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 Abbreviations. AMT: ammonium molybdate tetrahydrate; BET: Brunauer−Emmett−Teller; CA: 

chronoamperometry; CV: cyclic voltammetry; DI: deionized water; EDX: energy-dispersive X-

ray spectroscopy; FE–SEM: field emission scanning electron microscopy; HER: hydrogen 

evolution reaction; LSV: linear sweep voltammetry; NF: nanoflower; SNF: small nanoflower; 
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 Abstract

Among various transition metal dichalcogenides, molybdenum disulfides such as 

molybdenum disulfide nanoflowers (MoS2 NFs) can effectively catalyze a hydrogen evolution 

reaction (HER) because of the abundance, ease of processing, and high catalytic activity of MoS2. 

The main disadvantage of using MoS2 NFs for HER on the industrial scale is their low density 

and number of active sites. Herein, we propose for the first time a facile, inexpensive, and 

scalable route for fabricating extremely small MoS2 NFs (SNFs). The size of the synthesized 

MoS2 SNFs (50–70 nm) is much lower than that of conventional MoS2 NFs (600–950 nm), 

which significantly increases the number of catalytically active sites. In addition, the in situ 

doping of N atoms considerably enhances the catalytic activity of the prepared MoS2 SNFs. 

MoS2 SNFs exhibit superior electrocatalytic activity toward HER with a low Tafel slope 49 

mV·dec−1, an overpotential of 270 mV at a current density of 50 mA·cm−2, a large surface area 

of 98 m2·g−1, and very high stability in an acidic environment. The obtained results indicate that 

MoS2 SNFs can be potentially used for energy storage and electrochemical applications. 

Keywords: transition metal dichalcogenide, MoS2 small nanoflower, large surface area.

TAA: thioacetamide; TEM: transmission electron microscopy; TMD: transition metal 

dichalcogenide; XPS: X-ray photoelectron spectroscopy; XRD: X-ray diffraction.

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4177580

Pr
ep

rin
t n

ot
 p

ee
r r

ev
ie

wed



1. Introduction

New technologies based on hydrogen energy have recently emerged as viable solutions to 

the energy crisis. Hydrogen represents one of the key materials for hybrid cars and power and 

heating applications because of its high energy efficiency, abundance, scalable yield, and 

environmental friendliness [1-3]. Nowadays, hydrogen gas is mainly obtained by water 

electrolysis, during which two electrons on the cathode surface interact with protons in solution 

to generate hydrogen molecules. The working electrode is typically fabricated from noble metals 

such as those of the platinum group because the electrochemical reaction requires very low 

voltage to produce hydrogen while saving some energy [4-7]. However, the scarcity, low 

stability, and high cost of the platinum group metals limit their practical applications in the HER 

process. Therefore, a prospective catalyst for hydrogen energy technology should exhibit high 

stability, low cost, ease of processability, and high catalytic activity [8-10]. During last decades, 

two-dimensional transition metal dichalcogenides (TMDs) have been actively investigated in 

terms of their applicability in HER because of their low cost, high catalytic activity, and high 

electrochemical stability under acidic conditions. Among many promising TMD candidates, 

molybdenum disulfides (MoS2) with various structures exhibit high performance in HER-related 

applications [11-15]. 

Different types of MoS2 have been investigated by various techniques due to their special 

catalytic properties caused by the unique electronic structure [16-18]. Exfoliation, chemical 

vapor deposition, and a hydrothermal method are the most widely used routes to produce MoS2 

materials for water splitting. The main drawbacks of the exfoliation method include a relatively 
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low yield and difficulty to control the quality of the final product. The chemical vapor deposition 

method is not safe and requires high fabrication temperatures and expensive equipment. In 

contrast, the hydrothermal method is characterized by high scalability, low cost, and good 

controllability [19-21]. Therefore, it has been widely utilized to prepare numerous catalyst 

materials for water splitting and other chemical applications. Among various MoS2 structures 

produced by the hydrothermal method, flower-like MoS2 nanostructures or MoS2 nanoflowers 

(NFs) are most commonly applied for HER studies. MoS2 NFs possess a unique structure with 

petals on the surface and excellent catalytic characteristics, which make them suitable for 

electrochemical applications such as HER, batteries, and supercapacitors [22-26]. However, 

some properties of MoS2 including low conductivity and small number of active sites require 

further improvement. 

In this work, we propose a new synthesis process for a unique MoS2 structure, which 

contains extremely small nanoflowers (SNFs). The much smaller size of the synthesized MoS2 

SNFs as compared with that of conventional MoS2 NFs is the key parameter enhancing their 

electrocatalytic properties because it is directly related to the density of catalytically active sites 

[27-30]. In addition, the in situ doping of MoS2 SNFs with nitrogen atoms increased their 

conductivity and electrocatalytic activity [31, 32]. Conventional MoS2 NFs were also prepared 

by the same process with slight modification to compare the catalytic mechanism, structures, and 

HER performances of both catalysts. The obtained results indicate that the electrocatalytic 

properties of the fabricated MoS2 SNFs are superior to those of conventional MoS2 NFs. 

Therefore, MoS2 SNFs can be considered a promising catalytic material for energy storage and 

electrochemical applications.
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2. EXPERIMENTAL SECTION

2.1.  Chemicals

Ammonium molybdate tetrahydrate (AMT, NH4)6Mo7O24·4H2O), thioacetamide (TAA, 

CH3CSNH2), HCl (37% aqueous solution), NH3 (28% aqueous solution), ethanol (C2H5OH), and 

Nafion (5% aqueous solution) were purchased from Sigma–Aldrich. Deionized (DI) water was 

obtained from Millipore Mili-Q. All chemicals were used without further purification.

2.2.  Synthesis of MoS2 SNFs

MoS2 SNFs were synthesized via a facile one-step hydrothermal method. Appropriate 

amounts of AMT and TAA were added to a glass beaker containing 15 mL of DI water and 

stirred for 15 min. After that, HCl (37%) was added to the prepared mixture and continuously 

stirred for 15 min before transferring into a Teflon autoclave. The autoclave was heated to 

270 °C for 24 h inside a furnace and then cooled down to room temperature. The synthesized 

catalyst was centrifuged at a speed of approximately 8000 RPM in DI water and ethanol three 

times to eliminate all excessive components. After that, the catalyst was dried at 80 °C and then 

annealed in inert gas to obtain MoS2 SNFs. The produced catalyst was stored in a glass vial until 

further studies. Conventional MoS2 NFs were also synthesized via the same route but slightly 

modified by heating to 180 °C and replacing the 37% HCl solution with a 28% NH3 solution. 

The exact amounts of all materials used during syntheses are listed in Table 1. 

Table 1. Materials and reaction temperatures for synthesis of MoS2 NFs and SNFs.

No AMT (g) TAA (g) H2O (mL) NH3 (mL) HCl (mL) t (°C) Catalyst
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1 1 2.5 15 0 3 270 MoS2 

SNFs

2 1 2.5 15 3 0 180 MoS2 

NFs

2.3.  Electrochemical measurements

All electrochemical measurements were performed at room temperature using a standard 

three-electrode electrolytic system and Ivium potentiostat V55630. A saturated calomel electrode, 

graphite electrode, and the synthesized catalysts on glassy carbon electrodes were employed as 

the reference, counter, and working electrodes, respectively. The HER activities of MoS2 SNFs 

and NFs were evaluated via linear sweep voltammetry (LSV) at scan rate of 10 mV·s−1. All 

measurements were conducted in a 0.5 M H2SO4 solution with an iR correction. The stability of 

MoS2 SNFs was examined by continuous cyclic voltammetry (CV) at a scan rate of 50 mV·s−1 

for over 1000 cycles. Thereafter, the stability of the prepared MoS2 SNFs was continuously 

evaluated via chronoamperometry (CA) for 12 h. Double-layer capacitance (Cdl) values of the 

studied samples were calculated from the results of CV tests, which were performed in the 

potential range from 0 to 0.2 V at different scan rates (5, 10, 20, 30, 40, and 50 mV·s−1). 

Additionally, electrochemical impedance spectroscopy (EIS) was conducted in a frequency range 

of 100 kHz – 0.1 Hz.

2.4.  Characterization of MoS2 NFs and SNFs

X-ray diffraction (XRD) was employed to examine the structures and crystallinities of the 

prepared MoS2 SNFs and NFs using a powder X-ray diffractometer with Cu Kα radiation (λ = 
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0.154 nm). The structures and chemical bonding of the fabricated catalysts were investigated by 

Raman spectroscopy. X-ray photoelectron spectroscopy (XPS) was conducted to determine the 

surface compositions of the prepared MoS2 SNF materials. Field emission scanning electron 

microscopy (FE–SEM) was employed to comprehensively observe the morphology, size, and 

shape of the synthesized MoS2 SNFs at different magnifications and an acceleration voltage of 

10 kV. Transmission electron microscopy (TEM) was utilized to determine the structure and 

elemental distributions on the material surfaces. Specific surface areas of the catalysts were 

calculated by the Brunauer−Emmett−Teller (BET) method from the adsorption of nitrogen gas 

on the material’s surface obtained in a relative pressure range of 0.02–0.30.

3. Results and Discussion

3.1 Formation mechanism of synthesis process

     The formation mechanisms of MoS2 SNFs and NFs are illustrated in Figure 1 as below.

Figure 1: Syntheses and formation mechanisms of MoS2 SNFs and NFs
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It shows that when AMT and TAA were mixed and stirred by a magnetic bar in the 

neutral solution, both materials decomposed leading to the formation of [Mo7O24]6−, S2−, and H+ 

ions due to hydrolysis, as described by Equations (1)–(3) and (1’)–(3’). The difference between 

the two processes was mainly caused by the different temperatures and reagents added in the 

second step. During the synthesis of MoS2 SNFs, HCl was added to increase the H+ 

concentration, while increasing the temperature to 270 °C induced the reaction described by 

Equation (5). Consequently, the big anion [Mo7O24]6− quickly decomposed into a smaller anion 

and easily reacted with H+ to form MoO3 molecules. Next, MoO3 reacted with S2− to form a 

MoS3 intermediate byproduct (6). Finally, MoS3 was reduced to the final MoS2 SNF product 

according to Equation (7). In contrast, for the synthesis of MoS2 NFs, the NH3 solution was 

added to the reaction mixture to increase the  concentration. As a result, the anion NH +
4

[Mo7O24]6− directly reacted with S2− in the alkaline media to form a large intermediate byproduct 

MoS3 as described by Equation (5’), and big MoS2 NFs were produced via Equation (6’). The 

formation mechanisms of MoS2 SNFs and NFs in the autoclave at high temperatures can be 

briefly summarized by the following equations.

 MoS2 SNF synthesis process:

                  (NH4)6Mo7O24·4H2O → 6  + [Mo7O24]6− + 4H2O                                    NH +
4

(1)

                    CH3CSNH2 + 2H2O → H2S +  + CH3COO−                                                              NH +
4

(2)

                                              H2S → S2− + 2H+                                                                 (3)
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                                              HCl → H+ + Cl−                                                                  (4)

                        [Mo7O24]6− + 6H+ → 7MoO3 + 3H2O                                                       (5)

                     MoO3 + 3S2− + 6H+ → MoS3 (intermediate) + 3H2O                                  (6)

                                            MoS3 → MoS2 + S2−                                                             (7)                                     

 MoS2 NF synthesis process:

                   (NH4)6Mo7O24·4H2O → 6  + [Mo7O24]6− + 4H2O                                  NH +
4

(1’)

                     CH3CSNH2 + 2H2O → H2S +  + CH3COO−                                                            NH +
4

(2’)

                                               H2S → S2− + 2H+                                                               (3’)                                                                  

                                   NH3 + H2O →  + OH−                                                            NH +
4

(4’)

      [Mo7O24]6− + 21S2− + 48  → 7MoS3 (intermediate) + 48NH3 + 24H2O              NH +
4

(5’)

                                            MoS3 → MoS2 + S2−                                                             (6’)                                     

3.2 Phase quantification, chemical composition, and morphology 

The crystallinity and phase compositions of the prepared materials were investigated by 

XRD. As shown in Figure 2, the XRD patterns of MoS2 SNFs and NFs are very similar and 

contain the peaks centered at 13°, 33°, 40°, 49°, and 58°, which can be assigned to the (002), 

(100), (103), (105), and (110) planes, respectively. These results indicate that both compounds 

possess the hexagonal structure of 2H–MoS2 [JCPDS card no: 01-073-1508], which is in good 
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agreement with the data obtained in a previous work [33]. The absence of impurity peaks 

suggests that the synthesized catalysts are very pure. Note that the peaks in the MoS2 SNFs XRD 

pattern are sharper than those in the MoS2 NFs pattern, indicating a higher degree of crystallinity 

of MoS2 SNFs [34].

Figure 2. XRD patterns of MoS2 SNFs and NFs

Raman spectroscopy was performed to further investigate the structures and chemical 

bonding of the synthesized materials. Figure 2 shows the Raman spectra of MoS2 SNFs and NFs. 

Both compounds exhibit three typical MoS2 Raman shifts at 284, 336, 377, 402, and 453 cm−1, 

which correspond to the E1g and A1 vibrational modes of S atoms with respect to Mo atoms, in-
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plane Mo–S vibrational mode ( ), out-of-plane mode A2g, and second-order Raman scattering 𝐸 1
2𝑔

2LA(M) mode, respectively [35, 36]. In addition, the Raman peaks located at 198, 236, 284, and 

336 cm−1 are assigned to the MoO3 phase, which likely resulted from the surface oxidation of the 

studied materials or laser-irradiation oxidation during measurements [37]. 

Figure 3. Raman spectra of MoS2 SNFs and NFs

High-resolution XPS was conducted to determine the composition and atomic valence 

states of the prepared MoS2 SNFs. Figure 4 shows the high-resolution XPS profiles of all 

elements in the synthesized catalyst. Figure 4(a) displays only one pair of Mo 3d peaks located 
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at 228.9 and 232.2 eV, which can be assigned to the Mo 3d5/2 and Mo 3d3/2 states of 2H phase 

MoS2, respectively [38, 39]. The absence of Mo6+ peaks indicates that all Mo6+ species were 

converted to Mo4+ ions during synthesis. The S 2p peak can be fitted to three main peaks 

centered at 161.8, 163.1, and 164.4 eV corresponding to S 2p3/2, S 2p1/2, and edge sulfur, 

respectively [40]. The presence of nitrogen atoms is confirmed in Figure 4(c). The N 1s peak 

can be fitted to one peak located around 402.3 eV, which is assigned to oxide nitrogen groups 

[41]. The O 1s XPS profile can be fitted with two main peaks located at 532.2 and 533.7 eV 

corresponding to Mo–O and O–H bonds, respectively, which were likely caused by the oxidation 

of the material surface by the air oxygen [1].
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Figure 4. Fitted (a) Mo 3d, (b) S 2p, (c) N 1s, and (d) O 1s XPS peaks of MoS2 SNFs

The shapes and sizes of the prepared MoS2 SNFs and NFs were examined by FE–SEM. 

Figure 5 shows the FE–SEM images of MoS2 SNFs obtained at various magnifications and 

MoS2 NFs with a scale bar length of 300 nm. MoS2 NFs exhibit a round surface with numerous 

petals, which contribute to their electrocatalytic properties. The diameters of MoS2 NFs vary 

from 600 to 950 nm. Meanwhile, MoS2 SNFs also possess a round surface with numerous petals; 

however, their size does not exceed of 50–70 nm. The extremely small size of MoS2 increased 
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the number of catalytically active sites in the electrochemical process, which will be discussed in 

the next section. 

Figure 5. FE–SEM images of (a)–(c) MoS2 SNFs at different magnifications and (d) MoS2 NFs

TEM observations were also conducted to investigate the microstructure and crystallinity 

of the prepared catalysts. Figures 6(a)–(c) show the TEM images of MoS2 SNFs obtained at 

different magnifications, while Figure 6(d) depicts the TEM image of MoS2 NFs. These results 

indicate that the size of MoS2 SNFs is significantly smaller than that of MoS2 NFs. The high-

resolution TEM image (Figure 6a) reveals that the d-spacing of MoS2 is approximately 0.278 nm, 
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which can be indexed to the MoS2 (100) plane. The energy-dispersive X-ray spectroscopy (EDX) 

pattern displayed in Figure 6(e) also confirms the successful synthesis of pure MoS2 SNFs. 

Figures 6(f)–(h) show the uniform distributions of Mo and S elements on the catalyst surface. 

Figure 6. TEM images of (a)-(c) MoS2 SNFs at various magnifications and (d) MoS2 NFs. (e) 

EDX pattern of MoS2 SNFs, (f)-(h) distributions of different elements on the MoS2 SNFs surface. 

3.3 Electrocatalytic activity for HER

Figure 7 describes the HER catalytic performances of the synthesized MoS2 SNFs and 

NFs. The polarization curves of both catalysts and a Pt electrode in the 0.5 M H2SO4 standard 

electrolyte are shown in Figure 7(a). The onset potentials of MoS2 SNFs and NFs are equal to 

approximately −162 mV, indicating that the onset potential of MoS2 depends not on its 
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morphology but on catalytic properties. However, the overpotentials of the prepared materials 

were significantly different at a current density of −50 mA·cm−2 (270 mV for MoS2 SNFs and 

345 mV for MoS2 NFs). These results suggest that MoS2 SNFs exhibit a significantly lower 

overpotential at the specified current density as compared with that of MoS2 NFs, indicating 

much higher electrocatalytic activity of MoS2 SNFs. The larger number of active sites and 

electrical conductivity of MoS2 SNFs are important factors that contributed to their superior 

HER performance.

Another critical parameter used for evaluating the catalytic properties of an HER catalyst 

is a Tafel slope determined by Tafel analysis. The Tafel slope of a sample characterizes the 

reaction mechanism and catalytic activity. Figure 7(b) shows the Tafel slopes of the Pt electrode, 

MoS2 SNFs, and MoS2 NFs, which are equal to 34, 49, and 86 mV·dec−1, respectively. The 

lower Tafel slope indicates the faster kinetics of the HER process; hence, MoS2 SNFs exhibit 

better catalytic properties than those of MoS2 NFs. 

The impedances of the MoS2 SNFs and NFs catalysts are displayed in Figure 7(c). Here, 

the charge-transfer resistance includes the wire resistance (Rs), catalyst–electrolyte resistance 

(R1), and catalyst–electrode resistance (R2). Their values calculated for both catalysts are listed 

in Table 2. It is noteworthy that the charge-transfer resistance of MoS2 SNFs (5.79 Ω) was 

significantly lower than that of MoS2 NFs (26.08 Ω), indicating that the MoS2 SNF surface was 

more conductive than that of MoS2 NFs. This phenomenon can be explained by the smaller size 

of MoS2 SNFs that increases both the density and conductivity of the catalyst. A low charge 

transfer resistance is highly beneficial for electrochemical applications. Moreover, the Cdl value 

of the synthesized MoS2 SNFs (6.65 mF·cm−2) was calculated from the results of CV studies 

conducted at different scan rates (see Figures S2 and S3 in Supporting Information). 
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Table 2: Charge-transfer resistance list of MoS2 SNFs and NFs

Material Rs (Ω) R1 (Ω) R2 (Ω)

MoS2 SNFs 8.55 5.79 3.59

MoS2 NFs 9.81 26.08 16.2

During HER, hydrogen gas is released on the surface of cathode when protons (H+) in 

solution receive electrons from the electrode under an applied voltage. The HER mechanism in 

acidic media could be described as follows: 

H+ + e− = Had                     Volmer step

H+ + e− + Had = H2                  Heyrovsky step

Had + Had = H2                           Tafel step

Because hydrogen gas is released from the cathode, the efficiency of hydrogen evolution 

strongly depends on the number of active sites on the electrode surface. Hence, catalysts with 

large active surface areas are beneficial for HER due to the faster electron transfer process. To 

determine the active surface areas of the prepared materials, the BET measurements were 

conducted for MoS2 SNFs and NFs (the obtained results are presented in Figure 7(d)). The 

surface area of MoS2 SNFs (98.2 m2·g−1) is significantly higher than that of MoS2 NFs (7.01 

m2·g−1), which is consistent with the results of a previous study [42]. The larger surface area of 
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MoS2 SNFs is the main reason for its better HER performance as compared with that of MoS2 

NFs. 

Figure 7. (a) Polarization curves, (b) Tafel slopes, (c) EIS curves, and (d) BET surface areas of 

the prepared MoS2 SNFs and NFs.

The stability of the synthesized MoS2 SNFs toward HER was evaluated by conducting 

CA and CV tests in acidic media. The CA test was continuously performed for 12 h, after which 

the sample was subjected to 1000 CV cycles. The obtained CV and CA data are presented in 

Figures S4 and S5, respectively. Subsequently, the sample was examined by LSV, and its Tafel 
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slope was recalculated. Figures 8(a) and (b) display the LSV curves and Tafel slopes of MoS2 

SNFs obtained before and after the stability tests. They show that the change in the LSV curve 

after testing was negligible while the Tafel slope slightly increased from 49 to 51 mV·cm−2, 

indicating the superior stability of MoS2 SNFs in acidic media. 

Figure 8. HER performances of MoS2 SNFs observed before and after the CA and CV stability 

tests: (a) polarization curves and (b) Tafel slopes.

4. Conclusion

In this study, MoS2 SNFs were successfully prepared, and their morphology and HER 

catalytic properties were investigated. The size of MoS2 SNFs (50–70 nm) was significantly 

smaller than that of MoS2 NFs (600–950 nm), which was highly beneficial for electrochemical 

applications. The in situ doped nitrogen of the fabricated catalyst also enhanced its catalytic 

properties. The synthesized material exhibited high performance during HER with a low Tafel 

slope of 49 mV·dec−1, an overpotential of 270 mV at a current density of 50 mA·cm−2, a large 
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surface area of 98 m2·g−1, and unprecedented stability in the acidic environment. The obtained 

results indicate that MoS2 SNFs is a promising catalytic material for energy storage and chemical 

applications. 

Supporting Information

Supporting Information contains XPS survey spectra of MoS2 SNFs; CV curves of MoS2 SNFs 

recorded at different scan rates; calculated Cdl of MoS2 SNFs; results of the CA stability test of 

MoS2 SNFs conducted for 12 h; and results of the CV stability test of MoS2 SNFs obtained after 

1000 cycles.
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