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with Highly Reversible Lithium Storage  
N

 The extensive range of possibilities for using a rechargeable 
lithium ion battery (LIB) for stationary power storage applica-
tions has stimulated signifi cant research to improve its energy, 
power density and cycling life. The current use of graphite as 
a commercially available anode material cannot fully meet the 
energy density requirements for LIB applications in electric 
vehicles due to its relatively small capacity (372 mAh/g). In the 
next generation LIB, graphite should be replaced by alterna-
tive higher capacity materials and graphene based composite 
is one of the promising choices. The discovery of graphene 
has attracted wide-ranging interest due to its unique physical 
and chemical properties and potential for applications in elec-
tronic devices and sensors. [  1–3  ]  This has led to the development 
of a signifi cant number of graphene-based materials for use as 
LIB anodes and results have been generally promising due to 
high specifi c capacity and improvement of its cycling ability. 
In recent years, chemical substitutional doping has been used 
to enhance the properties of graphene—further improving 
its properties beyond just morphology and size control. This 
includes the use of sulfur, boron, and nitrogen doping, the 
latter of which is particularly effective in modulating the elec-
tronic properties of graphene. [  4–6  ]  Based on these results, we 
expect that nitrogen-doped (N-doped) graphene will be used as 
a template for synthesis of active electrode materials. 

 Compared to graphene-based metal oxide materials, some 
graphene-based transition metal sulfi des possess consummate 
2D-layered structures. The matched structure between transi-
tion metal sulfi des and graphene avoids the exfoliation of elec-
trode materials and capacity fading during the charge/discharge 
process. [  7–9  ]  As a typical layered transition metal sulfi de, MoS 2  
has a structure similar to graphite, consisting of three atom 
layers of S-Mo-S stacked together through van der Waals inter-
actions. [  10  ,  11  ]  This layered structure enables the effi cient inter-
calation and deintercalation of lithium ions. In recent years, 
many published reports have articulated various processes for 
preparing MoS 2  or MoS 2  composites as LIB anodes, which 
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generally reach a reversible capacity of 800  ∼  900 mAh/g. [  12–14  ]  
In our previous work, we reported a series of studies on MoS 2  
with graphene composites that exhibited very high reversible 
capacity (1000  ∼  1200 mAh/g), excellent cyclic stability and 
high-rate capability. [  7  ,  8  ,  15  ,  16  ]  However, defi ciencies and questions 
remain concerning the use of MoS 2 /graphene composites and 
graphene-based materials. For example, it is not well under-
stood how MoS 2  nanoparticles are able to uniformly grow on 
the surface of graphene—MoO 4  2 −   anions, unlike metal cations, 
should be easily adsorbed on the graphene oxide (GO)—and 
why the reversible capacity increases gradually during the cycle. 

 Therefore, our current work presents a facile process for 
the synthesis of ultrathin MoS 2 /N-doped graphene (MoS 2 /N-
G) nanosheets to reveal the growth mechanism of MoS 2  on 
the surface of N-doped graphene. The MoS 2 /N-G composite 
exhibits exceptional high initial reversible capacity, outstanding 
cyclic stability and high-rate capability. In addition, using elec-
trochemical impedance spectra (EIS) we explain the reason for 
rising capacity during the cycles that can occur in graphene-
based materials. 

 The general view of MoS 2 /N-G composite nanosheets is 
shown in  Figure    1   a. It can be seen that MoS 2 /N-G composites 
consist of ultrathin 2D nanosheets with a diameter of  ∼ 100 nm. 
HRTEM images (Figure  1 b and  1 c) show that MoS 2  layers with 
an interlayer distance of 0.62 nm are grown on the surface of 
N-doped graphene. As shown in Figure S1 (see Supporting 
Information, SI), when comparing the morphology of MoS 2 , 
MoS 2 /G and MoS 2 /N-G, it is found that MoS 2 /N-G nanosheets 
are thinner than the others. This indicates that during the 
synthesis of MoS 2 /G and MoS 2 /N-G composites, graphene or 
N-doped graphene sheets greatly inhibit the restacking of MoS 2  
layers. Moreover, compared to graphene and N-doped graphene 
(SI, Figure S1d, 1e), it is found that N-graphene possesses 
a rougher and more wrinkled surface than graphene. From 
Raman spectra of graphene and N-graphene in Figure S2c, it 
is known that the greater number of defect sites and vacancies 
exists in N-doped graphene [  17  ,  18  ]  which allows MoS 2  particles to 
be more effectively and uniformly dispersed on its surface.  

 The same characteristic can be observed by X-ray diffraction 
(XRD) analysis as shown in Figure  1 d. MoS 2 /G and MoS 2 /N-G 
show a crystalline structure similar to that of pure MoS 2 , which 
is congruent with a hexagonal structure (JCPDS 37-1492). In 
addition, the XRD patterns of MoS 2 /G and MoS 2 /N-G show 
that growth of (002) plane was inhibited due to the incorpora-
tion of graphene or N-doped graphene. It is worth noting that 
the (002) diffraction peak of graphene or N-graphene cannot be 
detected (see SI Figure S2a and S2b), indicating that the gra-
phene or N-graphene layers are divided by MoS 2  layers during 
bH & Co. KGaA, Weinheim 1wileyonlinelibrary.com
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     Figure  1 .     a) SEM image of ultrathin MoS 2 /N-G nanosheets; b) HRTEM image of MoS 2 /N-G nanosheet layers; c) HRTEM image of MoS 2 /N-G nanosheet 
plane; insets show the Fast Fourier Transform (FFT) patterns of MoS 2 /N-G nanosheet layers and plane; the fi gures on right and bottom of a) show the 
schematic illustrations of microstructure of MoS 2 /N-G nanosheets; d) XRD patterns of pure MoS 2 , MoS 2 /graphene and MoS 2 /N-G samples, and the 
corresponding HRTEM images of layer numbers.  
the reaction route. According to the Scherrer equation (D  =  
K  λ  /  β  cos  θ  ), the average  c -stacking height, calculated from the 
(002) refl ection, is 20 nm for pure MoS 2 , 8 nm for MoS 2 /G 
and 4 nm for MoS 2 /N-G. Based on the above, we can reason-
ably estimate the average number of layers for MoS 2 /N-G to be 
5  ∼  6—signifi cantly less than that of MoS 2 /G (8  ∼  9 layers) and 
pure MoS 2  (over 20 layers). This case also can be observed in 
the HRTEM images. 

 Regarding the growth mechanism of graphene-based mate-
rials, many references report that metal cations could be easily 
adsorbed on the surface of GO due to the existence of negative 
charges on its surface. [  19  ]  However, in our experiment, using 
Na 2 MoO 4  as an initial material, MoS 2  particles were not able to 
disperse on the surface of graphene or N-graphene. Li  et al . [  20  ]  
demonstrated that GO nanosheets could be used as a novel sub-
strate for the nucleation and subsequent growth of MoS 2  and 
© 2013 WILEY-VCH Verlag G2 wileyonlinelibrary.com
found that MoS 2  growth is selective on GO. In our experiment, 
we found that two-step reactions occurred during the route. 
As shown in  Figure    2  a, a portion of L-cysteine is fi rst decom-
posed to pure sulfur upon heating and anchored on the surface 
of N-graphene through nucleation, and then MoS 2  nanosheets 
subsequently formed in situ. This reaction can be shown using 
Energy-dispersive X-ray Spectroscopy (EDX) mapping and X-ray 
Photoelectron Spectroscopy (XPS) analysis of pure N-graphene 
using L-Cys (see SI, Figure S4 and S5). From the analysis of 
XPS (SI, Figure S5), it can be shown that the S element exists 
in the form of elemental sulfur.   

Figures  2 b to  2 i show the growth mechanism of MoS 2 /N-G 
composites. It can be seen that the N-graphene sheets with the 
thickness of 5  ∼  6 nm dispersed in the solution (Figures  2 b, 
c and d) and there were no signifi cant morphological changes 
observed when reacting for 2 h and 6 h (Figures  2 e and  2 f). 
mbH & Co. KGaA, Weinheim Adv. Energy Mater. 2013, 
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     Figure  2 .     a) Schematic illustration of growth mechanism of MoS 2 /N-G composite nanosheets; b) SEM image of N-doped graphene; c) TEM image 
of N-doped graphene; d) HRTEM image of N-doped graphene; e) SEM image of results reacting for 2 h, insert shows the corresponding TEM image; 
f) SEM image of results reacting for 6 h, insert shows the corresponding TEM image; g) SEM image of results reacting for 7 h; h) SEM image of partial 
enlargement of g); i) SEM image of results reacting for 8h, inserts show the SEM image (top) and TEM image (bottom) of partial enlargement; j) TEM 
image of partial enlargement of h); k) HRTEM image of partial enlargement of j); l) SEM image of results reacting for 12 h.  
EDX mapping (SI, Figure S6) shows that the S element can 
be detected but not the Mo element—indicating no forma-
tion of MoS 2 . When reacting for 7h, as shown in Figures  2 g 
and  2  h, the coexistence of MoS 2 /N-G and N-graphene can 
be observed. In Figures  2  j and  2  k, MoS 2  nanosheets can be 
seen growing uniformly on the surface of N-graphene. Subse-
quently, when reacting for 8 h, Figure  2 i shows only MoS 2 /N-
G composites can be observed, indicating all of the products 
have transformed into the MoS 2 /N-G composites. Comple-
tion of the reaction is achieved and the products obtained by 
reacting for 12 h, as shown in Figure  2 i. Based on the growth 
mechanism of MoS 2 /N-G (as shown in Figure  2 ), we can con-
clude that during the reaction, a portion of L-Cys is decom-
posed to sulfur nanoparticles and anchored on the surface of 
N-graphene through nucleation, resulting in the formation and 
growth of MoS 2  nanosheets. Finally, the remaining elemental 
sulfur is sublimed away during the annealing process. To 
determine the chemical composition of MoS 2 /N-G compos-
ites, XPS measurements were carried out in the region of 0  ∼  
1100 eV.  Figure    3  a shows that the sample contains the O, C, 
© 2013 WILEY-VCH Verlag GAdv. Energy Mater. 2013,
DOI: 10.1002/aenm.201201108
N, Mo and S elements and the atomic ratio of the elements is 
summarized in the insert of Figure  3 a. The calculated atomic 
ratio of Mo to S element is 1 to 2, approaching the theoretical 
value of MoS 2 . Also, it can be seen that a small quantity of 
O comes from a few parts of N-graphene that were not com-
pletely reduced during the hydrothermal and annealing pro-
cesses. In Figure  3 b, the high-resolution of C 1s, it can be seen 
that apart from most of the “C  =  C” bond, components of the 
oxygen-functional group still exist—including hydroxyl, epoxy, 
carbonyl and carboxyl. Figure  3 c shows the high-resolution of S 
2p, which contains S 2p 3/2  at 162.6 eV and S 2p 1/2  at 163.8 eV, 
indicating the products are stoichiometric MoS 2 . As shown in 
Figure  3 d, the weak N 1s signal is overlapped by the strong 
Mo 2p 3/2  signal, resulting in challenges in extracting detailed 
information about N 1s. However, we can overcome this dif-
fi culty by considering Figure S5 (SI), which shows two peaks 
at 400.3 eV and 398.5 eV respectively. Several reports indicate 
that N-doping can actively enhance the properties of graphene, 
especially the electronic properties, [  19  ,  21  ]  which are also pre-
sented in our studies.    
mbH & Co. KGaA, Weinheim 3wileyonlinelibrary.com
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     Figure  3 .     XPS patterns of MoS 2 /N-G sample: a) survey and high-resolution of b) C 1s, c) S 2p and d) N 1s.  
 Figure 4   shows the electrochemical performance of MoS 2 , 
MoS 2 /G and MoS 2 /N-G electrodes. From the fi rst fi ve cyclic vol-
tammetry (CV) curves of MoS 2 /N-G composite (Figure  4 a), two 
reduction peaks at 1.1 V and 0.5 V and two oxidation peaks at 
1.6 V and 2.3 V are observed during the fi rst cycle. The reduction 
peak at 1.1 V can be attributed to Li insertion into the interlayers 
of MoS 2 , accompanied by phase transformation from 2H to 1T 
structures of Li  x  MoS 2 . [  22  ]  The second pronounced reduction 
peak can be ascribed to the reduction of Li  x  MoS 2  to Mo metal 
and Li 2 S via a conversion reaction, and then the formation of a 
gel-like polymeric layer resulting from electrochemically driven 
electrolyte degradation. The oxidation peak at 1.6 V can be attrib-
uted to partial oxidation of Mo to form MoS 2  due to the defect 
sites leading to non-uniform delithiation. The second oxidation 
peak at 2.3 V is attributed to the formation of MoS 2 . During the 
subsequent cycles, the reversible reaction based on the equa-
tion: MoS 2   +  4Li ↔ Mo  +  2Li 2 S, is accompanied by the redox 
of Mo nanoparticles and the reversible growth of the gel-like 
layer. [  23  ]  During subsequent discharge cycles, the potential pla-
teau observed at 0.6 V disappeared with emergence of two new 
potential plateaus at 1.9 V and 1.2 V which is in agreement with 
previous observation in the literature. [  24  ]  As shown in Figure  4 a 
and Figure S8, MoS 2 /N-G and MoS 2 /G electrodes have the sim-
ilar peak current position and potential plateaus with pure MoS 2  
© 2013 WILEY-VCH Verlag G4 wileyonlinelibrary.com
(SI, Figure S7), indicating that graphene or N-graphene has no 
obvious potential plateaus. In comparison with MoS 2  
(SI, Figure S7), the oxidation peaks at 2.3 V for MoS 2 /N-G and 
MoS 2 /G (SI, Figure S8) are not decreased during the cycling, 
indicating graphene and N-graphene can stabilize the elec-
trode structure. As shown in Figure  4 b, the MoS 2  electrode 
delivers an initial reversible capacity of 694.1 mAh/g. However, 
as the number of cycles increases, the capacity decreases—
to 413.8 mAh/g after 50 cycles. In comparison, MoS 2 /G and 
MoS 2 /N-G electrodes exhibit much higher initial reversible 
capacities of 1005.5 mAh/g and 1021.2 mAh/g respectively, 
which show the stable cyclic behaviour during and after cycles. 
Interestingly, for the MoS 2 /N-G electrode, the specifi c capacity 
increases during the cycle and can reach 1285.3 mAh/g after 50 
cycles. Similar results have been reported in other studies and 
the reason for this phenomenon is still not known. [  9  ,  25  ,  26  ]  In 
our previous work, [  27  ]  we found that pure N-graphene exhibited 
a signifi cant capacity increase during the cycle, which may be 
caused by more defect sites in N-graphene. In order to under-
stand why the MoS 2 /N-G electrode exhibited the rising capacity, 
alternating current impedance measurements were performed 
after 5, 20 and 40 cycles, as shown in Figure  4 e (a detailed 
illustration can be seen in SI, Figure S9). Generally, it is well-
known that the electrochemical surface area is proportional to 
mbH & Co. KGaA, Weinheim Adv. Energy Mater. 2013, 
DOI: 10.1002/aenm.201201108
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     Figure  4 .     Electrochemical characterizations of a half-cell composed of different electrodes  vs . Li foil: a) cyclic voltammogram of MoS 2 /N-G at a scan 
rate of 0.1 mV during the fi rst fi ve cycles, insert shows the fi rst fi ve charge and discharge curves of MoS 2 /N-G at a current density of 100 mAh/g, 
b) cycling behaviors of MoS 2 , MoS 2 /G and MoS 2 /N-G samples at a current density of 100 mAh/g, c) cycling behavior of MoS 2 /N-G electrode at various 
current densities; d) schematic illustration of N-doped graphene during the cycling: the defect sites or vacancies are extending gradually, facilitating 
more intercalation of Li  +   ions, blue balls represent Li  +   ions; e) Nyquist plots of the MoS 2 , MoS 2 /G and MoS 2 /N-G electrodes obtained by applying a 
sine wave with amplitude of 5.0 mV over the frequency range from 200 KHz to 0.01 Hz; insert shows the equivalent circuit model of the studied system.  
the capacitance of electrode/electrolyte interfaces. It was found 
that the capacitance value (see SI, Table S2) of the electrode 
increases during the cycle, which means the electrochemical 
surface area of the electrode increases. It is indicated that 
those defect sites and vacancies as Li  +   ions active sites would 
be extended gradually and thereby facilitated more intercalation 
of Li  +   ions. This conclusion is supported by Figure  4 d. At the 
beginning of the lithiation process, the vacancies could trap a 
number of Li  +   ions. As the cycles increase, these vacancies are 
extended, facilitating the insertion of more Li  +   ions. Due to the 
increased number of defect sites and vacancies on N-graphene, 
the MoS 2 /N-G composite shows rising capacity during the cycle, 
exhibiting excellent cyclic stability. In addition, the MoS 2 /N-
G electrode demonstrates good rate capability, as shown in 
Figure  4 c. Even at a high current density of 1,000 mA/g, the 
specifi c capacity remains at 850 mAh/g—indicating that these 
novel composites could serve as promising anode materials for 
high-performance LIBs in a wide range of applications.  

 In summary, from the investigation of MoS 2 /N-G compos-
ites, we revealed the growth mechanism of MoS 2  nanosheets 
on the surface of N-graphene. We also showed the reason for 
rising capacity during the cycle which is caused by extension 
of the defect sites and vacancies of the composites. This inno-
vative MoS 2 /N-G composite exhibits exceptional high capacity, 
superior cyclic stability and high-rate capability—which could 
be further explored for high-capacity and environmentally-
friendly anode materials for LIB applications.  
© 2013 WILEY-VCH Verlag GAdv. Energy Mater. 2013,
DOI: 10.1002/aenm.201201108
 Experimental Section  

 Synthesis of graphene powder and nitrogen-doped graphene powder : 
Natural fl ake graphite (Aldrich,  + 100 mesh) was used as the starting 
material. Graphene was fi rst prepared by the oxidation of graphite 
powder using the modifi ed Hummers’ method. [  28  ]  Typically, graphite 
powder (1 g) and sodium nitrate (0.75 g) were fi rst stirred in 
concentrated sulphuric acid (37.5 mL) while being cooled in an ice 
water bath. Then potassium permanganate (4.5 g) was gradually 
added to form a new mixture. After 2 h in an ice water bath, the 
mixture was allowed to stand for fi ve days at room temperature with 
gentle stirring. Thereafter, 100 mL of 5 wt% H 2 SO 4  aqueous solution 
was added into the above mixture over 1 h with stirring. Then, 
3 g of H 2 O 2  (30 wt% aqueous solution) was also added to the above liquid 
and the mixture was stirred for 2 h. After that, the suspension was fi ltered 
and washed until the pH value of the fi ltrate was neutral. Finally, the dried 
graphite oxide was heated at 1050  ° C for 30 s under Ar to get graphene. [  29  ]  
Nitrogen doped graphene was further obtained by heating the graphene 
under high purity ammonia mixed with Ar at 900  ° C for 4h. [  30  ]   

 Synthesis of MoS 2 , MoS 2 /graphene and MoS 2 /N-doped graphene : The 
mixture of 0.3 g of Na 2 MoO 4  · 2H 2 O and 0.48 g of L-cysteine were dissolved 
in 40 mL of DI water, and then transferred into a 50 mL Tefl on-lined 
stainless steel autoclave, sealed tightly, and heated at 180  ° C for 12 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 overnight. The black powder was annealed in a conventional tube 
furnace at 800  ° C for 2 h in Ar atmosphere, and then the MoS 2  powder was 
obtained. With the same method as above, adding 0.030 g as-prepared 
graphene or N-doped graphene into the starting materials solution, the 
MoS 2 /graphene or MoS 2 /N-doped graphene powder could be obtained 
after annealing at 800  ° C for 2 h in Ar atmosphere, respectively.  
mbH & Co. KGaA, Weinheim 5wileyonlinelibrary.com
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 Characterizations : The samples were characterized by X-ray 
diffraction (XRD, Rigaku RU-200BVH diffractometer employing a Cu-K  α   
source), fi eld emission scanning electron microscope (FESEM, Hitachi 
S-4800), transmission electron microscope (TEM, Hitachi H-7000), 
high-resolution transmission electron microscope (HRTEM, JEOL 
2010F), X-ray photoelectron spectroscopy (XPS, Kratos Axis Ultra Al 
at 14 kV), energy dispersive X-ray spectroscopy (EDX, GENESIS 4000).  

 Electrochemical measurements : The electrochemical tests were measured 
using two-electrode coin cells assembled in an argon-fi lled glovebox. 
Lithium sheets as the counter electrode and reference electrode, and a 
polypropylene fi lm (Celgard-2400) was used as a separator. The electrolyte 
was a 1.0M LiPF 6  solution in a mixture of ethylene carbonate/dimethyl 
carbonate (EC/DMC) (1:1 in volume). The working electrodes were 
prepared by a slurry coating procedure. The slurry consisted of 80 wt% 
active materials, 10 wt% acetylene black, and 10 wt% polyvinylidene 
fl uorides 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 80  ° C for 24 h under vacuum and then pressed. Cyclic voltammetry 
tests were performed on a versatile multichannel potentiostat 3/Z (VMP3) 
at a scan rate of 0.1 mV/s over a potential range of 0 to 3.0 V( vs . Li  +  /
Li). Charge-discharge characteristics were tested galvanostatically between 
0.01 and 3.0 V ( vs . Li  +  /Li) at room temperature using an Arbin BT-2000 
Battery Test System. Alternating current impedance spectra (VMP3) were 
obtained by applying a sine wave with amplitude of 0.5 mV over the 
frequency range from 200 kHz to 0.01 kHz.   

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