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Abstract: Despite unique properties of layered transition-
metal dichalcogenide (TMD) nanosheets, there is still lack of
a facile and general strategy for the preparation of TMD
nanodots (NDs). Reported herein is the preparation of a series
of TMD NDs, including TMD quantum dots (e.g. MoS,, WS,,
ReS,, 1aS,, MoSe, and WSe,) and NbSe, NDs, from their bulk
crystals by using a combination of grinding and sonication
techniques. These NDs could be easily separated from the N-
methyl-2-pyrrolidone when post-treated with n-hexane and
then chloroform. All the TMD NDs with sizes of less than
10 nm show a narrow size distribution with high dispersity in
solution. As a proof-of-concept application, memory devices
using TMD NDs, for example, MoSe,, WS,, or NbSe,, mixed
with polyvinylpyrrolidone as active layers, have been fabri-
cated, which exhibit a nonvolatile write-once-read-many
behavior. These high-quality TMD NDs should have various
applications in optoelectronics, solar cells, catalysis, and
biomedicine.

Engineering the size and dimension of layered materials is
one of the most fascinating ways to endow them with novel
properties and broaden their applications. As a typical
example, graphene quantum dots (QDs), one kind of nanodot
(ND) with lateral sizes of less than 10 nm, exhibit extraordi-
nary semiconducting properties and unique electrical/optical
behaviors which are very different from those of gapless
graphene nanosheets.!! Therefore, it is believed that the
preparation of other QDs of layered materials is fundamen-

tally important and urgent since they are also expected to
exhibit unusual properties and have promising applications.

Similar to graphene, single- or few-layer nanosheets of
transition-metal dichalcogenides (TMDs), as a unique class of
inorganic nanomaterials, showed various applications in
electronics, catalysis, biomedicine, sensing, and energy stor-
age.” Different from the conventional chalcogenide semi-
conductors, for example, CdS, PbS, and ZnS, TMDs with two-
dimensional (2D) layered structures exhibit thickness-depen-
dent physical properties.”! Recent work has mainly focused
on the preparation of high-quality single- and few-layer TMD
nanosheets, which exhibit dramatic changes in electronic and
optical properties.”**3! Compared to the intrinsic 2D layers,
the small-sized TMD semiconductors with a diameter of less
than 10 nm, that is, TMD QDs, show stronger quantum
confinement and edge effects, thus offering unique and extra
electrical/optical properties beyond that of the single-/few-
layer TMD nanosheets.” To date, most effort has been
devoted to the exfoliation of 2D nanosheets.?**%! Although
sometimes the small-sized TMD nanostructures can be found
during the preparation of 2D nanosheets, they are by-
products with very low production yield."!

As known, monodispersed QDs synthesized in organic
solvents using chemical methods,® that is, bottom-up meth-
ods, suffer from the insulating ligands coated on QDs, which
are detrimental to the electrical transport, especially in the
application of electronics!”! and catalysis.”>® Alternatively,
top-down approaches, such as laser ablation”! and e-beam
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lithography,'” can be used to reduce the crystal size.

Unfortunately, such methods are not feasible for the high-
yield preparation of QDs in solution phase and are also
restricted by the extremely expensive facilities. Up to now, the
high-yield production of TMD QDs is still under investigation
and their applications remain to be explored.

Herein, we report a general method, that is, a combination
of a grinding and sonication process, to prepare a number of
layered TMD NDs, including TMD QDs (e.g. MoS,, WS,,
ReS,, TaS, MoSe, and WSe,) and NbSe, NDs, in high yield
from the corresponding bulk TMD crystals at room temper-
ature. All the prepared TMD NDs with sizes of less than
10 nm exhibit a narrow size distribution with high dispersity.
As a proof-of-concept application, the synthesized TMD
NDs, mixed with polyvinylpyrrolidone (PVP), are used as
active layers for fabrication of memory devices with a non-
volatile memory effect.

Layered TMDs in the form of MX, (M = transition metal
and X =chalcogenide) are depicted by a planar covalently
bound X-M-X sandwich structure. The basic structural
characteristics of layered TMDs are displayed in Figure 1.

1. Grinding
2. Sonication

3. Centrifugation
4. Filtration

TMD NDs
© Transition metal

© chalcogen

Figure 1. Preparation of TMD NDs from layered bulk TMDs.

Each single layer consists of two hexagonally close-packed
chalcogenide atoms stacked with one close-packed transition-
metal atom. Every two consecutive atomic layers stack
through weak van der Waals interactions. To obtain small-
sized TMD NDs, the in-plane X-M-X bonds should be
broken. As known, grinding!"!! and sonication®'?! are two
typical processes to weaken the van der Waals interaction of
TMDs, thus resulting in few-layer TMD nanosheets.'! More-
over, the shear/compress force of grinding and the high-
energy sonication are able to break up the covalent chemical
bonds and disintegrate bulk crystals.'"*) For example,
recently, high-yield black phosphorus QDs have been suc-
cessfully prepared from its bulk crystal in our group.'*!
Herein, MoSe, is used as a typical example to prove this
method. The preparation process is shown in Figure 1. Briefly,
MoSe, crystals were first ground with N-methyl-2-pyrrolidone
(NMP) followed by sonication. The aforementioned process,
grinding and then sonication, was repeated twice to improve
the yield of MoSe, QDs and further decrease their size. The
color of the original and resulting MoSe, suspensions is
different, that is, it changed from black to dark brown (see
Figure S1 in the Supporting Information), originating from
their size difference.

After purification of the MoSe, suspension (Figure S1b),
MoSe, QDs were obtained (see Experimental Section in the
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Supporting Information for details). The transmission elec-
tron microscopy (TEM) images showed that the size of MoSe,
QDs are (2.7+0.8) nm without aggregation (Figure 2a,b).
High-resolution TEM (HRTEM) images of MoSe, QDs gave
a clear lattice fringe of 0.21 nm deriving from the (104) planes
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Figure 2. Characterization of MoSe, QDs. a) TEM image of MoSe,
QDs. Inset in (a): Statistical analysis of the size of 150 MoSe, QDs
measured from TEM images. b) Magnified TEM image of MoSe, QDs.
Inset in (b): Photo of MoSe, suspension in NMP. ¢,d) HRTEM images
of MoSe, QDs. €) AFM image of MoSe, QDs. f) Height profiles along
the white dashed line in (e). g) Statistical analysis of the height of 100
MoSe, QDs measured from AFM images. h) UV-vis absorption spec-
trum of MoSe, QDs in NMP.

of the MoSe, crystal (Figure2c,d), indicating the high
crystallinity of the as-produced MoSe, QDs. Energy disper-
sive X-ray (EDX) analysis gave the signal of Mo, Se, and O
(see Figure S2). Different from the black color of the original
MoSe, suspension (see Figure Sla), the color of MoSe, QDs
in NMP is brown (insert in Figure 2b). The chemical
composition of MoSe, QDs was further confirmed with X-
ray photoelectron spectroscopy (XPS). As shown in Fig-
ure S3, MoSe, QDs exhibited nearly the same binding
energies for well-defined spin-coupled Mo and Se doublets
as those of MoSe, crystal. The peaks around 228.8 and
232.0 eV correspond to Mo 3ds, and Mo 3d;,, respectively
(Figure S3a), while the peaks at 54.4 and 552 eV can be
attributed to Se 3ds, and Se 3d;, orbitals, respectively
(Figure S3b), which are in good agreement with the binding
energies of Mo'" and Se’” in 2H phase of MoSe,.™ No
obvious signal from the Mo®" was observed, indicating that
there is no obvious oxidation of MoSe, QDs. The atomic force
microscopy (AFM) characterization confirmed that the
height of the MoSe, QDs is (1.84+0.6) nm (Figure 2e,f,g),
that is, about 2 +1 layers, since the thickness of single-layer
MoSe, is about 0.7 nm.['"! The optical property of the MoSe,
QDs was measured by UV-vis absorption spectrum (Fig-
ure 2h). The characteristic excitonic peaks at =795 nm (A)
and 696 nm (B) are clearly observed, which arise from the
direct transition from the valance band to the conduction
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band at the K point of the Brillouin zoon,!'” indicating that
the MoSe, QDs preserved the 2H-poly-type structure.!'*!
Besides MoSe, QDs, our method has been successfully
used to prepare a number of other TMD NDs, such as MoS,,
WS,, ReS,, TaS,, WSe,, and NbSe,. The corresponding TEM
and HRTEM images confirmed their high crystallinity and
the diameters of the NDs are less than 10 nm (Figure 3).
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Figure 3. Characterization of other TMD NDs. a—f) TEM, HRTEM

images and the size statistical analyses of MoS,, WS,, ReS,, TaS,,

WSe,, and NbSe, NDs. The corresponding photos of TMD NDs in
NMP are inserted.

Specifically the thickness of typical MoS, QDs measured by
AFM is (1.3+0.7) nm (see Figure S4), that is, about 2+ 1
layers, since the theoretical thickness of single-layer MoS, is
about 0.65 nm. The obtained layer numbers of MoS, QDs are
similar to those of MoSe, QDs. Because of the different light
extinction coefficient, the prepared NDs displayed different
colors in solution (see photographs in Figure 3; the corre-
sponding UV-vis absorption spectra are shown in Figure S5).

Recently, Coleman et al. proved that NMP is one of the
most effective solvents for exfoliation of TMDs because its
surface energy matches that of TMD materials quite well,
thus leading to the maximum dispersion of TMD nanosheets
with high stability.’) However, the high dispersity and small
size of NDs make it difficult to extract them from NMP, even
using the high-speed centrifugation and/or solvent evapora-
tion method. In this work, we report a simple method to
realize the separation of NDs from NMP. After addition of n-
hexane (poor solvent) and then chloroform (less polar
solvent), the TMD ND dispersion can be easily precipitated
through centrifugation (see Figure S6). The obtained prod-
ucts containing TMD NDs could be easily re-dispersed in
other polar solvents, such as water and ethanol.
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Previous studies have demonstrated that memory devices
based on polymer—inorganic hybrids showed a unique con-
ductance-switching effect and thus were regarded as the most
promising alternative or supplementary devices for conven-
tional inorganic semiconductor-based memory devices."”! As
a proof-of-concept application, the electronic properties and
switching effects of PVP-MoSe, QD nanocomposite-based
memory device with the configuration of glass/indium tin
oxide (ITO)/PVP-MoSe, QDs/Au (inset in Figure 4a) was
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Figure 4. Memory device based on MoSe, QD. a) The I-V character-
istics of this memory device. Inset in (a): The configuration of
fabricated memory device. b) The retention-ability test of the memory
device in the ON and OFF states at a reading voltage of +0.5 V.

fabricated and investigated by current-voltage (I-V) charac-
teristics (see the Experimental Section in the Supporting
Information for the detailed fabrication process of the
device). As shown in Figure 4a, starting from the low
conductivity state (OFF state) in the device (Stage 1), the
current increased abruptly from 1.8 x 107 to 4.0 x 107 A with
the applied positive voltage increasing to + 3.8 V, indicating
that the electrical property transformed from a low-current
state (OFF state) into a high-current state (ON state; Stage
2). The transition from OFF to ON is equivalent to the
“writing” process in a digital memory. In the subsequent
positive sweep (Stages 3 and 4), the device remained in its
high conductivity state with an ON/OFF ratio of over 4.0 x 10°
at 4+ 0.5 V, which is significantly higher than that of PVP-MoS,
nanosheet composite-based memory device.” This feature
promises a low misreading rate during the device operation.
After a reverse sweep to —4.0V (Stage 5), the device
remained at the high conductivity state (Stage 6), indicating
the inerasable data-storage characteristic. Moreover, the high
conductivity state persisted in subsequent sweeps (see Fig-
ure S7), suggesting the nonvolatile write-once-read-many
(WORM) memory behavior of the device fabricated from
a PVP-MoSe, QD nanocomposite.

For comparison, the I-V characteristics of a device with
a configuration of Au/ITO/Au, without any active layer
between ITO and Au, exhibited higher electrical conductivity
compared to that of the memory device derived from a PVP-
MoSe, QD nanocomposite after the electrical switching (see
Figure S8), indicating that a short circuit did not occur during
the operation of the device. To explore the stability of our
device, the retention time test was carried out in the ON and
OFF states, respectively (Figure 4b). The ON and OFF states
of the device did not undergo significant fluctuation, even
after more than 5.0 x 10° s of test at a reading bias of +0.5 V
under ambient conditions. The long retention time demon-
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strates the highly stable information storage capability of our
device.

Moreover, under the same experimental conditions,
devices based on PVP-WS, QD or PVP-NbSe, ND nano-
composites both exhibited the WORM memory effect (see
Figures S9 and S10). The switching voltage of the device
derived from PVP-WS, QD nanocomposite is at + 1.5 V and
the ON/OFF current ratio is over 1.7 x 10° at + 0.5 V. For the
device based on PVP-NbSe, ND nanocomposite, the tran-
sition from the OFF state to ON state occurred at a voltage of
—1.3V, and the ON/OFF current ratio is over 1.3x10* at
—0.5 V. These two devices with low switching voltage reveal
low writing voltage, suggesting promising applications in
memory devices for low power consumption.

In summary, for the first time, we have systematically
prepared the TMD NDs in high yield through a facile,
universal top-down process. All the prepared NDs with
diameters of less than 10 nm showed a narrow size distribu-
tion. As a proof-of-concept application, several types of NDs,
that is, MoSe,, WS,, and NbSe,, mixed with PVP were used as
active layers for the fabrication of memory devices, which
exhibited nonvolatile WORM memory effect with high ON/
OFF current ratio. Among the tested devices, that derived
from PVP-MoSe, QD nanocomposite showed the best
performance with an ON/OFF ratio of over 4.0x10° and
long-time stability. It is believed that the TMD NDs may have
more promising applications in electronics, catalysis, solar
cells, sensing, and biomedicine.

Keywords: memory devices - nanodots - quantum dots -
transition metal dichalkogenides - two-dimensional materials
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