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TOPICAL REVIEW — Laser and plasma assisted synthesis of advanced nanomaterials in liquids

Onion-structured transition metal dichalcogenide nanoparticles by
laser fabrication in liquids and atmospheres

Le Zhou(J# &%), Hongwen Zhang(5K-t ), Qian Zhao(if4f#), and Weiping Cai(ZfHF)"

Key Laboratory of Materials Physics, Anhui Key Laboratory of Nanomaterials and Nanotechnology, Institute of Solid State Physics,
HFIPS, Chinese Academy of Sciences, Hefei 230031, China

(Received 30 November 2021; revised manuscript received 28 December 2021; accepted manuscript online 10 February 2022)

Since the discovery of transition metal dichalcogenide (TMDC) nanoparticles (NPs) with the onion-like structure,
many efforts have been made to develop their fabrication methods. Laser fabrication (LF) is one of the most promising
methods to prepare onion-structured TMDC (or OS-TMDC) NPs due to its green, flexible, and scalable syntheses. In this
mini-review article, we systematically introduce various laser-induced OS-TMDC (especially the OS-MoS,) NPs, their
formation mechanism, properties, and applications. The preparation routes mainly include laser ablation in liquids and
atmospheres, and laser irradiation in liquids. The various formation mechanisms are then introduced based on the different
preparation routes, to describe the formations of the corresponding OS-NPs. Finally, some interesting properties and novel
applications of these NPs are briefly demonstrated, and a short outlook is also given. This review could help to understand
the progress of the laser-induced OS-TMDC NPs and their applications.

Keywords: transition metal dichalcogenide nanoparticles, onion-like structure, laser fabrication in liquids,

formation mechanism
PACS: 61.46.Df, 61.48.—, 52.38 Mf

1. Introduction

Transition metal dichalcogenides (TMDCs), as the im-
portant semiconductors with the formula MX, (M = Mo, W,
Ta, etc.; X =S, Se, Te, etc.), have attracted much attention
due to their excellent optical, electronic, mechanical, ther-

(121 and extensive applications!!

4]

mal and chemical properties,
in the fields such as photo/electrocatalysis,*! sensing,!!
biomedicine,® battery,[’! and so on.!®! Generally, TMDC
materials are composed of strongly chemical bonded layers
with weak interlayer attraction held by van der Waals inter-
actions. They tend to be exfoliated or prepared into two-
dimensional (2D) nanosheets because of their intrinsic lay-
ered crystal structure. A lot of research, which lasted for
decades, are mainly focused on these 2D nanosheets. In
fact, those TMDCs could concentrically ‘roll up’ their lay-
ers and thus exhibit interesting onion-structured (or OS for
short, or fullerene-structured, fullerene-like, efc.) nanoparti-
cles (NPs),!1'%-15] which has attracted a special attention since
the end of last century. It is well known that the structure of
materials could determine their performances. The TMDC
NPs with various structures would also bring many unique
properties and applications,[!®! including, but not limited to,
the tribological applications, biomedicine, and electrical ap-
plications.

In early 1990s, the OS-WS; and OS-MoS, NPs were suc-
cessively prepared by chemical reaction with the respective

metal-oxide NPs in H,S-contained reducing atmospheres at a
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quite high temperature (1000 °C).['314 Thereafter, research
on OS-TMDC NPs began to enter people’s vision. Several
preparation methods have been developed for the OS-TMDC
NPs including as-mentioned ‘gas-solid’” chemical reaction
at high temperature,!'>~!>171 thermal decomposition,!'3:1°]
chemical vapor deposition (CVD),!?%?! laser fabrication (LF)
in liquid or gas,’?>?7! and so on.[?®?] Notably, all these
methods need the high temperature environment, and involve
chemical reaction of harmful substances (e.g. H,S, sulfur) and
time-consuming processes, except the LF processes, which are
green, convenient, and scalable. 39311 Tn addition, LF can pro-
duce extreme local environment (e.g. high temperature, high
pressure) in a mild way (e.g. in liquid instantaneously), ob-
tain good water—soluble nano-objects with tunable size, shape,
defect state and phase composition by changing laser param-
eters (e.g. wavelength, frequency, pulse duration, power and
time), target materials and media environment.?! On these
bases, LF has great potential in the preparation of OS-TMDC
NPs. Here, we will mainly introduce the OS-TMDC espe-
cially the OS-MoS, NPs prepared by LF in liquids, and their
performances and applications. Finally, a short outlook is also
given.

2. OS-MoS; NPs

As a typical member of TMDCs, MoS; nanomaterials
have especially attracted attention due to their specific phys-
ical and chemical properties,*34! so do the OS-MoS, NPs

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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prepared by LF. According to difference of dispersion media,
the typical LF routes to those NPs can be divided into two cat-
egories: LF in gaseous environment and LF in liquid. In fact,
the former usually refers to the laser ablation in gas (LAG),
and the latter can also be subdivided into laser ablation in lig-
uid (LAL) and laser irradiation in liquid (LIL). Figure 1 shows
the illustrations of their experimental setups.
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Fig. 1. The schematic illustrations of LF experimental setups: (a) LAG, (b)
LAL, (¢) LIL.

2.1. LAG

LAG was conducted by ablating a bulk target under pro-
tective atmosphere (or a precursor target under reactive atmo-
sphere) via a focused pulse laser beam with specific parame-
ters (Fig 1(a)). The laser beam with high energy would pene-
trate the target’s surface within a certain depth, which depends
on the laser parameters and the target materials, in a very short

t.131 Then, the target in the irradiated area would ab-

momen
sorb energy, produce local melting or plasma state, and even-
tually be expanded into the free space. Finally, the formed
products could be transported by gas flow, deposited in a sub-
strate, and collected. This process is called as LAG.[?330]

In an early report, via laser ablation of a MoS, target un-
der flowing He or Ar gas, Parilla et al.*! first prepared nano-
octahedral OS-MoS; NPs with size of 4-5 nm, which were
once believed to represent the first ‘inorganic fullerene’, as
shown in Figs. 2(a)-2(b). Also, Sen et al.!?*! obtained the
angular and hollow OS-MoS, NPs with ~ 10 nm in size af-
ter laser ablation of MoS, target under Ar flow at 1050 °C
(Fig. 2(c)), and found that their morphology and microstruc-
ture might be spherical with solid core if the temperature was
lower. In fact, the products obtained in the LAG process were
very complex, including roughly spherical, nested polyhedral,
and tubular MoS, NPs, either crystalline or amorphous, as
shown in Fig. 2(d).['%1 Here, how to purify and separate was a

problem worth considering. A theoretical simulation combin-

ing experiments reported by Bar-Sadan et al.?”) showed that
small (< 2 nm) multiwall MoS, NPs with ideal octahedrons
were unstable unless they were nonstoichiometric or over a
limited size range of 10*~10° atoms, beyond which they were
converted into quasi-spherical multiwall MoS, NPs. More re-
cently, Savva et al.[®®! extended to prepare the OS-MoS, NPs
with faceted shape, ~ 100 nm in size and solid or hollow core
(Fig. 2(e)) via ablation of MoS,-Pb (molar ratio 1:1) mixed
target in ambient air.

Fig. 2. Morphology and microstructure of the OS-MoS; NPs prepared by
LAG. (a) A model of the octahedron built of Mo sublattice. (b) Transmis-
sion electron microscopy (TEM) images of OS-MoS, NPs in accord with
model-generated projections for a three-layer MoS, rhomboid at different tilt
angle.[??! Copyright 1999, Springer. (c) TEM image of the angular and hol-
low OS-MoS; NPs.[23 Copyright 2001, Elsevier. (d) TEM images of MoS;
NPs with different shapes.!'%) Copyright 2004, American Chemical Society.
(e) TEM and high-resolution TEM (HRTEM) images of several typical OS-
MoS; NPs prepared by LAG in ambient air.3® Copyright 2017, American
Chemical Society.

Alternatively, Song et al.!® used laser to ablate a Mo tar-
get in dimethyl trisulfide (DMTS) gas that was carried by Ar
gas, and obtained the pure OS-MoS; NPs, due to the laser-
induced chemical reaction, as typically shown in Fig. 3(a).
The similar OS-MoS; NPs could be also prepared by LAL
via ablation of the Mo target in DMTS solution, but they were
not pure OS-NPs, instead, there was a solid core inside, as
illustrated in Fig. 3(b).

. -
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L

Fig. 3. HRTEM images of a typical MoS, NP prepared by laser ablation of
an Mo target in different media. 1391 (a) DMTS-contained atmosphere and (b)
DMTS-contained solution. Copyright 2015, American Chemical Society.
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Briefly, the OS-MoS, NPs with typical features such as
the size ranging from several to hundreds of nanometers, the
obvious faceted shape and solid or hollow core, could be pre-
pared by LAG. However, such NPs seemingly always ap-
peared together with their aggregations and other products
of different shapes and composition, probably because the
NPs formed during ablation process were easily agglomerated
without effective dispersion. In addition, LAG method was
usually cumbersome due to the complex gas circuit.

2.2. LAL

In addition to LAG method, LAL is the most common
route to preparation of OS-MoS, NPs. Although the use of
laser in LAL is the same as that in LAG (e.g. the focused pulse
laser with controllable parameters), the LAL is much easier, as
shown in Fig. 1(b). It just immerses a solid target in liquid (e.g.
water, ethanol, and so on), rather than exposes it to the harsh
and complex gas environments that are difficult to control. For
LAL method, water was usually used as the main liquid. In a
typical case, Wu er al.**! first ablated MoS, target in water,
and obtained the spherical MoS, NPs with single shape and
about 120 nm in average diameter after filtering the colloidal
products with 450-nm disposable filter, showing onion-like (or
fullerene-like) structure, as shown in Fig. 4. Filter (also used
in many other cases and will not mentioned repeatedly) could
play an important role in the purification and separation of the
OS-MoS; NPs from the as-prepared products with different
shapes and sizes because the spherical NPs were usually small
in size and not easy to filter out.

Fig. 4. The morphology of the OS-MoS, NPs prepared by LAL in water.
(a) The SEM image of the products. The inset is the corresponding result
of energy dispersive spectrum (EDS). (b) HRTEM image of a single NP.[4!
Copyright 2011, American Chemical Society.

Subsequently, Compagnini et al.!>> found out that some
of the OS-MoS, NPs prepared by the same LAL process in
water had a solid core inside (as labelled with letter A in
Fig. 5(a)), and that there existed MoO3; NPs in products in
addition to the OS-MoS, NPs, as labelled with letter B in
Fig. 5(a). Such MoO3 NPs could be closely related to the for-
mation of the OS-MoS, NPs,®] which would be described
later. Moreover, the OS-MoS, NPs in the products would
show different shapes, as shown in Fig. 5(b).

Zhou et al.”?®! reported the laser ablation of MoS, tar-
get in water, and found that the obtained products consisted

mostly of spherical NPs with very smooth surface and a large
size dispersivity from tens to hundreds of nanometers in di-
ameter, together with a few interesting tadpole-like long-tailed
NPs, as shown in Fig. 6(a) and its inset. All products are MoS;
NPs, in which the spherical NPs were onion-structured or con-
centrically built of nearly spherical {002} planes, whereas
the tadpole-like MoS, NPs were built of cylindrically curved
{002} planes, as shown in Figs. 6(b)-6(d). Also, there existed
a big void and/or the dispersed porosities within the NPs. The
porosity was estimated to be about 1%. The similar spheri-
cal OS-MoS; NPs with smooth surface were also reported by
Chen et al.'>”) and Compagnini et al.!*! using LAL in water
with oscillation, although there existed slight surface oxida-
tion.

Fig. 5. The HRTEM images of the products obtained by laser ablation of
MoS; in water.?>] The labels A and B refer to the 0S-MoS, NP with solid
core and the MoOs3 NP, respectively. The label C refers to the hollow OS-
MoS; NP. Copyright 2014, Elsevier.
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Fig. 6. The microstructural characterization of Zhou et al. prepared products
by laser ablation of MoS, target in water.[* (a) SEM image. The inset: the
SEM image of a tadpole-like long-tailed NPs. (b)-(d) HRTEM images of
some typical single OS-MoS, NPs. The insets in panels (b) and (d) are the
corresponding Fourier transformation pattern and TEM image of the tadpole-
like NPs with low magnification, respectively. Copyright 2017, American
Chemical Society.

In terms of the laser-induced products, various experi-
mental conditions would significantly affect their final mor-
phology and structure.*’! However, for the specific OS-MX5,
the laser power and the dispersion media are the main fac-
tors that affect their formation. In the above examples, the
laser power used was larger than ten micro Joules (mJ) per
pulse during ablation of the MoS, target in water. If the power
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was significantly reduced (around or below 0.1 mJ), the situ-
ation would be quite different. For instance, Ou ef al. (41 and
Sunitha et al.'*?! used such laser power to ablate MoS, bulk
target in water and obtained MoS, quantum dots (QDs) with
size from 1.7 nm to 2.6 nm. Notably, these MoS, QDs did not
exhibit onion-like structure. In addition to well-distributed S
and Mo, O could be detected in the QDs, as shown in Fig. 7.

Percentage (%)

0
12 15 18 21 24 27 30 33
Size (nm)

Fig. 7. Characterizations of MoS, QDs prepared by LAL in water with
low laser power. 411 (a) HRTEM image, (b) EDS mapping, and (c) size dis-
tribution. The upper-right and lower-right insets in panel (a) are enlarged
high-angle annular dark-field scanning TEM (HAADF-STEM) image and
selected area electron diffraction (SAED) pattern, respectively. Copyright
2018, Springer.

In addition to water, some other liquids (such as
surfactant-contained solution or organic solvent) were also be
used. In order to improve the dispersion of the products,
Han et al.'*3! ablated MoS, bulk target in polyvinylpyrroli-
done (PVP)-contained aqueous solution, and also obtained
spherical OS-MoS, NPs, as typically illustrated Fig. 8. If the
MoS, target in the ethylene glycol solution was ablated, how-
ever, the polyhedral and equal-axial MoS; NPs with the nor-
mal crystal structure were obtained and no onion-structured

NP was formed.[*¥

500 nm_

Fig. 8. Characterizations of MoS, NPs prepared by LAL in PVP-contained
solution.[3! (a) SEM image of the products. (b) HRTEM image of single
NP. (c) EDS elemental mapping of NPs. Copyright 2017, American Chemi-
cal Society.

2.3. LIL

LIL is another route of using laser to prepare NPs in lig-
uid. Typically, the pre-prepared fine powders are first dis-
persed in liquid and then irradiated by an unfocused laser as
illustrated in Fig. 1(c). Such route could induce the photo-
thermal reduction effect in some cases, depending on the tar-
get material and the solution composition.[*>#71 The dispersed
powders can absorb laser energy when irradiated, which can

30481 Thus, the powders

selectively heat NPs in the liquid.!
would undergo fragmentation or melting process, and even-
tually be transformed into NPs. Typically, Alexaki et al.[*]
irradiated MoS,; platelets in aqueous solution and found that

the as-prepared products could evolve with irradiation time

in the size, shape, and composition (Fig. 9(a)). A relatively
long irradiation time (e.g. 1000 s or longer) could make the
MoS; platelets change to the spherical particles, in which
there were a small number of the OS-MoS,; NPs (Fig. 9(b))
but the rest were MoS, (such as Mo,S3, etc.) NPs. Alter-
natively, Oztas et al. 1501 ysed laser to irradiate MoS, pow-
ders in methanol. The products consist of the 2D thin MoS;
nanosheets with 2 um—3 pm in planar size, and the sub-micron
spherical MoS, particles that exhibited onion-like structure, as
shown in Fig. 9(c). However, Baldovi et al.’!) irradiated the
commercial MoS; powders in acetonitrile and obtained spher-
ical MoS, QDs (Fig. 9(d)) which were not onion-structured.
In short, the formation of the OS-MoS, NPs via LIL depends
on the irradiation conditions (the laser energy, irradiated time,
liquid species, efc.). As for the nanosheets, they should origi-
nate from the exfoliation from the powder-targets due to laser-
induced thermal shock as usually expected.

Fig. 9. Characterizations of the products prepared by laser irradiation of
MoS, powderds in liquids. (a) TEM images for the morphological evolution
of the products with the irradiation time during LIL, and (b) the HRTEM
image of a typical spherical OS-MoS, NP.[*°! Copyright 2018, American
Chemical Society. (c) The TEM and HRTEM images of the MoS; NPs
prepared by LIL in methanol.®®) Copyright 2014, American Chemical So-
ciety. (d) The HRTEM images of MoS; QDs obtained by LIL with low and
high magnifications, and the inset is the size distribution. '] Copyright 2016,
Springer.

Totally, OS-MoS, NPs could be produced by LAL or LIL
or LAG of MoS, targets. Laser energy, ablation/irradiation
time, and medium species are important to the final products in
structure and morphology, and the relatively low laser power
is unbeneficial to generation of OS-TMDC NPs. Compara-
tively, LAL-based route could induce the complete spherical
OS-TMDC NPs, while the LAG or LIL-based route mostly
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produces the incomplete OS-TMDC NPs with non-spherical
shapes and solid or hollow cores.

3. Other OS-TMDC NPs

In addition to OS-MoS, NPs, some other OS-TMDC
NPs, such as OS-MoSe,; NPs, OS-WS; NPs, etc., could also
be fabricated by the laser technology.

3.1. OS-MoSe; NPs

The faceted OS-MoSe,; NPs with several nanometers in
size could be prepared based on LAG via ablating MoSe,
target, as shown in Figs. 10(a) and 10(b).l'>*7] In contrast,
via ablating MoSe, target in 30 vol% ethanol/water mixed
solution, Wu et al.!>?! obtained well-dispersed spherical OS-
MoSe; NPs built of the concentrically spherical {002} planes
of ~ 0.656 nm in spacing (Fig. 10(c)).

Fig. 10. Characterizations of OS-MoSe; NPs prepared by LF. (a) and (b) The
HRTEM images of OS-MoSe, NPs prepared by LAG.!!%37] Copyright 2004
& 2006, American Chemical Society. (c) TEM and HRTEM images of the
0S-MoSe; NPs prepared by LAL. 2! Copyright 2018, IOP Publishing.

3.2. OS-WS, NPs

Similarly, the laser-induced OS-WS; NPs have also at-
tracted attention for a long time. In 2001, Sen ez al.>>! found
that a spherical OS-WS; NPs could be obtained by LAG of a
WS, target at the relatively low temperature (below 700 °C)
(Figs. 11(a) and 11(b)), and the hollow faceted and even
tube-like OS-WS, NPs at a higher temperature (> 850 °C)
(Figs. 11(c) and 11(d)). Savva et al. 38 also reported the tube-
like OS-WS; NPs via LAG of WS,-Pb (molar ratio 1:1) mixed
target in ambient air, and pointed out that some of the OS-WS,
NPs were hollow whereas the rest exhibited an filled core, as
shown in Fig. 11(e). In addition, Luo et al.[*! found that the
smooth and solid spherical WS, NPs could be formed via LIL
of WS, bulk-slice in ethanol, and exhibit the onion-structure,

as shown in Figs. 11(f) and 11(g).

R

Fig. 11. The morphology and microstructure of the WS, NPs prepared by LF.
(a)—(d) The HRTEM images of the typical OS-WS;, NPs prepared by LAG
of WS, bulk target at different temperatures.'>3! Copyright 2001, Elsevier.
(e) HRTEM images of the WS, NPs prepared by LAG of WS,-Pb mixed
target in ambient air.[*¥) Copyright 2017, American Chemical Society. (f)
The morphological evolution of commercial WS, powders in ethanol during
LIL (the inset is a magnified image) and (g) the HRTEM image of a WS, NP
prepared by LIL, the inset is the SEM image of the LIL-induced products. *3]
Copyright 2016, The Royal Society of Chemistry.

3.3. Others

Further, some other OS-TMDC NPs could also be suc-
cessfully prepared via LF method. For instance, Schuffen-
hauer et al.’3! obtained the OS-TaS; NPs by both LAG and
LAL methods, as typically shown in Fig. 12(a). Newly emerg-
ing OS-NbSe; and OS-SnS; NPs could also prepared via LAG

Fig. 12. The microstructural examinations of the laser-induced OS-NPs. (a)
The HRTEM images of the typical OS-TaS, NPs prepared by different meth-
ods. Left: LAG of TaS;-sulfur (molar ratio 1:100) mixed target in Ar. Mid-
dle: ablation of a TaS, target in liquid CS,.13 Copyright 2005, Wiley. Right:
LAG of a TaS; target in Ar.['% Copyright 2004, American Chemical Soci-
ety. (b) and (c) The HRTEM images of (b) OS-NbSe; and (c) OS-SnS; NPs
prepared by LAG in Ar.'1 Copyright 2004, American Chemical Society.
(d) The HRTEM image and EDS mapping of MoS,; @0OS-MoTe, NPs pre-
pared by LAG of the MoS,-Te mixed target.l>* Copyright 2008, American
Chemical Society.
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of corresponding bulk target in Ar, as given in Figs. 12(b) and
12(c)."% Besides, MoS; @0S-MoTe; core@shell composite
NPs (Fig. 12(d)) were obtained.’¥ All in all, LF has great
potential in the preparation of various, but not limited to OS-
TMDC NPs.

4. Formation mechanism

For the laser-induced OS-TMDC NPs mentioned above,
there are several models to describe the formation of the laser-
induced OS-TMDC NPs, including the template deposition
growth, chemical reaction conversion, self-scrolling, fragmen-
tation, and reshaping process, and liquid droplets’ radial so-
lidification/oriented growth, which depend on the specific LF
routes.

4.1. Template deposition growth

The template deposition growth mechanism appears
The OS-TMDC NPs prepared by
LAG method mostly exhibited solid cores and onion-structure

mainly in LAG cases.

shells. Regardless of their size or shape (spherical, polyhedral
or tube-like), the core parts of the NPs are always completely
wrapped by the onion-structured shells (see Figs. 2(d) and
2(e), or Figs. 11(a)-11(e)), indicating a the inside-out growth
mechanism. >3-38] Consequently, a mechanism of template de-
position growth was proposed, or the inner cores serve as tem-
plates or supports, and the shells are formed via subsequent
layer-by-layer deposition upon the cores during laser ablation,
leading to the OS-TMDC NPs with solid cores. However, such
mechanism cannot explain the hollow OS-TMDC NPs. In this
regard, Sen et al.!>3] claimed that the hollow NPs are usually
polyhedral in profile, small in size and of few layers in shells.
The hollow OS NPs were thus attributed to the curling of the
ultrathin layer-structured nanosheets, since such nanosheets
are favor of curling and closing themselves to form hollow
NPs without help of core templates.

4.2. Chemical reaction conversion

The formation of some OS-TMDC NPs via LAG involves
obvious chemical reaction processes. Typically, Song et al.!*]
prepared the OS-MoS, NPs via ablating Mo target in DMTS
gas,and proposed a possible reaction mechanism, as shown in
Fig. 13. First, the laser shot induced molting at the local ab-
lated area on the Mo target and form Mo nanodroplets (pri-
mary products), which would be ejected from the target sur-
face under laser shot. Subsequently, before cooling, the nan-
odroplets would react, layer-by-layer from outside to inside,
with the ambient medium, which depends on the cooling rate,
laser power, and gas reactivity. The OS-MoS, NPs would thus
be produced at low cooling rate, enough high laser power and
high gas reactivity which could ensure the complete diffusion
of S atoms and surface reaction (route 1). Otherwise, the low

laser power or high cooling rate (e.g. laser ablation in DMTS

liquid) would lead to incomplete surface reaction, resulting in
the imcomplete OS-MoS; NPs (route 2) or the OS-MoS; NPs
with solid core inside (route 3).

liquid DMTS
@;g Mo droplet

\
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|

Fig. 13. Schematic illustration for the formation of the laser-induced OS-
MoS, NPs (the details are seen in the text).3%] Copyright 2015, American
Chemical Society.

Additionally, for the OS-MoS; NPs induced by direct ab-
lation of MoS; target in water, Compagnini et al.*>! also pro-
posed a mechanism of chemical reaction conversion, which
was probably based on the OS-TMDC NPs obtained from
‘gas—solid” chemical reaction at high temperature. >>-% When
direct ablation of MoS, target in water was carried out, Mo,
S, and O, efc. would be produced in water due to the laser-
induced plasma plume on the target, and hence MoO3 and/or
MoOs3_, NPs could inevitably be formed, while the formation
of the molybdenum oxide is crucial to the subsequent forma-
tion of OS-MoS, because MoS; could be produced from the
chemical reaction of molybdenum oxides with S at high tem-
perature, or

MoO; +x/2S — MoOs3_y +x/2S0, 1, (1)
MoO3_,+ (7—x)/2S — MoS, + (3—x)/2S0, 7. (2)

The formed MoO3 NPs would react with S to produce MoOs3_
(Eq. (1)), which could be transformed into MoS, via further
reaction with S (Eq. (2)). Firstly, the reaction occurred on
the surface of the oxide NPs to form 1-2 closed layers of
MoS; shell, and then the S atoms diffused through the outer
The OS-MoS, NPs were
thus formed in such a way. The further experiments confirmed

shells into the inner oxide cores.

that if laser ablation was carried out in an oxygen-free environ-
ment (say, in n-decane), no OS-MoS, NPs could be obtained,
indicating the importance of the oxidation environment in the
formation of OS-MoS; NPs during the direct ablation of MoS;
target.

4.3. Self-scrolling

It is conceivable that the onion-like structure could

also result from the self-scrolling of nanosheets, which has

57,58 (501

been experimentally observed. "8 Typically, Oztas et al.
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found that a perfect MoS; nanosheet could not deform or de-
viate from the layer structure. However, if the nanosheets con-
tain some vacancies (say, S defects), the deformation or self-
scrolling would occur, especially when dispersed in water (or
laser-ablated in water), leading to the formation of OS NPs.
Obviously, such self-scrolling mechanism can well describe
the formation of some tubular OS-TMDC NPs, but is not suit-
able for the spherical ones due to the geometric limitation.

4.4. laser-induced fragmentation and reshaping mecha-

nism

Luo et al."*¥ proposed the formation mechanism of
the laser-induced fragmentation and reshaping for the LIL-
induced OS-WS, NPs (Fig. 11(f)). The spherical OS-WS,
NPs should be formed mainly through two steps, or the laser
fragmentation and reshaping process. The original WS, slices
would first explode into small fragments with irregular shape
under laser shock (process I in Fig. 14). Subsequently, the
pulsed-laser irradiation could cause heating, surface melting
and rapid cooling of the small WS, fragments, which lead
to the spheroidization and form spherical WS, NPs (process
II-IV in Fig. 14). However, this mechanism can not explain
the formation of the onion-like structure, which needs to take
more details into consideration as follows.

Fig. 14. Schematically illustration of the laser-induced fragmentation and re-
shaping mechanism for the LIL-induced spherical WS, NPs. 8] Copyright
2016, The Royal Society of Chemistry.

4.5. Laser-induced liquid droplets’ radial solidifica-

tion/oriented growth

Recently, Zhou et al.'*’! has presented a mechanism
based on laser-induced liquid droplets’ radial solidifica-
tion/oriented growth, which can well describe the formation
of the LAL/LIL-induced OS-MoS, NPs with smooth surface.
Briefly, the laser ablation of the MoS, target in water induced
the local melting on the target and formed MoS, droplets.
Such droplets would be ejected into water by the following
laser shot, as shown in Fig. 15(a). Subsequently, the droplets
would mostly assume the spherical shape due to the surface

tension, before solidification in water. When the temperature
in surface layer of the droplets was decreased below the melt-
ing point, MoS; nuclei would be formed randomly in the sur-
face layer, as shown in Fig. 15(b). The MoS; nuclei should
preferentially grow along {002} planes due to their crystal
structure. So, only the nuclei, in which {002} plane is par-
allel to the surface tangent plane of the droplet, could grow
along {002} plane till contact with the neighbouring grow-
ing nuclei and solidification of surface layer of the droplet,
as shown in Fig. 15(c). After the surface-layer of the droplet
was solidified, the radial solidification began and led to the in-
ward {002}-oriented growth, due to the radial heat-dissipation
of the droplet, as shown in Fig. 15(d). As the inward growth
was going on, the melten MoS; was continuously consumed.
Finally, the spherical OS-MoS, NPs, which were built of con-
centrically spherical {002} planes, were formed with a void in
the core part, as shown in Figs. 15(e) and 15(f). Due to the den-
sity difference between solid and liquid of MoS,, there exist
the volume shrinkage and/or the porosities in the central part
of the droplet, as shown in Figs. 6(c) and 6(d) or Figs. 15(e)
and 15(f). The solidification contraction for MoS, is about

1%-2.5%, which is in agreement with the observation. %%
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Fig. 15. Schematic illustration of laser-induced liquid droplets’ radial solid-
ification/oriented growth mechanism for the OS-MoS, NPs (the details are
seen in the text).[] Copyright 2017, American Chemical Society.

As for the tadpole-like NPs shown in Figs. 6(a) and 6(d),
they were attributed to the reason that the surface solidification
of the liquid droplets ejected from the target surface into water
took place before surface tension-induced formation of spher-
ical droplet. Similarly, for such tadpole-like droplet, the cylin-
drical {002} planes were formed in the surface layer of the
droplet, during surface solidification. With inward radial so-
lidification, the tadpole-like NPs were thus formed and built of
concentrically cylindrical {002} crystal planes with one void
or several holes inside due to the volume contraction, as typi-
cally shown in Fig. 16.
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Fig. 16. Raman spectra of R6G molecules on virous substrates including (I)
spherical OS-MoS; NPs-built film, (I) MoS; nanosheets-built film, and (III)
blank silicon wafer./?®) Copyright 2017, American Chemical Society.

5. Properties and applications

As mentioned above, the OS-TMDC NPs have many ap-
plications in such as tribological and impact resistance, tips
for scanning-probe microscopy, and so on.!'! Here we briefly
introduce some special properties or applications of the laser-
induced OS-TMDC NPs.

5.1. Good biocompatibility

The OS-TMDC NPs prepared by LAL in water have good
water-solubility. In cell viability experiment, Wu et al.!**!
found that such OS-MoS; NPs were nontoxic to the various
cells (e.g. human embryonic epidermal fibroblast cells, lung
adenocarcinoma cells, and leukemic cells) at a given concen-

tration, indicating various potential biomedical applications.

5.2. Structure-Enhanced surface-enhanced Raman scat-

tering (SERS) effect

MoS; nanomaterials possess SERS effect to Rhodamine
6G (R6G) molecules due to the charge transfer-induced chem-
ical enhancement mechanism.3%%01 Zhou er al.?°! found that
the OS-MoS; NPs-built film could exhibit significantly higher
Raman signals than those of MoS; nanosheets-built film (or
black silicon), as shown in Fig. 16. Such enhancement was
attributed to the special structure of the spherical OS-MoS,
NPs, which could enhance the charge transfer ability between
R6G molecules and MoS,.°!! In addition, the stacked spher-
ical OS-MoS, NPs have the higher exposed surface area than
that of the stacked MoS, nanosheets which are easily over-
lapped, leading to better SERS effect.

5.3. Tribological application

Chen et al.”?” reported that the OS-MoS, NPs, added
in hyaluronic acid (HA)-based artificial synovial fluid, were
the efficient friction reducers and could improve tribological
behavior. This could be attributed to the bearing effect and
protective-film effect. On one hand, the spherical OS-MoS;

NPs dispersed in HA synovial fluid can work as ball bearings,
leading to rolling friction at the friction interface. In addition,
sliding may occur between external curved planes of the OS-
MoS, NP and contribute to low friction because of the weak
interaction (van der Waals force) between adjacent layers. On
the other hand, the OS-MoS, NPs is spherically closed struc-
ture without dangling bonds, which can also become a protec-
tive film which help forming a highly ordered bending struc-
ture to cover the rough friction surface.

6. Summary and outlook

In summary, we have given a brief introduction of the
laser-induced OS-TMDC NPs (especially for OS-MoS; NPs),
including their different preparation routes, formation mech-
anism, properties, and applications. In preparation, LAL and
LIL provide the more common and flexible routes to the OS-
TMDC NPs than LAG. The various mechanisms have been
introduced based on different preparation routes, including the
template deposition growth, the chemical reaction conversion,
the self-scrolling, the laser-induced fragmentation and reshap-
ing, and the laser-induced liquid droplets’ radial solidifica-
tion/oriented growth, which can describe the formations of the
corresponding OS-NPs. Finally, some interesting properties
and novel applications of these NPs are briefly demonstrated.

Of course, there are some unsolved problems that are
worth deep-studying. For example, is it hardly to obtain OS-
TMDC NPs by LF in organic liquids? It is obvious that there
is a critical laser power or intensity for the formation of such
OS-TMDC NPs, but how to determine it? How to achieve the
mass-production of such OS-NPs? Future researches could
include but are not limited to these aspects. In addition, OS-
TMDC composite NPs are also worth more studying based on
LF methods, which could bring new performances and appli-
cations.
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