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Abstract
A facile strategy was developed to prepare interlayer-expanded MoS2/graphene composites through a one-step hydrothermal
reaction method. MoS2 nanosheets with several-layer thickness were observed to uniformly grow on the surface of graphene
sheets. And the interlayer spacing of MoS2 in the composites was determined to expand to 0.95 nm by ammonium ions
intercalation. TheMoS2/graphene composites show excellent lithium storage performance as anode materials for Li-ion batteries.
Through gathering advantages including expanded interlayers, several-layer thickness, and composited graphene, the composites
exhibit reversible capacity of 1030.6 mAh g−1 at the current density of 100 mA g−1 and still retain a high specific capacity of
725.7 mAh g−1 at a higher current density of 1000 mA g−1 after 50 cycles.
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Introduction

The growing concerns on energy shortage and ecological
problems from burning fossil fuels have greatly promoted
the exploration on clean and renewable energy sources.
Lithium-ion batteries (LIBs) with high energy and power den-
sity and long cycle life, as one important power sources for
portable electric devices, have been demonstrated to be a crit-
ical part of the energy sources in the future [1, 2]. For com-
mercial applications, graphite is widely utilized as the anode
material for LIBs because of its flat potential profile, high
columbic efficiency, and good cycling performance.
However, the energy density is limited by its low theoretical
specific capacity (372 mAh g−1), and a low power density is

always obtained resulting from slow Li+ diffusion in the
graphite structure [3]. Thus, the realization of alternative an-
ode materials with higher capacity has recently attracted much
effort to establish the next generation of commercial LIBs
with better performance.

Among the numerous developed candidates, MoS2 has ex-
hibited especially outstanding lithium storage performance
due to its unique structure and property [4, 5]. As a typical
layered transition metal sulfide, MoS2 is constructed by three
atom layers (S-Mo-S) stacked together through van der Waals
interactions which can be exfoliated into nanosheets with few-
er layers during the first Li insertion [6]. Such transformation
can facilitate the following Li diffusion and accommodate Li
integrations with significantly less volumetric expansion on
lithiation/delithiation cycling process, therefore offering the
advantages to result in desirable rate capacity and cycling
stability. And compared with the intercalation mechanism-
based materials (e.g., graphite), MoS2 can deliver higher en-
ergy density according to its conversion reaction mechanism
in LIBs [7]. Despite the advantages ofMoS2 as anode material
for LIBs, the performance is still unsatisfactory for large-scale
practical applications. To further improve the performance of
MoS2-based LIBs, various strategies have been investigated,
mainly including enlarging the interlayer distance of MoS2
[8–10], constructing hierarchical nanostructures [11] and
MoS2/carbon composites [12–15]. Increasing the space be-
tween MoS2 interlayers can lower the Li+ insertion and
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diffusion barriers and accommodate more Li+. Constructing
hierarchical nanostructures of MoS2 is able to shorten the
distance of Li+ diffusion and as well increase the contact area
between electrode and electrolyte. As for MoS2/carbon com-
posites, the composition of high conductive carbonaceousma-
terials is always designed to remedy the relatively poor con-
ductivity of MoS2 semiconductor. Especially, graphene has
always been selected as promising matrices due to its large
surface area, high electric conductivity, and good chemical
stability [16–20]. Obviously, any above aspect of engineering
the structure of MoS2 can make a positive contribution to
improve the lithium storage performance, while designing
versatile structures that can gather all the advantages is highly
desired and efficient.

Herein, we construct interlayer-expanded MoS2/graphene
composites via a one-step hydrothermal reaction method. The
results demonstrate that MoS2 nanosheets are just several-
layer thick and uniformly grown on the surface of graphene.
And the interlayer of MoS2 in the composites is expanded to
0.95 nm by intercalated ammonium ions. Although ammoni-
ated MoS2 through hydrothermal route was recently reported
by usually selecting thioacetamide (CH3CSNH2)/thiourea
(NH2CSNH2) as S precursor, L-cysteine is rarely utilized to
synthesize ammoniated MoS2. With L-cysteine in this work,
we successfully expand the MoS2 interlayers through interca-
lating ammonium ions during theMoS2 growing on graphene.
Interestingly, our ammoniated MoS2 exhibit much better
structure stability compared with previous results which is
benefit for their application as anode in LIBs. Based on gath-
ering the advantages of expanded interlayers, several-layer
thickness, and composited graphene, the MoS2/graphene
composites exhibit higher capacity of 1030.6 mAh g−1 than
that of bareMoS2 at the current density of 100mA g−1 after 50
cycles. More significantly, a high capacity of 725.7 mAh g−1

is achieved at a higher current density of 1000 mA g−1.

Experiment section

Synthesis of MoS2/graphene composites

Graphene oxide (GO) nanosheets were fabricated via the
oxidation of graphite using a modified Hummers’ method
[21]. To prepare the MoS2/graphene composites, 0.18 g of
Na2MoO4· 2H2O and 0.45 g L-cysteine were dissolved in
40 mL as-prepared GO suspension (0.1 g/L, in deionized
water). The mixture was kept stirring for 1 h and then
transferred into a 50-mL Teflon-lined stainless steel auto-
clave and heated at 200 °C for 40 h. Controlled experi-
ments were conducted under the same conditions except
for different reaction temperatures from 180 to 240 °C.
After cooling naturally, the products were collected by
centrifugation, washed with deionized water and ethanol,

and dried in a vacuum oven at 60 °C for overnight. Bare
MoS2 were prepared under the same conditions without
adding GO at 200 °C for 40 h.

Materials characterization

The X-ray powder diffraction (XRD) patterns were obtained
by using a Rigaku D/max 2500 X-ray diffractometer with Cu
Kαradiation (λ = 1.5418Å) at 40 kV. Themorphologies of the
samples were observed through scanning electron microscopy
(SEM, Verios 460L field emission instrument) and transmis-
sion electron microscopy (TEM, Talos F200X) measure-
ments. Thermogravimetric analyses (TGA) and differential
scanning calorimeter (DSC) measurement were conducted
on TG 209 F3 and DSC 214, respectively. Raman spectra
were achieved by Renishaw in Via spectrometer (514.5-nm
laser). Fourier transform infrared spectroscopy (FTIR) analy-
ses were performed on Frontier Mid-IR FTIR. The chemical
states of the compounds were investigated through XPS by
using Axis Ultra DLD, Kratos Analytical.

Electrochemical measurements

Electrochemical measurements were conducted on two-
electrode coin cells (Type 2025). The MoS2/graphene, acety-
lene black, and poly (vinylidene fluoride) binder were mixed
at a weight ratio of 80:10:10 and dispersed in N-
methylpyrrolidone. The mixture was kept stirring overnight
to form a homogenous slurry. Then, the slurry was firstly
coated on copper foil and dried in a vacuum oven at 80 °C
for 2 h and then heated up to 120 °C overnight. The electrode
foil was punched into 12-mm-diameter discs prior to coin-cell
assembly. The average weight of the active materials on the
discs is ~ 0.9 mg. In the test cells, lithiummetal was utilized as
the counter and reference electrode, Celgard 2300 was chosen
as the separator. The 1 M LiPF6 electrolyte was prepared by
dissolving LiPF6 in a mixture of ethylene carbonate, ethylene
methyl carbonate and dimethyl carbonate by volume of 1:1:1.
The cells were assembled in a glove box filled with high-
purity argon. The galvanostatic charge and discharge tests
were performed with a battery tester LAND-CT2001A in the
voltage range of 0.001–3.0 V.

Results and discussion

Structural verification

The X-ray diffraction (XRD) patterns of the samples, includ-
ing a series of MoS2/graphene composites, synthesized bare
MoS2 (S-MoS2) and commercially available MoS2 (pristine
MoS2) are exhibited in Fig. 1. The results in Fig. 1a show that
the crystalline structure of MoS2 in MoS2/graphene
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composites prepared at 200 °C is consistent with that of syn-
thesized MoS2 without GO. Specifically, in the inset in Fig.
1a, the diffraction peaks corresponding to the interlayer spac-
ing of MoS2 in MoS2/graphene composites and S-MoS2 both
obviously shift to a lower angle (2θ = 9.3°) comparedwith that
of pristine MoS2 (2θ = 14.4°). And the first two reflecting
peaks of MoS2 have a diploid relationship (2θ = 9.3° and
18.1°), demonstrating the existence of a multiple MoS2 mo-
lecular layers stacked periodically. According to the Bragg’s
equation, nλ = 2dsinθ (n, λ, d and θ represent a positive inte-
ger, wavelength of incident X-ray, interplanar distance of lat-
tice, and diffraction angle, respectively), the shift indicates
that the interlayers of MoS2 are expanded and the spacing
increases to 0.95 nm (0.615 nm [22] for pristine MoS2). The
increased distance of 0.335 nm matches well with the size of
NH4

+ whose hydrogen-bonding diameter is about 0.35 nm
[23]. Notably, the expanded lamellar structure can be con-
structed under a wide range of reaction temperature from
180 to 240 °C as shown in Fig. 1b. The expanded interlayers
can be obtained even at high reaction temperature, indicating

the good thermal stability of the product. The interlayer ex-
pansion with good stability is expected to enhance the accom-
modation of Li ions in the interlayer gaps of MoS2/graphene
composites without significant volume variation during
charge/discharge cycles, therefore resulting in large specific
capacity and high cycle stability.

Figure 2a compares the FTIR results of interlayer-
expanded MoS2/graphene composites, annealed composites
under 800 °C and pristine MoS2. All the spectra show two
apparent adsorption peaks located at 3440 and 1636 cm−1

which can be assigned to the stretching and bending vibrations
of adsorbed water, respectively [24]. After the composites
were annealed at 800 °C in N2 atmosphere, the adsorption
peaks are almost consistent with that of pristine MoS2, illus-
trating a structure transformation to stable 2H-MoS2 under
thermal treatment. The region from 1000 to 1200 cm−1 mainly
corresponds to S-O/S=O and Mo = O bands due to partial
surface oxidation that has also been observed previously
[25]. And the peak at 622 cm−1 should be due to the Mo-S
vibration [24]. By comparison, an obvious adsorption peak at

Fig. 1 XRD patterns of aMoS2/graphene composites synthesized at 200 °C, S-MoS2 and pristine MoS2 and b a series of MoS2/graphene composites
obtained under different reaction temperatures

Fig. 2 a FTIR spectra of MoS2/graphene composites, annealed composites and pristine MoS2. b Raman spectra of MoS2/graphene composites and GO
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1400 cm−1 is only present in the interlayer-expanded MoS2/
graphene composites but absent in others. The adsorption is
assigned to the asymmetric bending vibration of NH4

+

inserted in the interlayers of MoS2, while the invisible vibra-
tion of N-H at about 3200 cm−1 is due to the coverage by O-H
vibration [26]. The Raman spectra of GO and MoS2/graphene
composites in Fig. 2b exhibit two obvious bands around 1350
and 1588 cm−1, assigning to the breathing mode of A1g sym-
metry (D band) and first-order scattering of E2g phonons (G
band) of carbon materials, respectively. The D band is related
to structural defects or partially disordered arrangements in
graphitic materials and the G band is associated with the gra-
phitic carbon. The intensity ratio of D band to G band (Id/Ig) is
increased from 1.04 for GO to 1.27 for MoS2/graphene com-
posites, indicating an increase in the number of smaller con-
jugated domains which is usually observed in the Raman
spectra of reduced graphene oxide [27].

TGA/DSC analyses were conducted to further characterize
the structure of MoS2/graphene composites. From the TGA
result in Fig. 3a, the MoS2 content in the composites is calcu-
lated to be 74.9wt% assuming all the graphene is combusted by
O2 in air and the MoS2 is completely converted to MoO3 [28].
Under N2 atmosphere in Fig. 3b, the MoS2/graphene compos-
ites exhibit two mass loss steps. The first weight loss of about
7% centered at 70 °C is mostly resulted from the release of
inserted water/NH3 [29]. And the second loss of 14.5% cen-
tered at 300 °C associated with an endothermic peak is resulted
from the release of intercalated NH4

+. Annealed composites at
300 °C give a similar XRD pattern with that of pristine MoS2
(Fig. S1), indicating a structure conversion to thermodynami-
cally stable 2H-MoS2 following the deintercalation of NH4

+.
Importantly, the structure conversion happens at a higher tem-
perature than the ones of previously reported ammoniated
MoS2 (usually around 240 °C [29, 30]), demonstrating a good
thermal stability of the present composites.

XPS spectra are further analyzed to investigate the chemi-
cal composition of the ammoniated MoS2/graphene compos-
ites. Figures S2A and 4A compare the C 1s XPS peak-fitting

results of graphene oxide and MoS2/graphene composites. As
exhibited in Fig. S2A, four resolved peaks located at 286.9,
287.4, 288.7, and 284.8 eV refer to oxygenated functional
groups of C–O, C=O, O–C=O, and sp2-hydridized C–C
bonds, respectively, indicating a considerable degree of oxi-
dation in the graphene oxide [31]. By comparison, in Fig. 4a,
the C 1s spectrum of MoS2/graphene composites shows much
weaker peaks of corresponding oxygenated functional groups.
The obviously decreased peaks illustrate that the graphene
oxide have been effectively reduced during the composition
process with MoS2 nanosheets under high reaction tempera-
ture and pressure [32]. The reduced graphene oxide is expect-
ed to increase the conductivity of MoS2 and thus improve the
performance of the composites as the anode material in LIBs.
In the Mo 3d spectrum of MoS2/graphene composites (Fig.
4b), five peaks are attributed toMo6+, Mo 3d3/2, Mo 3d5/2, and
S 2s peaks [33]. The Mo6+ peaks located at 236.6 and
233.5 eV referring to Mo-O can be ascribed to partial oxida-
tion of surface Mo atoms. The two main peaks of Mo 3d3/2
(232.6 eV) andMo 3d5/2 (229.1 eV) are characteristic ofMoS2
and 226.7 eV corresponds to S 2s of MoS2. Figure 4c shows
the sulfur species of MoS2. The doublet peaks at 163.5 and
162.3 eV refer to the S 2p1/2 and S 2p3/2 of MoS2. The S6+

peak (169.4 eV) is possibly due to the oxidation of S2− in the
atmosphere [34]. What’s more, the binding energy located at
402 eVinN 1s spectrum obviously demonstrates the existence
of NH4

+ ions [29], further indicating the construction of am-
moniatedMoS2 composites. The calculatedweight percentage
of N element of 9.83% by XPS in Table S1 gives a content of
12.64 wt% of insertedNH4

+ which is consistent with the result
of TGA. After annealed at 800 °C, completed remove of
inserted ammonium ions is indicated by the absent corre-
sponding signal of N 1s (Fig. S2B).

Morphology of the MoS2/graphene composites

The general morphology of the MoS2/graphene composites is
exhibited in Fig. 5. As shown in the SEM image in Fig. 5a, a

Fig. 3 a TGA profile of MoS2/graphene composites conducted in air. b TGA/DSC profiles of MoS2/graphene composites conducted in N2
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composite structure of MoS2 and graphene is achieved instead
of separately grown structures. The TEM image in Fig. 5b
further demonstrates that MoS2 nanosheets are uniformly
grown on the surface of graphene sheets. However, large
spheres with a size of ~ 700 nm assembled by MoS2 nano-
sheets are obtained without adding GO in the synthesis pro-
cess (Fig. S3), indicating the effectiveness of the present meth-
od to disperse MoS2 nanosheets on graphene. Figure 5c de-
picts a high-resolution TEM image of the MoS2/graphene
nanocomposites which confirms an average interlayer dis-
tance of 0.93 nm in the MoS2 nanosheets, in consistent with
the value calculated from XRD data. The elemental mapping
image in Fig. 5d further demonstrates the homogeneous dis-
tribution of Mo, S, and C in the composites.

Lithium storage performance of the MoS2/graphene
composites

The lithium storage properties of the MoS2/graphene compos-
ites are first characterized by discharge/charge voltage profiles
of 1st, 2nd, 10th, 20th, and 50th cycles at a current density of
100 mA g−1 (Fig. 6a). As shown in Fig. 6a, the MoS2/
graphene electrode delivers high first-cycle discharge and
charge capacities of 2037 and 1690 mAh g−1 respectively,

corresponding to a high initial Coulombic efficiency (CE) of
83.0%. The irreversible loss derives from the formation of
solid-electrolyte interface films and the electrolyte decompo-
sition [35]. In the second cycle, a discharge/charge capacity of
1624/1735 mAh g−1 gives a higher CE of 93.6%. Moreover,
the discharge capacity remains at 1030.6 mAh g−1 after 50
cycles, which is much higher than 50.1 mAh g−1 of pristine
MoS2 (Fig. 6b). Importantly, the layered structure of MoS2 in
the composites can be retained after charge/discharge cycles,
which is demonstrated by the SEM image of anode electrode
from cycled coin-cell (Fig. S4A). The structure stability of the
MoS2 composites is mostly attributed to the expanded inter-
layers with good accommodation of volume variation and the
contribution of composited graphene. Without graphene, the
morphology of bareMoS2 shows no obvious layered structure
after cycles (Fig. S4B). Remarkably, at a higher current den-
sity of 1000 mA g−1, the MoS2/graphene composites still ex-
hibit excellent cycling performance (a discharge capacity of
725.7 mAh g−1 after 50 cycles). As comparison, the physical
mixture of MoS2 and graphene (about 75 wt% ofMoS2, equal
to that of MoS2/graphene composites) only retains
421.8 mAh g−1, further indicating the effectiveness of the in
situ growth ofMoS2 on the surface of graphene to improve the
performance of the composites.

Fig. 4 XPS spectra of the ammoniated MoS2/graphene composites. a C 1s spectrum. b Mo 3d spectrum. c S 2p spectrum. d N 1s spectrum
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Figure 6c exhibits the rate capacity of MoS2/graphene elec-
trode at different current densities ranging from 100 to
2000 mA g−1. The composites deliver the discharge capacities
of 1066.4, 1041.3, 985.2, 890.5, and 745.2 mAh g−1 at current
densities of 100, 200, 500, 1000, and 2000 mA g−1, respective-
ly.When the current density is returned back to 100mAg−1, the
capacity rapidly recovers to 1236.7 mAh g−1, probably
resulting from the growth of a gel-like polymeric layer and
activation of electrode materials [36]. Electrochemical imped-
ance spectroscopy (EIS) of the MoS2/graphene composites and
S-MoS2 is performed to further understand the enhanced elec-
trochemical performance. Figure 6d compares the resistances of
the MoS2/graphene composites and S-MoS2. The result shows
that the resistance of the MoS2/graphene composites is
much smaller than that of S-MoS2, demonstrating a better elec-
tronic transportation after compositing graphene.

The improved electrochemical performance of the
MoS2/graphene composites might arise from a synergistic
effect between MoS2 and graphene: (i) MoS2 nanosheets
uniformly distribute on the surface of graphene, the
graphene can restrain the aggregation of MoS2 nanosheets
during lithiation/delithiation process. (ii) Our in situ
growth strategy ensures a good contact between the

MoS2 and graphene, thus enhancing the electronic trans-
portation in the composites. (iii) The expansion of MoS2
interlayer weakens the van der Waals interaction between
the layers, thus promoting the Li+ intercalation and ac-
commodate the corresponding volume variation. Thanks
to the advantages of our designed structure, the lithium
storage properties of the MoS2/graphene composites are
more desirable compared with the S-MoS2 and the phys-
ical mixture of MoS2 and graphene. Specially, as shown
in Table S2, the MoS2/graphene composites in this work
show comparable cycling performance with reported
MoS2/carbon composites at the current density of
100 mA g−1 and even better stability under larger current
density (1000 mA g−1 in our case).

In summary, ammoniated MoS2/graphene composites with
expanded interlayers have been successfully constructed via a
one-step hydrothermal method. The MoS2/graphene compos-
ites exhibit excellent lithium storage performance with high
reversible capacity and good cycling stability even at high
current density. The simple strategy, effective composite struc-
ture and outstanding lithium storage properties are believed to
inspire the establishment of next generation of LIBs with
promising performance.

Fig. 5 SEM (a), TEM (b),
HRTEM (c), and element
mapping (d) images of MoS2/
graphene composites
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