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anodes mainly involve in two strategies: (1) reducing the char-
acteristic dimensions of MoS 2  and controlling the morpholo-
gies such as nanofl owers, [ 23 ]  nanofl akes, [ 24 ]  nanospheres, [ 25,26 ]  
and nanosheets; [ 27 ]  and (2) building conductive and robust 
scaffold to improve both the kinetics and integrity, [ 28–33 ]  such 
as embedding the single-layered MoS 2  in carbon nanofi bers, [ 34 ]  
confi ning few-layered MoS 2  within 3D carbon nanosheets, [ 35 ]  
and coupling MoS 2  nanocrystals on N-enriched graphene [ 36 ]  or 
N-doped carbon nanoboxes. [ 37 ]  Although improved performance 
can be achieved, the development of novel highly stable MoS 2 -
based materials with fast kinetics remains challenging, owing 
to the lack of a ration design from molecular level. Moreover, it 
is also critical to correlate the performance with materials struc-
ture, and to understand the chemistry behind before its future 
practical applications. 

 Herein, we demonstrate a facile solvothermal synthesis of 
nanocomposites consisting few-layered MoS 2  and covalently 
sulfur-doped graphene (MoS 2 /SG) with excellent electrochem-
ical performance. We focus on not only the development of 
MoS 2 -based electrode materials but also the materials design 
based on both structure and chemistry considerations. As 
shown in  Scheme    1  , the sulfur atoms covalently bonded to gra-
phene sheets and effectively bridging 2D few-layered MoS 2  and 
graphene enable high robustness of the composite materials. 
Moreover, the intimate contact of MoS 2  and highly conductive 
graphene provides effi cient electron transfer pathways, while 
the high surface of assembled 2D structured materials allows 
fast access to active materials. Such a unique composite archi-
tecture derived from the “bridging effect” ensures the electrode 
with an exceptional cycling stability and superior rate capability, 
which is also interpreted by the density functional theory (DFT) 
calculations. A capacity retention of 92.3% can be achieved after 
2000 cycles at a current density of 10 A g −1 ; even at a high cur-
rent density of 20 A g −1 , the electrode still possesses a specifi c 
capacity of 766 mA h g −1 . This composite material with excel-
lent electrochemical properties synthesized via a facile solvo-
thermal approach holds great promise in the practical applica-
tion of high-performance LIBs.   

  The MoS 2 /SG composites were synthesized through a 
facile solvothermal approach with element sulfur as the pre-
cursor for both MoS 2  and S dopants of graphene, followed by 
annealing. X-ray diffraction (XRD) pattern of as-synthesized 
composites aligns well with literatures (JCPDS No. 77-1716) [ 38 ]  
with no obvious S peaks that can be found (Figure S1, Sup-
porting Information), which can be indexed to a hexagonal 
crystal structure of MoS 2 . [ 39 ]   Figure    1  A shows the representative 

  Tremendous research interest from both academy and industry 
has been dedicated to the rechargeable lithium-ion batteries 
(LIBs) in the last decades for the upcoming era of portable 
electronics, electric vehicles (EVs), and hybrid electric vehicles 
(HEVs). [ 1–3 ]  As one of the favorite power sources, most commer-
cial LIBs utilize natural or synthetic graphite as the anode mate-
rial due to its low cost, high Coulombic effi ciency, and fl at and 
low average potential of 0.2 V (vs Li/Li + ), as well as long cycle 
life. [ 4,5 ]  However, its specifi c capacity of 372 mA h g −1  results 
in a device energy density of ≈150 W h kg −1 , which is much 
lower than that of internal-combustion engines and cannot 
meet the EVs requirements. [ 6 ]  Therefore, there is an urgent 
need to develop novel anode materials with high theoretical 
capacities to replace graphite in next-generation high energy 
LIBs. [ 7–9 ]  So far, various materials have been extensively studied 
for LIBs anodes, [ 10 ]  including alloys (e.g., Si [ 11,12 ]  and Sn [ 13 ]  and 
transition metal oxides [ 14 ]  (e.g., Li 4 Ti 5 O 12  [ 15,16 ]  and SnO 2 . [ 17,18 ]  
Although most of these materials possess a signifi cant larger 
specifi c capacity, they suffer from either poor cycling life due 
to volume change associated with Li-ion insertion/extraction or 
sluggish electrode kinetics stemmed from slow ion diffusivity 
or intrinsic poor electron conductivity. [ 19 ]  Compared to metal 
oxide materials, some transition metal sulfi des possess high 
specifi c capacity and unique structures, [ 20 ]  and have been con-
sidered as promising candidates for high-performance anode 
materials. 

 Among various candidates, a typical member of transition 
metal sulfi de–molybdenum disulfi de (MoS 2 ) possesses a sim-
ilar layered structure to graphite but a much larger interlayer 
spacing of 6.15 Å (vs 3.35 Å of graphene) by stacking together 
through van der Waals interactions, which facilitates lithium-
ion intercalation without a signifi cant volume expansion. [ 21,22 ]  
However, MoS 2  still suffers from fast structural deterioration 
during lithiation/delithiation process and poor electrical/ionic 
conductivity, resulting in unsatisfactory cycling performance 
and rate capability in LIBs application. Current approaches for 
developing MoS 2 -based materials for high-performance LIBs 
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scanning electron microscopy (SEM) image of as-synthesized 
composites. The composites exhibit a large-scale 2D sheet-
like morphology with rough surface, implying the formation 
of MoS 2  on the surface of graphene, which is different from 

the pure MoS 2  synthesized at identical condition without gra-
phene (Figure S2, Supporting Information) and other MoS 2 /
graphene materials obtained from hydrothermal synthesis 
with a fl ower-like or spherical morphology. [ 23,26 ]  Figure  1 B 
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 Scheme 1.    The schematic of MoS 2 /SG composites. The sulfur atoms are covalently bonded to graphene sheet, effectively bridging MoS 2  and graphene 
sheets.

 Figure 1.    A) SEM and B) TEM images of as-synthesized MoS 2 /SG composites; C) elemental mapping showing the distribution of MoS 2  and SG (up-
left: spectrum image scanning, up-right: Mo-K mapping, bottom-left: S-K mapping, bottom-right: C-K mapping); D,E) high-resolution TEM images of 
as-synthesized MoS 2 /SG composites (inset of (D): TEM FFT diffraction pattern); F) TEM image and elemental mapping of SG (top left: TEM image; 
top right: STEM image; bottom left: C-K mapping; bottom right: S-K mapping).
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presents the representative transmission electron microscopy 
(TEM) image of a single piece of as-synthesized composites. A 
silk veil-like structure with transparency can be observed, sug-
gesting MoS 2  homogeneously distributed on graphene sheets, 
and both graphene and MoS 2  possess only a few layers. Such 
composites possess a surface area of 79 m 2  g −1 , which is lower 
than the graphene-based material synthesized at identical con-
dition without using Mo precursor (Figure S3, Supporting 
Information), implying the formation of MoS 2  on the surface 
of graphene-based materials. To determine the constitution of 
the composites, energy-dispersive X-ray spectroscopy (EDS) was 
performed. The presence of elements Mo, S, and C confi rms 
the formation of MoS 2  with graphene. Figure  1 C shows the 
EDS elemental mapping of an area of the composites with uni-
form Mo, S, and C dispersion. This phenomenon further con-
fi rms that the MoS 2  is homogeneously distributed on graphene 
sheets. Moreover, two peaks located at 382.5 and 406.4 cm −1  
can be found from the Raman spectrum of the composites 
(Figure S4, Supporting Information), corresponding to the typ-
ical vibrations of Mo–S atoms and suggesting the formation of 
few-layered MoS 2 . [ 40,41 ]  Figure  1 D displays the high-resolution 
TEM image of the composites. It can be clearly observed that 
the MoS 2  is highly crystalline with a hexagonal arrangement, 
which agrees well with XRD result. The intrinsic layered struc-
ture analogous to graphene facilitates the epitaxial growth of 
MoS 2  over the graphene sheets, forming large continuous 
sheets. Interestingly, there are only a few (<10) layers, with an 
interlayer  d -spacing of 0.62 nm (Figure  1 E), which is consistent 

with Raman analysis and previous reports. [ 42 ]  By comparison, S 
element still exists in the material synthesized at identical con-
dition without using Mo precursor. As shown in Figure  1 F, S 
uniformly disperses within graphene sheets, indicating the suc-
cessful formation of S-doped graphene (SG). According to the 
thermogravimetric analysis (TGA, Figure S5, Supporting Infor-
mation), the MoS 2  content in the composites is calculated to be 
≈65.6%. 

  To analyze how S atoms interact with graphene sheets, X-ray 
photoelectron spectroscopy (XPS) was carried out on pure SG, 
pure MoS 2 , and MoS 2 /SG composite materials (Figure S6, 
Supporting Information). As shown in  Figure    2  A, the high-
resolved XPS spectra of S in pure SG can be interpreted into 
two doublets. The two major peaks are located at 164.83 and 
163.65 eV with a splitting energy of 1.18 V, confi rming the 
presence of S atoms covalently bonded to graphene in a het-
erocyclic confi guration. [ 43,44 ]  Two minor peaks are observed at 
higher energy of 166.53 and 165.35 V, which could be attrib-
uted to a small amount of carbon bonded SO  x   species. [ 45,46 ]  In 
pure MoS 2 , the binding energies of Mo 3d 3/2  and 3d 5/2 , S 2p 1/2  
and 2p 3/2  are 232.64 and 229.51 V, 163.55 and 162.37 V, respec-
tively, showing the existence of Mo 4 +  and S 2− . [ 28 ]  The stoichio-
metric ratio of S and Mo is estimated to be ≈2.08 based on the 
peak area, further indicating the formation of MoS 2 . For the 
as-synthesized MoS 2 /SG composites, two major peaks from 
Mo are centered at 232.36 and 229.23 V, while peaks from S 
are at 163.28 and 162.10 V. Compared to pure MoS 2 , both Mo 
and S peaks show a slight shift to the lower energy regions, 
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 Figure 2.    A) Chemical composition analysis by XPS for Mo, S, and C; and B) illustration of the strong interaction between MoS 2  and SG mainly stem-
ming from the bridging effect of the S atoms doped in the graphene sheets.
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suggesting an increased density of electron clouds around few-
layered MoS 2 . Considering that chemically S doping makes gra-
phene more electron-rich, [ 46 ]  and that MoS 2  is a p-type semi-
conductor material, [ 30,47 ]  the electron clouds bias to MoS 2  from 
SG, forming a strong electronic coupling between each other. 
Moreover, the peaks from the S dopants in SG disappear, indi-
cating that the oxidation state of these S atoms decreases by 
sharing the electron clouds with MoS 2 . Therefore, as illustrated 
in Figure  2 B, the strong interaction between MoS 2  and SG is 
mainly stemmed from the bridging effect of the S atoms doped 
in the graphene sheets. This unique microstructure endows the 
MoS 2 /SG composites with a highly stable structure for long-
term cycling in LIBs applications. 

  The electrochemical performance of MoS 2 /SG composites 
was tested using CR2032 coin cells where lithium foil was 
used for counter electrode and 1.0  M  LiPF 6  in EC/DMC (v/v = 
1:1) for electrolyte.  Figure    3  A shows the typical cyclic voltam-
mograms of MoS 2 /SG composites, where two strong cathodic 
peaks located at 0.99 and 0.45 V could be found for the initial 
cycle, corresponding to the Li +  intercalation process forming 
Li  x  MoS 2 , and the further conversion to Mo embedded in Li 2 S 
matrix, respectively. Two minor anodic peaks at 1.44 and 
1.72 V followed by a strong peak at 2.30 V can be observed, 
which is mainly ascribed to the oxidation of Mo (from Mo 0  
to Mo 4+  and from Mo 4+  to Mo 6+  fi nally) and Li 2 S, respec-
tively. As expected, the MoS 2 /SG composites show a good 
stability during scanning, since the cyclic voltammetric (CV) 
curves for the subsequent cycles are highly similar in both 
shape and size. The two cathodic peaks at 0.99 and 0.45 V 
disappeared, indicating the irreversible depletion of  2 H-MoS 2 . 
Instead, a strong peak at 1.94 V and a minor peak at 1.10 V 
arise, which can be coupled with anodic peaks, showing the 
reversible redox reactions. The excellent cycling stability can 

also be observed from the galvanostatic charge–discharge pro-
cesses. As shown in Figure  3 B, an initial discharge capacity of 
1670 mA h g −1  can be achieved, with a high initial Coulombic 
effi ciency of 96.5%. Two discharge plateaus at 2.0 and 1.2 V 
and two charge plateaus at 1.6 and 2.3 V can be found after 
initial discharge process, which is highly consistent with CV 
observations. The corresponding cycling performance is dis-
played in Figure  3 C. After over 300 cycles at a constant current 
density of 0.1 A g −1 , the MoS 2 /SG composites still possess a 
discharge capacity of 1546 mA h g −1 , which corresponds to 
92.6% of its initial capacity, indicating a long cycling stability. 
By comparison, both pure MoS 2  synthesized at identical con-
dition and physically mixed MoS 2  and graphene material show 
a dramatic capacity decay during cycling. This phenomenon 
suggests that the in situ growth and the S atoms in doped gra-
phene play a critical role in bridging the MoS 2  and graphene 
sheets, enabling a robust architecture of the composites for 
long-term cycling. The superior cycling performance can be 
further revealed even at high current densities. As shown in 
Figure  3 D, a discharge capacity retention of 92.3% can be 
achieved after 2000 cycles at a current density of 10 A g −1 . 
To the best of our knowledge, such an extraordinary cycling 
stability is fi rstly reported on MoS 2 -based materials, and con-
fi rmed by the electrochemical impedance spectroscopy (EIS) 
where the small resistance and fast ion-diffusion are main-
tained during cycling. The robust composite architecture is 
further revealed by TEM images of the MoS 2 /SG after cycling 
testing (Figure S7, Supporting Information). The high angle 
annular dark fi eld scanning transmission electron microscopy 
(HAADF-STEM) image in Figure  3 E confi rms that the 2D lay-
ered structure of MoS 2  is preserved and combined well with 
SG sheets, while the MoS 2  is still highly crystalline with a few 
layers (Figure  3 F). 
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 Figure 3.    A) CV plots of a representative MoS 2 /SG composite electrode at a sweep rate of 0.1 mV s −1  between 3.0 and 0.005 V; B) galvanostatic charge/
discharge curves of a composite electrode at a current densities of 0.1 A g −1  between 3.0 and 0.005 V; C) Comparison of cycling stability of MoS 2 /SG 
composites with pure MoS 2  and physically mixed MoS 2  and SG at a current density of 0.1 A g −1 ; D) long-term cycling performance of MoS 2 /SG compos-
ites at a high current density of 10 A g −1  (inset: the Nyquist plot of the composite electrode at frequencies from 100 kHz to 0.01 Hz at different cycling 
status); E) high-magnifi cation HAADF-STEM image of MoS 2 /SG composite after cycling test and the corresponding energy-dispersive X-ray spectros-
copy (EDS) mapping of the elements C, Mo, and S; and F) high-resolution TEM images of as-synthesized MoS 2 /SG composites after cycling test.



C
O

M
M

U
N

IC
A
TIO

N

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim (5 of 8) 1501106wileyonlinelibrary.com

  To better understand this extraordinary cycling stability, we 
analyze the structure of the materials by calculating the binding 
energies based on density functional theory. The fully relaxed 
structure of bulk MoS 2  and projected density of states of Mo 3d 
orbital in the MoS 2  is shown in Figure S8 (Supporting Informa-
tion). After stabilization, the lattice of the MoS 2  bulk was evalu-
ated to be 3.18, 3.18, and 13.55 Å at the  x- ,  y- , and  z -axes, which 
is consistent with the previously reported experimental work. [ 48 ]  
Note that the formation of thiophene-like structure is more 
favourable during the SG synthesis since the formation energy 
is lower than that of graphitic structured SG. [ 49 ]  We designed 
the (4 × 4) MoS 2  monolayer on a (5 × 5) thiophene like SG, 
imposing a commensurability condition between the SG and 
MoS 2  monolayer. To defi ne thermodynamically stable MoS 2  on 
SG, 75 confi gurations of different S location in the lattice of 
SG have been generated. Among them, the structure shown in 
 Figure    4   has been chosen since it has the lowest ground state 
energy. The adsorption energy (Δ E  ads ) of MoS 2  on SG surface 
was calculated according to the following equation 

 E E E Eads MOS2-SG MOS2 SGΔ = − −   (1) 

 where  E  MoS2-SG ,  E  MoS2 , and  E  SG  are total energies of MoS 2  
deposited SG, the monolayer of MoS 2 , and an SG model, 
respectively. Interestingly, the MoS 2  monolayer adsorption 
energy on the SG was calculated to be only +1.08 eV without 
considering the van der Waals interaction, suggesting that 
the SG is not energetically desirable for MoS 2 . This result is 
confl icting with the XPS observation and other reported work 
including MoS 2 /graphene, [ 50 ]  MoS 2 /N-doped graphene. [ 30 ]  
Therefore, the binding of MoS 2  on the substrate could be 
happened via other mechanisms such as van der Waals 
interaction and electrostatic. Note that it is reported that the 
considerably negligible adsorption of MoS 2  is arisen on gra-
phene. [ 51 ]  With van der Waals correction by DFT-D2 method 
of Grimme, [ 52,53 ]  the adsorption energy of a monolayer of 
MoS 2  was evaluated to be −1.37 eV, revealing the sponta-
neous adsorption occurring on SG, which is consistent with 
the XPS observation and strongly supports the highly stable 
cycling performance. 

  The physicochemical and electronic interaction between 
MoS 2  and SG, which is determined by its electronic structure in 
valence electrons, [ 54–60 ]  plays an imperative role in the stability. 
To further understand the interaction derived from the shared 
electron clouds, the charge density changes, Δ ρ , was investi-
gated according to following equation 

 MOS2-SG MOS2 SGρ ρ ρ ρΔ = − −   (2) 

 where  ρ  MoS2-SG ,  ρ  MoS2 , and  ρ  SG  are the charge densities of 
MoS 2 /SG, MoS 2 , and SG, respectively. Moreover, Bader change 
analysis [ 61 ]  which calculates the charge of an individual atom in 
model system [ 49,62 ]  was also conducted on the MoS 2 /SG system 
to understand the movement of an amount of charge. As shown 
in Figure  4 , the charge of S dopant is depleted to be 0.48e for 
SG in MoS 2 /SG, whereas the nearest three S atoms from MoS 2  
get charges of −0.45, −0.45, and −0.48e, respectively. Therefore, 
there is a meaningful amount of charge transfer from SG to 
MoS 2 , which negatively polarizes the interface between MoS 2  
and SG. This result is consistent with the XPS analysis, where 
the electronic interaction between MoS 2  with SG leads to the 
robust composite architecture.  

 In addition to the exceptional cycling stability, the bridging 
effect of S dopants ensures the intimate contact between active 
MoS 2  and highly conductive graphene sheets, which enables a 
signifi cantly improved rate capability. As shown in  Figure    5  A, 
the MoS 2 /SG composites deliver a specifi c capacity of 1672, 
1398, 1324, 1228, 1137 mA h g −1  at a current density of 0.1, 
0.2, 0.5, 1.0, 2.0 A g −1 . The corresponding capacity dependence 
on current density is presented in Figure  5 B. Even at a cur-
rent density of 10 and 20 A g −1 , a specifi c capacity of 915 and 
766 mA h g −1  can be obtained, which is equal to a capacity reten-
tion of 64.8% and 54.1%, respectively. Impressively, the MoS 2 /
SG composites still possess a discharge and charge capacity of 
522 mA h g −1  at 50 A g −1 , with a discharging and charging time 
of 37 s. The composite materials with such a capacitive behavior 
outperforms most of the other MoS 2 -based composite mate-
rials (Figure  5 C), [ 34,39,63–67 ]  which makes it highly promising 
in future applications of electric transportation. Remarkably, 
the robustness of the composite architecture can be further 
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 Figure 4.    A) The side and B) the bottom view of relaxed MoS 2  on SG with charge density changes, and the corresponding Bader charges of S atoms 
from MoS 2  as well as C atoms and S dopant from SG.
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observed after the rate performance testing. A specifi c capacity 
of 1379 mA h g −1  can be recovered at a current density of 0.1 A 
g −1 . Moreover, the electrode was cycled for another 300 cycles 
at a current of 0.1 A g −1  (Figure  5 D). The capacity still can be 
stabilized, and even shows a gradual increase with a high Cou-
lombic effi ciency. This phenomenon is mainly attributed to the 
increased number of defect sites and vacancies on graphene 
sheets, which has been reported previously. [ 30 ]  

  In summary, we have successfully developed a novel com-
posite material based on MoS 2  and SG for high-performance 
LIBs anode. Both experimental and computational investiga-
tions confi rm that the sulfur atoms are successfully bonded 
to graphene covalently, and effi ciently bridge the layered MoS 2  
and graphene sheets by sharing electron clouds, resulting in 
a robust composite architecture. Such a composite exhibits a 
remarkably long cycling stability (92.3% capacity retention for 
2000 cycles at a current density of 10 A g −1 ) and a superior rate 
capability (1672 and 915 mA h g −1  at 0.1 and 10 A g −1 , respec-
tively). We believe this design, the facile and scalable synthesis 
can be extended to other materials, and these composite mate-
rials hold great promise in next-generation rechargeable LIBs.   

 Experimental Section 
  Synthesis of MoS 2 /SG Composites : Graphene oxide (GO) was 

prepared from powdered fl ake graphite (400 mesh) by a modifi ed 
Hummers method as described previously. [ 68 ]  MoS 2 /SG composites 
were synthesized via a facial one-pot solvothermal method. In a typical 
synthesis, GO (30 mg) was dispersed in ethylene glycol (10 mL) 

by ultrasonication for 1 h. Aqueous solutions of sodium molybdate 
dehydrate (100 mg mL −1 , 2 mL) and thiourea (200 mg mL −1 , 1 mL) were 
added into GO solution, respectively. Elemental sulfur (20 mg) was then 
added before the solution was transferred into a polytetrafl uoroethylene 
(PTFE)-lined 20 mL capacity stainless steel autoclave and kept at 
120 °C for 10 h followed by 220 °C for another 10 h. The precipitate was 
collected by fi ltration and washed with water and ethanol followed by 
freeze-drying for 2 d. The black and fl uffy power was annealed at 800 °C 
for 6 h under Argon fl ow with a ramping rate of 2 °C min −1 . Pure MoS 2  
and pure SG were synthesized at identical conditions. 

  Materials Characterization : The crystal structures of the as-prepared 
materials were characterized by XRD (X’Pert Pro X-ray diffractometer, 
Panalytical B.V.). The morphology and composition of the materials 
were examined using scanning electron microscopy (SEM, LEO 
FESEM 1530) and TEM (JEOL 2010F TEM/STEM fi eld emission 
microscope) equipped with a large solid angle for high-X-ray 
throughput, scanning, scanning-transmission and a Gatan imaging 
fi lter (GIF) for energy fi ltered imaging from the Canadian Center for 
Electron Microscopy (CCEM) located at McMaster University. TGA 
was conducted on TA instrument Q500. TGA testing was performed 
in air with a temperature range of 25 to 850 °C and a ramp rate of 
10 °C min −1 . Nitrogen sorption isotherms were measured at 77 K with 
a Micromeritics ASAP 2020 analyzer. The samples were degassed in 
vacuum at 200 °C for 3 h. The specifi c surface areas were calculated 
by the Brunauer–Emmett–Teller (BET) method using adsorption 
branch in a relative pressure range from 0.04 to 0.25. The pore size 
distributions were derived from the adsorption branches of isotherms 
using the Barrett–Joyner–Halenda (BJH) model. X-ray photoelectron 
spectra were collected by XPS (Thermal Scientifi c  K -Alpha XPS 
spectrometer). Raman scattering spectra were recorded on a Bruker 
Sentterra system (532 nm laser). 

  Electrode Fabrication : A convention slurry-coating process was used to 
fabricate the electrodes. The active material powders, Super P conductive 
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 Figure 5.    A) Galvanostatic charge/discharge curves of a composite electrode at various current densities from 0.1 to 50 A g −1  between 3.0 and 0.005 V; 
B) corresponding rate performance of the composite electrode; C) comparison of the rate capability of MoS 2 /SG composites with various MoS 2 -based 
high-rate electrodes reported recently [ 34,39,63–67 ]  (the capacitance was normalized by specifi c capacitance at the current density of 0.1 mA g −1 ); and 
D) cycling performance of the electrode at a current density of 0.1 A g −1  for another 300 cycles after rate capability testing.
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agent and poly(vinylidene fl uoride) (PVDF) binder were mixed in a mass 
ratio of 80:10:10, and homogenized in  N -Methyl-2-pyrrolidone (NMP) 
to form slurries. The homogenous slurries were uniformly coated on Cu 
foil substrates and dried at 100 °C for 12 h under vacuum. As-formed 
electrodes were then pressed at a pressure of 2.0 MPa. The mass 
loading on each electrode was controlled to be ≈1.5 mg cm −2 . 

  Electrochemical Measurements : To test electrodes, 2032-type coin 
cells were assembled in an argon-fi lled glovebox, using Celgard 
2500 membrane as the separator, lithium foils as the counter electrodes, 
1  M  LiPF 6  in a 1:1 (v/v) mixture of ethylene carbonate and dimethyl 
carbonate as the electrolyte. CV measurements were carried out on a 
VMP3 potentiostat/galvanostat (Bio-Logic LLC, Knoxville, TN) using 
cutoff voltages of 3.0 and 0.005 V versus Li/Li +  at different scan rates. 
The galvanostatic charge/discharge measurements were performed 
on NEWARE BTS-CT3008 (Neware Technology, Ltd., Shenzhen, China) 
at different current densities. EIS measurement was conducted on a 
Princeton Applied Research VersaSTAT MC potentiostat. The Nyquist 
plots were recorded potentiostatically by applying an AC voltage of 10 mV 
amplitude in the frequency range of 0.01 to 10 5  Hz. All electrochemical 
measurements were carried out at room temperature. 

  Computational : The Vienna  ab  initio simulation package program 
was employed to fi nd the ground state energy of MoS 2  and MoS 2  on 
SG model with the implemented DFT method. [ 69–71 ]  The Perdew, 
Burke, and Ernzerhof (PBE) functional defi ned the electron exchange-
correlation energy, [ 72 ]  taking on the spin-polarized generalized gradient 
approximation. [ 73,74 ]  The valence electrons were described by Kohn-Sham 
wave functions, which were expanded with a plane-wave basis set. The 
core electrons were replaced by projector augmented wave pseudo-
potentials. [ 75,76 ]  A cutoff energy of 520 eV was used. All ions were fully 
relaxed during the structural optimization until the total energy was 
converged within 10 −4  eV. A gamma point mesh with (15 × 15 × 15)  k  
points was used for the graphene (1 × 1) unit cell to sample the Brillouin 
zone for bulk calculation. The thiophene-like SG sheets having (5 × 5) 
supercells as described by our previous literature [ 49 ]  are fully relaxed to 
optimize the structures with (4 × 4) MoS 2  monolayer deposited on the 
supports. To calculate the total energies of MoS 2  on SG model, we only 
used a gamma point mesh of (5 × 5 × 1), and utilized the Methfessel–
Paxton smearing method [ 77 ]  as well as the van der Waals corrections 
conducted by DFT-D2 method of Grimme. [ 52,53 ]   
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