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Abstract 

Hybrid urchin-like nanostructures composed of spherical onion-like carbon (OLC) core 

and MoS2 nanoleaf were synthesized by a simple solvothermal method followed by 

thermal annealing treatment. Compared to the commercial MoS2 powder, MoS2/OLC 

nanocomposites exhibit enhanced electrochemical performance as the anode material of 

lithium-ion batteries (LIBs) with a specific capacity of 832 mAh g
-1

 at the current density 

of 50 mA g
-1

 after 60 cycles, and a moderate initial Coulombic efficiency of 71.1%. 

Furthermore, a simple pre-lithiation method based on a direct contact of a lithium foil 

with the MoS2/OLC nano-urchins was used to achieve a very high Coulombic efficiency 

of  97.6% in the first discharge/charge cycle, which is at least 26% higher compared to 

pristine MoS2/OLC nano-urchins. This pre-lithiation method can be generalized to 

develop other carbon-metal sulfide nanohybrides for LIB anode materials. These results 

may open up a new avenue for the development of the next-generation high-performance 

LIBs.  

 

Keywords: onion-like carbon, MoS2; lithium-ion batteries; pre-lithiation; nano-urchins, 

initial Coulombic efficiency. 
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Introduction  

High-performance rechargeable lithium-ion batteries (LIBs) are highly desirable for 

modern portable electronic devices and hybrid electrical vehicles (HEVs).
1, 2

 LIBs attract 

rapidly increasing research and industry interests due to their high energy density, long 

cycle stability and no memory effect compared to other alternatives.
3-7

 Currently, 

commercial LIBs employ graphite as the anode material, which possesses a relative low 

theoretical specific capacity (~372 mAh g
-1

).
8, 9

 To enhance the performance, nano-sized 

metal oxides with very high theoretical capacity and shortened lithium ion diffusion 

lengths have been extensively investigated for applications as LIBs anode materials.
10-16

 

However, the large volume change during the lithiation and de-lithation processes and the 

relative low conductivity of metal oxides lead to poor cycling stability and rate capability, 

which negatively affects their commercialization prospects.
17, 18

 Moreover, most of the 

anode materials suffer from low initial Coulombic efficiency (CE) due to the irreversible 

capacity loss during the first charge/discharge cycle. 

Recently, nano-structured layered transition metal dichalcogenide (LTMD) materials 

such as MoS2 have been investigated as anode materials of LIBs owing to their prominent 

advantages.
19-21

 First, due to the layered structure, the weak van der Waals interactions 

between MoS2 layers makes it possible to insert and then extract Li ions without a 

significant volume change.
22

 This prevents the common pulverization problem in metal 

oxides or other alloy-type anode materials. Second, the theoretical specific capacity ~670 

mAh g
-1 

of MoS2 (based on the conversion reaction between Li ions and MoS2 resulting 

in four moles of lithium incorporation per mole of MoS2) is much higher compared to 

commercial graphite.
23

 It has been demonstrated that integration of MoS2 with 
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carbonaceous materials (e.g., carbon nanotubes (CNTs), graphene oxide, mesoporous 

carbon, and templated graphite) enhances electrochemical performance.
24-30

 For example, 

coaxial MoS2/CNTs nanostructures exhibited a capacity of 400 mAh g
-1

;
31

 

MoS2/graphene nanohybrids showed a capacity of 1187 mAh g
-1

 after 100 cycles;
32

 

Furthermore, hierarchical MoSx/CNT (2<x<3) nanocomposites also showed a high 

capacity of >1000 mAh g
-1

 at a current density of 50 mA g
-1

, as well as long cycle 

stability.
22

 However, in the previous studies the initial CE of anode materials remained 

relatively low, i.e., between 65 to 75%.  

Higher CE values are sought to increase the discharging capacity relative to the 

charging capacity. However, a large number of lithium ions are trapped into a solid-

electrolyte interface (SEI) layer that forms during the first lithiation process, leading to 

low initial CE values. This amount of lithium ions are provided by cathode electrode in 

secondary LIBs, resulting in redundant cathode used and high cost. A pre-lithiation 

process has been proposed to compensate the loss of lithium ions during the initial 

lithiation process.
33

 Such pre-lithiation method has been widely used for lithium sulfur 

battery, and cathode material of LIBs, but is not common for LIBs anode materials due to 

the instability of the lithiated materials and process complexity.
34

 Several prelithiation 

methods have been developed, including chemical reaction with n-butylithium, 

electrochemical prelithiation, as well as hydrothermal treatment with LiCl and stabilized 

lithium metal powder (SLMP).
33, 35-37

 Recently, it has been demonstrated that pre-

lithiation can be achieved by placing a Li foil contacting with the material to be lithiated, 

such as  silicon nanowires.
34

 Compared to other methods, this pre-lithiation technique 

showed several advantages of easy operation, low cost, and high lithiation efficiency. 
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Here we report on MoS2/onion-like carbon (OLC) nano-urchins by growing MoS2 

nanoleaves with spherical OLC using a simple solvothermal method followed by thermal 

annealing treatment. The MoS2/OLC nano-urchins were employed as the anode material 

for LIBs and exhibit much improved specific capacity and cycle stability. Furthermore, a 

pre-lithitation method was implemented on the MoS2/OLC nano-urchins and the 

corresponding initial CE is improved greatly from 71.1% to 97.6% with excellent 

reaction reversibility.  

 

Experimental  

Materials synthesis 

MoS2/OLC nano-urchins were synthesized via a simple single-step solvothermal method. 

Briefly, 220 mg (NH4)2MoS4 powder and 10 mg OLC were mixed and thoroughly 

dispersed into 30 ml N,N-dimethyformamide (DMF) by probe sonication and continuous 

stirring for about 15 min at room temperature.
22

 After that, the precursor was transferred 

to a 50 ml Teflon-lined stainless steel autoclave, sealed and kept in a normal lab oven at 

200 
o
C for 10 h. The product was collected by centrifugation and washed by de-ionised 

water for several times to remove unreacted chemicals and DMF residue. After drying the 

product at 100 
o
C overnight in a vacuum oven, the final powder was annealed at 500 

o
C 

for 2 h in the Ar gas flow to remove the sulfur residue. 

Prelithiation process 

The prelithiation process was implemented by directly contacting MoS2/OLC active 

material with lithium foil in a CR2032 coin cell setup. The MoS2/OLC slurry was 
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prepared by dispersing 80 wt% MoS2/OLC, 10 wt% conductive carbon black and 10 wt% 

polyvinyldifluoride (PVDF) binder in N-methylpyrrolidone (NMP). The slurry was then 

painted onto nickel foam and dried overnight in a vacuum oven at 120 
o
C. The prepared 

electrode covered with a lithium foil was assembled into a standard CR2032 button cell 

and filled with 1 M LiPF6 solution dissolved in a mixture of ethylene-carbonate–ethyl-

methyl-carbonate (EC–EMC, 1 : 1) as the electrolyte in an argon-filled glove box. The 

cell was then disassembled after the prelithiation for 24 hours.  

Electrochemical measurements 

The electrochemical performance of MoS2/OLC nano-urchins and related pre-lithiated 

nanocomposites were measured by assembling them into a two-electrode half-cell 

configuration, with the active materials as the working electrode and a lithium foil as the 

counter electrode. The electrode fabrication and assembly processes were the same as 

that in the pre-lithiation process, except that Celgard 2400 membranes were used as the 

separators between the working and counter electrodes. Electrochemical measurements 

were carried out after 24 h of the assembly. The cyclic voltammetry (CV) and 

electrochemical impedance spectroscopy (EIS) measurements were achieved using an 

electrochemical workstation (VMP3, Bio-logic, France). The galvanostatic 

charge/discharge test was performed in the voltage range of 0.01-3 V at various current 

densities ranging from 50 to 2000 mA g
-1

 by a battery analyzer (Neware, Shenzhen, 

China). 

Materials characterization 
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The morphologies and structures of the samples were examined by field-emission 

scanning electron microscopy (FESEM, JSM-7600) and transmission electron 

microscopy (TEM, JEM-2100F). Crystal structure of the nano-urchins was investigated 

by X-ray diffraction (XRD, Siemens, D5005) with Cu Ka (λ=0.154 nm) radiation under 

the accelerating voltage of 40 kV. Raman spectra were obtained by a confocal Raman 

system with the laser excitation at 532 nm (WITec Instruments Corp, Germany). The 

content of MoS2 in the nanocomposites was examined by thermogravimetric analysis 

(TGA, Shimadzu, DTG-60). The chemical composition was investigated by X-ray 

photoelectron spectroscopy (XPS, Thermo Scientific, ESCA-Lab-250xi) using Al Kα 

source (hv =1486.68 eV) in an UHV chamber at a pressure lower than 2.0x10
-7 

Pa. The 

peak positions were calibrated on the C 1s peak position at 285.0 eV. 

Results and discussion 

The morphology of the OLC and MoS2/OLC nanocomposites is shown in Figure S1 and 

Figure 1, respectively. Pristine OLC shows a spherical morphology with a diameter of 

about 15-40 nm (Figure S1), while MoS2/OLC nano-urchins feature a nanoporous 

spherical structure with a diameter of 40-80 nm and covered by numerous MoS2 

nanoleaves  (Figure 1a). The MoS2 nanoleaves can be distinguished from the TEM image 

in Figure 1b. The interplanar spacing of the MoS2 sheets is 0.62 nm, corresponding to the 

(002) crystal plane.
24

 In addition, the valence states and chemical composition in the 

MoS2/OLC nano-urchinshave been investigated by XPS, as shown in Figures 1c. The 

binding energy peaks located at 232.7, 229.6, 163.6 and 162.4 eV corresponded to Mo 

3d3/2, Mo 3d5/2, S 2p1/2 and S 2p3/2 states, respectively. In particular, Mo atoms find 
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themselves in the 4+ valence state in the synthesized MoS2/OLC nano-urchins, indicating 

the crystal structure is MoS2.  

The crystal structure of the synthesized MoS2/OLC nano-urchins was examined by 

XRD, as shown in Figure 2a. A broad peak 2θ centered at 20
o
 originates from the quartz 

substrate background and a weak peak at around 26
o
 corresponds to the (002) plane of 

OLC.
38

 Other diffraction peaks in this figure could be indexed as the (002), (100), (103) 

and (110) planes of the MoS2 crystal (JCPDS No. 37-1492), in a good agreement with the 

previous reports.
24

 The synthesized MoS2/OLC nanocomposites were further analyzed by 

the Raman spectroscopy shown in Figure 2b. Two major Raman peaks located at 383 and 

408 cm
-1

 can be assigned to the typical Raman-active  and  modes of MoS2, 

respectively, and are also observed for commercial MoS2 powder.
39

 On the other hand, 

the peaks located at 1384 and 1592 cm
-1

 are attributed to the D- and G-peaks 

corresponding to the disorder and defects in the carbon layer, and the in-plane vibration 

of sp
2
-bonded carbon atoms in the hexagonal carbon lattice, respectively.

40-42
 

In order to determine the content of OLC in the nano-urchins, thermal gravimetric 

analyses (TGA) and differential scanning calorimetry (DSC) measurements were 

performed under oxygen atmosphere and the corresponding curves are shown in Figure 

S2. When the temperature is less than 100 
o
C, a small weight loss was observed due to 

the evaporation of moisture adsorbed on the surface of nanocomposites. As the 

temperature increased, a further weight loss of 35.3% between 100 and 380 
o
C was 

attributed to the carbon oxidization in air, which was associated with large amounts of 

heat released as seen in the DSC curve. A final weight loss of 8.23% was observed 

between 380 and 530 
o
C, corresponding to the oxidation reaction of MoS2 to form 
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MoO3.
43

 Therefore, MoS2/OLC nano-urchins contain 63.4 wt% of MoS2 and 36.6 wt% of 

OLC.  

The electrochemical performance of the nanocomposites was evaluated by integrating 

them into a half-cell battery configuration composed of the active material as the working 

electrode and a lithium foil as the counter electrode. Figure 3a shows the CV curve of the 

first three cycles within the potential range of 0.01-3V vs Li/Li
+
. In the first cathodic 

cycle, there are two peaks centered at 1.15 and 0.58 V. The former corresponds to the 

lithium intercalation into MoS2 layered lattice to form LixMoS2, as described by the 

following equation. 

 MoS2 + xLi
+
 + xe

-
 → LixMoS2  (1) 

It is worth mentioning that during the intercalation process, MoS2 undergoes a first-

order phase transition from the semiconducting 2H phase into the more electrically 

conductive 1T metastable phase, where the coordination of Mo atoms becomes 

octahedral.
44, 45

 On the other hand, the peak centered at 0.58 V is associated with the 

reduction of Mo
2+

 into the metallic Mo nanoparticles embedded into a Li2S matrix 

through the conversion process (see equation 2) and the formation of a gel-like SEI layer 

at the interface of the electrolyte and the electrode.
22, 46-48

 

 MoS2 + 4Li
+
 + 4e- → 2Li2S + Mo  (2) 

In the first anodic cycle, we observed a relatively weak peak located at 1.4 V and one 

main peak at 2.3 V, corresponding to the oxidation of Mo to MoS2,
22, 47

  

 Mo + 2Li2S → MoS2 + 4Li
+
 + 4e

-  
 (3) 
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and dissociation oxidation of Li2S, respectively.
49

  

 Li2S → 2Li
+
 + S + 2e

- 
  (4) 

 In the second cathodic CV cycle, a new redox peak associated with the reduction of S 

into Li2S was found at 1.9 V and a broad peak associated with the lithium intercalation 

formation of LixMoS2 at 1.12 V.
22, 46

 These reactions became reversible with the 

oxidation peaks at 1.42 and 2.24 V that correspond to the extraction of Li
+
 from LixMoS2 

lattice (see equations 5), and the oxidation of Li2S, respectively.
43

 

  LixMoS2 → MoS2 + xLi
+
 + xe

-
  (5) 

The galvanostatic discharge/charge test was carried out in the potential range of 0.01-

3.0 V vs. Li/Li
+
 at a current density of 50 mA g

-1
, and the curves of the first 5 

discharge/charge cycles are shown in Figure 3b. In the first discharge curve, there are two 

plateaus located at 1.3-1.1 V and 0.7-0.5 V. These two plateaus are usually ascribed to 

the formation of LixMoS2 through lithium intercalation and the conversion of MoS2 into 

metallic Mo facilitated by the formation of the SEI layer.
22, 43

 On the other hand, the 

MoS2/OLC nano-urchins exhibit an obvious plateau in the potential range between 2.0 

and 2.3 V in the first charge curve, corresponding to the oxidization of Li2S into S.
46

 

These discharge/charge behaviors are consistent with the CV curves shown in Figure 3a. 

The specific capacity of the first discharge and charge cycle were 1434 and 1020 mAh g
-1

, 

respectively, resulting in an initial CE of 71.1% calculated by:
50

 

    (6) 
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 The capacity loss of approximately 28.9% during the initial cycle can be attributed to 

the irreversible decomposition of the electrolyte and the formation of SEI film.
12

 Similar 

phenomena have been observed in other nano-sized anode materials.
12, 13, 51

 During the 

second cycle, the discharge and charge capacity decreased to 1002 and 947 mAh g
-1

, 

respectively, resulting in a much higher CE of 94.5%. CE was further increased to 98.5% 

in the 4
th

 cycle and maintained above 98.5% for longer cycles.  

The cycling performance of MoS2/OLC nanocomposites is also shown in Figure 3c. 

MoS2/OLC still can deliver a high capacity of 853 mAh g
-1

 after 60 cycles. In contrast, 

the specific capacity of the commercial MoS2 powder was only 158 mAh g
-1

 after 100 

cycles (Figure S3). The improved capacity and cycling stability of the MoS2/OLC nano-

urchins as compared to the commercial MoS2 powder can be attributed to synergistic 

effect of MoS2 and the addition of OLC. First, OLC has outstanding electronic behavior 

and higher conductivity to improve the electron transfer rate.
12, 38

 Second, OLC also can 

effectively inhibit the restacking of MoS2 layered structure, resulting in improved 

electrochemical performance.
48

 

The rate capability of MoS2/OLC nano-urchins at various current densities is shown 

in Figure 3d. The nanocomposites exhibit reversible capacities of 826, 653, 493, 341 and 

248 mAh g
-1

 at the current densities of 50, 200, 500, 1000 and 2000 mA g
-1

, respectively. 

Remarkably, the capacity could recover to ~874 mAh g
-1

 after the current density was 

adjusted from 2000 mA g
-1

 to 50 mA g
-1

. It is worth mentioning that the rate capacity of 

our MoS2/OLC nano-urchins was comparable or better than the high-end values obtained 

recently from novel hybrid anodes.
22

 We believe that the good rate capability arises from 

the isotropic nanoporous structure and good electrical conductivity of the spherically-
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shaped OLC nanoparticles. Since the lithium ions can be inserted into and extracted from 

the active materials from all the directions, it indeed leads to the enhanced ion 

accessibility and ion transport and eventually, the better rate capability.
38, 52

 A similar 

concept of designing the electrodes could also be found in the case of  MesoCarbon 

MicroBeads (MCMB)-based materials, which generally show a higher capability as 

compared to the natural graphite.
53

 

To further explore the intrinsic electrochemical and kinetic mechanisms of the 

nanocomposites, the electrochemical impedance spectroscopy (EIS) was carried out after 

the first three cycles. Figure 4 shows the Nyquist plots (symbol) of the commercial MoS2 

and the synthesized MoS2/OLC nano-urchins. A much smaller semi-circle at high 

frequencies was observed for the MoS2/OLC nano-urchins as compared to that of the 

commercial MoS2, implying a lower charge transfer resistance. To quantify the 

performance of the two materials, we used an equivalent circuit model as shown in the 

inset of Figure 4, where Rs represents the electrolyte resistance corresponding to the 

intercept of the semicircle at high frequency range; Rf and Q1 are the SEI layer resistance 

and the constant phase element (CPE), respectively, corresponding to the semicircle at 

high frequency range; Rct and Q2 are the charge transfer resistance and related double 

layer capacitor, respectively, corresponding to the semicircle in high-middle frequency 

region; and W is Warburg impedance corresponding to the straight line in low frequency 

range related to the lithium-diffusion process.
12, 54

 The fitting results are summarized in 

Table 1, which clearly indicates that the charge transfer resistance of MoS2/OLC (19.22 

Ω) was dramatically reduced compared to the commercial MoS2 (60.62 Ω).  
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As discussed above, the initial CE of our MoS2/OLC nano-urchins was only 71.1%, 

implying that a large amount of lithium ions became inactive after the first discharge 

process. In the operational rechargeable LIBs, this portion of lithium ions would be 

provided by the cathode (e.g., LiFePO4, LiCoO2, etc.). However, this approach requires 

large amounts of Li-based cathode materials which are very expensive and also 

undesirable for several other reasons. To tackle this issue, we adopted a pre-lithiation 

method to provide lithium ions to the anode in advance rather than extract from the 

cathode materials. The pre-lithiation process is illustrated in Figure 5a, where the 

MoS2/OLC nano-urchins are in direct contacted with a lithium foil. Lithium ions were 

then absorbed within the surface layer and/or intercalated into the MoS2 layered structure 

(Figure 5b).  

The electrochemical performance of the pre-lithiated MoS2/OLC nano-urchins was 

then measured in a half-cell battery configuration. The CV curves of the first two cycles 

in the potential range of 0.01-3 V vs. Li/Li
+
 are shown in Figure 6a. Unlike the features 

observed in the pristine MoS2/OLC nano-urchins, the pre-lithiated nano-urchins showed 

very similar shape and peak positions for the first and second discharge/charge cycles. 

The pre-lithiated MoS2/OLC delivered capacities of 772 and 753 mAh g
-1

 for the first 

discharge and charge cycle process, respectively. Here, prelithiation process and the first 

time charge were treated as the zero time of cycle. Although the discharge specific 

capacity was slightly lower than that of the pristine sample, the initial CE increased 

significantly from 71.1% to 97.6% after the prelithiation. Moreover, the specific capacity 

stayed at a high level of 721 mAh g
-1

 even after 100 cycles. To our best knowledge, this 

represents the first report of pre-lithation of MoS2 with such a high initial CE, thereby 
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demonstrating that the pre-lithated MoS2/OLC nano-urchins can indeed be a promising 

anode material for next-generation high-performance LIBs.  

In addition, the prelithiation method shown here is that the active material electrode, 

regardless of its type and structure, was contacted with the lithium foil directly. The 

prelithiation setup is based on the general setup tested for the active material which also 

employs lithium foil as a lithium source. Therefore, the prelithiation method could also 

be possibly applied to carbon-metal sulfide nanohybrids and other active materials. It is 

worth mentioning that two simple additional experimental steps (assembling and 

disassembling) of effective prelithiation of the anode material may effectively resolve a 

major CE issue arising during the first operation cycles. The above two exta steps are 

very simple and straightforward. They are also can be simplified by putting the electrodes 

and lithium foil into CR2032 case without assembling; thereafter a load can be applied to 

the assembly to enable a reasonably long contact between the electrodes and the lithium 

foil. This is just one simple possibility and many other engineering solutions may be 

available to further improve the battery assembly.This advantage gives more space for 

further improving the initial CE of anode material and lowering the cost of LIBs. 

Nevertheless, further studies are needed for high-yield and large-scale applications of this 

emerging technology.  

Conclusion 

In summary, we have reported a proof-of-concept study based on a synthesis of 

MoS2/OLC nano-urchins by a simple solvothermal method followed by thermal 

annealing for applications as the anode material of LIBs. The pristine MoS2/OLC nano-
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urchins delivered a specific capacity of 832 mAh g
-1

 at the current density of 50 mA g
-1

 

with an initial CE of 71.1%. A pre-lithiation method based on placing the nano-urchins in 

direct contact with the lithium foil was then employed to increase the initial CE to 97.6%. 

The strategy of pre-lithiation is generic and can also be used for other carbonaceous 

materials hybridized with metal sulfides for high-performance LIBs.  
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Figure 1. (a) SEM, (b) TEM images and (c) XPS core-level speaks of Mo 3d, S 2s and 

2p of MoS2/OLC nano-urchins.  
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Figure 2. (a) XRD patterns and (b) Raman spectra of MoS2/OLC nano-urchins and the 

commercial MoS2 powders. 
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Figure 3. (a) Cyclic voltammetry (CV) curves of the MoS2/OLC nano-urchins electrode 

of the first three cycles at a scan rate of 0.1 mV s
-1

 in a potential range of 0.01–3 V vs. 

Li/Li
+
. (b) Galvanostatic discharge/charge curves of MoS2/OLC nano-urchins electrode at 

a current density of 50 mA g
-1

 for the first 5 cycles. (c) Cycling performance and related 

Coulombic efficiency of the MoS2/OLC nano-urchins. (d) Rate capabilities of the 

MoS2/OLC nano-urchins based electrodes.  
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Figure 4. EIS spectra (symbol) and the corresponding fittings (solid line) of MoS2/OLC 

nano-urchins and commercial MoS2 powder electrodes. Inset shows the equivalent circuit 

model used for the fittings. 
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Figure 5. Schematic diagrams of (a) pre-lithiation process and device configuration and 

(b) MoS2 layered structure with the intercalated lithium ions during the pre-lithiation 

process.  
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Figure 6. (a) CV and (b) cycling performance and related Coulombic efficiency of the 

pre-lithiated MoS2/OLC nano-urchins at a current density of 50 mA g
-1

. 
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Table 1. Fitting results of the EIS curves in Figure 4 using the equivalent circuit. 

Sample Rs 

(Ω) 

Rf 

(Ω) 

Q1 Rct 

(Ω) 

Q2 W 

(S.sec
5
/cm

2
) 

x
2
 

 Y n Y n 

MoS2 8.80 930.9 3.36E-3 0.80 60.62 1.60E-5 0.81 2.03E-3 5.35E-2 

MoS2/OLC 9.86 337.8 1.53E-2 0.97 19.22 4.00E-4 0.64 6.12E-2 1.59E-3 
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