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extraordinarily high electrochemical performance for lithium ion

batteriesw
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A facile process was developed to synthesize MoS2/graphene

nanosheet (GNS) composites by a one-step in situ solution-

phase method. These MoS2/GNS composites therefore exhibit

extraordinary capacity, i.e., up to 1300 mA h g
�1
, and excellent

rate capability and cycling stability as an anode material for

lithium ion batteries.

The possibility of using a rechargeable lithium ion battery

(LIB) for various stationary power storage applications has

stimulated significant research activity aimed toward improving

LIB energy, power density and cycling life. As a commercial

anode material in LIBs, graphite suffers from a relatively small

capacity (372 mA h g�1) and should be replaced by alternative

anode materials with higher capacity.1 Recently, graphene, a

flat one-atom-thick monolayer that is exfoliated from graphite,

has been shown to exhibit outstanding electronic behavior,

large surface area and high chemical tolerance, thus attracting

much research interest.2,3 These advantages suggest that

graphene sheets hold promise as matrices for improving the

electrochemical performance of metal and metal oxides.4 To

date, research concerning metal and metal oxides supported on

graphene has greatly enhanced the electrochemical performance

of graphene as an anode material for LIB.5,6 Metal sulfides such

as MoS2, WS2 and SnS2 also deliver a higher theoretical

capacity.7

As a typical layered transition metal sulfide, MoS2 has a

structure analogous to that of graphene. This metal sulfide is

composed of three atom layers (S–Mo–S) stacked together

through van der Waals interactions.8,9 Due to this layered

structure, Li+ ions can easily intercalate and exfoliate. Since

the patent publication of the first lithium ion battery usingMoS2
in 1980, several different MoS2 morphologies have been used in

lithium ion batteries.10 Thus far, the highest specific capacity of

MoS2 was reported by Xiao et al. and is 1131 mA h g�1 with a

current of 50 mA g�1.11 Because graphene has extraordinary

electronic behavior, MoS2 growth on the surface increases its

electron conductivity and electrochemical performance.

Herein, we report a facile in situ solution-phase reduced

method for growing MoS2 layers on a graphene nanosheet

(GNS) to form MoS2/GNS composites. Electrochemical tests

indicate that the MoS2/GNS composites exhibit very high

capacity and excellent rate capability and cycling stability as

anode materials for LIB.

The in situ synthesis of MoS2/GNS composites is shown

schematically in Fig. 1a [also see ESIw for experimental

details]. 0.035 g graphite powder was converted to graphene

oxide (GO) by Hummers method.12 The as-prepared GO was

transferred from the as-made suspension into a 200 ml beaker

with the addition of 40 ml DI water. Then, 0.3 g Na2MoO4�
2H2O was added. After ultrasonication and stirring for 20 min,

Fig. 1 (a) Schematic diagram of the in situ synthesis of MoS2/GNS.

(b) SEM image of MoS2/GNS composites. (c) HRTEM image of MoS2
layers on graphene. (d) XRD patterns of MoS2 and MoS2/GNS; inset

shows the electron diffraction pattern of the MoS2 nanosheets on

graphene. (e) Schematic illustration of the microstructure of MoS2/GNS.
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0.1 M NaOH was added to the solution until the pH value

changed to 6.5. The mixture and 0.8 g NH2CSNH2 were

dissolved in 80 ml DI water and then transferred into a 100 ml

Teflon-lined stainless steel autoclave, sealed tightly, and

heated at 240 1C for 24 h. After cooling naturally, the black

precipitates were collected by centrifugation, washed with DI

water and ethanol, and dried in a vacuum oven at 80 1C for

24 h. Due to the many functional groups on the surface of GO,

such as carboxyl, hydroxyl and epoxy groups, as a result,

MoO4
2� anions could tightly adsorb onto the GO surface and

then be reduced by NH2CSNH2 in the solution at 240 1C to

form MoS2/GNS composites. In this process, H2S, which is

released from NH2CSNH2 at high temperatures, reduces

MoO4
2� and GO to MoS2 and graphene (see ESIw, Fig. S1).

From the analysis of EDAX, four kinds of elements can be

observed, i.e., C, Mo, S and a small number of O, and it is

calculated that the atomic ratio of Mo to C approaches to

1 : 2.

The general morphology of the MoS2/GNS composites is

shown in Fig. 1b. The composites deliver a 2-dimensional

nanoflake structure. The high-resolution TEM (HRTEM)

image shows that MoS2 layers with an interlayer distance of

0.62 nm are grown on the surface of graphene (Fig. 1c).

Comparing with the HRTEM image of pure MoS2 (see ESIw,
Fig. S1b), it can be found that the thickness of MoS2 grown on

the surface of graphene is about 4–5 layers, which is quite

smaller than pure MoS2 (tens of layers). This factor indicates

that during the process of synthesis of MoS2/GNS composites,

MoS2 is in situ reduced on the surface of graphene layers, and

the graphene sheets greatly inhibit the restacking of MoS2
layers. The same characteristic can be observed by XRD

analysis (Fig. 1d). As shown in Fig. 1d, the MoS2/GNS

composite shows the similar crystalline structure of pure

MoS2, which are in good agreement with a hexagonal structure

(JCPDS 37-1492). Additionally, the XRD patterns of the

MoS2 and MoS2/GNS composites show that the growth of

the (002) plane at 2y= 14.21 was inhibited due to the presence

of graphene. The other diffraction peaks are in accordance

with the electron diffraction pattern in Fig. 1c. A weak

diffraction peak can be observed at 2y = 24.51, which is

attributed to the (002) plane of graphene nanosheets (see

ESIw, Fig. S1d). If only pure graphene sheets were reduced

by H2S in a hydrothermal process, it can be easy to restack for

the graphene layers, and the interlayer distance of restacked

graphene nanosheets is slightly large than that of graphite.

Therefore, the increase of the interlayer of graphene

nanosheets can provide larger space for Li ion intercalation,

which also reduces the barriers to Li ion mobility, thereby

facilitating lithium ion diffusion.7a In the composites, the

electrons of the S atom layer and its adjacent carbon layer

could form a co-electron cloud (Fig. 1e). The high concentration

of electrons between the MoS2 layer and the graphene layer

could greatly enhance the electronic conductivity of the com-

posites and were beneficial to the diffusion of the Li+ ions

during the charge and discharge in LIB.13

The MoS2/GNS composites were mixed with carbon black

and polyvinyldifluoride (PVDF) in a weight ratio of 80 : 10 : 10.

The obtained slurry was spread on a copper foil with 14 mm in

diameter and 0.02 mm in thickness, dried at 120 1C for 12 h

under a vacuum atmosphere (�0.1 Mpa), and then pressed

to form a working electrode with active material loading of

1.50 mg cm�2. The electrochemical tests were performed in a

two-electrode cell with a Li foil as the counter electrode and a

1.0 M LiPF6 solution in a mixture of EC/DMC (1 : 1 in

volume) as the electrolyte. Fig. 2c shows the first two charge

and discharge curves of the MoS2/GNS composites at a

current density of 100 mA g�1 and cycled between 3.0 and

0.1 V vs. Li+/Li. As shown in Fig. 2c, two potential plateaus at

B1.2 and B0.6 V are observed for the composite electrode in

the first discharge, which is in accordance with the findings for

MoS2 (Fig. 2a). The plateau at 1.2 V is indicative of the

formation of LixMoS2, and the plateau variation in the lithium

intercalation is attributed to the different defect sites of MoS2.

The discharge plateau at 0.6 V can be attributed to a conversion

reaction process, which first entails the in situ decomposition

of MoS2 into Mo particles embedded in a Li2S matrix and then

the formation of a gel-like polymeric layer resulting from

electrochemically driven electrolyte degradation.14 In the first

charge (delithiation) process, two potential plateaus at about

1.7 and 2.3 V are displayed. This result can also be observed in

the CV curves of the composites (Fig. 2b and d). During the

second discharge, two inconspicuous potential plateaus at

about 2.0 and 1.2 V, and the potential plateau observed at

0.6 V in the first discharge, disappeared, which is in accordance

with the findings for MoS2. The reversible formation of Li2S at

the nanoscale based on the reaction: MoS2 + 4Li 2 Mo +

2Li2S, accompanying the redox of Mo nanoparticles and the

reversible growth of the gel-like layer, should be the plausible

reason for the reversible capacity and the sloping voltage

regions in the subsequent cycles.15 In addition, during the first

charge/discharge process, the lithiation capacity of MoS2/

GNS composites is 2200 mA h g�1, and the delithiation

capacity reaches 1300 mA h g�1, which is much higher than

the capacity of free MoS2 and GNS (see ESIw, Fig. S2)

Fig. 2 Electrochemical characterizations of a half-cell composed of

MoS2 vs. Li and MoS2/GNS vs. Li. (a) The first two charge and

discharge curves of MoS2 at a current density of 100 mA g�1.

(b) Cyclic voltammograms of MoS2 electrodes at a scan rate of

0.5 mV s�1 during the first two cycles. (c) The first two charge and

discharge curves of MoS2/GNS at a current density of 100 mA g�1.

(d) Cyclic voltammograms of MoS2/GNS electrodes at a scan rate of

0.5 mV s�1 during the first two cycles.
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obtained through the same method. As shown in Fig. 3a,

MoS2/GNS composites exhibit extraordinary cycling behavior

and still retain the reversible capacity of 1290 mA h g�1 after

50 cycles. On the contrary, the reversible capacity of the free

MoS2 electrode reaches its maximum (835 mA h g�1) after

several cycles, but only a capacity of 605 mA h g�1 is retained

after 50 cycles.

Such a high reversible capacity and excellent cycling behavior

of the MoS2/GNS composites are also exhibited in the rate

capability. Fig. 3b shows the rate cycling behavior of the

composites. The MoS2/GNS composites also demonstrate

good rate performance. Even at a high current density of

1000 mA g�1, the specific capacity remains at 1040 mA h g�1,

which is still higher than that of free MoS2 and GNS.

Additionally, the extraordinary cycling stability of the composites

is exhibited at various current densities. Even though the

current changes from 1000 mA g�1 to 100 mA g�1, the specific

capacity of the composites returns to 1300 mA h g�1 at

once and does not ultimately change in the following cycles,

indicating extraordinarily high cycling stability. The high

capacity, cycling stability and rate capability of the MoS2/

GNS composite could be attributed to the intimate interaction

between the graphene substrates and MoS2 layers grown on

them, which was facilitated to MoS2 electrochemically active

since charge carriers could be effectively and rapidly

conducted back and forth from MoS2 layers to graphene

layers.5 In our experimental process, we found that the effect

of the mole ratio of MoS2 to GNS on the electrochemical

performance of the composites was also important. Here,

we reported a MoS2/GNS composite with a Mo to C mole

ratio of 1 : 2 that delivered the highest specific capacity

(B1300 mA h g�1). Although the specific capacity of samples

with mole ratios of 1 : 1 and 1 : 4 (i.e., 1001 mA h g-1 and

1132 mA h g-1, respectively) were inferior to that of a sample

with a ratio of 1 : 2, these samples still exhibited higher specific

capacity and better cycling stability than pure MoS2 and GNS

(see ESIw, Fig. S3), indicating that initial electrochemical

performances of MoS2 grown on the surface of graphene were

indeed greatly enhanced and these kinds of MoS2/GNS

composites would find wide applications as a promising anode

material for LIB.

In summary, through the in situ reduction of MoS2 nano-

flakes on graphene nanosheets to form MoS2/GNS composites,

we enabled the MoS2 anode material to achieve the highest

specific capacity observed to date. The MoS2/GNS composites

can be further explored for high-capacity, low-capacity

and environment-friendly anode materials for LIB appli-

cations. We believe that our facile method can also be used

for other metal sulfides (e.g., WS2, SnS2 and TiS2) supported

on graphene to significantly improve their electrochemical

performances.
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