO3 nanoscrolls, put forward a reaction mechanism
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for their formation, and show detailed morphological and chemical
characterization.

Here we describe a simple and efficient air plasma treatment
method to form MoO3 and WO3 nanoscrolls directly from
atomically thin sheets of MoS2, MoSe2, and WS2. We characterize
the structure and chemistry of the nanoscrolls using atomic
force microscopy (AFM), Raman and photoluminescence (PL)
spectroscopies, and X-ray photon spectroscopy (XPS). We propose
a nanoscroll formation mechanism where reactive species in
the air plasma generated from the interaction of multiple gases
oxidize the TMDC into TMO materials and generate defects where
rolling is initiated. In particular, the HNO3 formed from the
interaction of H2O, N2 and O2 gases plays an important role as
a strong oxidizing agent26 in the plasma-activated conditions.
During the plasma treatment, mechanical stresses due to changed
bond angles from oxidation lead to rolling into nanoscrolls.
To confirm the reaction mechanism, we create a mixture of N2

and O2 gases to mimic the composition of air and pass it through
a water bubbler to carry water vapor into the plasma system.
We also demonstrate the formation of nanoscrolls using atom-
ically thin films of TMDCs prepared by both mechanical exfolia-
tion and chemical vapor deposition (CVD) methods. The synthesis
method we describe in this paper is significant because it allows
nanoscrolls of MoO3 and WO3 to be formed efficiently and quickly
from easily obtained TMDC sources.

Experimental methods
Sample preparation for transition metal dichalcogenides

TMDC flakes were prepared on cleaned SiO2 (300 nm)/Si
substrates (Wafernet, Inc.) by mechanical exfoliation from bulk
MoS2, WS2, MoSe2, and WSe2 crystals (SPI Supplies, MTI Corp.,
Nanosurf Inc.) using adhesive tape. The samples were annealed
in vacuum at 120 1C for 30 minutes with 500 sccm Ar flow to
remove tape residue, water and adsorbed gases.

Single crystal monolayer MoS2 samples of dimensions 15 to
50 mm across were synthesized by chemical vapor deposition
(CVD) at 850 1C on SiO2/Si substrates. The 1 cm � 1 cm target
SiO2/Si substrates were sonicated in acetone and isopropanol
for 5 min each and blown dry by N2 gas followed by immersion
in piranha solution (concentrated sulfuric acid : 30% hydrogen
peroxide solution at a 3 : 1 volume ratio) for 3 h. The solid S
powder precursor (180 mg, Alfa Aesar, 99.5%) was loaded on
another SiO2/Si substrate and placed into a 100 diameter quartz
tube at the edge of a hot-wall tube furnace (ThermoFisher
Lindberg/Blue M) where the temperature reaches about 170 1C
during growth. The solid MoO3 powder precursor (5 mg, Sigma-
Aldrich, 99%) was loaded on another SiO2/Si substrate and placed
into a quartz boat in the center of the furnace in the hot zone.
The target SiO2/Si substrate was placed polished face up and
mounted on the top of the quartz boat, shielded by a piece of Mo
foil. The furnace was heated to 850 1C and held for 10 minutes at
ambient pressure under flow of ultrahigh purity Ar gas (45 sccm).
An external fan was used to cool the furnace after growth is
completed.

Large area continuous MoS2 samples suitable for XPS mea-
surements were also grown by CVD. The solid S powder pre-
cursor (100 mg) and solid MoO3 powder precursor (10 mg) were
placed in a 100 diameter quartz tube in a hot-wall tube furnace.
The S powder was positioned at the edge of the furnace and the
MoO3 powder was positioned in the center of the furnace. The
1.8 cm � 3 cm target SiO2/Si substrate was placed polished face
down on a Mo boat. The growth occurred at 650 1C for 40 minutes
under 300 sccm flow of Ar in vacuum.

Plasma treatment

Freshly prepared samples as described above were placed into
the chamber of the plasma cleaner (Harrick Plasma, model
PDC-32G, and gas flow controller Plasmaflo PDC-FMG), which
was evacuated to about 40–80 mTorr. To perform the atmo-
spheric air plasma treatment, the gas inlet valve was opened to
the ambient lab air (relative humidity 40%, at 21 1C, equivalent
to 7.6 g m�3 water vapor density) for about 5 minutes to
stabilize the pressure in the chamber at B800 mTorr. The
plasma power was turned on for 2–3 s at 18 W. In the control
experiments with different gas mixtures, the gas inlet valve was
connected to the gas flow controller with different ultrapure gas
inputs instead of ambient air.

Characterization

Atomic force microscopy (AFM) imaging was performed in
ScanAsyst noncontact mode on a Bruker Multimode V system
with ScanAsyst-Air tips (Bruker). The Gwyddion software package27

was used for image processing. Nanoscroll angles were calculated by
selecting the endpoints in ImageJ28 and analyzing them in Matlab.

Raman and photoluminescence (PL) measurements were
conducted using a WITec alpha300R confocal Raman micro-
scope system with a 532 nm excitation laser and 100� objective
lens with B1 mm laser spot size. To prevent damage of the
TMDC thin films, laser powers less than 0.32 mW were used for
all the measurements. The 1800 and 300 grooves per mm
gratings were used for the Raman and PL spectra, respectively.

X-ray photoelectron spectroscopy (XPS) was conducted using
a Vacuum Generators 220i-XL system with monochromated Al
Ka radiation (hn = 1486.6 eV) at a chamber pressure of B10�9

torr or lower. The linewidth was 0.7 eV and spot size was
B400 mm. The CasaXPS software package was used to perform
the data analysis. The Shirley backgrounds were subtracted and
the spectra were fit to peaks by Gaussian/Lorentzian functions.
The Si 2p peak from the substrate was used as the reference for
peak positions. Peaks were identified by comparison to known
standards and the La Surface database from Centre national
de la recherche scientifique (CNRS) in Orleans, France, and
ThermoFisher Scientific (www.lasurface.com).

Results and discussion
TMO nanoscroll formation via oxidation and rolling of TMDCs

The crystal structures of MoS2, MoO3, WS2, and WO3 are shown
in Fig. 1(a)–(d), and a schematic illustration of the proposed
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oxidation and rolling process are shown in Fig. 1(e)–(g): when
the MoS2 and WS2 are exposed to a plasma generated from
ambient air, oxidation of the top layer of MoS2 results in lattice
distortion29 and strain from the formation of Mo–O bonds,
which in turn generates cracks in the material and drives the
thin film layer to roll up along defects or cracks until the strain
is fully offset. The monolayer MoS2 and WS2 are fully oxidized
and transformed into MoO3 and WO3 nanoscrolls, respectively,
after air plasma treatment. However, for bilayer and multilayer
flakes, only the top layer is oxidized while the layers underneath
remain as the original sulfides. This point will be discussed
further below in the next sections.

The formation of MoO3 and WO3 nanoscrolls was demon-
strated using mechanically exfoliated flakes of atomically thin
MoS2 and WS2. Fig. 1(h) shows a mechanically exfoliated
monolayer (1L) of MoS2. After air plasma treatment, the same
area of the sample shows a number of linear nanostructures

in Fig. 1(i). Chemical characterization using XPS provides
evidence that the structures are composed of MoO3 (see below).

More AFM images of mechanically exfoliated MoS2 and WS2

flakes are shown in Fig. 2(a) and (d), respectively. The monolayer
regions are 0.8 nm thick, as measured in AFM height profiles. After
2 s of exposure to air plasma (see Experimental methods section
for details), there are numerous linear nanostructures on the
surface as shown in Fig. 2(b) and (e). These structures have heights
of 8 to 12 nm and widths of 10 to 30 nm according to the line
profiles in Fig. 2(c) and (f). The ESI† contains more AFM images
(Fig. S1, ESI†) and field emission scanning electron microscopy
(FESEM) images (Fig. S2, ESI†). We interpret these nanostructures
to be MoO3 and WO3 nanoscrolls. In the optical micrographs in
Fig. S3 in the ESI,† the MoS2 and WS2 monolayer flakes become
invisible after air plasma treatment, likely because the nanoscroll
structures are much smaller in surface area than the original
monolayers and due to MoO3 and WO3 having a high optical
transparency.30,31 The initial quality and thickness of these samples
before plasma treatment were confirmed by Raman and photo-
luminescence (PL) spectroscopies (see Fig. S4 in the ESI†).

To demonstrate that air plasma treatment can generate
MoO3 nanoscrolls from different sources of MoS2, we also used
MoS2 synthesized from chemical vapor deposition (CVD) as
shown in Fig. 3 and Fig. S5 in the ESI.† An example of a single
crystal of monolayer MoS2 grown by CVD is shown in the AFM
images of Fig. 3(a) and (b). After air plasma treatment, MoO3

nanoscrolls form in the region that was originally a single
crystal of MoS2, as shown in Fig. 3(c) and (d).

This single crystal CVD MoS2 sample is also used to investigate
the direction of rolling with respect to the crystallographic orienta-
tion of the original MoS2. The angles between the longitudinal axes
of the nanoscroll and one of the edges of the original MoS2 single
crystal in the area of Fig. 3(d) have been calculated according to the
schematic diagram in Fig. 3(e), and tabulated in the histogram of
Fig. 3(f). Line segments corresponding to all the nanoscrolls are
shown in Fig. S6 in the ESI.† While there is a broad distribution of
angles, we observe a large peak at 901 and smaller peaks at
approximately 01, 451, 1351 and 1801. Based on the rectangular
lattice structure of MoO3 (see structure in Fig. 1b), these directions
likely correspond to the high symmetry directions along which it
may be easier for the oxidized layer to bend and roll.

While the nanoscroll results so far were formed from the
sulfide 2D TMDCs (MoS2 and WS2), we also investigated the
formation of MoO3 and WO3 nanoscrolls from the selenide 2D
TMDCs. Mechanically exfoliated single layers of MoSe2 and
WSe2 were also treated by air plasma and characterized by AFM
imaging in Fig. S7 in the ESI.† The formation of nanoscrolls
is observed from regions of monolayer MoSe2, but not from
regions of multilayer MoSe2. No nanoscrolls are seen from
WSe2 although there is an increase in the surface roughness.
In both selenides, there are cracks and holes that appear after
air plasma treatment. These results suggest the possibility of
forming nanoscrolls from other types of TMDCs rather than
sulfides, although less reliably than under the present conditions;
future work will explore nanoscroll formation mechanisms in
the selenides in more detail, including the influence of varying

Fig. 1 Formation of metal oxide nanoscrolls from metal dichalcogenides.
Crystal structures of (a) MoS2, (b) MoO3, (c) WS2, and (d) WO3. Green atoms
are Mo, grey atoms are W, yellow atoms are S, and red atoms are O.
(e–g) Schematic of rolling process: (e) pristine MoS2 is exposed to air
plasma, which leads to (f) oxidation and formation of cracks, and (g) rolling
of nanoscrolls. (h) Atomic force microscopy (AFM) image of pristine
mechanically exfoliated MoS2 with primarily a monolayer (1L) region and
(i) the same sample area after air plasma treatment where nanoscrolls have
formed.
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processing conditions including different reactive plasma species
and chemical interactions with the 2D materials.

Chemical characterization

X-ray photoelectron spectroscopy (XPS) was used to characterize
the chemical changes occurring during air plasma treatment of
MoS2 and to determine the chemical nature of the resulting
nanostructures. We used large area films of MoS2 grown by CVD
to accommodate the B400 mm X-ray spot size. Nanoscrolls are
also observed on this material after air plasma treatment (see
AFM image in Fig. S8 in the ESI†). Fig. 4 shows the XPS spectra
for as-synthesized (bottom) and air plasma treated (top) MoS2.
Each spectrum is normalized to the intensity of the Mo peak.
In Fig. 4(a) showing the N 1s range, a sharp peak appears after air

plasma treatment, indicating nitrogen adsorbed on the sample
surface.32,33 In Fig. 4(b) showing the C 1s range, the C–O peak
becomes larger after the air plasma treatment due to the oxida-
tion of carbon residue from the CVD growth. In Fig. 4(c) showing
the Mo 3d region, the inset shows the peak fitting for MoO3 and
MoS2 contributions. In this region, the Mo6+ 3d3/2 and Mo6+ 3d5/2

peaks that come from oxidized MoO3 (see ref. 34) dominate after
air plasma treatment. The Mo6+ contribution being larger than
the Mo4+ contribution also indicates that the main product is
MoO3 rather than other molybdenum oxide compounds.35 In
Fig. 4(d) showing the S 1s range, the sulfur peaks are significantly
decreased after air plasma treatment as the material is oxidized.
From these XPS results, we conclude that MoO3 is the main
product from MoS2 after air plasma treatment.

Fig. 2 Nanoscroll formation after air plasma treatment of MoS2 and WS2. Atomic force microscopy (AFM) images of monolayer MoS2 (a) as exfoliated,
and (b) in the same area after 2 s air plasma treatment. (c) Height profiles along the lines labeled 1, 2 in panels (a and b). (d) AFM image of monolayer WS2

as exfoliated and (e) in the same area after 2 s air plasma treatment. (f) Height profiles along the lines labeled 3, 4 in the images of (d) monolayer WS2 and
(e) WO3 nanoscrolls. All height profiles in (c and f) are vertically offset for clarity.

Fig. 3 Crystallographic orientations of nanoscrolls from single crystal CVD MoS2. (a) AFM image of single crystal CVD-grown MoS2, and (b) magnified in
the area indicated by the dashed square in panel (a). (c) Single crystal MoS2 after 2 s air plasma treatment, and (d) magnified in the area indicated by the
dashed square in panel (c), showing formation of nanoscrolls and the original MoS2 crystal edge. (e) Enlarged region of panel (d) showing the original
MoS2 edge marked by a green line and two example nanoscrolls marked by blue lines. The schematic illustrates the angle between the MoS2 edge and
the longitudinal axis of each nanoscroll. (f) Histogram of the angle between the nanoscroll longitudinal axis and original MoS2 edge.
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The schematic illustration in Fig. 4(e) shows that only the
top layer of a multilayer MoS2 sample is oxidized into MoO3 and
rolled into nanoscrolls, while the layers below remain as MoS2.
This picture of the layered heterostructure is supported by
further evidence in the ESI,† Fig. S13(a) and S14(b). Using the
relative sizes of the S peaks in the XPS data in Fig. 4, we can
calculate the atomic concentrations of S in the sample before
and after air plasma treatment. We find that there is about
31.9% of MoS2 retained in the sample after plasma treatment,
which is primarily due to the unoxidized layers of MoS2 below.
In the original CVD-grown MoS2 sample, the material is mostly
monolayer, but there are some bilayer and trilayer MoS2

grains so that after plasma treatment those regions have the
unoxidized MoS2 contribution.

Mechanism of nanoscroll formation

To determine the mechanism of MoO3 nanoscroll formation,
we consider the reaction processes of the gas components in air
when the plasma is activated. The main gas components in air
we consider are N2, O2, and H2O. Although water vapor is a
small component by proportion, it can produce several reactive
species. In contrast, although Ar is a larger component in air
than water vapor, Ar ions are chemically inert and mainly create
point defects in MoS2 layers,36,37 and do not lead to additional
chemical reactions (see Fig. S9 for results from Ar plasma and
Ar/O2 gas mixture plasma in the ESI†).

In a plasma generated from only N2 and O2 gases, the main
reactions are:38–40

O2 + e� - 2O� + e� (1)

N2 + e� - 2N� + e� (2)

O� + N� - �NO (3)

O� + NO� - NO2 (4)

In pure O2 and N2 plasmas, O radicals and N radicals are the
primary species produced by the discharge plasma40 as shown
in eqn (1) and (2). In previous publications, O2 plasmas and N2

plasmas are mainly used to dope MoS2,33,41,42 and O2 plasmas
have also been used for etching of MoS2.43 AFM images of MoS2

after exposure to N2 plasma and O2 plasma in Fig. S10(a)–(c)
and (d)–(f), respectively, in the ESI† show that nanoscroll
features do not form. Furthermore, the XPS spectrum of O2

plasma treated MoS2 shows the Mo 3d and S 2p peaks do not
have significant differences from the pristine sample (see
Fig. S11 in the ESI†). In a plasma generated from a mixture
of N2 and O2 gases, NO radicals and NO2 are generated as
indicated by reactions (3) and (4).

When water vapor is added to the input gas, the dissociation
of water molecules to H, O and OH radicals in the plasma are
shown by:39

H2O + e� - H� + OH� + e� (5)

H2O + e� - 2H� + O� + e� (6)

2H2O - 2H2O2 + H2 (7)

The formation of H2O2 and H2 (eqn (7)) has been reported for
water being sprayed into a plasma-gliding arc, but is sup-
pressed when significant amounts of nitrates are generated.39

Thus, this reaction is not considered to be important in our
experiments.

Additional reactions that involve water vapor generate HNO3

are as follows:38,40

3NO2 + H2O - 2HNO3 + NO (8)

4NO + O2 + 2H2O - 4HNO3 (9)

Fig. 4 Chemical analysis of nanoscrolls. X-ray photoelectron spectroscopy (XPS) spectra for pristine as-synthesized CVD MoS2 (lower spectrum) and for
MoS2 after 2 s air plasma treatment (upper spectrum). (a) N 1s region, (b) C 1s region, (c) Mo 3d region, with inset showing peaks for MoS2 and MoO3

contributions, and (d) S 2p region. (e) Schematic illustration showing only the top layer of MoS2 oxidizing and rolling into a MoO3 nanoscroll while the
layers below remain as MoS2.
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Once these plasma-activated species are generated, they interact
with the MoS2 material according to the following reaction:26

MoS2ðsÞ ��������!
Plasma HNO3ðgÞ

MoO3ðsÞ þ SO2ðgÞ (10)

In eqn (10), MoS2 is oxidized to MoO3 with HNO3 acting as the
oxidizing agent under plasma activation.

For confirmation of the reaction process, we conducted
control experiments with mixtures of gases to simulate the
components of air. Treating MoS2 with plasma generated with a
mixture of dry N2 and O2 in a ratio of 8 : 2 resulted in no
nanoscroll features (see Fig. S12 in ESI†). Then, the 8 : 2 N2/O2

gas mixture was passed through a sealed water bubbler to add
water vapor before entering the plasma system. The schematic
of the gas mixing system and water vapor bubbler is shown in
Fig. 5(a). When a plasma from this new N2/O2/H2O gas mixture
(relative humidity 59%, at 21 1C, equivalent to 11.21 g m�3

water vapor density) is activated and exposed to a pristine
sample of MoS2 (Fig. 5(b)), the reactions in eqn (8)–(10) take
place, and result in the partial formation of nanoscrolls as
shown in Fig. 5(c). In particular, Fig. 5d is the higher magni-
fication image of the selected dashed box in Fig. 5(c) and very
clearly shows the edges of the film rolling up, with some
unrolled regions in the middle. We note that the time between
Fig. 5(c) and (d) is approximately 8 minutes, during which some
additional rolling occurs. Thus, the results of this N2/O2/H2O
gas mixture plasma experiment show that these gas compo-
nents together are necessary for the formation of nanoscrolls.

Discussion of the degree of rolling

Based on our experimental results, we now discuss the various
factors that affect the degree of rolling and the geometry of the
nanoscrolls. First, the oxidizing species in the plasma cause
oxidation of the top layer of TMDCs to TMOs, and introduce
strain in the layer due to changes in bond angles. Next, strain
can be overcome by rolling of the oxidized film into a nano-
scroll structure, which occurs if interlayer forces holding down
the oxidized layer can be overcome. The density of defects,
cracks, and interaction of the layer with the underlying sub-
strate affect the initiation of rolling and the resulting lengths
and distributions of nanoscrolls. While most of the structures
observed in Fig. 1–4 appear to be fully rolled nanoscrolls, we
observe partial rolling in two situations that illustrate these
factors and are described below.

The sample of MoS2 treated with the N2/O2/H2O gas mixture
plasma is the first situation of partial rolling. In Fig. 5, we
observe clear examples of the film being rolled at some edges
and leaving some flat regions unrolled, and we also observe
that the lengths of nanoscrolls generated by the gas mixture
plasma are generally longer than those generated by the air
plasma, indicating fewer initiation sites for rolling. This result
suggests that there may be other species in air plasma con-
tributing to the formation of nanoscrolls that do not occur in
the N2/O2/H2O mixture. One candidate is the Ar present in air at
0.93% concentration. Ar plasma treatment of MoS2 results in
point defects as reported in the literature;36,37 there are also
cracks44 that appear in our control experiments with pure Ar

Fig. 5 MoS2 treated by plasma of N2, O2 and H2O gas mixture. (a) Schematic of gas mixture system. (b) AFM image of as-exfoliated MoS2. (c and d) AFM
images of MoS2 after gas mixture plasma treatment, showing partial formation of nanoscrolls by oxidation and rolling. Panel (c) is in the same sample area
as the dashed square in (b), and panel (d) is in the same sample area as the dashed square in (c).
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plasma (see Fig. S9(a) and (b) in the ESI†). The presence of Ar in
air plasma, may generate more defects and more cracks on the
MoS2 surface, so that rolling can be initiated at more locations.
In the sample treated by the N2/O2/H2O gas mixture plasma,
there are fewer defects and fewer cracks due to the lack of Ar.
Thus, the strain in the oxidized film may not be enough for
rolling to start. With increasing time of exposure in ambient air
during imaging, the unrolled regions start to roll more as the
strain gets released (see Fig. 5(d)).

The second situation for partial rolling occurs for multi-
layered MoS2. Fig. S13 in the ESI† shows the effect of air plasma
on regions of 1L, 3L, and 5L MoS2. Based on examination of the
resultant height profiles, we observe that monolayer regions
have full rolling, but in multilayer regions there is rolling only
in the top layer. We also observe that the nanoscrolls are
thinner in the multilayer region, about 4 nm in diameter
compared to 8–12 nm in diameter in the monolayer region,
and also shorter in length. The Raman signals in Fig. S13(c)
(ESI†) of the multilayered region (5L) show strong MoS2 peaks,
because only the top layer of MoS2 is oxidized to MoO3 and the
layers underneath remain as MoS2. In the various mechanically
exfoliated samples we have examined, some samples have no
nanoscrolls in multilayer regions in Fig. S1(g), while others
have some partial rolling in Fig. S13 and S14 (ESI†). We
hypothesize that because the defect concentrations vary from
sample to sample, and common defects like sulfur vacancies
reduce the oxidation energy barrier on MoS2,45 some samples
have multilayer regions that have more initial sites at which
rolling can begin.

A related but slightly different case occurs for bilayer MoS2,
where we did not observe any nanoscroll formation in multiple
samples even though the top layer of MoS2 is oxidized (see
Fig. S14, ESI†). AFM images of bilayer MoS2 after air plasma
treatment are shown in Fig. S14 in the ESI,† while Raman
spectra of the same sample are shown in Fig. S15 (ESI†). There
are two new peaks at B250 cm�1 that are likely due to MoO3,46

while the original MoS2 peaks are still present, suggesting that
the top surface of the bilayer is oxidized while the bottom layer
remains unoxidized. Nonetheless, nanoscroll rolling does not
occur. These results suggest that the interlayer forces between
an oxidized MoO3 layer and the MoS2 layer below it is likely
stronger than the force between a single layer of MoO3 and the
SiO2/Si substrate. The role of van der Waals forces between
layers may also affect the degree of oxidation and ability to
relieve stresses from changes in bond angles. It has previously
been shown for graphene that layer number can affect its
susceptibility to chemical modification via UV/ozone treatment,
and that in particular bilayer graphene is less reactive.47,48

Future work on the layer number dependence and interlayer
forces will be pursued to fully explain these mechanisms.

Conclusions

In summary, MoO3 and WO3 nanoscrolls have been generated
by air plasma treatment of atomically thin films of 2D MoS2

and WS2. XPS measurements indicate MoO3 dominates the
structures formed from MoS2. Control experiments with plasma
treatment generated from a mixture of N2/O2/H2O gases suggest a
rolling mechanism due to formation of oxides and the accompa-
nying mechanical stresses. The orientations of MoO3 nano-
scrolls with respect to the original MoS2 crystal suggest the
rolling directions are related to the crystal structures of MoS2

and MoO3, and the lengths and concentrations of nanoscrolls
suggest a dependence on initial defects in the TMDC source
material. This air plasma treatment method provides a simple
approach for forming TMO nanoscrolls from TMDCs supported
on a substrate. In future work, we will further study the effect of
crystallographic orientations, the concentration of initial defects,
and the nature of the substrate in controlling the lengths, sizes,
and distributions of nanoscrolls. The ease of synthesis and high
surface-to-volume ratio of these TMO nanoscrolls suggests they
could have future applications in nanoelectronic devices and as
electrocatalysts.
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