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Abstract. Green synthesis approaches have attracted greatly of attention in recent years since 

they address the issues associated with sustainability than conventional synthesis methods. New 

research fields in green nanoscience are being developed as a result of the incorporation of green 

chemistry principles into nanoscience. In this paper, the successful microwave-assisted green 

synthesis of MoS2 nanoparticles in a single pot using polyol solvents such as ethylene glycol and 

glycerol is demonstrated. The coexistence of 1T and 2H phases in MoS2 nanomaterials was 

determined using advanced techniques such as XRD, Raman, XPS, and TEM images. The 

highest 1T proportion obtained was 84.5 % when compared to the 2H phase. The reaction 

mechanism and the phase transition between 1T and 2H were described and illustrated. The role 

of polyol solvents in the practical synthesis of nano MoS2 under microwave heating is also 

evaluated and explained. Due to the ability of the metallic 1T phase to enhance electrical 

conductivity, it is believed that hybrid nanostructures exhibit superior electrochemical 

performance for energy storage and conversion applications.  

Keywords: nano MoS2, hybrid phase 1T/2H-MoS2, polyol solvents, microwave synthesis, green chemistry 

Classification numbers: 2.4.2, 2.4.4, 5.2.1 

1. INTRODUCTION  

The metastable form of metallic 1T phase in nano molybdenum disulfide (MoS2) has 

shown promise in enhancing electron transport and ion diffusion for electrochemical energy 

storage technologies [2 - 12]. Compared to the semiconducting 2H-MoS2, the 1T-MoS2 exhibits 

superior properties such as a larger interlayer distance, a higher electronic conductivity, and 

chemical activity. However, its stability remains a challenge [13]. When a partial 
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transformation from the 2H to the 1T phase occurs in the 1T/2H-MoS2 mixed-phase 

heterostructure, the kinetic barrier decreases, and more electron transfer occurs, resulting in an 

increased number of active sites, which significantly increases its catalytic activity [6, 12, 14 - 

16]. The hybrid nanostructures of 1T and 2H phases exhibit excellent electrochemical properties, 

including large specific capacitance, super high-rate capability, and excellent long-cycle 

durability, making them a promising electrode material for supercapacitor devices [7, 17]. 

Recently, there has been an increased focus on synthesizing nanomaterials using 

environmentally friendly methods, often referred to as green synthesis or green chemistry [18-

20]. The principles of green chemistry and energy efficiency are becoming increasingly 

important, driving industry towards commercializing microwave technology [21]. Green 

methods using microwave heating and ultrasonic techniques are employed due to their 

simplicity, lower cost, and higher reproducibility [22, 23] . In microwave processing, heat is 

generated at the interface between polar and polarized components (i.e. water and other solvent 

mixtures). Heat transfers via conduction enable materials to achieve optimal energy levels [24]. 

Furthermore, mass and heat are transported along the same channel, resulting in a synergistic 

effect that promotes analyte recovery. This is one of the benefits of adopting the microwave-

assisted technique; it moderates the extraction time and solvent volume, which other procedures 

do not. Solvents play a crucial role in microwave-assisted synthesis in the liquid phase. The 

choice of solvent is a crucial factor for the microwave-assisted formation of inorganic 

nanostructures. Ethylene glycol (EG) and glycerol (G) are two commonly used polyols for the 

synthesis of nano MoS2 due to their high boiling points, microwave compatibility, appropriate 

viscosity, and ability to promote nanoparticle nucleation and development. The high boiling 

points of polyols enable synthesis at temperatures ranging from 200 to 320 °C without high 

pressure or autoclaves [25 - 27]. 

This study aims to investigate the effectiveness of the green microwave technique in 

producing 1T/2H-MoS2 nanomaterials using polyol solvents. The paper presents a thorough 

analysis of the structural and property characteristics of the synthesized materials and elucidates 

the underlying chemical mechanism that governs the formation of hybrid-phase nanostructures. 

Additionally, the role of polyol solvents in the practical synthesis of nano MoS2 under 

microwave heating is evaluated and explained. The metallic 1T phase's ability to enhance 

electrical conductivity suggests that hybrid nanostructures may exhibit superior electrochemical 

performance for energy storage and conversion applications. The successful green 

synthesis of MoS2 nanoparticles using polyol solvents and microwave heating provides a more 

sustainable and efficient approach to nanomaterial synthesis, with potential applications in 

various fields. 

2. MATERIALS AND METHODS  

To synthesize nano MoS2, 1.24 g (0.001 mol) of ammonium heptamolybdate tetrahydrate 

(AHM) (NH4)6Mo7O24.4H2O and 2.28 g (0.03 mol) of thiourea (TU) CSN2H4 were immersed in 

60 mL of various solvents and kept on a hot plate at 60 
o
C for 30 minutes. In this study, three 

solvents were investigated to synthesize nano-MoS2: ethylene glycol (EG), glycerol (G), and 

ethylene glycol mixed with glycerol (EG + G) in a volume ratio of 1:1, and. The homogeneous 

solution was then placed in a microwave oven. The reaction mixture was rapidly heated to the 

boiling points of the solvents and mixing solvents, and the microwave irradiation power was 

held constant at 240 W for 15 minutes. The reaction mixture was cooled to room temperature 

and diluted with ethanol when a significant amount of black precipitate formed. The black 

precipitates were collected using centrifugation and then filtered and washed several times with 
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ethanol. Finally, the powder was vacuum dried for 5 hours at 80 
o
C. The final MoS2 

nanostructure samples were labeled S1-EG, S2-EG +G, and S3 - G.  

In this work, X-ray diffraction (XRD) measurements are performed on a Bruker D8 

Advance diffractometer with Cu K radiation (Institute of Applied Materials Science, VAST). 

The diffraction was performed from 5 
o
 to 80 

o
 at a scan rate of 1° min

-1
 and a step size of 0.0194 

°. The structure information for the as-prepared materials was obtained using a Labram HR VIS 

Mico Raman spectrometer at room temperature with a He-Ne excitation wavelength of 632.8 nm 

on a 300 lines/mm grating. The laser power was kept at 1 mW to avoid the oxidation effect on 

the MoS2 samples. The morphology and structure of the prepared samples were analyzed by 

transmission electron microscopy (TEM) (JEOL-TEM-1400) at the National Key Laboratory of 

Polymer and Composite Materials (PCKLABS) at Ho Chi Minh City University of Technology. 

The equipment operated at an acceleration voltage of 200 kV in the bright field image mode. 

Important information on the surface electronic state and the composition of the final product 

can be provided by XPS. The synthesized MoS2 nanopowders were analyzed through an X-ray 

photoelectron spectroscopy (XPS) ESCALAB250 system with Al (K) radiation as the probe 

under vacuum. A survey scan was performed over a wide binding energy range of 0-1000 eV for 

a detailed analysis of Mo and S elements, focusing on the appropriate and specific energy 

windows. The energies of C 1s peak at 284.6 eV to calibrate the samples' binding energies. 

Meanwhile, the values of full width at half maximum (FWHM) were kept equal between the 

spin-orbit splitting doublets. 

3. RESULTS AND DISCUSSION  

X-ray diffraction (XRD) analysis is a commonly used technique to determine the crystal 

structure and size, as well as the crystalline phase and purity of a crystal. During the microwave 

irradiation process, intercalation and heat treatment can significantly impact the crystal structure 

of the host materials, resulting in a phase transition from semiconducting (2H) to metallic (1T), 

as seen in the XRD pattern presented in Figure 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. XRD patterns of S1-EG, S2-EG+G, and S3-G.  

To determine the XRD spectrum of mixed-phase 1T/2H-MoS2, a comparison with the XRD 
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(A) 
(B) 

(A) 

spectrum of bulk 2H-MoS2 is necessary [1, 28] . Figure 1 shows the XRD patterns of the three 

samples (S1-EG, S2-EG+G, and S3-G). All samples exhibit XRD peaks at 31.9 
o
, 43.3 

o
, and 

56.8 
o
, which correspond to the (100), (103), and (110) planes of MoS2, respectively. However, 

the characteristic peak of the (002) plane of 2H-MoS2 at ~ 14.41 
o
 is absent and instead 

exhibits peak splitting at lower and higher 2θ angles (red dashed rectangle in Figure 1). 

This disordered structure matches the previously reported ammoniated 1T-MoS2 [7], indicating 

the formation of a 1T/2H-MoS2 hybrid phase. The large interlayer spacing of the as-prepared 

MoS2 in those of S1-EG (2θ ~ 10.6 
o
), S2-EG+G (2θ ~ 10.9 

o
), S3-G (2θ ~ 10.9 

o
) is attributed to 

the high content of 1T-MoS2 in these samples [29] 

 

 

 

 

 

  

 

 

 

 

 

 

 

Figure 2.  (A) Raman spectra of S1-EG, S2-EG+G, S3-G; (B) the maginified Raman signals of                          

green area from figure (A);  and (C) symmetric displacement of Mo and S atoms in E1g, E
1
2g and A1g 

vibrational modes. 

Figure 2A displays the Raman spectra of S1-EG, S2-EG+G, and S3-G, which were 

synthesized using various solvents such as EG, EG+G, and glycerol (G). Table 1 summarizes the 

detected vibrations in all three samples. A more detailed view of the vibrational 

modes is presented in Figure 2C. The observed strong peaks at 141, 190, 230, and 331 cm
-1

, 

which correspond to the stretching vibration of Mo–Mo and the phonon mode of 1T-MoS2, 

indicate the presence of 1T-MoS2 in all samples [1, 29, 30]. The A1g to J1 intensity ratio in 

a spatially resolved Raman spectra of MoS2 can be utilized to determine the phase content, as it 

is inversely proportional to the amount of 1T phase present. In S1-EG, S2-EG+G, and S3-G, the 

J1 peak is visible, but the A1g/J1 value is extremely low and cannot be seen in Figure 2B when 

zoomed in, indicating a high 1T phase content. The increase in the A1g/J1 value indicates a 

decrease in the 1T phase content and the formation of a mixed phase of 1T/2H [31]. This 

explains the absence of A1g peaks in the Raman spectra of samples S1-EG, S2-EG+G, and S3-G, 

as shown in Figure 2B. Additionally, the low crystallinity and lack of 2H phase in the MoS2 

material may account for the significant reduction in the intensity of typical E
1
2g and A1g peaks 

no signal 
of A1g 

(C) 
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over 1T/2H-MoS2 in S1-EG, S2-EG+G, and S3-G [1, 14]. 

Table 1. Summarize the vibration modes (position peaks) in S1, S2, and S3 (cm
-1

) 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Mo 3d and S 2s XPS spectra of 1T/2H-MoS2 in S1-EG, S2-EG+G , and S3-G. 

The analysis of the binding energy from the peak of the Mo 3d and S 2p orbitals in typical 

XPS spectra of Mo 3d and S 2p orbitals proves the formation of MoS2. The XPS data in Figure 3 

have shown well-defined signals for 1T-MoS2, 2H-MoS2, and a small content of MoO3 in all the 

Samples J1 
Phonon 

mode 
J2 E1g J3 E

1
2g A1g 

S1 - EG ~141.6 ~ 190 ~230 ~278 ~331 ~372 - 

S2 - EG+G ~141.5 ~ 190 ~230 ~278 ~331 ~372 - 

S3 - G ~141.9 ~ 190 ~230 ~278 ~331 ~372 - 
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solvents investigated. The mixed-phase 1T/2H-MoS2 material exhibits distinct atomic states for 

Mo and S due to its combination of trigonal prismatic (2H-MoS2) and octahedral (1T-MoS2) 

coordination structures. These different coordination structures give rise to variations in the 

binding energies of Mo and S. According to reports, the 3d doublet (3d5/2 and 3d3/2) for Mo in 

any oxidation state has an energy separation of approximately 3.2 eV, with a characteristic peak 

intensity ratio of 3:2 for 3d5/2 to 3d3/2 [32]. Furthermore, it has been observed that the binding 

energies of 3d5/2 and 3d3/2 for all oxidation states of Mo exhibit a higher shift compared to the 

corresponding binding energy values for elemental Mo, which are 228 and 231.1 eV, 

respectively [33]. In the case of the mixed-phase 1T/2H-MoS2 material, a peak pair (at 228.394 

eV and 231.668 eV) is observed, which demonstrates a shift from the 3d doublet of elemental 

Mo. This shift is lower than the shift observed for Mo (IV) in 2H-MoS2 (approximately 1.3 eV). 

Consequently, the peak pair at 228.394 eV and 231.668 eV can be attributed to the 3d5/2 and 3d3/2 

(i.e., the 3d doublet) binding energies of Mo (IV) species in 1T-MoS2 [3, 8, 34 - 36]. From 

figure 3, the two characteristic peaks around 229.803 and 233.167 eV were observed in all three 

samples, indicating the 2H phase of MoS2 [1, 7, 37-39]. The binding energy of the Mo 3d peaks 

in 1T-MoS2 was found to be approximately 1.3 eV lower than that in 2H-MoS2, which is 

consistent with previous reports [30, 37, 40, 41]. Similarly, a downshift in the binding energies 

can be observed in the S 2p peaks. Peaks at 161.466 and 162.840 eV in the S 2p spectrum are 

attributed to S 2p3/2 and S 2p1/2 of S
2-

 in MoS2 [42]. The increased electron density around Mo 

and S in 1T-MoS2 leads to a shift in the binding energy to lower values [33]. In the Mo 3d 

orbitals (Figure 3), a lone peak at approximately 235 eV appears due to the presence of Mo (VI) 

in MoO3. The 3d5/2 counterpart of the 3d doublet, with a binding energy of approximately 232 

eV, may have merged with the broad peak at 231.611 eV. This trace amount of MoO3 might 

have formed during the handling of the sample in the ambient atmosphere. Additionally, another 

peak at approximately 225.868 eV, often observed in the Mo 3d spectrum, can be attributed to 

the presence of the S 2s orbital, indicating the Mo-S bond in MoS2 [40]. 

The relative concentration of the 1T and 2H phases in various solvents was calculated, 

using XPS as the ratio between the Mo 3d peak areas. Each phase's fraction was calculated 

following the equation (1) below and then summarized in table 2 [43]. All the MoS2 products 

comprise both phases – 1T and 2H - but their compositions vary depending on the solvents 

(reaction temperatures). Notably, 1T phase proportion was decreased when increasing the 

reaction temperatures (TEG < T(EG+G) <TG) [44]. The low temperature of MoS2 synthesized in 

ethylene glycol (EG) enabled such rich composition of the 1T-phase, as 84.5% as calculated in 

Table 2 with added mechanical and thermal stability due to co-existence with the 2H-phase. 

Because of the presence of a highly conductive 1T phase rather than a 2H phase, these hybrid 

materials have the potential to improve the electrochemical properties of batteries or capacitors. 

                     =
                         

   (     )    (     )    (     )            
         (1) [43] 

 Table 2. 1T and 2H phase proportions in MoS2 nanomaterials synthesized in different polyol solvents, 

PHASE 

 

PHASE FRACTION 

S1-EG S2 -EG+G S3 - G 

2H 15.5 % 19.8 % 20.8 % 

1T 84.5 % 80.2 % 71.2 % 
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High-resolution TEM (HRTEM) is performed to visualize the 1T/2H crystal surface 

structures with lattice fringes (Figure 4). The enlarged red rectangle in Figure 4 (A), depicted in 

Figure 4 (B) and (C), reveals the trigonal lattice area of the 1T phase and the honeycomb lattice 

area of the trigonal prismatic coordination in the 2H phase. As depicted in Figure 4 (D), the 

interlayer distances were measured to be 0.236 nm, which is given to the d spacing of the (100) 

planes of the 1T phase MoS2 [45]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4 (A) HRTEM images of S1-EG; (B) Image of the region enclosed by the red rectangle of (A) and 

schematic structure of the unit cells of the 1T phase; (C) Image of the region enclosed by the red rectangle 

in (A) and schematic structure of the unit cells of the 2H phase; (D) measurement of interlayer distances 

by ImageJ to calculate the d spacing between the (100) planes of 1T phase MoS2
. 

Figure 5 illustrates the formation of diverse morphologies in the MoS2 materials. When 

comparing the nanoparticle morphology of the S1-EG and S3-G samples, the TEM images of the 

S2-EG+G sample reveal the presence of numerous nanoflake wrinkles. These wrinkles are 

agglomerates or aggregates composed of homogeneous MoS2 particles or flakes. The particle 

boundaries are more distinct in S3-G compared to S1-EG and S2-EG+G. In S1-EG and S2-

EG+G, the flakes exhibit corrugation, indicating the flexible and ultrathin nature of the material. 

The integration of TEM images with XRD, Raman, and XPS data offers compelling 

evidence that MoS2 materials have been successfully synthesized at the nanoscale, exhibiting 

diverse morphologies. Remarkably, the TEM images reveal variations in the size and shape of 
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metal sulfide nanoparticles, even when employing the same microwave synthesis route. These 

findings suggest that microwave irradiation can selectively influence the nucleation and growth 

rates of distinct compounds. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5 TEM images of 1T/2H-MoS2 in S1-EG, S2-EG+G and S3-G. 

Explain the mechanism for synthesis reaction and propose the structure of as-prepared 

material 

S1-EG 

S2-EG+G 

S3 - G 
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The probable mechanism of the reaction of microwave heating synthesis of 1T/2H-MoS2 

nanoparticles is presented by the following steps:  

(1) Dissociation: Two types of water are present in the precursor: structural water, which is 

bound chemically and is an integral part of (NH4)6(Mo7O24) ⋅ 4H2O, and water present in 

ethylene glycol. Microwave-induced dissociation reactions of AHM and TU species in polyol 

solvents are likely to occur as the following equations: 

(NH4)6(Mo7O24) ⋅ 4H2O + H2O  [Mo7O24]
6-

 + 6 NH4
+    

 (2) 

[Mo7O24]
6-

  6[MoO4]
2- 

+ Mo
6+       

 (3) 

H2NCSNH2   NH4
+
 + NCS

-        
(4) 

H2NCSNH2 + H2O  2NH3 + CO2 + H2S     (5) 

(2) Nucleation: Initially, MoS2 nanocrystal seeds are formed due to the reaction between 

AHM and thiourea. The nucleation process initiates the formation of a new crystalline entity 

from a solution. During the synthesis process, the nanocrystal seeds grow into larger crystals and 

gather together to form clusters, as well as new crystals, form continuously. The reactions that 

occur are as follows: 

MoO4
2–

 + H2S + 2H2O → MoO2 + SO4
2–

 + 6H
+
    (6) 

MoO2 + 2H2S → MoS2 + 2H2O      (7) 

(3) Crystal growth 

Initially, MoS2 nanocrystal seeds are generated due to the reaction between AHM with 

thiourea. The nanocrystal seeds grow into larger crystals and cluster together throughout the 

synthesis process while new crystals continue to form. Mo atoms and S atoms form a chemical 

bond along the plane direction in a monolayer MoS2, much stronger than the Van der Waals 

force between two monolayers MoS2. As a result of the ability of MoS2 to form stable Mo-S 

bonds in the plane direction, massive MoS2 flakes can be observed in clusters in various 

solutions such as EG, glycerol, and EG/G. Ammonium ions can penetrate the gap between the 

MoS2 monolayers, resulting in a relatively small flake size and many bulk structures with a 

considerable layer distance. These bulk formations are thought to be generated by the 

aggregation of small MoS2 flakes. 

An illustrated mechanism for the growth of MoS2 crystals involves the presence of 

[Mo7O24]
6-

 ionic groups in a neutral solution. These groups are composed of seven octahedral 

[MoO6] ionic groups that contain Mo and O atoms with three different bond lengths. As 

NH2CSNH2 produces S
2-

 ions, they replace the terminal O atoms connected by the Mo–O ionic 

bond because the bond energy of Mo–S is higher than that of the terminal Mo–O bond [46]. 

Solvents play significant roles in microwave-assisted liquid-phase synthesis. Ethylene 

glycol (EG) and glycerol (G) have a high boiling point (>180 
o
C), are microwave-compatible, 

have an appropriate viscosity, and promote nanoparticle nucleation and development in high 

boiling polyols. The nucleation and growth of nanoparticles in high boiling polyols such as 

ethylene glycol (EG) and glycerol are the primary reasons for their use in nano MoS2 production. 

The polyol acts as both a solvent and a stabilizing agent, in this case, restricting particle growth 

while limiting particle agglomeration and aggregation [47].  

Explain the phase transitions between 1T and 2H under microwaves irradiation 
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2H phase formed in the first stage and then transitioned to a 1T phase via an NH4
+
 ion-

induced phase transformation, similar to intercalated Li
+
 [48]. The NH

4+
 ion destabilizes the 

trigonal-prismatic 2H-MoS2 structure, favoring the octahedrally coordinated 1T-MoS2. The 

NH4
+
 ion destabilizes the trigonal-prismatic 2H-MoS2 structure and favors the octahedrally 

coordinated 1T-MoS2. 

 

 

 

 

 

 

 

 

Figure 6. (a) The 2H-MoS2 crystal structure and the ligand splitting for 4d orbitals of Mo atoms with 

trigonal-prismatic coordination, (b) The 1T-MoS2 crystal structure and the ligand splitting for 4d                  

orbitals of Mo atoms with octahedral coordination.   

 

Figure 7. An illustration of the phase distribution in a 1T/2H-MoS2 material in which the 1T is the 

dominant phase. 

The microwave irradiation has two effects on the synthesis of 1T/2H-MoS2. For starters, 

the microwave dipole rotation destroys the weak van der Waals forces between the layers of 

MoS2 and increases their interlayer spacing (shift (002) peaks to lower angel in XRD patterns). 

Second, ammonium ions enter the MoS2 interlayers in a non-uniform manner, making the lattice 

unstable for phase transition from 2H to 1T. As previously stated, there are three groups (   , 

   ), (   ,      ), and (   ) of electrons in the 4d orbital of Mo in the 2H phase, of which the 

(   ) orbital is filled with electrons, leaving other orbitals empty and contributing to the phase 

structure's stability (Figure 6 ). After being exposed to microwave radiation, the ammonium ions 

in the matrix cause an electron to partially occupy the (   ,      ) orbital, reducing its stability 

and facilitating phase conversion from the 2H to the 1T phase. The electrons of Mo are occupied 

in two of the three degenerate orbitals in the two groups (     ,    ) and (   ,    ,    ) of the 

(a) 

(b) 



 
 
Green synthesis of nanostructured 1T/2H-MoS2 hybrid phase with polyol solvents … 
 

11 

1T phase (   ,    ,    ). As a result of the three degenerate orbitals being filled, the addition of 

an electron increases phase stability. Because of lattice instability, the interaction between MoS2 

and ammonium ions weakens the top Mo–S bond, causing phase conversion from the 2H to 1T 

phase [30]. 

The hybrids materials in S1-EG, S2- EG+G, S3-G demonstrated that the 1T phase has a 

more dominating composition than the 2H phase, based on the results of computing the 1T and 

2H phase compositions using XPS spectra. As a result, we refer to the phase that occupies the 

upper component as the matrix phase and the remaining phase as the randomly dispersed phase 

inside the matrix phase. Figure 7 illustrates the phase distribution of the 1T and 2H phases in the 

synthesized MoS2 hybrid material. 

4. CONCLUSIONS  

In conclusion, the successful synthesis of 1T/2H-MoS2 nanomaterials using a green 

method based on microwave heating and green solvent polyols has been demonstrated. This new 

approach offers several advantages over traditional synthesis methods, including shorter reaction 

times, lower energy consumption, and the use of environmentally friendly solvents. The use of 

polyol solvents including ethylene glycol (EG), ethylene glycol mixed with glycerol (G) in a 

volume ratio of 1:1, and glycerol (G) has been shown to be effective in controlling the phase 

fraction of 1T/2H MoS2, with the highest 1T concentration reaching 84.5%. This is a significant 

achievement, as the 1T phase has been shown to exhibit superior electrochemical performance 

due to its enhanced electrical conductivity. The reaction mechanism and phase 

transition between the 1T and 2H phases have been described and illustrated, shedding light on 

the complex behavior of this hybrid material. The role of polyol solvents in the practical 

synthesis of nano MoS2 under microwave heating has also been evaluated and explained. 
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