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Abatract: Layered two-dimensional (2D) materials and their heterostructures possess excellent 

optoelectronic properties due to their unique planar features. However, planar structures can only 

selectively support the fundamental optical modes, which is averse to fully exploit the potentials of 

the 2D materials. Here, a novel type of tungsten disulfide (WS2) nanoparticles (NPs) with uniform 

size and morphology and highly ordered WS2 supercrystals (SCs) are synthesized by nanocasting 

process using ordered mesoporous silica as template. Due to the curved feature of individual 

nanostructures, their Raman signals show complex dependence behavior on the excitation 

wavelength, excitation power and temperature. Significantly, the silent phonon mode becomes 

Raman active due to the curvature of the interlaced WS2 layers. We believe that curved features will 

greatly enrich the optoelectronic applications of 2D materials. 
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1. Introduction

Two-dimensional (2D) materials, such as graphene, transition-metal dichalcogenides 

(TMDCs), boron-nitride (BN) and their layered heterostructures, have attracted great attention in 

recent years owing to their intriguing properties related to the unique lower dimensional features.1-3 

In particular, TMDCs show great potential in electronic and optical devices due to their direct band 

gaps.4,5 In addition to sizes, shapes, thickness and crystal qualities of 2D materials,6,7 different 

geometric dimension features can also greatly influence their properties. For example, by directly 

growing graphene on complex three-dimensional (3D) pillars, high-order plasmonic modes could 

be excited due to the strong field localization at the sidewall graphene,8 which can greatly enhance 

infrared (IR) signals for sensing applications.9 It is thus believed that layered materials with curved 

features have promising potentials to extend the applications of 2D materials in comparison with 

normal lamellar counterparts. Thereinto, nanoparticles (NPs) and their array structures consisting of 

layered materials are a class of special structures due to the curved layers in spherical structure, 

which may lead to excellent properties.10,11

Basically, the primitive unit cell of TMDCs of the form MX2 consist of two metal (M) atoms 

and four chalcogen (X) atoms. M and X atoms are strongly linked via covalent bonds to form a 

monolayer structure, while several monolayers can be stacked loosely via var der Waals interaction 

to form a multilayer structure. Different vibration motions of atoms result in various optical and 

acoustic phonon modes, which could be characterized by Raman spectroscopy and employed to 

investigate the inherent molecule structures.12-13 Previously, the phonon properties of atomically 

thin MX2 have been investigated via Raman spectroscopy by varying the external environment, 

such as the heating effect, strain and the excitation conditions.14-16 Significantly, the thicknesses of 

MX2 can be identified by analyzing the change in different Raman peaks.17,18 However, most of the 

related studies concentrate on 2D layered MX2 structures.19,20 In contrast, the vibration motion of 
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MX2 atoms may be deformed, which could thus introduce novel Raman features due to the 

introduction curvatures and deformations. 

Since the discovery of tungsten disulfide (WS2) and molybdenum disulfide (MoS2) NPs,21,22 a 

variety of methods including arc discharge,23 chlorides,24 laser ablation,25 microwave plasma,26 

chemical vapor transport27 and spray pyrolysis28 are utilized to synthesize 2D materials with 

spherical structures. However, these processes are usually both time and energy consuming, and the 

sizes and morphologies of these structures are hardly to be accurately controlled, which limit their 

practical applications. Here, we exploit a strategy to synthesize two types of WS2 with curved 

morphology, i.e., WS2 NPs and highly ordered supercrystals (SCs), using ordered mesoporous silica, 

EP-FDU-12, as a template by means of nanocasting method. The uniform pores in the EP-FDU-12 

template can limit the growth of WS2 layers in the spherical cell to form the uniform WS2 NPs and 

WS2 SCs. The Raman signals of the obtained WS2 NPs and WS2 SCs are investigated by varying 

the laser power, laser wavelength and experimental temperature. Interestingly, we find the silent 

 mode becomes activated in WS2 NPs and WS2 SCs. 1uB

2. Results and Discussion

Structural characterization

In order to synthesize WS2 nanostructures with uniform morphology and size, an ordered 

mesoporous silica, EP-FDU-12, is selected as the hard template, which possesses a uniform cage 

type pore system with large spherical cells. The average diameter of the pores is about 27 nm 

(Figure S1). These structural features of EP-FDU-12 silica template display several vital advantages 

for nanocasting process. The uniform mesopores are ideal templates for synthesis of inverse 

structures and the WS2 layers can be completely confined in the uniform spherical cells to form 

WS2 NP and SC structures. Furthermore, the individual NPs with a large spherical size are 

preferably obtained via high-temperature reductive sulfuration process using EP-FDU-12 as the 
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hard template.29-31 During the nanocasting processes, the phosphotungstic acid (PTA) precursor is 

incorporated into the EP-FDU-12 silica template via a solvent evaporation process firstly. Then the 

PTA/silica composites are in situ sulfurated by H2S gas. After the removal of silica template, WS2 

NPs and SCs with different structures can be fabricated by controlling the filling amount of PTA 

(Figure 1).

A typical morphology of WS2 NPs is shown in Figure 2. The scanning electron microscopy 

(SEM) image (Figure 2a) shows that WS2 NPs display a monodispersed spherical structure with 

good uniformity. The average diameter of WS2 NPs is about 26 nm, which is close to the size of the 

spherical cells of EP-FDU-12 silica template. From the transmission electron microscopy (TEM) 

images (Figures 2b and 2c), it is found that these WS2 NPs are constituted by disordered and curved 

multilayered WS2.  The high-resolution TEM (HRTEM) image indicates that the interlayer distance 

is around 0.67 nm. The selected-area electron diffraction (SAED) pattern (Figure 2d) confirms the 

polycrystalline structure of WS2 NPs. The diffraction peaks in the X-ray diffraction (XRD) pattern 

(Figure 2e) are indexed by (002), (004), (101), (103), (105), (008), and (201) corresponding to 

standard WS2 crystal (JCPDS card No: 08-0237). No other diffraction peaks belonging to PTA, W, 

WO3 or WO2 are observed, indicating a complete transformation from PTA to WS2. 

The morphology of WS2 NPs can be tailored by controlling the filling amount of PTA. Three 

types of WS2 NPs, i.e., bowl-like, half-spherical and spherical structures, are shows in Figure 3, 

which correspond to the PTA concentrations of 5, 10 and 20 mM, respectively. The synthesized 

WS2 NPs under various filling amount of PTA have a good uniformity of diameter with a value of 

around ~26 nm. As shown in Figures 3a and 3b, the bowl-like WS2 NPs consist of 8-12 curved 

layers arranged along the spherical cell wall. For half-spherical WS2 NPs structures, some WS2 

layers fill in the WS2 bowls randomly (Figures 3d and 3e). In contrast, the WS2 spherical NPs 
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consist of disordered and crooked WS2 sheets in the whole spherical cells (Figures 3g and 3h). The 

schematics of the synthesized WS2 NPs are shown in Figures 3c, 3f and 3i, respectively. 

Figure 4 shows the morphology and structure of WS2 SCs synthesized with 30 mM filling 

concentrations of PTA. From the SEM image (Figure 4a), it is found that the average size of WS2 

SCs is around 5-10 μm. The individual WS2 SC and the enlarged images show a well-organized 

close-packed array consisting of tetragonal and hexagonal arranged WS2 NPs (Figures 4b and 4c). 

The HRTEM images demonstrate the structural features of typical array with the uniform WS2 NP 

size of 28 nm in diameter (Figures 4d and 4e). The ordered WS2 NP arrays are constituted by 

disordered and curved multilayered WS2 layers with an interlayer distance of around 0.67 nm 

(Figure 4d). The SAED pattern shows the polycrystalline feature of WS2 SCs (Figure 4f). XRD 

pattern of WS2 SCs clearly shows that all the diffraction peaks agree well with the standard WS2 

structure (JCPDS Card No. 08-0237) and can be assigned to the (002), (004), (101), (103), (105), 

(110), (112), (201) and (116) planes. No other apparent peaks are observed, proving the absence of 

crystalline impurities.

According to the above observations, we summarize the growth processes and structural 

features of WS2 NPs and WS2 SCs. First, the structure of silica template is vital to the nanocasting 

process. In this study, the EP-FDU-12 silica template shows a unique mesostructure consisting of 

large mesopores and small wormlike mesopores. The structure of unique dual-mesoporous, which 

have a lot of highly interconnected pore channels, could enhance the mobility of precursors and 

create nanobridges between particles during nanocasting process. In addition, the morphologies and 

structures of the obtained products can be controlled by the filling amount of precursor, interior 

surface feature of silica template and reaction conditions. These factors are crucial to the growth 

process of the products within the silica mesoporous matrix.29-31

Page 6 of 26Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t

Pu
bl

is
he

d 
on

 2
1 

M
ar

ch
 2

02
0.

 D
ow

nl
oa

de
d 

on
 3

/2
3/

20
20

 5
:4

0:
50

 A
M

. 

View Article Online
DOI: 10.1039/D0NR01130D

https://doi.org/10.1039/d0nr01130d


 

- 7 -

Among them, the filling amount of PTA precursor is the most important factor on the final 

structures of WS2 products. With the increase of PTA concentration from 5 mM to 30 mM, the 

obtained morphologies of WS2 nanostructures could be changed from multilayered WS2 bowl, WS2 

half-sphere and WS2 sphere to WS2 SCs. According to the morphology characteristics of different 

WS2 structures discussed in Figures 3 and 4, we infer the growth processes of WS2 layers in the EP-

FDU-12 silica template. For the synthesis of WS2 bowls and half-spheres using PTA precursor with 

filling concentrations of 5 and 10 mM, the spherical cells in EP-FDU-12 template cannot be filled 

with PTA completely. After the high temperature reductive sulfuration process, the nanosized WS2 

layers grow crookedly along the spherical cell wall firstly. Then, the remaining WS2 layers 

aggregate in the center of the spherical cells, resulting in the formation of WS2 bowls and half-

spheres. As the PTA concentration increase to 20 mM, initially, the spherical cells of EP-FDU-12 

silica template are almost filled completely with PTA precursor, thus disordered and crooked WS2 

sheets can grow randomly and fill in the whole spherical cells to form WS2 spheres after reductive 

sulfuration process. Further increasing the PTA concentration to 30 mM, not only the whole 

spherical cells are filled completely, but also the PTA precursor overflows along the mesopores on 

the cell walls, leading to the interconnection within the surrounding spherical cells. After the 

reductive sulfuration process at high temperature, the spherical cells are filled with nanosized WS2 

layers and the rest of nanosized WS2 layers aggregate along the spherical cell channels and connect 

the adjacent spherical cell to form the WS2 SCs structure. It should be noted that, in current growth 

processes of WS2 nanostructures, the mass diffusion, migration and aggregation do not seem to be a 

dominated process, unlike the WO3 growth system reported in our previous studies.32

Raman characteristics

Raman scattering has been widely applied to investigate the interior structure information of 

2D materials. Since the estimated number of WS2 layer is 8-12 in each WS2 nanostructures, the 
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peaks in Raman spectra will be assigned following the rule of bulk TMDCs (Figures 5b and 5c).33-40 

Bulk WS2 is 2Hc polytype with  (P63/mmc) symmetry. Its Raman active lattice vibrations at the 4
6hD

 point of the hexagonal Brillion zone are (421 cm-1),  (356 cm-1),  (27 cm-1) and  1gA 1
2gE 2

2gE 1gE

(306 cm-1), where the last mode is silent when the incident light with electric field is parallel to the 

basal plane.41,42 Furthermore, second and higher order Raman transitions are observed for excitation 

energies close to the band gap, where the most prominent one is ascribed to the 2LA(M) band, 

originated from a second-order resonant process involving two longitudinal acoustic (LA) phonons 

close to the M point of the first Brillouin zone. Figure 5a schematically shows the typical vibration 

fashions of bilayer WS2, such as and  modes, which contribute to the main features of 1gA 1
2gE

Raman peaks in our experiment. In addition, mode is also schematically plotted, which is 1uB

usually silent for planar 2D MX2 structures. No photoluminescent emission can be observed in the 

synthesized WS2 samples (Figure S2), which results from the multilayer feature of the 

structures.43,44

For multilayer WS2, the direct band gap is at the K point and governed by a pair of excitons A 

and B (1.98 and 2.41 eV, respectively).45 Therefore, the corresponding Raman intensities will be 

greatly enhanced and richer phonon vibration information can be observed when the wavelength of 

the excitation lasers is close to the excitonic energy. In our experiment, four lasers with 

wavelengths of 325, 532, 633 and 785 nm are employed to excite the Raman signals. Figure 5b 

shows the room-temperature Raman spectra of WS2 NPs and SCs structures with the first- and 

second-order Raman features. (421 cm-1) and  (356 cm-1) can be obviously observed under 1gA 1
2gE

the excitation of 325, 532 and 633 nm (Figure 5c). Interestingly, it is found that the Raman peak at 

~ 421 cm-1 is enhanced and the second-order Raman features are more obvious under the excitation 

of 532 and 633 nm lasers, which are close to two excitonic energy. In contrast, no significant 
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Raman peak is observed for WS2 NPs under the excitation of 785 nm laser since the excitation 

energy is much smaller than the optical transition energy.37 Notably, since there is no significant 

difference in the Raman spectra of bowl-like, half-sphere-like and sphere-like WS2 NPs (Figure S3), 

Raman signal from NPs will not be differentiated in the following study. By fitting the two 

prominent Raman peaks with Lorentizan functions, we obtain different vibration phonon modes in 

WS2 NPs and SCs (Figure 5b). 

As predicted by group theory,  mode is Raman silent,36 but it becomes Raman active in 1uB

WS2 nanotubes which arise from curved layers and structural disorder of WS2.35,37,39 Davydov 

splitting phenomenon has been extensively studied to explain the interlayer interaction in multilayer 

TMDCs.46-49 mode is the Davydov couple of  mode, which locates at the lower frequency 1uB 1gA

side of mode (Figure 5a). To phenomenologically understand the  mode: tungsten atoms 1gA 1uB

stand still, while sulfur atoms vibrate out-of-phase (Figure 5a); as a result, the net vibration is zero 

due to the cancellation effect; when curvature or disorder are introduced, mode becomes active 1uB

because of non-zero net vibration. The synthesized WS2 NPs and SCs structures consist of curved, 

folded and interlaced WS2 layers, as the HRETM images shown in Figures 3b, 3e, 3h and Figure 4d. 

Therefore, the silent mode at ~ 416 cm-1 becomes active in both WS2 NPs and SCs structures 1uB

under the excitation of 633 nm laser (Figure 5c). Nevertheless, the intensity of  mode is still 1uB

very weak since the curved features and disorder are not dominant. 

Alternatively, exitonic resonances play a very important role in enhancing the intensity of 1uB

mode. M. Staiger and colleagues showed that  intensity can only be clearly observed at the 1uB

excitation energy window ranging from 1.8 to 2.2 eV (A exciton, ~1.98 eV or ~626.3 nm in bulk 

WS2), but it remains weak at the energy range of B exciton (~2.41 eV or ~514.5 nm in bulk WS2),37 

which coincide with the results observed in this work. The differences between A and B excitons, 
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such as the effective mass and energy50 will affect the interlayer interaction between WS2 layers and 

thus result in an excitation-energy dependent Raman intensity enhancement. 

To further study the properties of phonon in WS2 NPs and SCs, Raman spectra are measured 

by varying the laser powers (Figures 6a, S4 and S5) and experimental temperatures (Figures 6b and 

S6) under the excitation of 532 and 633 nm lasers. Because of the different distribution 

characteristics, SC structures usually have lower power threshold in comparison with NP structures, 

which gives rise to the less data of SC structures. The frequencies of the hybrid modes at ~ 352 cm-1 

for both types of WS2 nanostructures have no significant difference as the laser power increases 

(Figures 6a and S7a). However, the relative intensity of 2LA mode at the lower energy shoulder of 

the Raman peak at ~ 352 cm-1 becomes stronger for larger excitation power for NP structures while 

such behavior is not obvious for SC structures. In particular, the  mode turns active at ~ 420 cm-
1uB

1 under the excitation of 633 nm. Figure 6b shows the Raman spectra measured by varying the 

temperature. The intensity ratio of 2LA and  modes at ~ 352 cm-1 is insensitive to the 1
2gE

temperature, whereas the case is complicated for modes at 420 cm-1. Similar dependence of Raman 

peak redshift on the temperature increases has been observed for monolayer or few layers of WS2 or 

other TMDCs.14,15,51

Overall, as the laser power increases, the Raman intensity ratio (I/I) increases only for 

WS2 SCs under the excitation of 532 nm, while remains almost unchanged for other cases (Figure 

7a). The Raman intensity ratio (I/I) decreases first and then increases as the temperature 

rises from 123 to 393 K (Figure 7b). Moreover, the frequency of the mode at ~ 420 cm-1 under the 

excitation of 532 nm redshifts slightly for both WS2 nanostructures. The decrements  are ~3.0 

and ~3.8 cm-1 for WS2 NPs and SCs, respectively (Figure S8), which match will the decrement 

 reported in previous works at the same temperature range.15,52-54
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The excitation of  mode is one of the most important features of WS2 containing curved 1uB

layers. To further study the active  and  modes under the excitation of 633 nm laser, the 1uB 1gA

Raman spectra are fitted by a set of Lorentzian functions. Figure 8 shows the dependence of peak 

position and Raman intensity radio ( )on the input laser powers and temperatures. As the 
1 1u gB AI I

laser power increases, the frequencies of the  and modes redshift for WS2 SCs whereas no 1gA 1uB

significant change for WS2 NPs. In our experiment, both WS2 NPs and SCs are deposited on a 

silicon substrate. WS2 NPs are loosely dispersed on Si substrate (Figure 2), while WS2 SCs are 

tightly packed with a certain thickness (Figure 4). Under an irradiation of laser, only part of incident 

energy will interact with NPs, and the induced heat is easier to be conducted into the substrate. In a 

sharp contrast, all the incident energy will directly shine on the SCs. Therefore, the capability of 

heat conduction will be different for NP and SC samples. Higher local temperature is easier to be 

produced for WS2 SC samples. Temperature change will affect both the exciton energy and the 

phonon energies, and thus the properties of Raman peaks, including intensity and peak position.14,55 

Consequently, Raman peaks of WS2 SC samples are more sensitive to laser power. Moreover, the 

Raman peaks of WS2 SCs are usually lower than the counterparts of NPs at room-temperature 

(Figure 8a, top panel), which is consistent with redshift in Raman peak caused by increases in 

temperature in previous works.14,15,52-54 In comparison with the excitonic energy resonance, 

temperature change plays a minor role in affecting the Raman peaks. Under the excitation of 633 

nm, Raman peaks decreases concurrently for both NP and SC samples (Figure 8b, top panel). 

In comparison with  mode,  mode is barely present in flat 2D materials. However, its 1gA 1uB

intensity becomes comparable or even higher than  in the curved WS2 nanostructures under 
1uBI

1gAI

the excitation of A exciton energy (Figure 8, lower panel). The intensity ratio ( ) only varies 
1 1u gB AI I

slightly for both WS2 nanostructures as laser power increases at room temperature (Figure 8a, lower 
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panel). Nevertheless, the intensity ratio decreases from 2 to 0.6 as the temperature increases from 

123 to 393 K (Figure 8b, lower panel) for both WS2 nanostructures. By checking the Raman spectra 

in Figure 6b, such a ratio reduction mainly ascribes to the decrease in the intensity of  which 1uB

indicates a lower  mode excitation efficiency at higher temperature for the WS2 nanostructures. 1uB

Roughly speaking, the above phenomena of Raman peak shift and intensity ratio variation can 

be attributed to the thermal effect induced by the input laser power and experimental temperature. 

Higher input power will increase the local temperature of samples and cause a Raman peak shift 

due to the resulted lattice changes.55-57 In addition, the substrate may also play an important role in 

heat dissipation and then affect the lattice vibration.14 In our experiment, both WS2 SCs and WS2 

NPs are dispersed on a silicon substrate. The induced heat is easier to be transferred into the 

substrate from well-dispersed WS2 NPs, in comparison with tightly packed WS2 SCs. Therefore, the 

Raman features of WS2 SCs are relatively easier to be affected by the excitation power, which are 

also verified by the larger power-dependent variations in peak position and intensity range. 

Nevertheless, the dependence of Raman properties on the laser power and temperature is more 

complex due to the complexity of synthesized structures themselves. As indicated by the TEM 

shown in Figures 2-4, the number, orientation and curvature of WS2 layers varies spatially in the 

structures. 

3. Conclusions

To conclude, WS2 NPs and highly ordered WS2 SCs with uniform and controllable geometric 

structure are synthesized by nanocasting processes using ordered mesoporous silica as the template. 

Due to the curved and interlaced multiple layers, their Raman signal is distinctly different from the 

counterparts of layered WS2. Significantly, the curved features of WS2 make the silent phonon 

mode active, which indicate a complex interior lattice vibration manner in comparison with planar 

structures. The main features of Raman peaks show different dependence on the excitation lasers, 
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including power and wavelength, and temperature, which thus provides a promising approach to 

manipulate the optical response of WS2 structures. Therefore, we believe that 2D materials with 

curved morphology have greatly potential to provide novel optoelectronic properties for practical 

applications.

4. Experiment Section

Materials

Phosphotungstic acid (PTA, H3PW12O40•nH2O, 99.9%) is purchased from Sigma Aldrich. 

Anhydrous ethanol (C2H5OH, 99.7%), hydrofluoric acid (HF, 40%), sodium hydroxide (NaOH, 

99.9%) are purchased from Sinopharm Chemical Industry Co., Ltd. All chemicals are directly used 

without any further purification.

Synthesis

Mesoporous silica template, EP-FDU-12, is synthesized following the approach reported in 

previous paper.58 As a typical procedure, 10 mg of EP-FDU-12 silica template are immersed and 

dispersed into the ethanol solution of PTA (20 mM, 1 ml) under stirring for 10 min. The mixture 

was dried at 40 °C until ethanol is fully evaporated. After the complete drying, the obtained white 

powders of PTA/EP-FDU-12 silica template composites are put into a tube furnace for reductive 

sulfuration. The furnace is heated to 600 °C at a rate of 2 ºC/min under 5% H2S/95% N2 atmosphere 

and maintained at this temperature for 2 hrs. The tube furnace is connected a collector with sodium 

hydroxide solution to react with excess H2S gas. After cooling down the furnace to room 

temperature, the dark brown WS2/EP-FDU-12 powders are collected and treated by 5 mL of 4 wt % 

HF aqueous solution to etch silica. Finally, WS2 products are collected by washing with water and 

acetone. In experiment, the concentration of the ethanol solution of PTA increases from 5 to 30 mM.

Characterizations
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The morphology and structure of samples are characterized by scanning electron microscope (SEM, 

JEOL, JSM-7000F) and transmission electron microscope (TEM, JEOL, JEM-2100F with an 

accelerating voltage of 200 kV). The chemical composition of the product is characterized using X-

ray diffraction (XRD, Bruker, d8 advance). Raman spectra are collected using JY Horiba HR800 

Raman system under the excitation of 325, 532, 633 and 785 nm lasers. The laser beam is focused 

on the sample surface with a spot diameter of ~1 μm using a 50× long-working-distance lens (NA = 

0.5) and the laser power is measured at the focal plane. The power-dependent Raman measurements 

are carried out at room temperature.

The temperature-dependent measurements are carried out with a 50× long-working-distance 

lens. A Linkam TS1500 heating system is used to heat the samples at increments of 30 °C and a 

heating rate of 10 °C/min. Before acquiring the spectrum, the temperature is held for at least five 

minutes at each temperature, allowing enough time for stabilization.
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Reductive sulfuration and silica removal 

WS2 supercrystalsWS2 bowl

Structural unit
Mesoporous silica

EP-FDU-12 PTA     nanocasting 

Silica

PTA

WS2

WS2 half-sphere WS2 sphere

Figure 1. The schematic of the fabrication process of WS2 NPs and SCs via nanocasting method 

using EP-FDU-12 mesoporous silica as the hard template. 
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Figure 2. The typical structural characterizations of WS2 NPs. The typical (a) SEM and (b) low-

magnification TEM images of WS2 NPs. (c) HRTEM images of one isolated WS2 NP. (d) The 

corresponding SAED pattern of (b). (e) XRD pattern of the WS2 NPs.
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a b c
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f
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WS2 half-sphere
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Figure 3. TEM images and the schematics of three different morphologies produced by changing 

the filling amounts of PTA. (a)-(c) are the low-magnification, high magnification TEM image, and 

schematic of the WS2 bowl. (d)-(f) and (g)-(i) are the counterparts of the WS2 half-sphere and WS2 

sphere, respectively. The filling amounts of PTA for the three types of NPs are (5 mM, 1 ml), (10 

mM, 1 ml), and (20 mM, 1 ml), respectively, from the top to the bottom. 
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Figure 4. The structural characterizations of WS2 SCs. (a)-(c) The low-magnified, high-magnified 

and enlarged images of WS2 SCs. (d)-(e) HRTEM images of WS2 SCs. (f) The corresponding 

SAED pattern of (d). (g) XRD pattern of the WS2 SCs.
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a

Sulfur atoms

E 1
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Tungsten 
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Figure 5. Typical phonon vibration modes of WS2 and Raman spectra of WS2 NPs and WS2 SCs. (a) 

The schematics of the phonon vibration modes in a bilayer WS2 system. (b) Raman spectra of WS2 

NPs and WS2 SCs. (c) Detailed Raman spectra of WS2 NPs and SCs with significant features at the 

zoom-in frequency range.  The Raman spectra are measured under the excitation of 325, 532, 633, 

and 785 nm lasers.
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b

a

Figure 6. Dependence of Raman spectra of WS2 NPs and SCs on the excitation (a) laser powers 

and (b) temperature. The laser powers are 0.5 mW for 532 nm laser and 0.16 mW for 633 nm laser 

when measuring the temperature-dependent Raman spectra. Colorful lines are the fitted curves with 

a set of Lorentzian functions. 
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a b

Figure 7. Dependence of Raman intensity ratio of the two prominent Raman peaks ~420 and ~ 

cm-1 on the (a) laser power and (b) temperature. All the Raman peaks are obtained under the 

excitation of 532 and 633 nm lasers.
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a b

Figure 8. Dependence of Raman peak position and intensity radio of A1g and B1u modes on (a) laser 

power at room temperature and (b) temperature. Raman signal are excited by 633 nm lasers.
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