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Ultralong worm-like MoS2 nanostructures were 

assembled with solvent-mediation solvothermal process 

by controlling the composition ratio of the miscible 

precursors in solution. The forming mechanism of 

worm-like MoS2 nanostructures was proposed and the 

as-prepared materials as anodes in sodium ion batteries 

delivered a good discharge/charge capacity, superior 

cycling stability and excellent coulombic efficiency. 

This work provides an efficient and economic approach 

to tailor the nanostructure of layered transition metal 

oxides and transition-metal dichalcogenide simply by 

controlling chemical composition and physical 

properties in a sovothermal process. 

 

Introduction 

 

For more than 20 years rechargeable lithium ion  batteries 

have been widely used for portable electronic devices，
power tools, hybrid/pure electric vehicles and electrical 

energy storage devices
[1,2,3]

.  With depleting of lithium 

resources, however,  concerns over the sustainable supply 

of lithium and increased lithium price
[4-6] 

have arisen.  In 

recent years, sodium-ion batteries  have been extensively 

investigated owing to sodium’s high abundance and low 

cost as well as the similarity of their solid-state 

electrochemistries with that of the Li-ion battery system.
[7]

  

Na ion has a larger ionic radius than that of Li-ion, which 

makes it more difficult to find a suitable host material to 

allow reversible and rapid ion insertion and extraction.  

Researchers have proposed a number of sodium anode 

electrode materials such as hard carbon and alloying 

compounds.  Hard carbon has been used as the most 

common alternative anode material,  but its capacity is 

severely limited by the applied current density
[8]

.  Alloying 

compounds demonstrate high first cycle Na-storage 

capacities, and a very high volume change upon Na 

insertion, resulting in the formation of internal cracks, loss 

of electrical contact, and eventually a failure of the 

electrode.
[9]

  Therefore, it is necessary to seek for 

reversible electrode materials with a higher stable cycle 

and a lower volume change.  Besides carbon-based 

materials, other 2-D layered nanomaterials with large 

interlayer spacings have drawed much attention.
[10-14]

 

Molybdenum disulfide (MoS2), a layered transition-metal 

dichalcogenide (TMD) in which hexagonal layers of Mo 

are sandwiched between two S layers, has been widely 

used as a functional material in such diverse fields as 

lubrication,
[15]

 electronic transistors,
[16]

 photovoltaics,
[17]

 

catalysis,
[18]

 and batteries.
[19,20]

 Its unique mechanical, 

optical and electrical properties are based on its chemical 

peculiarities.  Strong covalent bonding characterizes the 
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Mo–S interactions, while 2D S–Mo–S layers are separated 

by weak van der Waals interactions. So it tends to form 

thin nanosheets. A variety of appealing strategies have 

been developed to prepare different morphologies of 

nanoscaled MoS2.  Nanowires,
[21]

  nanotubes,
[22]  

nanoribbons,
[23]

  bubbles,
[24]

 nanopods,
[25]

 microspheres
[26]

 

and porous structures
[27]

 have been reported.  To the best 

of our knowledge, the synthesis of worm-like MoS2 

structure composed of ultrathin nanosheets performed in 

our lab was reported for the first time.   

In this work, we develop a simple solvothermal approach 

that is designed to synthesize ultralong worm-like MoS2 by 

self-assembling MoS2 nanosheets under solvent mediation 

by controlling the composition ratio of the miscible 

precursor solution.  The formating mechanism of MoS2  

under different conditions is proposed.  The as-prepared 

worm-like MoS2 with a well-ordered hierarchical structure 

showed a high reversible capacity, superior cycling 

stability and excellent coulombic efficiency when used as 

the anode electrode for sodium-ion batteries.  

 

Experimental Section   

Material preparation：：：：All used chemical reagents were 

analytical grade as received.  In a typical preparation 

process, 4 mmol of sulfur powder were dispersed into 14 

mL octylamine and mixed with 13 mL absolute ethanol in 

a 50 mL Teflon-lined autoclave, then sonicated for 1 hour.  

0.25 mmol of (NH4)6Mo7O24·4H2O were completely 

dissolved in 3 mL deionized water, that was then added 

into the suspension solution and sonicated for 1 hour to 

form a well-dispersed suspension. The autoclave was 

sealed and heated at 180~240 °C in an oven for several 

hours, and then cooled down to room temperature. The as-

prepared products were collected by filtration and washed 

several times with ethanol, and then dried in vacuum at 

100 °C overnight.  In order to investigate the forming 

mechanism of the worm-like MoS2, samples were also 

prepared by following the same experimental procedure as 

mentioned above just change different solvents ratio as 

listed in Table 1.  

 

Table 1. Volume ratio of solvents in precursor solutions 

                                   

IIII        IIIIIIII        IIIIIIIIIIII        IVIVIVIV         

Octylamine               0          14         14        30         

Absolute Ethanol          0          13         0          0          

Deionized Water         30         3          16         0          

 

Material characterization: The crystal structures of the 

materials were analyzed with a Philips X-ray 

diffractometer and Cu K-alpha radiation (λ=1.5406 nm) 

over the 2θ range of 10°-80°.  Morphology and 

microstructure of the as-prepared products were examined 

by field-emission scanning electron microscopy (FESEM, 

JSM-7800N) and transmission electron microscopy (TEM, 

JEM-2100).  Raman spectra were obtained using a 

HORIBA Scientific LabRAM HR Raman spectrometer 

system equipped with a 532.4 nm laser as the exciting 

radiation. X-ray photoelectron spectroscopy (XPS) 

measurements were performed on a Thermo Scientific 

ESCALAB 250Xi electron spectrometer. Fourier 

transform-infrared (FT-IR) spectra were recorded using the 

Nicolet FTIR 6700 spectrophotometer (Thermo Nicolet).  

Electrochemical measurements: The electrodes were 

fabricated by coating a slurry of an active material (80 

wt%), carbon black (15 %) and polyvinylidenefluoride 

(PVDF) binder (5 wt%) mixed in N-methyl pyrolidine 

(NMP) onto a copper foil and then dried in vacuum at 

120 °C for 12 h.  CR3025 coin cells were used and self-

assembled in an argon-filled glove box.  Na foil was used 

as the counter electrode, Celgard 2400 as the separator, 

and 1 M NaPF6 in the solution of fluoroethylene 

carbonate/dimethyl carbonate (FEC/DMC, 1:1 by volume) 

as the electrolyte. The assembly of the cells was carried 

out in a dry Ar-filled glove box.  The cells were aged for 

several hours before charge–discharge to ensure the full 

absorption of the electrolyte into the electrodes. The cells 

were galvanostatically charged and discharged between 

0.01 V and 3 V versus Na/Na
+
 in a Land Instruments 

testing system. 

 

Results and Discussion 

 

Material Characterization 

 
The crystal structure of the as-obtained samples was 

investigated by X-ray diffraction (XRD).  Fig1(a)  shows 

that the major detectable diffraction peaks can be readily 

indexed to the hexagonal phase MoS2, which is consistent 

with the standard powder diffraction file of MoS2 (JCPDS 

No. 37-1492). There are no obvious peaks from possible 

impurity phases such as S, MoOx and etc., demonstrating 

that the MoS2 material  with high purity could be obtained 

through the present synthesis strategy.  The strong (002) 

peak often signifies a well-stacked layered structure. 

However, there is no obvious (002) peak observed in the 

as-prepared samples, indicating that the MoS2 obtained in 

our work is very thin layered graphene-like structure, 
[28,29]

 

which are consistent with the FESEM results. The insert of 

Fig.1 (a) shows the typical crystal structure of MoS2, each 

Mo (IV) center occupies a trigonal prismatic coordination 

sphere, that is bound to six sulfide ligands; each sulfur 

centre is pyramidal and is connected to three Mo centres; 

in this way, the trigonal prisms are interconnected to give a 

layered structure, wherein molybdenum atoms are 

sandwiched between layers of sulfur atoms. 

Raman spectroscopy has been extensively used for the 

characterization of micro- / nanocrystals.  Raman analysis 

Sample  

No.    

Solution  

Vol . (ml)   

Solution     Type 
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showed in Fig 1(b) further confirms that the pure phase 

MoS2 was formed in our work.  The typical peak, known 

as the E
1

2g peak, at 376.7 cm
−1

 originates from the 

vibration of Mo−S in-plane mode, and an A1g peak near 

401.4 cm
−1

 from out-of-plane vibrations is also observed, 

which are typical first-order Raman active modes E
1

2g and 

A1g due to in-plane vibrational modes within the sulfur-

molybdenum-sulfur layer.
[30] 

   

Further structural details and composition were obtained 

with XPS analysis. In Figure 1(c), the peaks at ca. 161.4 

and 162.7 eV can be indexed to S2p3/2 and S2p1/2 binding 

energies, respectively. And  besides, there are two strong 

peaks at ca. 228.5 and 231.9 eV, which can be attributed to 

Mo
4+

3d5/2 and Mo
4+

3d3/2 binding energies, respectively. 
[31]

 

The wideangle XPS (Figure 4d) of the obtained samples 

shows the predominant presence of Mo, S, C, and N, O. 

Among these elements, S and Mo is derived from MoS2, C 

and N from octylamine. And the O signal was probably 

due to the exposure of the samples to atmosphere before 

the XPS measurement. 

 

 

 
Figure 1. (a) XRD and (b) Raman spectra of the as-

obtained  sample. (c) S 2p and Mo 3d spectrum of as-

obtained sample. (d) Wide survey XPS spectrum of MoS2 

spectrum. 

 

The morphology of the as-synthesized worm-like 

nanostructure was investigated by using FESEM and 

HRTEM, as shown in Fig 2 (a~f). Obviously, the worm-

like MoS2 are quite uniform, with length of over 10 µm 

and an average diameter of 200~300 nm (Fig 2b).  Higher 

magnification FESEM images (Fig 2c) clearly revealed 

that the structure is composed of many individual thin 

round nanosheets, which have a highly ordered 

arrangement with all the sheets oriented parallel to each 

other.  The TEM image further confirmed the well-defined 

nanosheet structure (Fig 2d).  The high resolution image 

(Fig 2e) identified that the well-defined layered structures 

of MoS2 having an interlayer distance of 0.61 nm for (200) 

planes have been observed.  As shown in Fig. 2f, the 

existence of the MoS2 phase was verified by clear ring 

diffraction patterns, which are indexed to a hexagonal 

P63/mmc space group and consistent with the XRD results. 

 

 
 

Figure 2. (a-c) FESEM, (d) TEM image, (e) HRTEM and 

(f) electron diffraction pattern of 3D MoS2 of highly 

ordered hierarchical structures 

 

In order to clearly understand the effect of solvents on the 

microstructures and morphologies of products, the samples 

prepared under same experimental process with different 

ratio of solvents were studied systemically in this work. As 

shown in Fig. 3, the XRD patterns of sample III and IV 

are in good agreement with that of sample II, 

demonstrating that high pure MoS2 could be obtained in 

the solution of deionized water and octylamine and pure 

octylamine. Although some characteristic diffraction peaks 

of sampleⅠcan match well with the standard XRD pattern 

of MoS2 (JCPDS No. 37-1492), there are still other 

diffraction peaks arising from the possible impurity phases 

such as MoOx, due to lack protection of  enough surface 

ligands. 
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Figure 3. XRD patterns of samples obtained in the 

solvothermal process with solvents in different volume 

ratios  

 

The as-prepared products were further examined by 

FESEM. As shown in Fig. 4, the microstructures and 

morphologies of the products formed under different 

conditions are very distinctive. The MoS2 obtained from 

the pure aqueous solution are fluffy nanosheets (Fig 4a).  

Worm-like MoS2 composing of ultrathin nanosheets was 

obtained in the solution of deionized water, octylamine and 

absolute ethanol (Fig. 4b). A structure of both worm-like 

MoS2 and agglomerated bulks appeared in the samples 

obtained in the solution of deionized water and octylamine 

(Fig. 4c).  With further increasing the viscosity of the 

precursor solution by only using octylamine as the solvent, 

agglomerated bulks became the main product (Fig. 4d). 

 
 

Figure 4. FESEM of samples obtained in precursor 

solutions with solvents in different volume ratios: low-

magnification FESEM of samples (a-1)Ⅰ, (b-1)Ⅱ, (c-1) 

Ⅲ,  (d-1) Ⅳ; high-magnification FESEM of samples (a-2)

Ⅰ, (b-2)Ⅱ, (c-2)Ⅲ, (d-2)Ⅳ. 

 

To further explore the growth mechanism of the worm-like 

MoS2, time-dependent and temperature-dependent 

experiments were carried out.  Fig. 5 (a~c) show the 

morphology evolution of the products obtained by just 

increasing the reaction time with other reaction conditions 

unchanged.  It is clear that the worm-like structure could 

be formed within a short time (only 2 hours), and as the 

reaction time prolonged to 24 hours, the morphology of 

samples still keep unchanged.  Fig 5 (d~f) show that 

worm-like products could also be formed at 180 °C, and at 

higher temperatures the morphology of the products has 

not been further improved and changed.  Those results 

indicated that the process in which MoS2 nanosheets were 

self-assembled into a worm-like structure is not controlled 

by thermodynamics or kinetics of the reaction involved 

and that the compositions of the miscible precursor 

solution play an important role in their assembling process. 
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Figure 5.  FESEM of samples obtained in the 

solvothermal process at 240 °C for different periods of 

time: (a) 2 h, (b) 6 h, (c) 12 h; and at different temperatures 

for 24 h: (d) 180 °C, (e) 200
 
°C, (f) 220 °C. 

 

Mechanism Investigation 

 

 
 

Figure 6.  FT-IR spectrum of worm-like structures 

obtained in the solvothermal process 

 

Octylamine coating the as-obtained sample was confirmed 

by FT-IR.  As shown in Fig. 6, the CH2 and CH3 stretching 

vibrations at 2800−3000 cm
−1

 and N−H modes at 

1650−1450 cm
−1

 (these peaks at 1650−1450 cm
−1

 may 

have overlapped with that of the bending vibration mode 

of H-O) in the FT-IR spectrum indicate that the products 

were capped with octylamine. The weight percent of the 

octylamine in the prepared samples was determined by 

TGA in air. The sharp drop in weight above 200 °C 

represents the decomposition and combustion of the 

octylamine and the phase transition of MoS2 to MoO3. 

Hence, the octylamine content in the as-synthesized 

sample is approximately 19.0 %. (As shown in Fig S1). On 

the basis of the FESEM, FTIR and TGA analyses, a 

possible mechanism is proposed to explain the formation 

of worm-like ultralong MoS2 of a  highly ordered    
hierarchical structure. In the MoS2 synthesis reaction, the 

octylamine is served as a solvent and surface ligands.  

Functional groups –NH2 of the octylamine molecule have 

a strong tendency to coordinate with inorganic cations and 

metals, as demonstrated by Burford and co-workers.
[32,33]

  

In the precursor solution of pure octylamine, due to the 

interaction –NH2   with MoS2, small MoS2 nanosheets 

could aggregate together to produce sturdy agglomerated 

bulks (Fig. 4d).  In the octylamine aqueous solution, the 

bonding force of –NH2 with MoS2 is weakened by the 

hydrogen-bonding between water and octylamine.  So a 

well-ordered hierarchical structured 3D MoS2 coexists 

with agglomerated bulks appears in the prepared samples 

(Fig. 4c).  In the solution of octylamine, ethanol and water, 

the bonding force of –NH2 is further weakened and then 

uniform 3D highly ordered hierarchical structured MoS2 

are obtained (Fig. 4b). When only using water as the 

precursor solution, the ultrathin and fluffy nanosheets are 

obtained since there are no –NH2 groups on MoS2 

nanosheets. Thus it is rational that octylamine can 

intercalate MoS2 layers to form worm-like ultralong MoS2 

with highly ordered hierarchical nanostructure. These 

results revealed that octylamine and the viscosity of the 

precursor solution play vital roles in creating worm-like 

ultralong MoS2.  The proposed mechanism is illustrated in 

Scheme 1. 

 

 
 
Scheme 1. Schematic illustration of the architecture 

mechanism for precursor solutions of solvents at different 

volume ratios  

 

Electrochemical Performance 
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It is known that MoS2 can be used as anode of sodium ion 

battery, Its typical electrochemical reaction in a Na battery 

proceed as following two steps[34,35]:  

(2)          0.4V) S(below2NaMo )Na-(4MoSNa

(1)                   ) 2 0.4, (above MoSNa NaMoS

22

22

+=+

<=+

x

xx

x

x

The electrochemical properties of the as-synthesized 

ultralong worm-like MoS2 were examined to verify the 

advantages of this material as an anode material for Na-ion 

batteries as shown in Fig 7.  

 

Fig 7a shows the charge/discharge behavior at the first, 

second, and third cycles of the as-obtained MoS2 electrode 

between 3.0 and 0.01 V at a current density of 61.7 mA g
-

1
.  In the first cycle, the MoS2 electrode delivered a sodium 

insertion capacity of about 675.3 mAh g
-1

, which is far 

higher than that of MoS2 nanoflower (350 mAh g
-1

 at a 

current density of 50 mA g
-1

) fabricated by Z. Hu et al.
[34] 

Then it should be noted that the specific capacity fading in 

the first cycle is high up to 181.1 mA hg
-1

, which may be 

caused by (i) the decomposition of the electrolyte on the 

surface of the MoS2 to form a passivation layer, namely 

SEI film on the electrode and (ii)  a fraction of Na
+
 that 

was trapped in the nanoclusters or defect sites
[36]

.  For the 

second and third cycles, charge and discharge capacities 

have no obvious fade, indicating that the stable SEI film 

has been formed after the first cycle.  The cycling life of 

worm like MoS2 with 80 cycles is shown in Fig. 7b.  The 

discharge capacity after 80 cycles is 410.5 mAhg
-1

, 

showing capacity retention of 83.1 %, compared with the 

second discharge. The average fade of subsequent specific 

capacity is just 0.21% per cycle. The stability and capacity 

of worm like MoS2 is better than that of MoS2 reported in 

literatures.
 [37, 38]

 Due to poor electrical conductivity of 

octylamine, the rate performance of the batteries is not 

good (as shown in Fig S2) and further improvement is 

undergoing in our lab. The high reversible capacity and 

good cycling stability of the as-synthesized ultralong 

worm-like MoS2 electrodes demonstrate powerfully that 

the worm-like MoS2 can be a promising alternative anode 

material for sodium ion batteries.  

 
 

 

 
Figure 7. (a) Charge-discharge curves  and (b) the cycling 

performance and their coulombic effciencies of the as-

prepared MoS2 for the potential window of 3.0~0.01 V vs 

Na/ Na
+
. 

 

Conclusions 

 
In summary, ultralong worm-like MoS2 nanostructures 

were assembled by a solution-mediation solvothermal 

process via controlling composition ratio of octylamine to 

water, the miscible precusors in solution to provide 

rational amount of ligands. The prepared material-based 

electrode with the ordered hierarchical structure delivered 

a capacity of 675.3 mAhg
−1

 at discharge rates as high as 

61.7 mAg
−1

 while possessing a capacity of 410.5 mAhg
−1

 

even after 80 cycles. Consequently, the significant 

contribution of this work provides not only an effective 

method for large-scale fabrication of worm-like ultralong 

MoS2, but also a versatile strategy for further design and 
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development of layered transition metal oxides and 

transition-metal dichalcogenide. 
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