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WS2 was successfully synthesized by the hydrothermal method under various liquid nitrogen and 

microwave treatments. X-ray diffraction (XRD) analysis showed the presence of multiple WS2 phases, 

of which hexagonal was the dominant phase. The morphology of the samples was examined by 

scanning electron microscopy (SEM) and transmission electron microscopy (TEM) and WS2 exfoliation 

was confirmed after liquid nitrogen and microwave treatments. Fourier transform infrared 

spectroscopy (FTIR) confirmed WS2 exfoliation during the exfoliation process. Optical bandgap 

calculation showed an increase in the exfoliation WS2 bandwidth to 4.7 eV, which is large enough for 

the massive indirect bandwidth (1.3 eV) of WS2, indicating the effect of quantum confinement. 

Decreased photoluminescence (PL) showed the production of defects in the samples during the 

processes. The tribological properties of WS2 nanoflakes as an additive in oil showed that the 

coefficient of friction and wear performance of the oil were significantly improved by adding WS2 

nanoflakes synthesized by the hydrothermal method under different liquid nitrogen and microwave 

treatments. The results show that WS2 nanoflakes with an improved coefficient of friction and wear 

performance can be a promising additive that could open a new avenue for the large-scale production 

of tribological materials. 
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1. Introduction 

Lubricating materials play a significant role in the 
myriad of devices that are essential in everyday life due to 
the reduction of high friction and the minimization of 
abrasion between surfaces. Lubricants improve the energy 
efficiency of devices and increase the mechanical 
endurance of machines. Lubricating materials are used to 
reduce friction by forming a second layer between two 
surfaces that are in motion, thereby improving 
performance and efficiency. 

Recently, scientists have turned their attention to 
improving the performance of lubricants to extend their 
service life by using a combination of lubricants that reduce 
friction and noise, prevent excessive wear, and protect 
against corrosion. Type of movement (sliding or rolling), 
speed (fast, medium or slow), and temperature in 
tribological systems along with load and operating 
environment Applications are important factors in 
selecting materials to optimize lubricant performance. 
Easy and cost-effective production, ease of use in the target 

equipment, and lifespan of lubricants are important to 
choosing materials for tribological applications. 

Due to the ability to control the size and shape of nano-
lubricants during the synthesis process, the use of nano-
lubricants is very effective in the industry. In addition, 
nano-lubricants are very important in boundary 
lubrication due to their lower coefficient of friction and 
high efficiency at room temperature [1, 2].  

Recently, several studies have focused on developing 
tribological performance of nano-lubricants such as 
carbon-based nanostructures [3-6], MoS2 [7-9], WS2 [10-
13], TiO2 [14], and ZnO [15-17].  Taran et al. exfoliated and 
functionalized MoS2 powder through freezing and thermal 
shock [18]. Wang et al. focused on organic-inorganic 
additives [19]. Lince et al. investigated solid lubricants [20]. 
Freschi et al. studied Micro-and Nano-WS2 Structures [21]. 
Fayaz et al. examined the tribological behavior of WS2 
nanoparticles [22]. Wu et al. investigated anti-wear 
features of WS2 particles and ZDDP [23]. Zhu et al. used the 
liquid-nitrogen and microwave method to exfoliate bulk 
layered materials into the ultrathin 2D structure [24]. 
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However, transition-metal dichalcogenides (TMDs) 
nanomaterials such as MoS2 and WS2 have been favored by 
some researchers because of their layered structure [7- 
13]. TMDs nanomaterials have the MX2 standard structural 
formula, where M denotes a transition metal from groups 
IV-VI and X demonstrates a chalcogen atom alike S, Se, or 
Te [25]. Strong covalent forces exist between the interlayer 
M-X bonds, whereas adjacent layers are coupled through 
weak van der Waals forces that make cleaving along with 
the layers easy. 

Among the various techniques developed for the 
preparation of  WS2 nanostructures, the hydrothermal 
process offers several advantages including environmental 
compatibility, one-step, and cost-effective synthesis 
process, relatively smooth operating conditions, good 
dispersion in solution, and the ability to produce crystalline 
phases. which is safely stable at higher temperatures. [26, 
27]. 

Studies show that liquid phase peeling is a more 
efficient layer material, but the obtained exfoliated 
nanosheets are very low [28]. Water or other low boiling 
point solvents such as acetone and ethanol are probably 
good candidates for TMDs exfoliate. In such methods, the 
physical and chemical properties of WS2 sheets are 
potentially affected because of impurities or defects due to 
the presence of surfactant in both peeling and purification 
stages [29]. Some studies have suggested the possibility of 
exfoliating TMDs in ethanol/water mixtures efficiently. [30, 
31]. In addition, some researchers have proposed a method 
for exfoliating two-dimensional layered systems using 
solvent interpolation and microwave irradiation [32, 33]. 
In this study, we chose WS2 because it has a layered 
structure. WS2 was synthesized using the hydrothermal 
method. Then we introduced a more efficient method for 
peeling, which was freezing with liquid nitrogen and 
heating with a microwave. As far as we know, this is the 
first time this method has been used for WS2 exfoliation. 
WS2 exfoliation via thermal shock is of interest for the 
large-scale synthesis of monolayer crystals. To confirm the 
peeling, the morphology of WS2 nanoflakes was studied. 
The optical bandgap distance of WS2 nanoflakes changed 
due to exfoliation. The potential of WS2 nanoflakes as 
lubricant additives was investigated with the aim of 
industrial production of more efficient lubricants. This 
method leads to the loss of WS2 properties due to structural 
changes during the exfoliation process. 

2. Experimental details 

     All materials in these experiments were purchased from 
Merck Company. WS2 nanoflakes were synthesized using 
the hydrothermal method. For solution one, 10 g Thiourea 
(CH4N2S) was dissolved in 200 mL ethanol while being 
stirred for 15 min at 80o C. In solution two, 6 g Sodium 
tungstate (Na2O4W,2H2O) was separately dissolved in 200 
mL ethanol while stirring was applied for 15 min at 80o C. 
Afterwards, some drops of Boric acid (H3BO3) were added 
to the second solution. Boric acid plays a key role as a 
reducing reagent during the reaction process. Solutions 
one and two were poured into a container at 80 ° C for 30 
minutes and then transferred to a stainless steel autoclave 
reactor with a 420 mL Teflon coating. The reaction was 

performed at 180°C for 18 h. After cooling down to room 
temperature, the achieved powder was washed with 
ethanol (twice) and dried in a vacuum oven at 60 °C. The 
WS2 powder was achieved. To exfoliate WS2, 4 g of the 
obtained powder was dispersed in 20 mL ethanol and put 
in an ultrasonic bath for 30 min. The resultant solution was 
exposed to thermal shock by cooling in liquid nitrogen and 
then heating with microwave irradiation under 900 W 
powers. Liquid nitrogen was poured onto the solution to -
120°C. The container containing the solution was 
immediately placed in the microwave for one minute. After 
one minute, the solution was removed from the microwave 
at a temperature of 70°C. The liquid-microwave nitrogen 
process for the solution was repeated. It means liquid 
nitrogen-microwave (first time) liquid nitrogen-
microwave (second time) were applied. Then, the solution 
was dried in a vacuum oven at 40 °C. The achieved powder 
was labeled WS2-2. In the next step, another sample was 
prepared with four rounds (four times) of liquid nitrogen-
microwave. The resultant powder was tagged WS2-4. To 
investigate the anti-wear property of the WS2 nanoflakes as 
an additive for lubricating oils, we prepared three 
containers including 500 mL of the oil (T-68, DIN-51524 
part II HLP). This oil is from Behran Company, which is 
used for industrial equipment. Then 0.02 g/L off the 
samples WS2, WS2-2, and WS2-4 were dispersed in the 
container separately. Then, it was placed in the ultrasonic 
bath for 4 h to achieve a homogeneous solution. The Oil (0) 
and Oil (1) referred to the pure oil without any nanomaterial 
and the WS2 nanoflakes additive, respectively. Similarly, 
the Oil (2) and Oil (4) were attributed to the WS2-2, and WS2-
4 nanoflakes additives, respectively. The WS2 performance 
in aqueous phase reactions is limited by its hydrophobicity 
while it improved for WS2-2 and WS2-4.  This method for 
the exfoliation of WS2 enhanced the dispersibility of the 
WS2-2 and WS2-4 samples. 

3. Characterization 

      X-ray diffraction (XRD) was utilized to study the 
structure of the samples using X’Pert PRO, Philips with 
Cu−Kα radiation (λ = 0.154 nm). The Fourier transform 
infrared (FTIR) spectroscopy was applied using a 
spectrophotometer (FTIR) (Jasco -410) from 500 to 4000 
cm-1. The morphology of the samples was investigated by 
scanning electron microscopy (SEM) (XL30) and 
transmission electron microscopy (TEM) (Philips XL). The 
bandgap of the samples was calculated from Ultraviolet-
visible (UV-Vis) optical absorption and transmission 
spectra (Lambda 750). Photoluminescence (PL) spectrum 
was recorded by a fluorescence spectrometer 
(PerkinElmer LS 45). The stability of the samples was 
measured by Zeta potential analyzer (Sabino, Particle 
Matrix). A homemade four-ball tribometer was used to 
evaluate the coefficient of friction and wear scars of the 
prepared samples. Alborztadbirkaran Iranian Company 
monitored the oil analysis situation. The temperature 
dependence of kinematic viscosity at 40 and 100 ̊C was 
determined using the ASTM D2270 method.  
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4. Results and discussion 

XRD analysis was performed to determine the 
crystalline phases of WS2 structures. Fig. 1 shows the XRD 
patterns of WS2, WS2-2, and WS2-4 nanoflakes. The 
multiplicity of diffraction peaks in Fig. 1 implies the 
presence of multiple planes in the structures. The WS2 
crystals mainly consist of three crystalline phases: 
hexagonal-2H (anti-parallel), rhombohedral-3R (parallel), 
and octahedral (1T); the first two phases are 
semiconductors while the third phase is expected to be 
metallic. The rhombohedral-3R phase is more stable than 
the hexagonal phase -2H, while the octahedral phase (1T) 
is unstable as a bulk form and is associated only with the 
TMD monolayer[34]. Electron irradiation or introducing 
Lithium ions causes the phase transition from hexagonal to 
octahedral 1T [35]. 

Most peaks in the diffraction patterns correspond to the 
crystalline hexagonal structure based on JCPDS 00-002-
0131 and 08-0237, P63/ MMC space group, 2H-WS2. It 
means the hexagonal phase is dominant. The diffraction 
peak of  (002) plane of hexagonal WS2 is located at 2θ=15 
and the other peaks at  29, 32, 33, 39, 50, 59, and 60, 
corresponding to (004), (100), (101), (103), (105), (008), 
and (112) planes of the hexagonal WS2, respectively [36-

38]. The (018) belongs to rhombohedral (JCPDS 084-1399, 
R3 m space group).   

The reflection assigned to the (101) plane of WS2-2 has 
higher intensity, though the diffraction peak matching with 
the (002) plane is broader, which could be ascribed to less 
exfoliation of WS2-2 layers [36]. The sharp peaks matching 
with the (002) and (101) planes indicate competitive 
development of the crystallites along with these directions. 
The crystal lattice parameters of hexagonal structure can 
be found as a = b = 3.17 A˚ and c = 12.29 A˚. The shift 
towards bigger angles can be seen for WS2-2 and WS2-4 
samples. This indicates that the number of stacks in the 
layer of the WS2 nanoflakes was reduced and the interspace 
of layers became larger [39].  
      However, the 1T-WS2 does not show a well-defined 
structure. Applying XRD for characterizing the 1T-WS2 is 
not easy. The peaks with circle sign in Fig. 1 can be 
attributed to the octahedral 1T phase of WS2 [40, 41]. 
Sharma et al. [42] reported similar results. These 
diffraction peaks are more intense in the WS2-2 sample 
suggesting that this sample is more metallic. The XRD 
results show that the preparation process has a direct 
effect on the phase transition of WS2.  There are some small 
peaks, which do not belong to any of the phases. This may 
be related to substances without reaction.. 

 

 

 

Fig. 1. XRD patterns of WS2, WS2-2, and WS2-4 nanoflakes (left), Williamson & Hall calculation result (right) 

 

      To calculate the microstructural parameters for samples 
with high XRD peaks, the Williamson and Hall method is a 
suitable method that has been used to calculate the average 
crystal size of WS2 nanoflakes. The Williamson & Hall 
equation is given below: 

𝛽 𝑐𝑜𝑠𝜃 = 0.9𝜆 𝐷⁄ + 4𝜀 𝑠𝑖𝑛𝜃   (1) 
 
      Where β is the estimated correct broadening of the 
sample in radian, θ is the diffraction angle, λ is the incident 
X-ray wavelength equal to 0.15406 nm, D is the average 
crystallite size in nanometers, and ε is the average strain. 
According to Williamson and Hall's method, when βcosθ is 
plotted against 4sinθ, the average values of crystal size can 
be estimated by fitting a line that intercept is equal to 
0.9λ/D. The crystallite size values for the WS2, WS2-2, and 

WS2 -4 samples were estimated to be 20.86, 16.24, and 9.84 
nm, respectively (Fig. 1 right). 
      Figure 2 illustrates the FTIR spectra of the synthesized 
WS2 samples. The bands positioned at 600 and 900 cm-1 are 
attributed to the W-S bond and S–S bond, in the respective 
order [43]. The band found at 1400 cm-1 is attributed to the 
stretching vibrations of the hydroxyl group [43]. The bands 
at 1620 and 3200 cm-1 are related to the W–S bending 
vibration and stretching vibration [44]. In addition, the 
vibrating bands at 2100 cm-1 can be attributed to the 
atmospheric OH found in the WS2 specimen [43]. The 
hydroxyl bending vibration and H–O–H stretching 
vibration matching with hydrogen bonding water is 
observed at 3450 cm-1. The H–O–H and O–H peaks originate 
from interlayer water. Water molecules try to be between 
the layers of WS2 material, which are joined together by 
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weak Vander Waal’s forces [45, 46]. This demonstrates the 
successful exfoliation of WS2 nanoflakes. 

 
Fig. 2. FTIR spectra of WS2, WS2-2, and WS2-4 nanoflakes 
 
      The quality characteristics of the synthesized WS2 
nanoflakes were evaluated through morphological and 
structural properties. WS2 thin nanoflakes are shown in 
Fig.3. The sample population seems to include  2D-
extended nanostructures with smooth surfaces and 
uniform thickness. The reduction of layers is evident in Fig. 
3b. Fig. 3c shows that WS2 nanoflakes are composed of a 
large number of small WS2 nanoflakes. 
      TEM was used to further characterize the material. The 
products are clusters of nanoflakes with star shapes (Fig 
4a). Fig 4b shows that WS2 thin nanoflakes begin to peel, as 
seen in materials with layered structures. There are also 
grades of WS2 exfoliating nanoflakes (Fig 4c). WS2 thin 
nanoflakes are observed, indicating exfoliation of WS2 after 
application of the liquid-nitrogen and microwave method. 

      The absorption spectra of WS2 samples are shown in 
Fig. 5a. The general characteristics of the massive WS2 
adsorption spectrum are consistent with other reports [47, 
48]. As seen in Fig. 5b, the WS2 spectrum shows the four 
characteristic peaks at 650, 580, 460, and 390 nm (labeled 
as A, B, C, and D), respectively. The peaks at around 650 and 
580 nm are attributed to the excitonic absorption arising 
from direct bandgap transitions at the K point, meanwhile, 
the peaks located at around 390 and 460 nm are assigned 
to the optical transitions from the valence band to the 
conduction band. A shift to the higher wavelength is 
observed for two exciton bands when compared to the 
corresponding bands at 635.8 and 525.3 nm, reported for 
the bulk 2H WS2 system [49]. The redshift in the peak 
position may occur due to the overlap with high-energy 
excitonic absorptions (A & B), excited states of excitons (C 
& D), and strong electron-phonon coupling, which gives 
rise to continuous absorption [50]. By reducing the size, the 
excitonic peaks fade, and the band edge shifts to a shorter 
wavelength [51]. The peak at around 230 nm is detected 
because of the small size surface defects of the WS2 [52, 53]. 
It is believed that the bandgap differs by quantum 
confinement effects based on the size [53, 54]. It means that 
the smaller size leads to the bigger bandgap energy. 
Therefore, the strong quantum confinement effect leads to 
an enhancement in the bandgap. Interestingly, WS2 
bandgap is transformed into direct bandgap from indirect 
bandgap, with thickness reducing to monolayer or few 
layers from bulk [55]. The Tauc equation is αhν =A (hν-Eg)n, 
where α is the absorption coefficient of the material. The 
absorption coefficient of WS2 nanoflakes can be calculated 
from UV-Vis data by using the Beer-Lambert formula, α = 
2.303A/l, in which A is the absorbance and l is the cell 
thickness. The value of n=1/2 is for direct allowed 
transitions and n=2 is for indirectly allowed transitions. 
 

 

 
Fig. 3. SEM images of a) WS2, b) WS2-2, and c)WS2-4 nanoflakes 
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Fig. 4. TEM images of a) WS2, b) WS2-2, and c)WS2-4 nanoflakes 

By plotting the Tauc plot, the direct bandgap energy is 
determined at 4.65, 4.55, and 4.70 eV for WS2, WS2-2, and 
WS2-4, respectively (Fig. 5c). It is much larger than the 
reported bandgap for bulk WS2 (1.2 eV) [56] and 

monolayer WS2 (2.1eV) [57]. Such a large enhancement in 
bandgap in semiconducting nanostructures is predicted 
and it is attributed to quantum confinement [58]. 
 

 

 
Fig. 5.  a) UV-Vis spectra b) enlarged UV curve between 300 nm up to 700 nm, and c) the optical bandgap energy of the samples 
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      Figure 6 displays the PL spectra of the WS2, WS2-2, and 
WS2-4 at an excitation wavelength of 300 nm. A strong PL 
emission peak at around 450 nm is observed, which is 
consistent with other reports [59]. This peak is probably 
caused by the recombination due to excitons bound to 
different defects and/or surface states [60-63]. The PL 
reduction could be described by the generation of defects 
during the processes, which produced non-radiative 
centers and weakened the PL intensity. Another likely 
description of the PL reduction is the non-radiative 
recombination via the Auger effect as the Auger processes 
are very efficient in TMDs [64].  Moreover, the variation of 
the temperature and strain causes quenching and redshift 
in PL [65]. 
 

 
Fig. 6. PL spectra of WS2, WS2-2, and WS2-4 nanoflakes 
 
      To study the long-term stability of additives in oil 
dispersion, eta potential was utilized after one day and two 
weeks (Fig. 7). Particles with low zeta potential values have 
high degrees of stability due to van der Waals interactions 
between particles and particles with zeta potential values 
greater than 30 mV. Zeta potential information is shown in 
Table 1. Obviously, after two weeks, there is a slight change 
in the zeta potential, which means no accumulation. 
Measurement of zeta potential shows better dispersion 
stability at 27 ° C (58 mV) for WS2-4 which has high stability. 
 

 
Fig. 7.  Zeta potential of the oils after a) two weeks and b) one day 

 
      The main cause of energy loss in a mechanical system is 
friction, which can be decreased by lubrication. Therefore, 
it is important to choose the right combination of base oils 
and additives to improve the lubrication properties. By 

decreasing the coefficient of friction through friction 
modifiers, less fuel is consumed. Most of these modifiers 
have a layered format that allows the particles to slide 
smoothly on top of each other. 
 
Table 1  
The extracted data from Fig. 7 

Sample 
Zeta potential after one 
day (mV) 

Zeta potential after two 
weeks (mV) 

27 oC 35 oC 27 oC 35 oC 

Oil(1) 44 42 42 40 

Oil(2) 53 50 52 49 

Oil(4) 58 55 57 54 

 
      Figure 8 shows a schematic of a four-ball tribometer 
used to study the friction coefficient and wear scar of the 
as-prepared samples [66]. 
 

 
Fig. 8. Schematic of a four-ball test machine 

 
      Figure 9 shows the friction coefficient as a function of 
time for all lubricants containing WS2, WS2-2, and WS2-4. As 
can be seen in Fig. 9, the addition of WS2 reduces the 
friction coefficient compared to the base oil without an 
additive. Continuation of this reduction trend is also 
observed for WS2-2, and WS2-4 additives. As a result, the 
presence of WS2-4 can lead to a significant reduction in 
friction coefficient and show a better lubricating 
performance. As predicted, these results show that the 
WS2-4 is suitable and could help the lubricant via friction 
reduction. 
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Fig. 9. Friction coefficient of the base oil and oils containing WS2, WS2-2, 
and WS2-4 nanoflakes 

      Wu et al. synthesized nano-WS2 + ionic liquid with a 0.13 
friction coefficient [67]. Zhang et al. investigated WS2 
Nanosheets and found a 0.11 friction coefficient [68]. Jiang 
et al. studied  Oleylamine-Modified Ultrathin WS2 which 
friction coefficient was 0.10 [69]. The friction coefficient in 
this research is 0.082. 
      The wear scar diameter (WSD) can be calculated 
according to the details in reference [70]. It can be seen that 
the WSDs in the attendance of the additives is reduced 
(Table 2). The maximum reduction is 54% for Oil (4) 
compared to base Oil (0). Lane first introduced the Flash 
temperature parameter (FTP) [71]. FTP is the limited 
temperature at which oil causes lubricating films to flow 
properly. A higher FTP value indicates better lubrication 
performance. While the FTP value is low, the lubrication 
films will break and, therefore, the performance of the 
lubrication will be inadequate. The FPT is related to the 
load and amount of WSD applied as follows: 

FTP=
𝐴𝑝𝑝𝑙𝑖𝑒𝑑 𝑙𝑜𝑎𝑑 

(𝑊𝑒𝑎𝑟 𝑠𝑐𝑎𝑟 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟) 1.4 =
𝑊

𝑑1.4                                           (2) 

 
      Where W is the applied load in kilograms and d is the 
value of WSD in millimeters. The results of FTP calculation 
with 40 kg load applied are shown in Table 2. FTP of oil (4) 
increased by 82.7% compared to a base Oil (0). According 
to the above results, the anti-wear property increased and 
the coefficient of friction decreased significantly for the 
WS2 -4 sample.  
 
Table 2 
 WSD and FTP of the samples 

Sample WSD (mm) FTP (kg/mm1.4) 

Oil(0) 0.321 215.81 

Oil(1) 0.265 265.75 

Oil(2) 0.230 313.06 

Oil(4) 0.195 394.46 

 

4. Conclusions 

      In this work, the WS2 nanoflakes were successfully 
synthesized by the hydrothermal method. Freezing and 
heating methods were used to increase the liquid phase 
peeling of WS2. To our knowledge, this method has not been 
used for WS2. WS2 was easily peeled off by cooling WS2 
powder in ethanol solvent under liquid nitrogen and 
heating by microwave irradiation. WS2 peeling was 
confirmed using morphological examinations. Results 
showed that the optical bandgap of the bulk WS2 (1.2 eV) 
increased up to 4.7 eV by increasing the round of the liquid 
nitrogen-microwave. The increase in the bandgap of a 
semiconductor has drastic changes in electrical and optical 
properties. The bandgap is a critical parameter from the 
application point of view. Moreover, such a large bandgap 
can be used to fabricate blue LEDs, laser diodes, high-
temperature electronics, sensors, microprocessors, and 
ultraviolet LEDs with wavelengths down to 200–250 nm. 
The tribological properties of the WS2 nanoflakes as 

additives in oil were investigated at room temperature. The 
results showed that the friction coefficient reduced, and the 
wear scars decreased by approximately 54% for Oil (4) 
compared to the base Oil (0). Thus, fabricated specimens 
have the potential to play a role in lowering friction and 
anti-wear when used as an additive in base oils. In addition, 
this process is cost-effective, environmentally pleasant, and 
easy to produce on a large scale. 
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