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Enhanced Reversible Sodium-Ion Intercalation  
by Synergistic Coupling of Few-Layered MoS2  
and S-Doped Graphene

Ge Li, Dan Luo, Xiaolei Wang,* Min Ho Seo, Sahar Hemmati, Aiping Yu, 
and Zhongwei Chen*

Sodium-ion batteries (SIBs) are regarded as the best alternative to lithium-ion 
batteries due to their low cost and similar Na+ insertion chemistry. It is still 
challenging but greatly desired to design and develop novel electrode mate-
rials with high reversible capacity, long cycling life, and good rate capability 
toward high-performance SIBs. This work demonstrates an innovative design 
strategy and a development of few-layered molybdenum disulfide/sulfur-
doped graphene nanosheets (MoS2/SG) composites as the SIB anode material 
providing a high specific capacity of 587 mA h g−1 calculated based on the total 
composite mass and an extremely long cycling stability over 1000 cycles at a 
current density of 1.0 A g−1 with a high capacity retention of ≈85%. Systematic 
characterizations reveal that the outstanding performance is mainly attributed 
to the unique and robust composite architecture where few-layered MoS2 and 
S-doped graphene are intimately bridged at the hetero-interface through a syn-
ergistic coupling effect via the covalently doped S atoms. The design strategy 
and mechanism understanding at the molecular level outlined here can be 
readily applied to other layered transition metal oxides for SIBs anode and play 
a key role in contributing to the development of high-performance SIBs.
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portable electronics, electric vehicles, and 
even large-scale grid energy storage.[1] The 
unevenly distributed lithium resources 
and increasing cost of lithium raw mate-
rials, however, is hardly reconcilable with 
the rapidly growing demand for LIBs 
toward automotive applications in the 
near future.[2] Utilizing sodium-ion (Na+) 
to replace lithium-ion (Li+) in the rocking 
chair battery system can effectively miti-
gates the lithium shortage due to the huge 
availability of element Na in the earth’s 
crust and the similarity of both Li+ and 
Na+ insertion chemistries.[3] However, 
most electrode materials—especially the 
anode materials commonly employed in 
LIBs (e.g., graphite and silicon) cannot 
directly be used as sodium-based interca-
lation compounds.[4] The major challenge 
mainly involves the significantly larger 
radius of solvated Na+ than that of Li+, 
leading to a low capacity originated from 
the limited intercalating capability of host 

materials, and to a poor stability originated from the dramatic 
volume variation.[5] The increasing need for commercially avail-
able sodium-ion batteries (SIBs) demands finding novel anode 
materials in order to realize competitive energy, power, cycling 
life, and safety to LIBs.[6]

Hard carbon is currently used as SIBs anode material due 
to its significant porosity and short insertion distance by ran-
domly aligning small-dimensional graphene layers,[7] while 
other carbonaceous materials (nanotubes,[8] nanosheets,[9] 
nanofibers,[10] graphene,[11] hollow carbons,[12] etc.) are also 
extensively explored. Although Na+ can be moderately accom-
modated, limited rate capability and high irreversible capacity 
are often ineluctable. Moreover, these insertion compounds 
exhibit low initial reversible capacity of only 100–300 mA h g−1 
with substantial fading upon cycling. Noncarbonaceous mate-
rials have also been pursued as candidates, including many 
intercalation compounds (e.g., Na2Ti3O7

[13] and NaTi2(PO4)3
[14]), 

conversion compounds (e.g., NiCo2O4,[15] Sb2O4,[16] and FeS2
[17]) 

and alloying compounds (e.g., P,[18] Sn,[19] and Sb[20]). Most of 
these materials exhibit high capacity due to multiple electron 
reactions. For example, the Sb2O4 thin film delivers a revers-
ible capacity of ≈896 mA h g−1, the highest capacity for SIBs 
anode achieved so far.[16] However, the conversion and alloying 

Batteries

1. Introduction

As one of the most reliable energy storage technologies, lith-
ium-ion batteries (LIBs) have been broadly implemented in 
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reactions are often accompanied by the huge volume variation 
upon charge and discharge, resulting in the collapse of micro-
structure and the pulverization of active material, which further 
hampers the capacity and cycling stability of 
the SIBs anode. In this context, new design 
strategies to address all these issues are 
highly desirable for the development of SIBs 
anode material with high reversible capacity, 
fast kinetics, and long cycling stability.

In order to facilitate the reversible inter-
calation of large amount of Na+, three 
critical features are highly required:[21]  
(i) abundant channels and intersti-
tial sites large enough to accept Na+; 
(ii) robust material microarchitec-
ture that maintains the stability during 
Na+ intercalation/de-intercalation; and  
(iii) highly conductive network for fast elec-
trons transfer. Among various candidates, 2D 
layered transition metal sulfides (e.g., MoS2, 
WS2, and SnS2) with analogous structures to 
graphite have shown great promise for SIBs 
anodes owing to their pronounced redox vari-
ability and structural peculiarities.[22] Their 
open framework with expanded interlayer 
spacing is capable of reversibly store large 
amount of Na+. However, these semiconduc-
tors have unsatisfactory conductivity, and 
tend to restack due to their intrinsic insta-
bility and lose their original microstructure 
during the conversion reaction with Na+. The 
most common strategy involves the combina-
tion of transition metal sulfides with carbon-
based materials which provide robust scaffold 
to improve the kinetics and integrity.[23] For 
example, MoS2/CNTs[22a,24] and MoS2/porous 

carbon[25] have been developed for better reversible Na+ storage. 
Although an improved cycling stability can often be achieved, 
may not in a long term. More importantly, the fundamental 
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Scheme 1. The schematic of few-layered MoS2/S-doped graphene composites with unique microstructure originated from the synergistic coupling 
effect. The open framework of few layered MoS2 is capable of reversibly store large amount of Na+, while the highly conductive graphene facilitates 
electron transfer. The intimate contact between the two components ensures a robust composite nanoarchitecture stemmed from the hetero-interface 
which provides a strong synergistic coupling via the bridging doped S atoms.

Figure 1. A) SEM and B) TEM images of as-synthesized MoS2/SG composites; C) High-
magnification TEM image of the edge area of MoS2/SG composites; and D) High-resolution 
TEM image of the edge area of MoS2 plane in the as-synthesized MoS2/SG composites.
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understanding of the interaction mechanism between the 
carbon materials and transition metal sulfides is still unclear 
at the molecular level. Therefore, the efficient design of transi-
tion metal sulfide-based composite materials for improving Na+ 
storage is still greatly challenging.

Herein, we demonstrate an innovative design strategy to 
realize enhanced reversible Na+ intercalation by synergistically 
coupling few-layered transition metal sulfides and graphene 
sheets through the covalently doped S atoms. As illustrated in 
Scheme 1, such a novel design not only maintains the open 
framework of the 2D few-layered transition metal sulfides 
with excellent Na+ storage ability and high electronic conduc-
tivity of graphene, but also provides a unique robust micro-
structure where few-layered transition metal sulfide is firmly 
anchored to the graphene sheets. We find that this anchoring 
effect is mainly stemmed from the hetero-interface between the 
two components which provides synergistic coupling via the 
bridging doped S atoms and plays a key role in contributing 
to the outstanding electrochemical stability upon cycling and 
improved kinetics. MoS2 is chosen as a model transition metal 
sulfide, and the MoS2/S-doped graphene (MoS2/SG) composite 
material undergoes a reversible insertion and conversion-
type reaction with Na+, exhibiting a high specific capacity of 
587 mA h g−1 based on the total mass of the composites at a 
current density of 100 mA g−1 and an extremely long cycling 
life of over 1000 cycles at a current of 1.0 A g−1 with a capacity 

retention of ≈85%. This novel design strategy and mechanism 
understanding at molecular level hold great promise for the 
development of high-performance SIBs toward broad applica-
tions in the future.

2. Results and Discussion

2.1. Morphology of as-Synthesized MoS2/SG

The MoS2/SG composite material was synthesized by a facile 
one-pot solvothermal reaction followed by an annealing pro-
cess. Element sulfur was used as precursor not only reacting 
with Mo precursor forming MoS2 nanosheets grown on the 
graphene sheets but also functionalizing the graphene sheets 
in the form of covalently S-doping (Figure S1, Supporting 
Information), which has been reported in our previous work.[26] 
The morphology of the composites can be revealed by scan-
ning electron microscopy (SEM) and transmission electron 
microscopy (TEM). Figure 1A shows a representative SEM 
image of as-synthesized MoS2/SG composites, where 2D and 
large-piece sheet-like morphology can be found with rough and 
rugged surface, suggesting the in situ formation of MoS2 on 
graphene nanosheets. Figure 1B displays a representative TEM 
image of a small piece of as-synthesized MoS2/SG composites, 
where only 2D sheet-like morphology can be found without 
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Figure 2. A) High-resolution TEM image and B) XRD pattern of as-synthesized MoS2/SG composites; C) Elemental mapping of as-synthesized  
MoS2/SG composites showing the distribution of MoS2 and SG (up-left: spectrum image scanning, up-right: C-K mapping, bottom-left: Mo-K mapping, 
bottom-right: S-K mapping); and D) TGA and corresponding DTG curve of as-synthesized MoS2/SG composites.
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any spherical or flower-like MoS2 that is often observed from 
hydrothermal synthesis.[27] Such phenomenon also suggests 
that this unique synthesis enables a quasiepitaxial growth of 
MoS2 along the 2D graphene sheets and renders a different 
evolution process of MoS2.[28] Interestingly, high-magnification 
TEM image in Figure 1C reveals that the MoS2/SG composites 
are semitransparent, indicating both MoS2 and graphene only 
possess a few layers, without severe restacking of graphene 
sheets and agglomeration of MoS2 nanosheets. This observa-
tion is also confirmed by high-resolution TEM (HRTEM) image 
(Figure 1D), where only less than ten layers stacking can be 
obtained (Figure S2, Supporting Information) with the inter-
layer d(002)-spacing of 0.62 nm which is consistent with the 
features of bulk MoS2 and other reports.[29]

2.2. Structure and Composition of as-Synthesized MoS2/SG

The highly crystalline feature of MoS2 in the MoS2/SG com-
posites is also revealed by HRTEM image shown in Figure 2A, 
where clear lattice fringe can be observed. The continuous 
and periodic arrangement of the lattice fringe with some cur-
vature not only implies that few-layered MoS2 is single-crystal 
with a large domain size, but also demonstrates the high flex-
ibility of MoS2 by intimately anchoring onto the SG sheets. The 
spacing of the lattice plane is measured to be 0.27 and 0.23 nm, 

which corresponds to the (100) and (103) plane of the hexag-
onal arrangement, respectively. The crystal structure of MoS2 
in the MoS2/SG composites is also confirmed by the X-ray dif-
fraction (XRD) pattern (Figure 2B), which can be attributed to 
the P63/mmc space group (JCPDS No. 77-1716).[30] Figure 2C 
displays the energy-dispersive X-ray spectroscopic images of as-
synthesized MoS2/SG composites. The element mapping result 
indicates the existence of element C, Mo, and S, suggesting 
that MoS2 forms on the graphene sheets. It can be observed 
that element Mo and S are homogeneously distributed along 
with element C, indicating the single-crystal MoS2 nanosheets 
are grown intimately onto the SG sheets, which is consistent 
with the HRTEM observation. Figure 2D shows the thermo-
gravimetric analysis (TGA) result of the MoS2/SG composites. 
The initial mass loss of ≈5% below 200 °C is mainly due to the 
evaporation of surface adsorbed moisture, while the continuous 
weight loss between 200 and 500 °C can be attributed to the 
decomposition of the composite material. According to the 
derivative thermogravimetric (DTG) curve with three peaks, this 
process mainly involves three reactions. The two peaks centered 
at around 270 and 380 °C represent the decomposition and oxi-
dation process of MoS2 to MoO3. The SG is burnt out between 
400 and 450 °C that is reflected by the third peak centered at 
around 425 °C. Based on the TGA result, the MoS2 is estimated 
to be 59.13% in the MoS2/SG composites, which is comparable 
to many MoS2-based composites for battery applications.[22a,23a]

Adv. Funct. Mater. 2017, 27, 1702562

Figure 3. A) CV curves of as-synthesized MoS2/SG composite electrode at a scan rate of 0.2 mV s−1 in a voltage window of 3.0–0.005 V for the first 
three cycles; B) Galvanostatic charge–discharge curves of as-synthesized MoS2/SG composite electrode at a current density of 100 mA g−1 for the first 
three cycles; C) Corresponding cycling performance as well as Coulombic efficiency for 100 cycles; and D) The morphology, composition, and crystal-
linity of MoS2/SG composites after cycling.
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2.3. Electrochemical Properties of MoS2/SG  
Composite Electrode

The electrochemical property of as-synthesized MoS2/SG com-
posites was qualitatively evaluated by cyclic voltammetry tech-
nique, where the MoS2/SG composite electrode was assembled 
into a CR2032 coin-typed cell with sodium foil as the counter 
electrode and 1.0 m sodium hexafluorophosphate in ethylene 
carbonate/diethyl carbonate (NaPF6 in EC/DEC, v/v = 1:1) as 
the electrolyte. Figure 3A displays the representative cyclic 
voltammetric (CV) curves of as-synthesized MoS2/SG 
composites for the first three cycles at a scan rate of 0.2 mV s−1 
in the voltage window of 3.0–0.005 V (vs Li/Li+). Generally, the 
reduction of MoS2 can be described by two steps: (i) the inser-
tion of Na+ into MoS2 interlayers, and (ii) the conversion of 
MoS2 to Mo accompanied by the formation of Na2S.[31] For the 
initial cathodic scan, a major peak and a small but broader peak 
can be observed at 0.88 and 0.65 V, respectively, along with a 
sharp tail below 0.4 V. The peaks at above 0.4 V can be attrib-
uted to the reversible insertion of Na+ into MoS2/SG interlayers 
and the irreversible formation of the solid-electrolyte interface 
(SEI) layer, during which the MoS2 maintains its crystal struc-
ture at the beginning but is slightly distorted as more Na+ are 
inserted to expand the interlayers. The sharp tail can be asso-
ciated with the decomposition of MoS2 forming metallic Mo 
nanograins embedded in an amorphous Na2S matrix by the 
reaction between Na+ and MoS2.[27a] For the initial anodic scan, 
a very tiny bump at 1.31 V, a major peak at 1.81 V, and a broad 
peak at 2.30 V can be found, which corresponds to the whole 
process of the Mo oxidation, the MoS2 reconstruction and the 
Na+ deinsertion.[32] For the subsequent cycles, the cathodic 
peaks disappear, while only small and broad bumps between 
3.0 and 0.4 V and shrunk tail at below 0.4 V can be observed 
and they are almost overlapped, indicating a highly reversible 
Na+ storage process and excellent stability of the MoS2/SG 
composites.

The electrochemical behavior of MoS2/SG is also observed 
from the galvanostatic charging–discharging curves shown 
in Figure 3B. The initial discharging curve possesses a long 
tail below 0.4 V and charging curves show a plateau at around 
1.8 V, which is consistent with the CV observations. The 
MoS2/SG composites deliver an initial specific capacity of 
587 mA h g−1 and a recovered charge capacity of 535 mA h g−1 
at a current density of 100 mA g−1 calculated based on the 
total mass of the MoS2/SG composites, corresponding to a 
high Coulombic efficiency of ≈91.2%. Obviously, the intimate 
quasiepitaxial growth and large size of 2D MoS2 on graphene 
nanosheets effectively avoid irreversible capacity by miti-
gating the formation of SEI often found in graphene mate-
rials with high surface area (Figure S3, Supporting Informa-
tion). The discharge capacity gradually decreases to 510 and 
481 mA h g−1 for the 2nd and 3rd cycles, respectively, with 
increased Coulombic efficiency of 92.7% and 93.6%. The 
MoS2/SG composite electrode exhibits a long cycling stability. 
After 100 cycles, a specific discharge capacity of 439 mA h g−1 
can be maintained, corresponding to a capacity retention of 
74.8%, with a Coulombic efficiency close to 100% (Figure 3C), 
which further confirms that the Na+ storage of MoS2/SG is 
highly reversible. By comparison, pure MoS2 synthesized at 

identical condition delivers an initial discharge capacity of 
714 mA h g−1 but shows a dramatic capacity decay (Figure S4, 
Supporting Information) for only 50 cycles. The outstanding 
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Figure 4. XPS core-leveled scan spectra of element A) S and B) Mo in 
pure MoS2, pure SG, and MoS2/SG composites, respectively; C) Sche-
matic illustration of the electron cloud bias from SG to MoS2 through the 
SG’s S dopants whose electron clouds are shared with those of MoS2 at 
the interface.
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cycling stability is mainly due to the robust composite archi-
tecture by efficiently combining few-layered MoS2 and 
S-doped graphene nanosheets. Even after repeated insertion 
of and conversion reaction with Na+, few-layered MoS2 still 
maintain its 2D morphology, composition, and high crystal-
linity without obvious agglomeration observed, and is still inti-
mately anchored on the graphene sheets (Figure 3D).

2.4. Understanding of the Microstructure and Coupling Effect

In order to understand how such unique synergistic effect 
between few-layered MoS2 and S-doped graphene provides 
the robust composite architecture, the interactions between 
few-layered MoS2 and S-doped graphene were analyzed at 
molecular level using X-ray photoelectron spectroscopy (XPS) 
measurement (Figures S5 and S6, Supporting Information). 
Figure 4A compares the high-resolution S 2p spectra of pure 
SG, pure MoS2, and as-synthesized MoS2/SG composites. 
Obviously, the SG synthesized at identical condition is success-
fully and covalently doped by S atoms mainly in a heterocy-
clic configuration, which is consistent with previous report.[33] 
For pure MoS2 synthesized at identical condition, one major 
doublet can be found at 163.53 and 162.35 eV with a binding 
energy gap of 1.18 eV, which can be attributed to the S2− in 
few-layered MoS2. Compared to the pure MoS2, MoS2/SG 

composites also show the typical S2− doublet, however, with a 
slight shift to the lower energy region, indicating a decreased 
degree of oxidation of element S in MoS2. Interestingly, ele-
ment Mo exhibits a similar variation tendency, as shown in 
Figure 4B, where Mo peaks in MoS2/SG composites shift 
to the lower energy region when compared to those of pure 
MoS2. It is evident that the electron density around MoS2 in 
the MoS2/SG composites increases. Considering the only 
existing two components in the composites, the electron cloud 
is expected to show a bias from SG to MoS2, forming a strong 
electronic coupling between the two components. Gener-
ally, heterogeneous atoms (e.g., N, S, P, etc.) doping enables 
electron-rich graphene sheets centered at the doping atoms.[26] 
Note that the S 2p peaks at relatively high energy region for 
pure SG disappear in the MoS2/SG composites (Figure 4A). 
Obviously, the electron cloud bias from SG to MoS2 is mainly 
through the SG’s S dopants whose electron clouds are shared 
with those of S atoms in MoS2 at the interface (Figure 4C). 
And this unique and strong synergistic coupling provides a 
robust composite structure for long-term highly reversible Na+ 
storage. Raman spectra of MoS2/SG composites (Figure S7, 
Supporting Information) shows two peaks located at 403.25 
and 380.90 cm−1 with a small gap of 22.35 cm−1, which are 
originated from the existence of MoS2, indicating that MoS2 
possesses the few-layered nature for the efficient coupling with 
S-doped graphene.[34]

Figure 5. Long cycling performance of MoS2/SG composite electrode at a current density of 1.0 A g−1 for the voltage windows of A) 3.0–0.005 V, and 
B) 3.0–0.4 V versus Na/Na+; C) Galvanostatic charge–discharge profiles of MoS2/SG composites at various current densities ranging from 100 mA g−1 
to 5.0 A g−1, and D) corresponding capacity dependence on cycle numbers.
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2.5. Long Cycling and Rate Performance of MoS2/SG  
Composite Electrode

The long cycling stability can be reflected from Figure 5A, where 
the composite electrode was galvanostatically charged and dis-
charged at a current density of 1.0 A g−1 for over 1000 cycles. 
An initial and second cycle discharge capacity of 364 and 
383 mA h g−1 obtained, respectively. A reversible discharge 
capacity of 309 mA h g−1 can be maintained, while a capacity 
retention of 80.7% can be achieved based on the second discharge 
capacity, and 84.9% based on the initial discharge capacity, cor-
responding to an extremely low capacity decay of only 0.019% 
per cycle. To further elucidate how the composite micro-
structure improves the stability during cycling, the MoS2/SG  
composite electrode was also galvanostatically charged and 
discharged within a voltage window ranging from 3.0 to 0.4 V, 
where Na+ insertion and deinsertion is the mainly reaction, 
while conversion is mostly avoided (Figure 5B). Interestingly, 
comparable cycling performance of MoS2/SG composite elec-
trode can be achieved, implying that the unique architecture 
of MoS2/SG with strong coupling effect between the two 
components can well maintain its original structure without 
collapsing by the conversion reaction during deep charge/
discharge process. In addition, the MoS2/SG composites also 
show an outstanding rate capability for a voltage window of 
3.0–0.005 V (Figure 5C). Even at a high current of 5.0 A g−1, 
the composite electrode still delivers a reversible capacity of 
264 mA h g−1, corresponding to a capacity retention of ≈50% 
compared to the reversible capacity at 100 mA g−1. The superior 
rate performance is mainly originated from the microstructure 
of the composite material where active few-layered MoS2 is inti-
mately attached to highly conductive SG sheets facilitating both 
the electron and ion transportation. Excellent rate capability 
of MoS2/SG can also be achieved within the voltage window 
of 3.0–0.4 V (Figure S8, Supporting Information). Obviously, 
the kinetics is mainly determined by the interlayer spacing of 
MoS2, since no obvious conversion reaction occurs during dis-
charge process.

3. Conclusion

In summary, we have successfully developed an MoS2/SG 
composite material based on a novel design strategy for SIBs 
application, with high specific capacity and outstanding cycling 
stability for efficient and reversible Na+ storage. The superior 
performance is mainly attributed to the unique composite 
architecture where few-layered MoS2 is intimately anchored 
to the SG nanosheets through a strong synergistic coupling 
effect via S dopants from the SG component. Such an excel-
lent SIB anode material as well as the novel design strategy and 
the understanding of the coupling effect at molecular level pro-
vide great opportunities for the fabrication of high-performance 
SIBs for practical applications in the future.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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