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Abstract

:

Although preparation conditions are known to affect the morphology and catalytic performance of hydrothermally synthesized MoS2, the influence of pH remains unclear. Herein, unsupported MoS2 was prepared from ammonium tetrathiomolybdate (ATTM) by a hydrothermal reaction at various pH values under a reaction pressure of 2 MPa. The physical and chemical properties of the MoS2 samples were characterized, and the catalytic performance for CO methanation was examined. With increasing pH, the morphology of the MoS2 particles transformed from aggregates of irregular grain-like particles to flower-like particles through the agglomeration of fine mesoporous nanoflakes. Hydrothermal synthesis at a pH of 9.5 increased the MoS2 crystallinity by enhancing the stacking of the (0 0 2) lattice plane. The MoS2 samples prepared at pH 7.0 and 9.5 showed increased CO conversion during methanation, which was associated with a low concentration of Mo5+ species and the presence of surface sulfate species. Thus, a high pH during catalyst preparation may promote the complete decomposition of ATTM to MoS2 and the formation of sulfur vacancies, which can facilitate methanation.
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1. Introduction


MoS2 is a transition metal dichalcogenide material with a layered structure consisting of stacked S-Mo-S units in the form of a Mo atomic layer interposed between two S layers. The stacked structure of MoS2 can be classified into three polytypes based on symmetry, namely, tetragonal (1T-MoS2), hexagonal (2H-MoS2), and rhombic (3R-MoS2). The S and Mo atoms at the edges of MoS2 crystals are present as anionic and cationic species, respectively, between which strong covalent bonds are formed [1,2,3]. In addition, the S atoms between the stacked layers of MoS2 are bonded by weak Van der Waals forces, which can be easily broken [1,2,3]. MoS2 has been applied as a catalyst for various hydrogenation reactions, including hydrodesulfurization [4,5], hydrodenitrogenation [4,6], and methanation [7,8]. Moreover, it has been utilized in hydrogen storage containers [9], manganese and lithium batteries [10,11,12], and lubricants [13,14]. Recent studies have especially focused on the application of MoS2-based electrodes in beyond-lithium-ion batteries [15,16]. Further, several researchers have thoroughly reviewed the synthesis and structure of MoS2 [2,3] and its applications in fields such as optoelectronics [17,18].



The most commonly used polytype of MoS2 is 2H-MoS2 because it is more stable than 1T-MoS2 and 3R-MoS2. Various morphologies have been reported for 2H-MoS2, including nanorods [19], nanotubes [20], nanoflowers [21], inorganic fullerenes [22], and spherical particles [23,24]. Various methods, such as chemical vapor desorption [25], electrochemical and chemical methods [26], and hydrothermal synthesis [27], have been used to prepare MoS2, and the type of MoS2 structure formed varies depending on the synthesis method. In particular, the hydrothermal method is known to produce well-crystallized MoS2 via a simple procedure under moderate operating conditions [27]. Moreover, diverse MoS2 particle shapes, including nanotubes, nanoflowers, and spherical particles, can be synthesized hydrothermally [28]. The aging time can be tuned, and the amount of ionic liquid added can be varied to yield nanoflower-shaped MoS2 with high crystallinity and a uniform particle size, which is advantageous for use in lithium batteries or lubricants [28,29,30]. In addition, porous flower-like microspheres of MoS2/C that show high electrochemical performance as anode materials for lithium-ion batteries can be synthesized solvothermally [31].



Many researchers have reported the effects of different types of catalyst precursors on the thermal decomposition properties of the products [32,33,34]. The thermal decomposition of the ammonium heptamolybdate (AHM) precursor with sulfur powder under various sulfidation conditions affected the surface area and catalytic activity during methanation. The optimum S/AHM weight ratio for the as-prepared catalyst was 3:1 [32]. The use of tetra-alkylammonium thiosalts in thermal decomposition resulted in the formation of cheese-like (or sponge-like) MoS2 [33,34]. The hydrothermal synthesis of ATTM under conditions of high pressure (≤4 MPa) and at a reaction temperature of 350 °C resulted in the improved catalytic performance of MoS2 during methanation [35]. Although Tian et al. varied the pH of the hydrothermal solution in a narrow range near pH 7.0 to produce amorphous MoS2 nanospheres [24], the effect of this parameter has not been investigated in detail. Therefore, in this study, MoS2 was hydrothermally synthesized at a wide range of pH values to investigate the influence of pH on morphology and catalytic performance.




2. Results and Discussion


2.1. Catalyst Morphology


SEM images of the hydrothermally prepared catalysts are shown in Figure 1. The particle sizes of the samples prepared at pH 4.5 and 7.0 ranged between 30 and 50 nm. The catalyst prepared at pH 4.5 consisted of aggregates, in which irregularly shaped particles were interconnected (Figure 1a), whereas the catalyst prepared at pH 7 consisted of particles of varying shapes, instead of agglomerates (Figure 1b). By contrast, the particles prepared at pH 9.5 had a flower-like shape and consisted of petals with a thickness of 10 nm and a length of 100–200 nm that agglomerated to form 300–400 nm microspheres (Figure 1c).



Wei et al. [28] hydrothermally synthesized flower-shaped MoS2 at 180 °C by adding sodium dithionite (Na2S2O4) and thioacetamide (CH3CSNH2) to a mixture of ammonia and ammonium molybdate ((NH4)6Mo7O24·4H2O). The authors proposed that the reaction of thioacetamide and hydroxyl ions produced sulfur ions that reduced Mo from Mo6+ in the oxide precursor to Mo4+ in the sulfide product. Additionally, Sen and Mitra [36] prepared MoS2 with a flower-like morphology from a solution of ammonium heptamolybdenum and ammonium hydroxide by heating the solution to 60 °C in H2S gas and hydrothermally treating it at 180 °C in an autoclave. They suggested that the excess hydroxyl ions present in the precursor solution caused the MoS2 crystallites to grow in a lamellar structure by blocking the (0 0 1) plane of the crystallites. Further, it has been found that a nanoflake morphology can be obtained by thermally decomposing ATTM under H2 in the presence of elemental sulfur, which might play an important role in suppressing the aggregation of MoS2 nanoflakes [37]. Consequently, the observation of a flower-like MoS2 morphology at a high pH was likely due to the presence of excess hydroxyl ions from ammonium hydroxide and abundant sulfur from ATTM [38]. In the hydrothermal reaction system, we suggest that the MoS2 nanoflakes were created owing to the obstruction of the growth of the (0 0 1) plane by the excess hydroxyl ions. Furthermore, the supply of sulfur during the reaction could induce the self-assembly of the nanoflakes to form flower-like MoS2 particles.




2.2. Crystalline Structure of Catalysts


A comparison of the XRD patterns of the prepared catalysts with that of commercial MoS2 (Figure 2) confirmed that the samples consisted of the hexagonal phase of MoS2 (JCPDS card No. J87-2416) [39]. However, the diffraction peaks of the prepared MoS2 samples were much broader than those of the commercial sample. As reported by the Chianelli group [40,41], such broad peaks could imply the presence of poorly crystalline MoS2. The strongest diffraction peak at 14° corresponded to the (0 0 2) lattice plane of MoS2 crystallites, whereas the diffraction peaks at 33°, 40°, and 59° were assigned to the (1 0 0), (1 0 3), and (1 1 0) planes, respectively. The XRD patterns of the MoS2 samples prepared at pH 4.5 and 7.0 showed a broad and weak peak corresponding to the (1 0 3) lattice plane, but the (1 0 5) peak was absent. However, for the MoS2 sample prepared at pH 9.5, the peak intensities slightly increased, which indicated that the crystallinity of MoS2 could be enhanced by increasing the pH of the precursor solution to 9.5. Applying the Scherrer equation [41] to the peak at 14°, the average crystallite size of the (0 0 2) lattice plane was found to increase from 2.7 nm at pH 4.5 to 3.3 nm at pH 9.5 (Table 1). Considering that the d-spacing of the (0 0 2) lattice plane is 6.17 Å [41], the numbers of stacked lattice planes at pH 4.5, 7.0, and 9.5 were calculated to be 4.4, 4.8, and 5.3, respectively.



The HRTEM images (Figure 3) revealed that several MoS2 layers were stacked to produce a striped pattern along the length of the samples. Moreover, the MoS2 layers of the samples prepared at pH 9.5 had a higher lateral length than those prepared at pH 4.5 and 7.0. In all the samples, the interlayer distance was observed to be ~0.64 nm (insets, Figure 3), which is similar to that of the (0 0 2) lattice plane in MoS2 (0.617 nm) [36,42]. Further, the crystallites of MoS2 prepared at pH 4.5 and 7.0 consisted of 3–5 stacking layers, whereas those prepared at pH 9.5 consisted of 5–9 stacking layers. Considering that the XRD analysis gave mean values, the TEM results were reasonable, and the number of stacking layers in MoS2 prepared at pH 9.5 likely exceeded those in the samples prepared at pH 4.5 and 7.0.




2.3. Pore Structure of Catalysts


The N2 adsorption–desorption isotherms of the MoS2 samples (Figure 4) could be characterized based on the IUPAC classification [43]. MoS2 prepared at pH 4.5 exhibited a type II isotherm, which could be attributed to the absence of pores or the presence of macropores [43]. In addition, the observation of a type H3 hysteresis loop suggested that the pores were slit shaped and produced by the agglomeration of plate-like particles [39,43]. MoS2 produced at pH 7.0 exhibited a type IV adsorption isotherm, indicating the existence of mesopores, and showed a type H2 hysteresis loop, suggesting that the pores were ink-bottle-shaped [43]. MoS2 produced at pH 9.5 showed a type II adsorption isotherm similar to that of the sample produced at pH 4.5. However, the hysteresis loop could be classified as type H4 [43]. Consequently, although these pores are also slit shaped, their interiors are narrow and uniform. The predicted pore structures were consistent with the SEM observations.



The pore properties of the prepared MoS2 samples are summarized in Table 2. The Brunauer–Emmett–Teller (BET) surface area of the MoS2 sample increased from 83.21 to 167.00 m2/g as the pH of the precursor solution increased from 4.5 to 7.0. This increase was probably due to the creation of mesopores from macropores by the interconnection of the particles, as suggested by the observed changes in morphology. However, further increasing the pH from 7.0 to 9.5 slightly lowered the BET surface area from 167.00 to 158.38 m2/g, which might be caused by the destruction of micropores to form larger pores during the production of the flower-like particles.




2.4. Surface Composition of Catalysts


The surface composition of the MoS2 samples was evaluated using XPS. Figure 5 and Figure 6 display the Mo 3d and S 2p XPS spectra, respectively, with the corresponding deconvoluted Lorentzian–Gaussian peaks obtained by the Shirley baseline correction method. In general, Mo 3d peaks consist of Mo 3d5/2 and Mo 3d3/2 states with a peak area ratio of 3:2 and a separation energy of ~3.1 eV [44]. The Mo 3d5/2 binding energies are known to be 228.2–230.1 eV for Mo2+ [44,45], 228.7 eV for Mo3+ [44], 229.1–230.1 eV for Mo4+ [44], 230.9–231.8 eV for Mo5+ [44,45], and 231.6–232.7 eV for Mo6+ [44]. Moreover, the peak at a binding energy of 226.4 eV can be assigned as S 2S. As shown in Figure 5, most Mo in the prepared MoS2 samples is present as Mo4+ in the form of MoS2, as indicated by the strong peaks at binding energies of 229.0 and 232.2 eV, with some Mo6+ in the form of MoS3 and MoO3, as indicated by the peaks at 231.4 and 232.1 eV. Wang et al. [44] reported that MoS3 can be produced from ATTM during the MoS2 preparation process by vacuum annealing at 450 °C and that some MoS3 may be oxidized to MoO3 when exposed to air. The peak at a binding energy of 230.3 eV can be attributed to Mo5+ in the form of Mo2S5. Based on the results of a TG/DTA analysis, it has been suggested that intermediates such as Mo2S5 could form during the phase transformation of MoS3 into MoS2 [44]. Thus, the Mo5+ could be formed by the incomplete hydrothermal decomposition of ATTM into MoS2.



Typical S 2p peaks consist of S 2p3/2 and S 2p1/2 states with a peak area ratio of 2:1 and a separation energy of ~1.2 eV [44]. As shown in Figure 6, the main S 2p3/2 and S 2p1/2 peaks appear at binding energies of 161.9 and 163.0 eV, respectively, which probably correspond to S2− in MoS2. The minor peaks observed at 168.9 and 169.9 eV could be associated with sulfate species created by surface oxidation in air [35]. In a previous work, wherein MoS2 was hydrothermally prepared at 350 °C in 2 MPa without pH adjustment, it was found that the presence of H2 in the preparation may deplete the surface sulfur of MoS3 and Mo2S5 to create surface vacancies, which might produce surface sulfates upon exposure to the atmosphere [35]. It is worth noting that the peak areas of the minor peaks increased slightly as the pH values used for MoS2 preparation increased. Thus, it was postulated that the sulfate species were produced by the oxidation of H2S adsorbed on the sample prepared at pH 9.5, which might cause the creation of sulfur vacancies on the catalyst surface.




2.5. Catalytic Methanation


The catalytic activities of the prepared MoS2 samples were evaluated based on CO conversion during methanation (Figure 7). The CO conversion over MoS2 prepared at pH 4.5 was lower than 3% for reaction times up to 7 h. The poor catalytic activity of this sample was probably due to its low BET surface area and large amount of surface Mo5+ species in the form of Mo2S5 owing to the incomplete decomposition of ATTM. A previous study found that sulfur in Mo2S5 may react with H2 to form H2S during methanation at 400 °C in 3 MPa [35]. Thus, during the catalytic reaction, H2 could be consumed in the reduction of Mo2S5 rather than in the methanation of CO. Furthermore, the presence of sulfate species on the MoS2 surface can be related to sulfur vacancies that can facilitate catalytic reactions [46,47]. The low concentration of sulfate species in the catalyst prepared at pH 4.5 suggested that the creation of sulfur vacancies was suppressed by the low pH value.



With the samples prepared at pH 7.0 and 9.5, the maximum CO conversions were reached within 120 min. At longer reaction times, the CO conversion decreased monotonically. No CO conversion was observed at reaction times shorter than 40 min, likely owing to the aforementioned consumption of H2 by Mo2S5. In general, CO conversion over the sample prepared at pH 9.5 was higher than that over the sample prepared at pH 7.0, with maximum CO conversions of ~75% and 65%, respectively. Although the sample prepared at pH 9.5 had a slightly lower BET surface area than the sample prepared at pH 7.0, the former exhibited a higher CO conversion, which might be induced by the presence of more sulfur vacancies, as evidenced by the sulfate species observed in the XPS spectra. The observed surface sulfate would be initially converted to the vacancies by the reactants of H2 and CO during the methanation reaction. In general, such surface vacancies could improve the catalytic activity of MoS2 [32,48,49]. Furthermore, it has been proposed that active sites such as sulfur vacancies could exist on the curvature of the basal planes of MoS2, as well as on the edge planes [50,51]. Hence, the samples with a flower-like MoS2 morphology (prepared at higher pH) might include more surface vacancies of MoS2 than those with a simple morphology (prepared at lower pH).





3. Materials and Methods


3.1. Catalyst Synthesis


MoS2 catalysts were prepared using a hydrothermal method by varying the pH value of the precursor solution. First, 5 g of ammonium tetrathiomolybdate (ATTM, (NH4)2MoS4; Alfa Aesar, 99.99%) as a precursor of MoS2 was added to 250 mL of deionized water. Then, the pH of the mixture was adjusted to 4.5, 7.0, or 9.5 by adding 0.1 M HCl or 0.1 M NH4OH. Once the pH was stable, the mixture was transferred to a hydrothermal reactor and then agitated under Ar gas (80 mL/min) for 30 min and H2 gas (30 mL/min) for 1 h at ambient temperature and pressure. The reactor was pressurized to 2 MPa using a back-pressure regulator. The temperature of the reactor was maintained at 350 °C for 2 h under an atmosphere of H2 gas (30 mL/min). After the hydrothermal reaction, the pressure and temperature of the reactor were decreased to ambient conditions under Ar gas (200 mL/min) for 12 h. The obtained samples were washed several times with deionized water and acetone, centrifuged at 15,000 rpm for 10 min, and dried in air.




3.2. Catalyst Characterization


The morphologies of the prepared samples were analyzed using scanning electron microscopy (SEM; Hitachi S-4800) and high-resolution transmission electron microscopy (HRTEM; JEOL JEM-2010). To examine the crystalline structures of the samples, X-ray diffraction (XRD) patterns were collected using a Rigaku D/Max-2500 diffractometer equipped with a Cu Kα radiation source (λ = 1.5414 Å) operated at 40 kV and 100 mA. The scanning rate was 2°/min in the 2θ range of 5–90°. The crystalline structure was identified using the Joint Committee on Powder Diffraction Standards (JCPDS) library. To investigate the oxidation states of Mo and S on the sample surface, X-ray photoelectron spectroscopy (XPS) was performed using an Axis Nova spectrometer (Kratos) with a monochromatic Al Kα X-ray source (1486.6 eV) operated at 15 kV and 10 mA under a chamber pressure of 10−8 Torr. All binding energies were referenced to that of O 1s (531.0 eV). The baseline corrections for peak fitting were performed using the Shirley method. N2 adsorption–desorption isotherms of the samples were obtained at 77 K using an ASAP 2020 instrument (Micromeritics Instruments).




3.3. Catalytic Activity for CO Methanation


The catalytic activities of the prepared MoS2 catalysts were examined for the methanation of CO (Equation (1)).


H2 + CO → ½CH4 + ½CO2



(1)







The catalytic reaction was performed in a fixed-bed reactor equipped with two K-type thermocouples to monitor the temperatures at the top and bottom of the catalyst bed. The catalyst (0.5 g) was mounted in the reactor, which was then purged with Ar gas (80 mL/min) for 30 min. The methanation reaction was performed at 400 °C under a pressure of 3 MPa using a reactant gas mixture composed of H2 (50 vol.%) and CO (50 vol.%) (i.e., a H2/CO ratio of 1.0). The flow rate of the reactant gas mixture was 80 mL/min, corresponding to a gas hourly space velocity (GHSV) of 4800 h−1. The composition of the gaseous reaction products was analyzed using an HP 6890 Series II gas chromatograph equipped with a packed column (Carbosphere®) and a thermal conductivity detector. As a measure of the catalytic activity of MoS2, the CO conversion was calculated using Equation (2) under the assumption that the mass balance is satisfied by 100%.


CO conversion (%) = (∑niVi/VCO) × 100



(2)




where ni is the number of carbon atoms in product i, Vi is the volume fraction of product i, and VCO is the volume fraction of carbon monoxide in the reactant gas.





4. Conclusions


MoS2 was synthesized from ATTM as a precursor using a high-pressure hydrothermal method at various pH values. The MoS2 sample prepared at pH 4.5 consisted of aggregates of irregular particles. However, increasing the pH from 4.5 to 9.5 resulted in the formation of flower-like MoS2 particles through the agglomeration of fine nanoflakes with mesopores. Based on the XRD and TEM results, hydrothermal synthesis at a pH of 9.5 could improve the crystallinity of MoS2 by enhancing the stacking of the (0 0 2) lattice planes and increasing their lateral length. The XPS spectra confirmed that the surface Mo and S species mostly existed as Mo4+ and S2− in the form of MoS2. However, the sample prepared at pH 4.5 contained a large amount of Mo5+ in the form of Mo2S5 and fewer sulfate species, which led to very low CO conversion during the methanation reaction. By contrast, the high CO conversion over the samples prepared at pH 7.0 and 9.5 exhibited a low concentration of Mo5+ species and the presence of sulfate species that might have created sulfur vacancies that facilitated methanation. Therefore, it was concluded that using the precursor solution with pH 9.5 for hydrothermal synthesis could promote the development of MoS2 with a flower-like morphology and the decomposition of ATTM to generate active sites for CO methanation.
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Figure 1. SEM images of MoS2 prepared at (a) pH 4.5; (b) pH 7.0; and (c) pH 9.5. 
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Figure 2. XRD patterns of (a) commercial MoS2 and MoS2 samples prepared at (b) pH 4.5; (c) pH 7.0; and (d) pH 9.5. 
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Figure 3. HRTEM images of MoS2 prepared at (a) pH 4.5; (b) pH 7.0; and (c) pH 9.5. 
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Figure 4. Nitrogen adsorption–desorption isotherms of MoS2 samples prepared at (a) pH 4.5; (b) pH 7.0; and (c) pH 9.5 (The open and filled symbols denote adsorption and desorption, respectively). 
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Figure 5. Mo 3d XPS spectra of MoS2 samples prepared at (a) pH 4.5; (b) pH 7.0; and (c) pH 9.5. 
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Figure 6. S 2p XPS spectra of MoS2 samples prepared at (a) pH 4.5; (b) pH 7.0; and (c) pH 9.5. 
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Figure 7. CO conversion over MoS2 samples prepared at (a) pH 4.5; (b) pH 7.0; and (c) pH 9.5. 
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Table 1. Crystalline characteristics of MoS2 samples.
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Catalyst Preparation Conditions

	
Slab Height (nm)

	
Number of Stacking Layers




	
pH

	
Temperature (°C)






	
4.5

	
350

	
2.7 ± 0.1

	
4.4




	
7.0

	
350

	
2.9 ± 0.1

	
4.8




	
9.5

	
350

	
3.3 ± 0.1

	
5.3
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Table 2. Pore properties of MoS2 samples.
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Catalyst Preparation Conditions

	
BET Surface Area (m2/g)

	
Average Pore Volume (cm3/g)

	
Average Pore Size (nm)




	
pH

	
Temperature (°C)






	
4.5

	
350

	
83.21

	
0.17

	
8.39




	
7.0

	
350

	
167.00

	
0.13

	
3.42




	
9.5

	
350

	
158.38

	
0.36

	
6.15
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