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Abstract 

The preparation of the intercalated lamellar hydrophobic nano-MoS2 (size: 60-100 

nm, interlayer spacing: 0.7-1.2 nm) through the substitution of organic amine for 

inorganic ammonium salt and the subsequent catalytic reaction as a 

hydrodesulfurization catalyst is presented. The intercalated amine groups broadened 

the interspacing of the lamellar nano-MoS2 and promoted the formation of hydrophobic 

stacking structure consisting of stable monolayers. The high hydrophobicity of the 

nano-MoS2 monolayer catalyst was confirmed. The as-synthesized intercalated 

hydrophobic nano-MoS2 catalyst with lower steric hindrance and higher number of rim 

sites showed better hydrodesulfurization performance and higher hydrogenation route 

selectivity than the traditional MoS2 catalyst. The conversion of dibenzothiophene 

using the intercalated hydrophobic nano-MoS2 catalyst was 86% in comparison to 23% 

for the traditional MoS2 catalyst. The intercalated hydrophobic nano-MoS2 catalyst was 

stable in five subsequent catalytic cycles. 

 

Keywords: Ammonium exchange, intercalation method, hydrophobic, monolayer, 

pathway selectivity 
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1. Introduction 

With the deterioration quality of crude oil and the increase of the number of 

refractory compounds in oil, a higher hydrogenation selectivity is more important in 

both parallel reaction paths, i.e. hydrogenation (HYD) and direct desulphurization 

(DDS) of hydrodesulfurization (HDS) [1-8]. In addition, for compounds with large 

steric hindrance, such as alkyl-substituted dibenzothiophene (4, 6-DMDBT), the HYD 

pathway is more appropriate and beneficial for ultra-deep desulfurization [9, 10]. 

 In view of the new requirements for hydrogenation, researchers have gradually 

explored different possibilities to regulate hydrogenation selectivity. It was found that 

the HYD/DDS selectivity of MoS2 is the best, due to its short slabs and lower average 

number of MoS2 layers [11, 12]. Alonso et al. [13] and Huirache-Acuña et al. [14] 

tested the HDS catalytic performance of WS2 and NiMoW catalysts, and observed that 

the highest hydrogenation selectivity were only 1.4 and 1.14, respectively. In addition, 

Nikulshin et al. found that the hydrogenation selectivity in the HDS of alkyl-substituted 

DBT over a traditional CoMoS catalyst reached 3.1 [15]. At present, the HDS path is 

controlled by adjusting the catalyst’ size or by doping with other metals to improve the 

hydrogenation pathway selectivity, however, there is still a great need of better 

performing catalysts.   

Relevant studies were dedicated on the specific position of active sites and 

understanding the relationship of hydrogenation and desulfurization pathways. Daage 

and Chianelli proposed the “rim-edge” model [16], considering that the rim sites (top 

and bottom layers) of the MoS2 stack can both carry out HYD and DDS, while the edge 

sites (middle layers of the stack) mainly prefers the DDS. The discussion on the HDS 

pathway selectivity (HYD/DDS) of the S-edge and Mo-edge is not in full agreement by 

various researchers. Density functional theory (DFT) calculations of Zheng et al. 
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showed that the Mo-edge (50% S coverage) was more active for the DDS, while the 

HYD route mainly occurred at the S-edge (100% S coverage) [17]. In contrast, Moses 

et al. believe that the HYD occurred on the Mo-edge, and that the S-C bond breaking in 

the DDS has different proportions at different edges, depending on the relative pressure 

of H2 and H2S during the HDS reaction [18]. In addition, Lauritsen et al. found that both 

the brim sites (metallic edges) and S-H groups were closely related to the HYD reaction 

as shown by scanning tunneling microscopy. At the same time, it was reported that the 

MoS2 layer at the top of the stacks has accessible brim sites, which could be active for 

HYD. Moreover, at vacancies in the top layer, the exposed active sites are mainly 

active in the direct HDS [19, 20]. This highlights that rim sites of MoS2 (through 

monolayer MoS2, eliminating the edge side, and leaving the rim sites only) are critical 

for further analyzing the active sites pathway selectivity in HDS and obtaining 

catalysts with high HYD selectivity. Thus designing of a single layer MoS2 catalyst 

(monolayer MoS2 or intercalated MoS2 with wide layer spacing) deserves more 

attention. 

Monolayer nano-MoS2 is usually prepared by the hydrothermal method, 

chemical vapor deposition (CVD), bulk exfoliation, electrochemical deposition and 

by the reaction of MoOX with H2S at high temperature [21-24]. Because of the low 

structure stability, hydrophilicity and complex synthesis of the MoS2 according to the 

above methods, a new synthesis approach for single layer MoS2 is needed to design a 

highly active hydrodesulfurization catalyst. In 1979, Kikuchi et al. synthesized a 

lamellar compound that graphite (LCG) intercalated by ferric chloride in flowing H2 

at 400 °C, and the LCG catalyst helped hydrocarbons to possess outstanding 

selectivity [25]. Goni et al. reported on the intercalation using five alkyl amines to 

form a new layered HNiPO4·H2O catalyst [26]. Tsujimura et al. synthesized a layered 
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double hydroxide hydrotalcite-like compound intercalated with chloride ions (HT-Cl) 

using a co-precipitation reaction [27]. 

Herein, we present the synthesis of lamellar hydrophobic nano-MoS2 intercalated 

by substitution of organic amine for inorganic ammonium salt and subsequent catalytic 

reduction. The amine groups formed during the synthesis have three functions: (1) 

broaden the interspacing of MoS2, (2) produce highly hydrophobic MoS2, and (3) 

stabilize the final wide interlayer spacing structure (monolayer). Moreover, compared 

to the traditional hydrothermally-synthesized MoS2 catalyst, the novel nano-MoS2 

intercalated catalyst due to its high hydrophobicity and high proportion of rim sites 

showed superior hydrogenation selectivity in the HDS reaction. 

2. Experimental 

2.1 Materials  

Thiourea (AR, 99%), cyclohexylamine (AR, 99%), ethanol absolute (AR, 99.7%), 

ammonia solution (AR, 25%-48%), aniline (AR, 99.5%), ammonium molybdate 

tetrahydrate (AR, 99%), ethylenediamine (AR, 99%) and ammonium sulfide solution 

(AR), methylcyclohexane (AR, 99%), methylbenzene (AR, 99%), thiophene (AR, 

99%), toluene (AR, 99%) and heptane (AR, 99%) were purchased from Sinopharm 

chemical reagent Co., Ltd. China. Deionized water was home made. 

2.2 Synthesis 

2.2.1 Preparation of ammonium tetrathiomolybdate (ATTM) 

Firstly, ammonia, ammonium sulfide and ammonium molybdate tetrahydrate at 

room temperature were mixed and stirred at 60 °C for 3 h, followed by stirring at room 

temperature for 2 h. The obtained solution was aged for 5 h at room temperature leading 

to the formation of a blood red precipitate (ATTM). The precipitate was washed with 

ethanol and dried in a vacuum oven at 60 °C for 24 h. 
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2.2.2 Preparation of intercalated hydrophobic nano-MoS2 catalyst 

Firstly, ATTM (0.0125 mol) was added slowly into cyclohexylamine (0.075 mol) 

under vigorous stirring at ambient temperature to obtain the red organic intermediate. 

Then thiourea (0.025 mol) was dissolved completely in the red organic intermediate 

mixture under vigorous stirring at ambient temperature. The resulting dark red solution 

was transferred into a 50 mL stainless steel Teflon-lined autoclave, which was placed in 

an oven (160-240 °C and 5-20 h). The resulting black substance was centrifuged and 

thoroughly washed with ethanol absolute. Finally, the black substance was dried in a 

vacuum oven at 60 °C for 10 h. The conditions of the synthesis including temperature, 

time, as well as the ratio of synthetic materials are summarized in Table 1.  

The samples obtained by solvothermal synthesis (MoS2-Solvothermal series) were 

abbreviated as Solvo-X-Y (X: I, II, III, IV, V, or VI; Y: 1, 2.). The MoS2-Solvothermal 

series samples were calcined in a tube furnace under protective Ar atmosphere at 

800 °C for 4 h with a heating rate of 2 °C min
-1

.  

2.2.3 Preparation of MoS2 catalyst using traditional hydrothermal method 

First, thiourea and ammonium molybdate tetrahydrate were dissolved in 35 mL 

deionized water at a molar ratio of S: Mo = 2:1 and transferred into a 50 mL stainless 

steel Teflon-lined autoclave, which was heated at 200-240 °C. The resulting black 

substance was centrifuged and washed with ethanol absolute. Finally, the sample was 

dried in a vacuum oven at 60 °C for 10 h. Products were named as MoS2-Hydrothermal 

series see Table 1. The pure Hydro-2 sample with the highest crystallinity and defined 

morphology was selected for the subsequent analysis.  

2.3 Hydrodesulfurization test reaction 

2.3.1 Evaluation of catalysts 

The performance of the MoS2-Solvothermal series and MoS2-Hydrothermal series 
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catalysts was evaluated in a high-pressure fixed-bed reactor between 240°C and 320°C 

(a test was recorded at every 20 °C). These catalysts were pressed and sieved to retain 

0.45 to 0.9 mm aggregates and mixed with quartz sand of similar size in order to ensure 

isothermal reactors. A feed solution of 1 wt. % DBT in heptane and 1 wt. % 4, 

6-DMDBT in toluene were used. The liquid hourly space velocity (LHSV) was 3.0, 4.0, 

or 5.0 h
-1

, and the catalyst volume was 2, 1.5, and 1.2 mL, respectively. The reaction 

pressure was 2.0 MPa, the feeding rate was 6 mL h-1
, and the H2/feed ratio was 300 

(v/v). The catalyst does not need pre-vulcanization process, and it is pre-activated 

directly at 240 °C for 6 hours. And then the temperature program with a ramp of 

2 °C min
-1

 was carried out (temperature ramp used for all samples). Liquid samples 

were collected every 4 h at each test point and analyzed using an Agilent 7820 GC. 

Hence, the turnover frequency (TOF) is defined as the number of catalytic cycles 

per catalyst site and per unit of time (in this case in seconds) [28]. For the MoS2 catalyst, 

the TOF was calculated by the following formula: 

    
   

        
 

where F is the reactant molar flow (mol h-1
), x is the reactant conversion (%), n is 

the amount of MoS2 catalyst (mol), D is the MoS2 active sites dispersion. 

The main products of the DBT HDS reaction are biphenyl (BP), 

cyclohexylbenzene (CHB) and bicyclohexyl (BCH). BP is mainly formed by the direct 

desulphurization-DDS pathway, while CHB and BCH are obtained through the 

hydrogenation-HYD pathway. Therefore, the HYD pathway selectivity of the reaction 

was calculated by the following equation: 

         
         

   
 



 

8 

 

where CBP, CCHB, and CBCH refer to the concentrations of BP, CHB, and BCH in 

the reaction, respectively (4,6-DMDBT HDS product distribution and HYD selectivity 

are presented in the supporting information, Figure S18). 

The HDS of DBT is assumed as the pseudo-first-order reaction, and the rate 

constant      (mol·g
-1

·h
-1

) was calculated by the following equation: 

     
 

 
   

 

   
  

where   refers to the feeding rate of DBT (mol·h
-1

), m refers to the weight of 

MoS2 (g), and the x refers to the HDS conversion (%) 

2.3.2 Stability and cycle performance evaluation of catalysts 

The stability of the MoS2-Solvothermal series catalysts was evaluated through 

the continuous HDS reaction at 300 °C for 65 h. Then, sample Solvo-IV-2 was 

selected for further cycle performance tests (five evaluation points were set up for 

each cycle between 220 and 300 °C). The LHSV was 3.0 h
-1 

and the catalyst volume 

was 2 mL. The operating conditions used were the same as for the HDS evaluation 

test. 

2.4 Characterization 

The size and morphology of the catalysts were characterized using a transmission 

electron microscope (TEM) at an operating voltage of 200 kV (JEOL JSM-3010) and a 

scanning electron microscope (SEM-JEOL-7900). The average slab length (  ) and the 

average number of stacked layers (  ) were statistically calculated from the TEM 

pictures according to the following formulas: 

   
     

 
   

   
 
   

 

where Li is the length of layer i and ni represents the number of layers with the 
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length of the Li, and 

   
     

 
   

   
 
   

 

where Ni is the stacking number of the layers and mi is the number of stacked 

units with a stacking number of Ni; 

The MoS2 active sites dispersion (D) was calculated by the total number of Mo 

atoms (   ), the total number of Mo atoms at the edges (   ) and corners (   ): 

  
       

   
 

             

    
              

 

where ki represents the number of Mo atoms at corresponding sites (edges and 

corners), ki is calculated from its length (L=0.32(2ki-1)), and t is the total number of 

slabs [29-32]. 

The Brunauer-Emmett-Teller (BET) specific surface area of samples was 

determined by N2 physisorption measurements at 77 K using a Quantachrome, 

Autosorb IQ; samples were activated at 180 °C for 10 h with a heating rate of 10 °C  

min
-1

. 

Powder X-ray diffraction (XRD) patterns were collected on a Panalytical X’Pert 

Pro MPD diffractometer with Cu Kα radiation (λ = 0.15406 nm). X-ray photoelectron 

spectral (XPS) analysis was carried out using a PH 5000 Versaprobe system with a 

monochromatic Al Kα radiation (hν = 1486.6 eV) to determine the valence state of 

elements in the catalyst. All binding energies were calibrated related to the C 1s peak 

(284.6 eV). Energy dispersive spectroscopy (EDS) of the catalysts was performed on 

an EDAX XM2-30T apparatus. 

The organic components were measured by ELCUBE CHNS/O elements 

analyzer of Elementar Company and X-ray fluorescence spectrometery (XRF). 
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Thermogravimetric mass spectrometry (TG-MS) measurements, ultraviolet (UV), 

infrared (IR), and Raman spectroscopy measurements were carried out to determine 

the content of the organics in the catalysts. TG-MS was performed using a Netzsch 

TG-MS (STA449 F5) instrument in a nitrogen atmosphere in the range of 50–900 °C 

with a ramp of 2 °C min
-1

. UV spectra were measured with a UV2700 Shimadzu 

instrument. Infrared spectra (IR) were measured with a VERTEX 70 instrument 

(Bruker) using the KBr technique. Raman measurements with an excitation laser of 

632 nm were performed using a WITEC alpha300 R Confocal Raman instrument. The 

5140-Å line from an argon ion laser was used to excite the samples with a power of 

20 mW. 

Agilent's 7820 Gas Chromatography was used for characterization of the 

products of the HDS of DBT and 4, 6-DMDBT. 

3. Results and Discussion 

3.1 Formation of intercalated hydrophobic nano-MoS2 catalyst  

The synthesis procedure for hydrophobic intercalated nano-MoS2 catalyst using 

an amine, is shown in Scheme 1. The synthesis procedure involves three steps: (1) 

amine substitution reaction between the ATTM and the solvent (cyclohexylamine) 

forming the organic intermediate (thiomolybdate) at room temperature; herein, the 

alkylammonium RNH3
+ 

cations replace the ammonium cations NH4
+
 of the ATTM 

proven by the formation of ammonia (Figure S1,supporting information). No peaks 

characteristic of ATTM were found in the XRD patterns of the intermediate and the 

MoS2-solvothermal sample (Solvo-IV-2) (Figure S2) thus confirming that the ATTM 

was decomposed completely; (2) dehydrogenation of cyclohexylamine leading to the 

formation of C6H10=NH and H2 under increasing the temperature and pressure (①in 
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Scheme 1), followed by the catalytic reduction of the organic intermediate in hydrogen 

atmosphere resulting in the generation of MoS2, H2S, C6H10=NH, and NH3 under the 

catalysis of thiourea (②in Scheme 1). Thiourea promotes electron transfer between the 

reducing agent (H2) and the organic intermediate (note: no product was obtained 

without thiourea at 170 
o
C and 180 

o
C as shown in Table 1.VII-2/3); the catalytic action 

of thiourea was confirmed and the relevant information is presented in part III-1, 

supporting information; (3) intercalated Nano-MoS2 with organic compound 

C6H10=NH as interpenetrating layer was obtained due to the p-π conjugate effect 

(C6H10=NH contains π bonds, and S in MoS2 contains p orbitals). The presence of the 

organic matter (C6H10=NH) may broaden and stabilize the interlayer spacing structure 

of the MoS2 by conjugate effect. (The reaction equation is presented in part III-2) 

When the organic solvent is changed to aniline or the reaction temperature is 

lower than 170°C, the targeted samples were not obtained (Table 1.V-1/2 and VI-1/2). 

At any temperatures used for the syntheses, the desired pure phase was obtained after 

5 hours (Table 1). The samples Solvo-II-2, Solvo-III-2, and Solvo-IV-2 are pure 

crystalline materials which were further subjected to characterization and catalytic 

tests. 

Furthermore, sample Solvo-IV-2 was studied by IR and UV spectroscopy. The 

appearance of an absorption peak at 1638 cm
-1

 in the IR spectrum (Figure 1-1) and the 

absorption band at 313 nm in the UV spectrum (Figure 1-2) indicates the existence of 

C=N group, and the absence of a primary amine (-NH2), which further confirmed the 

occurrence of dehydrogenation of cyclohexylamine. In addition, no bands 

corresponding to S-S, N-C=S or C-S were detected in the IR (Figure 1-1) and Raman 

(Figure 8) spectra, indicating that sulfur is only present in the MoS2. The following 
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atomic ratio H: C: N: S: Mo = 8.0: 3.8: 0.5: 2.5:1 is determined for sample Solvo-IV-2 

and the organic matter is 26.0% (Table S1). The Mo:S ratio is 1:2.5 that is close to the 

stoichiometry of MoS2.  

The theoretical ratio for MoS2 and C6H10=NH is 3:2. Due to the steric hindrance 

effect, two adjacent S atoms of MoS2 will not form conjugated structures with the 

organic (C6H10=NH) simultaneously. Thus the theoretical ratio H: C: N: S: Mo = 7.3: 

4.0: 0.6: 2.0: 1.0 and the organic content (28.7%) determined are consistent with the 

experimental results (26.0% according to XRF and 22.6 % according to TG-MS, Figure 

2; Table S1 and Table S2). 

3.2 Characterization of intercalated and multilayer MoS2 samples  

The phase and crystal structure of sample Solvo-IV-2 was investigated by XRD 

(Figure 3). Both the as-synthesized Solvo-IV-2 and sample Hydro-2 have the 

characteristic Bragg peaks of crystalline MoS2; the major peaks corresponding to 

2H-MoS2 (14.4° (002), 33.2° (100), and 58.5° (110) of the PDF # 37-1492 card) are 

present. Compared with the sample Hydro-2 (Figure 3b), the sample Solvo-IV-2 had 

lower intensity peaks, which can be due to the low crystallinity and small size. 

Furthermore, the (002) peak representative of the number of stacked layers [33, 34] is 

weak, indicating that as-synthesized Solvo-IV-2 sample is a monolayer MoS2, and the 

organic group has inserted the layer gap successfully and broadened interlayer spacing. 

The XRD patterns of samples synthesized for different synthesis time and temperature 

are showed in Figure S3. The intensity of the (100) and (110) peaks of sample 

Solvo-IV-2 subjected to calcination at 800 °C in Ar atmosphere changed due to 

continuous growth resulting in higher crystallinity (Figure S4.). The intensity of the 

(002) peak is still low revealing that sample Solvo-Ⅳ-2 still exists as a monolayer after 

calcination; the as-synthesized intercalated monolayer MoS2 shows high thermal 
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stability. 

The hydrophobicity of sample Solvo-IV-2 was measured by air-water contact 

angle tests. As shown in Figure 4, the contact angle for sample Solvo-IV-2 is 105 ° (1a) 

and this sample is organic solvent-friendly (Figure 4-2), whereas for the conventional 

sample Hydro-2 the contact angle is 26° (1b). This shows that sample Solvo-IV-2 is 

highly hydrophobic. In addition, the contact angle for sample Solvo-IV-2 with different 

organic reagents (Heptane, Methylcyclohexane, Methylbenzene, and Thiophene) 

confirmed the extremely high hydrophobicity (Figure S5). The high hydrophobicity is 

related to the presence of organic groups promoting the contact between the organic 

reactants and the active sites. 

The morphology of the as-synthesized hydrophobic sample Solvo-IV-2 is shown 

in Figure 5a. The sample is composed of nanoballs with a size of 70-100 nm, which 

differs significantly from the Hydro-2 with micron-size flower morphology (Figure 5b). 

Moreover, the particles gradually became larger with increasing the synthesis 

temperature (Figure S6). After calcination of sample Solvo-IV-2 in Ar at 800 ℃, due to 

the pyrolysis and polycondensation of organic components, pores and flakes appeared 

on their surfaces (Figure S7). 

The porosity of the sample Solvo-IV-2 after calcination was analyzed by nitrogen 

adsorption. The specific surface area decreased (Table S3) while mesopores are formed 

(Figure S8).  

In order to further investigate the inner-structure of the solvothermal-series 

samples, TEM study was carried out. The interlayer spacing of multi-layer MoS2 

samples ranges from 0.62 to 0.65 nm [35]. The as-synthesized sample Solvo-IV-2 

exhibits monolayer structure (0.74 nm) with a curved lamella shape (Figure 6a). 

Because of the p-π conjugate effect, the organics intercalated into the MoS2 layers and 
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widen the layer spacing. The curved structure is caused by the formation of coordinated 

structure between the organics and the MoS2 [36-39]. With increasing the synthesis 

temperature (170 -200 °C), the layers length for samples (Solvo-IV-2, Solvo-III-2, and 

Solvo-II-2) maintained around 6-7 nm and the average stacking number ranged from 1 

to 1.4 respectively (Figure 6c, d). After calcination at 800°C, the length of the layers 

increased to 10-18 nm and they become more ordered, but still appear as monolayer. 

The narrowest layer spacing is 0.77 nm (Figure S9) which is larger than that of the 

multi-layer sample Hydro-2 (0.62 nm). This result is in agreement with the XRD results 

(Figure S4). The organic groups lead to the formation of intercalated MoS2 (Solvo-IV-2) 

with excellent thermal stability. 

The chemical composition of sample Solvo-IV-2 was determined by XPS. The 

spectra containing the Mo 3d and S 2p peaks are shown in Figure S10a. The S 2p 

spectrum (Figure S10, a-1) can be divided into S 2p3/2 (161.4 eV) and S 2p1/2 (162.2 eV), 

which correspond to S 2p of MoS2, S peaks (168.5 eV and 169.5 eV) representing the 

SO4
2-

, and the other set of S peaks (163.4 eV and 164.7 eV) suggesting the presence of 

amorphous sulfur [40]. Moreover, compared with the sample prepared by traditional 

hydrothermal method (Figure 7b (Mo 3d3/2: 232.5 eV and Mo 3d5/2 229.4 eV)), the 

sample Solvo-IV-2 has lower bonding energy (BE) (Figure 7a, Mo 3d3/2 (231.4 eV) and 

Mo 3d5/2 (228.1 eV)), and even lower than the BE of 1T-MoS2 (Mo 3d3/2 (232 eV) and 

Mo 3d5/2 (228.9 eV) [41-43]), which is indicating that the electron density of Mo 

increased. This is due to the chemical interactions between the organic groups and 

nano-MoS2 instead of van der Waals interactions. After calcination, the binding energy 

of samples Solvo-IV-2 shifted to the higher value, which is related to the weaker 

binding force between Mo and organic groups, caused by the carbonation of the latest 

(Figure S11).  
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The EDX results for sample Solvo-IV-2 are shown in Figure 8.a; the atomic ratio 

of S to Mo is about 2.7, which is close to the stoichiometry of MoS2 and significantly 

different for sample Hydro-2 (Figure 8.b). The elemental distribution in sample 

Solvo-Ⅳ-2 is uniform as shown in the EDX spectrum (Figure S12.2-5). After 

calcination of sample Solvo-IV-2 (Figure S13.2-5), the homogeneous elemental 

composition is revealed by EDX, while the content of C is reduced as shown in Table 

S4. 

The spectrum of sample Hydro-2 contains a peak E2g
1 

(383 cm
-1

), a peak A1g (408 

cm
-1

) and the LA(M) symmetry peaks, indicating the multilayer structure (Figure 9) 

[44,45]. While the sample Solvo-IV-2 does not contain these peaks, suggesting that 

the organics were inserted in the interlayer spacing and promoted the formation of 

single layer structure. Furthermore, the appearance of the MoO3 peaks (800-900 cm
-1

, 

marked in Figure 9) and the MoO2 peaks (~365 and~748 cm
-1

, marked in Figure 9) 

indicate that the Solvo-IV-2 sample is easily oxidized during the measurements, while 

the MoS2 hydrothermal series sample (Hydro-2) do not show these peaks under the 

same condition (Figure S14). The intercalated MoS2 (monolayer) sample is better 

accessible and has higher activity than the multilayer MoS2 (Hydro-2). 

3.3 Catalytic evaluation of intercalated MoS2 and multilayer samples 

The HDS catalytic activity, selectivity, and stability of the two samples in 

conversion of DBT were evaluated. Under the same reaction conditions, the catalytic 

performance of the MoS2-Solvothermal series (samples Solvo-II-2, Solvo-III-2, and 

Solvo-IV-2) was significantly better than that of the MoS2-Hydrothermal series (sample 

Hydro-2) (Figure 10a). The DBT conversion was only 24.3% for the Hydro-2 catalyst, 

while over 60% for the MoS2-Solvothermal series` catalysts were measured at 280 °C. 

TOF values calculated for all catalysts are summarized in Table 2.1 (details are 
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provided in SI Part III-3). At DBT conversion of 13 %, the TOF for the Solvo-IV-2 

catalyst is 0.26 10
-2

s
-1

, but for the Hydro-2 catalyst is 0.14 10
-3

 s
-1

 (Table 2.1). This is 

consistent with the excellent catalytic performance of the MoS2-Solvothermal series 

catalyst. This is in agreement with the kinetics results shown in Table 2.2, the catalytic 

activity (  HDS) of the MoS2-Solvothermal series catalyst is higher than that of 

traditional hydrothermally prepared catalysts under the same reaction temperature.  

The differences in the activities of solvothermal series samples are shown in 

Figure 10a. The TEM images show that sample Solvo-IV-2 synthesized at 170 °C 

contains single layer in highly dispersed state, sample Solvo-III-2 synthesized at 180 °C 

consists of single component, and sample Solvo-II-2 synthesized at 200 °C feature 

cross stacking multi-ordered structure (Figure 12). In the HDS reaction, sample 

Solvo-IV-2 is favorable for the contact between the reactants and the active sites, while 

the cross stacking multi-ordered structure decrease the utilization of active sites. These 

results are consistent with the TOF and catalytic activity of the samples ( HDS). 

The effect of liquid hourly space velocity on the conversion rate was investigated 

in the temperature range of 240 -320 °C, and no obvious relation was found (Figure 

S15.a). In addition, after 68 h of continuous reaction, the MoS2-Solvothermal series 

samples still maintained high stability (Figure S15.b). After five reaction cycles, the 

sample Solvo-IV-2 has good performance thus demonstrating the long life of the 

catalyst (Figure 13).  

The possible reasons for the high performance of Solvo-IV-2 catalyst are as 

follows: 

(i) The monolayer structure, which is due to organic group intercalation, contains 

more highly dispersed rim sites than conventional multilayer MoS2. (ii) The 

intercalated MoS2-Solvothermal series possess strong hydrophobic characteristic, and 
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the diffusion of organic reactants is beneficial; (iii) The larger layer spacing 

broadened by the organic group is more favorable for the adsorption and desorption of 

reactant molecules (DBT) at the rim sites, thus the utilization of the rim sites is 

improved; (iv) the low crystallinity of MoS2-Solvothermal series benefits the higher 

catalytic activity because of the larger effective rim sites [46,47]; (v) The long-lasting 

catalytic activity (300 °C) benefits from the high thermal stability of the intercalated 

MoS2-Solvothermal series samples. 

The distribution of hydrodesulfurization products during the catalytic test is 

shown in Figure S16. It was found that the hydrogenation selectivity of the 

intercalated MoS2-Solvothermal series samples was as high as 3.6 (Figure 10b). This 

indicates that the disperse active sites of intercalated hydrophobic MoS2 favor the 

hydrogenation pathway (HYD). Since the synthesized intercalated monolayer MoS2 

has rim sites only, and this proves that rim sites favor the HYD pathway in the HDS 

reaction. The benefits of rim for the HYD path was reported [18]. After the 

calcination of the MoS2-solvothermal series samples at 800°C, the decrease of HYD 

selectivity was more significant than the DDS selectivity (Figure S17). This is due to 

the longer lamellar length of calcined solvothermal series samples (Figure 6c) 

resulting into lower rim/edge site ratio, which leads to a decrease of HYD pathway 

selectivity. The increase of the crystallinity of the sample (Figure S4) also has a 

certain inhibitory effect on the catalytic performance [46, 47]. 

The HDS catalytic activity and selectivity of samples Solvo-IV-2 and Hydro-2 in 

the conversion of 4, 6-DMDBT were also evaluated (Figure 11.a). The HYD pathway 

selectivity of sample Solvo-IV-2 (Figure 11.b) is much higher than that of the 

traditional hydrothermal sample Hydro-2; the distribution of products is shown in 

Figure S18. 
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3.4 Mass and heat transfer limitations 

DBT hydrodesulfurization over the MoS2-Solvothermal series catalyst (sample 

Solvo-IV-2) with different size was carried out at 260 °C to verify the effect of mass 

transfer limitation. The TOF did not change significantly until the particle size was 

1.4 mm, indicating no mass transfer limitation with the as-synthesized catalyst 

(0.45-0.9 mm) (Figure S19). Mass and heat transfer calculations using the Mears and 

Mears-Prater criterion are provided in the SI (section III -5). These results also 

confirmed the absence of mass or heat transfer limitation during the reaction.  

4. Conclusion 

In summary, intercalated hydrophobic nano-MoS2 hydrodesulfurization catalysts 

(monolayer) have been synthesized. The MoS2 hydrodesulfurization catalysts have a 

size of 60-100 nm and a length of the individual layers of 3-16 nm. The organic groups 

successfully inserts MoS2 layers, widen layer spacing of MoS2, and promote the 

formation of highly hydrophobic and stables intercalated monolayered structure. The 

as-synthesized intercalated hydrophobic monolayer nano-MoS2 catalysts have better 

HDS performance and higher HYD/DDS selectivity than the traditional MoS2 catalysts. 

The intercalated hydrophobic monolayer nano-MoS2 catalyst not only provides a new 

model for further study of the specific selectivity in the HDS, but also possesses a wide 

application prospect in the ultra-deep desulfurization.  
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Scheme.1 Schematic presentation of the synthesis of nano-MoS2 hydrophobic 

monolayer catalyst.  
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Figure 1. IR (1) and UV (2) spectra of MoS2 samples (a) Solvo-IV-2, and (b) Hydro-2. 
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Figure 2. TG-MS analysis of MoS2 sample Solvo-IV-2.  



 

28 

 

Figure 3. XRD patterns of MoS2 samples (a) Solvo-IV-2 and (b) Hydro-2, and (c) the 

sample represented by PDF # 37-1492 card.  
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Figure 4. Air-water contact angle measurements of MoS2 Solvo-IV-2 (1.a) and Hydro-2 

(1.b) samples; dispersion of sample Solvo-IV-2 in deionized water and heptane.  
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Figure 5. SEM pictures of MoS2 samples: (a) Solvo-IV-2, and (b) Hydro-2. 
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Figure 6. TEM pictures of MoS2 samples: (a) Solvo-IV-2, and (b) Hydro-2; (c) layer 

length and (d) stack number distribution of sample Solvo-IV-2.  
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Figure 7. XPS spectra of MoS2 samples: (a) Solvo-IV-2, and (b) Hydro-2.  
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Figure 8. EDX spectra of MoS2 samples: (a) Solvo-IV-2, and (b) Hydro-2.  
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Figure 9. Raman spectra of MoS2 samples: (a) Solvo-IV-2, and (b) Hydro-2.   
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Figure 10. Conversion (a) and selectivity (b) of Solvo-series samples (Solvo-II-2, 

Solvo-III-2, and Solvo-IV-2) and Hydro-2 samples in DBT reaction.  
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Figure 11. Conversion (a) and selectivity (b) of samples Solvo-IV-2 and Hydro-2 in 4, 

6-DMDBT reaction. 
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Figure 12. TEM pictures of MoS2 samples: a. Solvo-IV-2, b. Solvo-III-2, and 

c.Solvo-II-2.  
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Figure 13. Conversion of DBT for 5 cycles at different temperatures (220-300°C) of 

MoS2 sample Solvo-IV-2.  

b
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Sample Reagent Solvent 
Temperature 

(℃) 

Time 

(h) 

Mo: S: 

Solvent (mol) 
State 

Solvo-ther

mal Series 

I 
1 

ATTM & S 

C6H13N 

240 
20 

1:2:6 

Intercalated 

2 5 Intercalated 

II 
1 

200 
20 Intercalated 

2 5 Intercalated 

III 
1 

180 
20 Intercalated 

2 5 Intercalated 

IV 
1 

170 

20 Intercalated 

2 5 Intercalated 

Ⅴ 
1 

160 
20 × 

2 5 × 

VI 
1 

C6H7N 200 
5 × 

2 20 × 

VII 

1 

ATTM C6H13N 

200 

20 

1:6 

(Mo:Solvent) 

Intercalated 

2 180 × 

3 170 × 

Hydro- 

thermal 

Series 

Ⅰ 

1 

Mo7 & S H2O 
240 

20 
1:2 

(Mo:S) 
Multi-layer 2 5 

3 200 20 

Post-treat

ment 
Ⅰ 

1 
Solvo-thermal 

Series-II-2 
800 4 

Ar 

Intercalated 

2 
Solvo-thermal 

Series-III-2 
800 4 Intercalated 

3 
Solvo-thermal 

Series-IV-2 
800 4 Intercalated 

ATTM: (NH4)2MoS4     Mo7: (NH4)6Mo7O24·4H2O   S: CH4N2S 

Table 1. List of samples prepared by under different preparation conditions.  
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a Conversion of DBT HDS: x 

 

Table 2.1 Conversion of DBT and TOF (10
-3

s
-1

) of MoS2 catalysts. 

a Conversion of DBT HDS: x  

b. kHDS: 10
-3

 mol·g
-1

h
-1 

 

Table 2.2 Conversion of DBT and KHDS (10
-3

s
-1

) of MoS2 catalysts. 

Sample Solvo-IV-2 Solvo-III-2 Solvo-II-2 Hydro-2 

Active sites  

dispersion 

(D) 

0.206446 0.187487 0.175535 0.3118908 

Tem. 

(℃) 

xa 

 (%) 

TOF 

(10-3s-1) 

x 

(%) 

TOF 

(10-3s-1) 

x  

(%) 

TOF  

(10-3s-1) 

x  

(%) 

TOF 

 (10-3s-1) 

240 7.9 0.13 35.4 0.62 14.2 0.26 13.2 0.14 

260 33.3 0.55 66.2 1.17 39.4 0.72 20.0 0.22 

Sample Solvo-IV-2 Solvo-III-2 Solvo-II-2 Hydro-2 

Tem. 

(℃) 

xa 

 (%) 
kHDS

b
 

x 

(%) 
kHDS 

x 

(%) 
kHDS 

x 

(%) 
kHDS 

240 7.9 0.14 35.4 0.71 14.2 0.25 13.2 0.11 

260 33.3 0.68 66.2 1.77 39.4 0.82 20.0 0.17 

280 81.8 2.88 86.6 3.29 79.7 2.63 23.5 0.21 

300 99.3 8.38 98.3 6.68 95.5 5.11 38.4 0.37 


