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L
ithium ion batteries (LIBs) have now
become the main power sources for
portable electronic devices. They have

also attracted extensive attention as power
sources for high-power tools and electric
vehicles. For an anode material in LIB, the
graphiticmaterials are extensively spread as
commercial anode materials because of
their flat potential profile versus lithium
and their structural stability during cycling.
However, the small theoretical specific
capacity of graphite (372 mAh/g) necessitates
the determination of alternative negative
electrodes.1,2 Graphene, a flat, one-atom-
thick monolayer exfoliated from graphite,
exhibits excellent electronic behavior and
mechanical properties, as well as a large
specific surface area, so that it has attracted
considerable research interest for many appli-
cations.3�5 In particular, graphene nano-
sheets and their composites have been
intensively investigated for their electroche-
mical properties to determine their suitabil-
ity as anode materials for LIBs.6�8 High
capacities from ∼600 to 1000 mAh/g have
been observed for graphene nanosheets
and their composites. To date, numerous
studies on metal and metal oxides sup-
ported on graphene have been conducted,
in which their electrochemical performance
as anodematerials for LIBs was considerably
enhanced.9,10 However, research on layered
metal sulfides supported on graphene as
LIB anode materials has hardly been re-
ported thus far.
As a typical layered transition metal sul-

fide, MoS2 has the analogous structure of
graphene; this structure is composed of
three stacked atom layers (S�Mo�S) held
together by van der Waals forces.11,12 This
layered structure enables the convenient
intercalation and exfoliation of Liþ ions.

When the first lithium ion battery patent
with MoS2 as the electrode material was
published in 1980,13 a number of different
morphologies of MoS2 used in LIBs were
observed. Feng et al.14 synthesized MoS2
nanoflakes by a hydrothermal method and
found that the MoS2 nanoflake electrodes
exhibit a high insertion capacity of ∼1000
mAh/g. In our previous work,15 nanoflower
MoS2 was also synthesized by ionic liquid-
assisted hydrothermal reaction. The nano-
flower MoS2 delivered a reversible capacity
of∼900mAh/g, but their cyclic stability was
unsatisfactory and required improvement.
Biomolecular-assisted synthetic methods

have recently become the new focus
of nanomaterial preparation. Among the
numerous biomolecules, L-cysteine (L-cys,
HSCH2CHNH2COOH) is of particular interest
to scholars due to itsmultifunctional groups
(�SH, �NH2, and �COO�),16,17 which can
be used for the conjugation of metallic ions
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ABSTRACT A facile process was developed to synthesize layered MoS2/graphene (MoS2/G)

composites by an L-cysteine-assisted solution-phase method, in which sodium molybdate, as-

prepared graphene oxide (GO), and L-cysteine were used as starting materials. As-prepared MoS2/G

was then fabricated into layered MoS2/G composites after annealing in a H2/N2 atmosphere at 800 �C
for 2 h. The samples were systematically investigated by X-ray diffraction, field emission scanning

electron microscopy, energy dispersive X-ray spectroscopy, and high-resolution transmission electron

microscopy. Electrochemical performances were evaluated in two-electrode cells versus metallic

lithium. It is demonstrated that the obtained MoS2/G composites show three-dimensional

architecture and excellent electrochemical performances as anode materials for Li-ion batteries.

The MoS2/G composite with a Mo:C molar ratio of 1:2 exhibits the highest specific capacity of∼1100

mAh/g at a current of 100 mA/g, as well as excellent cycling stability and high-rate capability. The

superior electrochemical performances of MoS2/G composites as Li-ion battery anodes are attributed

to their robust composite structure and the synergistic effects between layered MoS2 and graphene.

KEYWORDS: L-cysteine-assisted . MoS2/graphene composites . anode material .
lithium ion battery . ac impedance
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or other functional groups.18 When heated, L-cys can
release H2S, which acts a sulfide source as well as a
reducing agent, resulting in the formation of metal
sulfide nanoparticles. Chen et al.19,20 synthesized a
three-dimensional (3D) flower-like β-In2S3 by hydro-
thermal methods using indium chloride and L-cys as
starting materials; they found that solution pH, In3þ

to L-cys molar ratio, and reaction temperature play
important roles in the entire process. In our previous
work, we successfully synthesized two-dimensional
SnS2/SnO2 nanoplates via an L-cys-assisted method.21

Under the solution-phase reaction, L-cys formed a
polymeric network structure, which facilitated the for-
mation of a two-dimensional structure for the com-
pounds. These layered structural compounds could
extensively improve the cycling behavior of the nano-
plates in LIBs.
In the present work, we present a facile process for

the synthesis of layered MoS2/graphene (MoS2/G)
composites by an L-cys-assisted solution-phase meth-
od, in which sodiummolybdate, as-prepared graphene
oxide (GO), and L-cys were used as starting materials.
The as-prepared MoS2/G were then fabricated into
MoS2/G composites after annealing in H2/N2 atmo-
sphere at 800 �C. The MoS2/G composites were well

characterized by XRD, TEM, HRTEM, and EDAX. The effects
of the graphene on themicrostructures and electrochem-
ical performances of the composites as Li-ion battery
anodeswere systematically investigated. It was found that
the incorporation of the graphene considerably inhibits
thegrowthofMoS2 crystals in thecomposites, especially in
the (002) plane of MoS2 during hydrothermal processing
and annealing. The layered MoS2/G composites exhibited
high reversible capacity (up to ∼1100 mAh/g) with
excellent cyclic stability and high-rate capability.

RESULTS AND DISCUSSION

Characterization of Morphology and Structure. Figure 1
shows a general view of the morphologies of MoS2,
MoS2/G (1:1), MoS2/G (1:2), and MoS2/G (1:4) that were
synthesized by hydrothermalmethod and annealing in
a H2/N2 atmosphere at 800 �C for 2 h. As shown in
Figure 1a, the bare MoS2 obtained through the pro-
posed method consists of large-scale sheets that are
tightly stacked together. WhenGOwas predispersed in
hydrothermal solution, the synthesized MoS2/G com-
posites display a 3D architecture morphology consist-
ing of nanosheets, as shown in Figure 1c,b,d. In
particular, the MoS2/G (1:2) composite displays a 3D
sphere-like architecture (Figure 1c). The 3D architecture

Figure 1. SEM images of (a)MoS2, (b)MoS2/G (1:1), (c) MoS2/G (1:2), and (d)MoS2/G (1:4) prepared by hydrothermal route and
annealing in H2/N2 at 800 �C for 2 h.
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of MoS2/G composites was attributed to the graphene
self-assembling during the hydrothermal process, in
which GO was reduced to graphene and the flexible
graphene self-assembled into a 3D architecture by
partial overlapping or coalescing.22 3D morphology of
MoS2/G composites still remained after their annenling.

The XRD patterns of the samples are shown in
Figure 2. As shown in Figure 2a, the MoS2 synthesized
by L-cys exhibits high crystallinity and a typical hex-
agonal structure after annealing in H2/N2 at 800 �C,
which is in accordance with those established by
JCPDS card number 37-1492. Figure 2a shows that
the primary (002) diffraction peak appears at 2θ =
14.2� with a d-spacing of 0.62 nm, indicating that the
layered MoS2 grows well along the c axis during
annealing. From Figure 2b,c,d, we also observe that
the MoS2/G composites basically retain the layered
crystallinity and the position of the diffraction peaks of
MoS2. However, it is worth noticing that the intensity of
all the diffraction peaks of MoS2 decrease with increas-
ing graphene proportion in the composites, especially
the (002) plane peaks, which indicate that the incor-
poration of the graphene considerably inhibits the
(002) plane growth of MoS2 crystals in the composites.
Additionally, the XRD patterns of the MoS2/G compo-
sites show that the (002) diffraction peaks of the
graphene nanosheets cannot be detected,23 indicating
that the graphene nanosheets do not stack during the
hydrothermal process and annealing. More recently, Li
et al.24 demonstrated that the GO nanosheets could be
used as a novel substrate for the nucleation and
subsequent growth of MoS2 and found (bymicroscopy
and Raman imaging) that the growth of MoS2 is
selective on GO, with little free particle growth in
solution. The selective growth of MoS2 on GO was
attributed to the interaction between the oxygen-
containing functional groups on GO sheets and Mo
precursors. In our present work, MoO4

2� was reduced
to MoS2 by L-cys, and GO was also in situ reduced to
graphene by L-cys during the hydrothermal process. In
this process, GO or reduced GO could act as a substrate

for the nucleation and growth of MoS2. Due to the
layered MoS2 growth on GO or reduced GO surface,
the stacking of the graphene was inhibited during the
hydrothermal process, even during annealing. Vice
versa, the incorporation of the graphene also re-
strained the (002) plane growth of MoS2 crystals in
the composites during annealing.

To determine the composition of the samples, we
identified the layered MoS2/G composites from EDAX.
The element compositions of the layered MoS2/G
composites with different graphene contents are sum-
marized in Table 1. The table shows that the samples
contain C, Mo, S, and a small quantity of O. The
calculated atomic ratio of S to Mo element ranges from
1.91 to 2.06, approaching the theoretical value ofMoS2.
These values indicate that the products are stoichio-
metric MoS2. C is provided by graphene, while a small
quantity of O comes from a few parts of the graphene
that were not completely reduced during the hydro-
thermal process and annealing. Table 1 also shows that
theMo:C atomic ratio approaches the theoretical value
of the MoS2/G composites (1:1, 1:2, and 1:4).

Experimental characterization reveals that the
MoS2/G composites deliver a composite structure of
layered MoS2 and graphene after annealing. Subse-
quently, we analyzed themicrostructure of theMoS2/G
(1:2) sample in detail. Figure 3a shows that the micro-
sized MoS2/G (1:2) composite displays a 3D architec-
ture, which is composed of a large number of scaled
and curved sheets in the range 100�200 nm. Its 3D
architecture is caused by the self-assembly of in situ

reduced GO into a 3D architecture by the partial over-
lapping or coalescing of the flexible graphene during
the hydrothermal process.22 3D architectural MoS2/G
composites as LIB anodes would increase the contact
area with the electrolyte and also provide more and
shorter Li-ion diffusion channels during the lithiation/
delithiation processes. In addition, the overlapping or
coalescing of the graphene would form an intercon-
nected conducting network, which is very important
for the less-conducting MoS2 as electrode materials,
and facilitate rapid electronic transport in electrode
reactions. Finally, this 3D structure also enhances the
stability of the MoS2/G composites due to super-
strength of graphene.25 From Figure 3b, it can be
clearly seen that layered MoS2 is supported on the

Figure 2. XRD patterns of (a) MoS2, (b) MoS2/G (1:1), (c)
MoS2/G (1:2), and (d) MoS2/G (1:4) prepared by hydrother-
mal route and annealing in H2/N2 at 800 �C for 2 h.

TABLE 1. Element Composition of Layered MoS2/G

Composites after Annealing in H2/N2 at 800 �C for 2 hwith

Different Graphene Contents

element (wt %)

composite C O Mo S

MoS2/G (1:1) 5.62 2.67 55.99 35.72
MoS2/G (1:2) 12.93 3.55 49.99 33.53
MoS2/G (1:4) 23.65 5.38 42.10 28.87
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graphene surface. The HRTEM image of the MoS2/G
(1:2) in Figure 3c shows the typical layered MoS2 with a
few layers (4�11) and an interlayer distance of 0.62 nm.
A selected-area electron diffraction pattern is shown in
Figure 3d and is well-indexed as a pure hexagonal
MoS2 phase. This result indicates that the graphene
layers reduced by L-cys do not stack together.

Growth Mechanism. Revealing the growthmechanism
of MoS2/G composites during the hydrothermal pro-
cess requires investigating the microstructure and
morphology of the composites before annealing. Fig-
ure 4 shows the XRD patterns and SEM images of the
as-prepared MoS2/G composites with different gra-
phene contents. Comparing with Figures 1 and 2,
microstructures and morphologies of the composites
after annealing, it is found that themorphologies of the
composites before and after annealing do not signifi-
cantly change but the crystalline structure does. As
shown in Figure 4a, the as-prepared MoS2/G compo-
sites display only three very weak diffraction peaks,
which is attributed to the (002), (100), and (110) planes
of MoS2, indicating the crystallinity of MoS2 is very
poor. The poor crystallinity of MoS2 is attributed to the
incorporation of the graphene inhibiting the growth of
the layered MoS2 crystal during the hydrothermal
process. MoO4

2� precursors were reduced to MoS2
by L-cys, while the GO was also in situ reduced to

graphene during the hydrothermal process. The re-
duced GO provided a substrate for the nucleation and
growth ofMoS2. Li et al. attributed the selective growth
ofMoS2 onGOor reducedGO surface to the interaction
between functional groups on the GO sheets and Mo
precursors.24 However, reduced GO also disturbed the
growth of layered MoS2 crystals, especially in the (002)
plane of MoS2. Figure 2 also demonstrates that the
graphene inhibits the (002) plane growth of MoS2
crystals in the composites during annealing. L-cys plays
a role of reducing agent and sulfur donor during the
whole hydrothermal process, in which L-cys released
H2S as a sulfide source as well as a reducing agent,
resulting in the reduction of MoO4

2� precursors to
MoS2 and reduction of GO to graphene. On the basis of
the common knowledge concerning elemental sulfur
and its compounds, the reaction routes for the synth-
esis of MoS2 by L-cys could be expressed as follows:26

HSCH2CHNH2COOHþH2O f CH3COCOOH

þNH3 þH2S (1)

4MoO4
2� þ 9H2Sþ 6CH3COCOOH f 4MoS2 þ SO4

2�

þ 6CH3COCOO
� þ 12H2O (2)

Figure 4b,c,d also shows that themorphology of the
MoS2/G composites is a 3D architecture. According to
the view of Shi et al.,22 self-assembling graphene into

Figure 3. Microstructure of MoS2/G (1:2) composite: (a) SEM image, (b) TEM image, (c) HRTEM image, and (d) electron
diffraction pattern.
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3Dmacrostructures can be easily presented during the
hydrothermal process. Because the partial overlapping
or coalescing of flexible graphene resulted in the
formation of physical cross-linking sites of the frame-
work of the self-assembled graphene hydrogel, the
inherent flexibility of graphene is a crucial property for
constructing the 3D structures. Therefore, the MoS2/G
composites display 3D structures due to the self-
assembling of the graphene during the hydrothermal
process. In particular, as shown in Figure 4c theMoS2/G
(1:2) composite displays a 3D sphere-like morphology,
which still remains even after annealing.

Many references indicated that the reduced GO by
the chemical method still retained a small amount of
oxygen-functionalized groups, such as hydroxyl, car-
boxyl, and epoxy groups.27�29 In this work, the as-
prepared MoS2/G composites also contain some of
these oxygen-containing functional groups. For deter-
mining the composition of samples, the element com-
positions of the as-prepared MoS2/G composites were
identified by EDAX before annealing, and the results
are summarized in Table 2. It can be found from Table 2
that the Mo:S molar ratio is approximate 1.0:2.0, which
is in accordance with that in Table 1. However, the
contents of O in as-prepared MoS2/G samples are
higher than those of the annealedMoS2/G composites,

which is because sections of oxygen-containing func-
tional groups of reduced GO were further reduced
during annealing at H2/N2.

Electrochemical Performance. Figure 5 shows the first
three charge and discharge curves of the annealed
MoS2, MoS2/G (1:1), MoS2/G (1:2), and MoS2/G (1:4)
composites at a current density of 100 mA/g. Figure 5a
illustrates that two potential plateaus, at 1.1 and 0.6 V,
are observed for the annealed MoS2 electrode in the
first discharge (lithiation process). A plateau at 1.1 V is
indicative of the formation of LixMoS2, and the plateau
variation in the lithium intercalation is attributed to the
different defect sites ofMoS2.

30 The plateau at 0.6 V can
be attributed to a conversion reaction process, which
first entails the in situ decomposition of MoS2 into Mo

Figure 4. Characterizations of MoS2/G composites before annealing: (a) XRD patterns of (1) as-prepared MoS2/G (1:1), (2) as-
prepared MoS2/G (1:2), (3) as-prepared MoS2/G (1:4), and the SEM images of (b) as-prepared MoS2/G (1:1), (c) as-prepared
MoS2/G (1:2), and (d) as-prepared MoS2/G (1:4).

TABLE 2. Element Composition of As-Prepared MoS2/G

Composites before Annealing with Different Contents of

Graphene

element (wt %)

as-prepared composite C O Mo S

MoS2/G (1:1) 6.32 6.23 52.40 35.05
MoS2/G (1:2) 12.50 7.09 49.71 30.70
MoS2/G (1:4) 24.92 10.15 38.36 26.57
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particles embedded into a Li2S matrix and then the
formation of a gel-like polymeric layer resulting from
electrochemically driven electrolyte degradation.31 In
the second and third discharge curves, the annealed
MoS2 electrode displays two potential plateaus, at 1.9
and 1.2 V, and the potential plateau at 0.6 V in the first
discharge disappears. In the charge (delithiation) pro-
cess, the annealed MoS2 electrodes exhibit conspicu-
ous potential plateaus at 2.2 V because of the high
crystallinity of the annealed MoS2. Figure 5b,c shows
that the MoS2/G electrodes display conspicuous po-
tential plateaus at 1.1 and 0.6 V in the first discharge
(lithiation) process and at 2.2 V in the first charge
(delithiation) process. These results are in accordance
with those obtained for the annealed MoS2. However,
for the MoS2/G (1:4) sample, the potential plateaus
become inconspicuous because of the increasing
amounts of graphene. The graphene prepared by the
chemical method possibly contains a number of amor-
phous carbons that exhibit stronger disorder and
dispersion. As shown in ref 6, pure graphene na-
nosheets exhibit inconspicuous potential plateaus dur-
ing charge and discharge processes. Cyclic voltam-
metry (CV) was performed on the MoS2 and MoS2/G
(1:2) composite electrodes, whose CV curves are shown
in Figure 6. The two samples exhibit peaks at 0.4 and
0.9 V in the first cathodic sweep. The peak at 0.9 V can
be attributed to the coordination of Mo by six S atoms
(MoS6), which change from trigonal prisms to octahe-
dra in the MoS2 structure, whereas lithium ions inter-
calate into MoS2, as reported in the literature.13,31 The
peak at 0.4 V is attributed to the conversion reaction
process MoS2 þ 4Li f Mo þ 2Li2S.

32 In the second
cathodic sweep, two other peaks, at 1.6 and 2.3 V,
appear. However, the peaks located at 0.4 and 0.9 V

disappear;a result that agrees with the previous
lithiation and delithiation profiles. During the anodic
sweep, both samples exhibit only one peak at 2.4 V,
which also agrees with the previous lithiation and
delithiation profiles.

Figure 5 illustrates that the initial lithiation
(discharge) capacities of the MoS2, MoS2/G (1:1),
MoS2/G (1:2), and MoS2/G (1:4) electrodes are 1012,
1142, 1571, and 1462 mAh/g, respectively, while the
initial delithiation (charge) capacities are 600, 718,
1031, and 855 mAh/g, respectively. Among these
samples, MoS2/G (1:2) exhibits the highest lithiation
and delithiation capacities. Compared with the theo-
retical capacity of bulk MoS2 (only 167 mAh/g),33 the
first discharge capacity of the pristine MoS2 prepared
in the present study exceeds that of bulk MoS2. The
specific capacity of the MoS2/G composites is greatly

Figure 5. First three charge and discharge curves of the samples after annealing in H2/N2 at 800 �C for 2 h at a current density
of 100 mA/g in a half-cell composed of MoS2/G and Li: (a) MoS2, (b) MoS2/G (1:1), (c) MoS2/G (1:2), and (d) MoS2/G (1:4).

Figure 6. Cyclic voltammograms of (a)MoS2 and (b)MoS2/G
(1:2) at a scanning rate of 0.5 mV/s during the first three
cycles.
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enhanced. As shown in Figure 7a, the cyclic stability of
MoS2 is so poor that the reversible capacity decreases
to 256 mAh/g after 100 cycles. This value is only 42.7%
of the initial capacity. On the contrary, the MoS2/G
composites exhibit excellent cyclic stabilities. The re-
versible capacities of the MoS2/G electrodes do not
decrease but slightly increase. After 100 cycles, the
reversible capacities of the MoS2/G (1:1), MoS2/G (1:2),
and MoS2/G (1:4) electrodes remain at 734, 1187, and
978 mAh/g, respectively. Thus, the incorporation of
graphene not only significantly enhances the specific
capacities of the composites but also improves their
cyclic stabilities due to the robust composite structure
and the synergistic effect between the layered MoS2
and the graphene.

The high reversible capacity and excellent cycling
behavior of the MoS2/G composites are also exhibited
in the rate capability. Figure 7b shows the rate cycling
behavior of the composites. Among these electrodes,
MoS2/G (1:2) also demonstrates better rate perfor-
mance. Even at a high current density of 1000 mA/g,
the specific capacity remains at ∼900 mAh/g, which is
still higher than that of MoS2 at a low current density of
100 mA/g. Additionally, the extraordinary cycling sta-
bilities of the three electrodes are exhibited at various
current densities. As shown in Figure 7b, when the
charge/dischagrge current density changes from 1000
to 100 mA/g, the specific capacities of the composites
return to the last values, which do not immediately
change under the current densities and do not ulti-
mately change in the subsequent cycles, indicating
extraordinarily high cycling stabilities.

Graphene plays a highly important role in the
electrochemical performance of the MoS2/G compo-
sites. The specific capacity of the composites is tre-
mendously enhanced, and their cycling stability and
high rate capability are also significantly improved. In
order to understand why the MoS2/G electrode exhi-
bits such a superior electrochemical performance com-
pared to the MoS2 electrode, ac impedance mea-
surements were performed after 10 cycles, as shown

in Figure 8a. The equivalent circuit model of the
studied system is also shown in Figure 8b according
to the works reported by others.34,35 Re represents the
internal resistance of the test battery, Rf and CPE1 are
associated with the resistance and constant phase
element of the SEI film, Rct and CPE2 are associated
with the charge-transfer resistance and constant phase

Figure 7. (a) Cycling behavior of samples after annealing in H2/N2 at 800 �C for 2 h at a current density of 100mA/g: (1) MoS2;
(2) MoS2/G (1:1); (3) MoS2/G (1:2); (4) MoS2/G (1:4). (b) Rate capability of MoS2/G samples at different current densities:
(1) MoS2/G (1:1); (2) MoS2/G (1:2); (3) MoS2/G (1:4).

Figure 8. (a) Nyquist plots of MoS2 and MoS2/G (1:2) elec-
trodes obtained by applying a sine wave with amplitude of
5.0 mV over the frequency range from 100 kHz to 0.01 Hz;
(b) equivalent circuit model of the studied system. CPE
represents the constant phase element, ZCPE = {Q(jω)n}�1,
0 e n e 1.

TABLE 3. Impedance Parameters Derived Using

Equivalent Circuit Model for MoS2 and MoS2/G (1:2)

Electrodes

electrode Re (Ω) Rf (Ω) Q1 (μF) Rct (Ω) Q2 (μF)

MoS2 6.94 13.55 14.5 40.76 45.2
MoS2/G(1:2) 4.49 8.53 152 13.60 471.3
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element of the electrode/electrolyte interface, and ZW
is associated with the Warburg impedance corre-
sponding to the lithium-diffusion process. As shown
in Figure 8a, the high-frequency semicircle corre-
sponds to the resistance Rf and CPE1 of the SEI film,
and the semicircle in the medium-frequency region is
assigned to the charge-transfer resistance Rct and CPE2
of the electrode/electrolyte interface. The inclined line
corresponds to the lithium-diffusion process within the
bulk of the electrode material. The kinetic differences
of MoS2/G and bare MoS2 electrodes were further
investigated by modeling ac impendence spectra
based on themodified equivalent circuit.36,37 The fitted
impedance parameters are listed in Table 3. It can be
seen that the SEI film resistance Rf and charge-transfer
resistance Rct of theMoS2/G (1:2) electrode are 8.53 and
13.60 Ω, which are significantly lower than those of
bare MoS2 (13.55 and 40.76Ω). This fact confirms that
the incorporation of graphene can preserve the high
conductivity of the MoS2/G composite electrode and
greatly enhance rapid electron transport during the
electrochemical lithium insertion/extraction reaction,
resulting in significant improvement in the electroche-
mical performances. This novel kind of MoS2/G com-
posites with high reversible capacity, excellent cyclic
stability, and high-rate capability would find wide
applications as promising anode materials for LIBs.

CONCLUSIONS

A facile processwas developed to synthesize layered
MoS2/G composites by an L-cys-assisted solution-
phase method and subsequent annealing in a H2/N2

atmosphere at 800 �C for 2 h. The characterizations
demonstrate that the layered MoS2 are supported on
the graphene surface, which then form the MoS2/G
composites. The addition of graphene would inhibit
the growth of layered MoS2 crystals in the composites,
especially in the (002) plane of MoS2, during the
hydrothermal process and annealing. The MoS2/G
composites exhibit a 3D architecture morphology
consisting of curved nanosheets, which is attributed
to the self-assembling of graphene hydrogel during
the hydrothermal process. In particular, the MoS2/G
(1:2) composite delivers a 3D sphere-like architecture.
The electrochemical evaluations reveal that all the
MoS2/G composite electrodes exhibit much higher
specific capacities and more cyclic stability than bare
MoS2 electrodes. Among the samples, MoS2/G (1:2)
exhibits the highest specific capacity of∼1100 mAh/
g at a current density of 100 mA/g and no capacity
fading after 100 cycles. Even at a high current density
of 1000 mA/g, the specific capacity of MoS2/G (1:2)
remains at ∼900 mAh/g with excellent cyclic stabi-
lity. Alternating current impendence spectra confirm
that the incorporation of graphene preserves the
high conductivity and greatly enhances the electro-
chemical activity for the MoS2/G composites. The
excellent electrochemical performances of MoS2/G
composite electrodes are attributed to the robust
composite structure and the synergistic effects be-
tween layered MoS2 and graphene. Therefore, the
present results suggest that this novel kind of MoS2/
G composite holds great potential as an anode
material for LIBs.

EXPERIMENTAL DETAILS
Synthesis of Graphene Oxide. Natural graphite powder (Shanghai

Colloid Chemical Plant, China) was oxidized to graphite oxide
using a modified Hummers method.38 Graphite powder was
poured into 50 mL of concentrated H2SO4 under an ice bath.
Then, 3 g of KMnO4 was gradually added. The mixture was stirred
for 2 h and thendilutedwithdeionized (DI) water.After that, 10mL
of 30% H2O2 was added to the solution until the color of the
mixture changed to brilliant yellow. The as-obtained graphite
oxide was redispersed in DI water and then exfoliated to generate
grapheneoxide sheets byultrasonication.Abrown, homogeneous
supernatant was obtained by centrifuged washing.

Synthesis of MoS2/G Composites. GO (prepared by 0.017 g of
graphite) was transferred from the as-made suspension into a
200 mL beaker with adding 40 mL of DI water, Then, 0.3 g of
Na2MoO4 3 2H2O was added. After ultrasonication and stirring
for 20 min, 0.1 M NaOH was added to the solution until the pH
value changed to 6.5. The mixture and 0.8 g of L-cysteine were
dissolved in 80 mL of DI water and then transferred into a
100mL Teflon-lined stainless steel autoclave, sealed tightly, and
heated at 240 �C 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 �C for 24 h.
The composites were annealed in a conventional tube furnace
at 800 �C for 2 h in a stream of 10% hydrogen in nitrogen
flowing at 200 sccm (standard cubic centimeter per minute).
Then the MoS2/G composites with 1:1 molar ratio of MoS2 to
graphene were obtained and were designated as MoS2/G (1:1).

With the same method as above, MoS2/G composites with 1:2
(GO was prepared by 0.035 g of graphite) and 1:4 (GO was
prepared by 0.065 g of graphite) molar ratios of Mo to C were
obtained as well and were designated as MoS2/G (1:2) and
MoS2/G (1:4), respectively.

Characterizations. The samples were characterized with X-ray
diffraction (XRD; Thermo X'TRA X-ray diffractometer with Cu KR
source), high-resolution transmission electron microscopy
(HRTEM; JEOL JEM-2010, 200 kV), field emission scanning
electron microscopy (FESEM; SIRION-100), and energy disper-
sive X-ray spectroscopy (EDX, GENENIS-4000).

Electrochemical Measurements. The electrochemical tests were
measured using two-electrode cells assembled in an argon-
filled glovebox. Li sheets served as the counter electrode and
reference electrode, and a polypropylene film (Celgard-2300)
was used as a separator. The electrolyte was a 1.0 M LiPF6
solution in amixture of ethylene carbonate/dimethyl carbonate
(EC/DMC) (1:1 in volume). The working electrodes were pre-
pared by a slurry coating procedure. The slurry consisted of
80 wt % active material, 10 wt % acetylene black, and 10 wt %
polyvinylidene fluorides dissolved in N-methyl-2-pyrrolidinone.
This slurry was spread on copper foil, which acted as a current
collector. The coated electrodes were dried at 110 �C for 12 h
under vacuum and then pressed. Galvanostatic charge/dis-
charge cycles were carried out on a CBT-138-320 battery tester
between 0.01 and 3.00 V at various current densities. Cyclic
voltammetry measurements were carried out on an electro-
chemical workstation (Zahner IM6ex) over the potential range
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0.01�3.00 V vs Li/Liþ at a scan rate of 0.5 mV/s. Alternating
current impendence spectra (PARSTAR 2273) were obtained by
applying a sine wave with amplitude of 0.5 mV over the
frequency range from 100 kHz to 0.01 Hz.
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