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High-temperature solvent-free sulfidation of MoO3

confined in a polypyrrole shell: MoS2 nanosheets
encapsulated in a nitrogen, sulfur dual-doped
carbon nanoprism for efficient lithium storage†

Ying Liu,a Jixin Zhu, b Jingsan Xu, c Siliang Liu,a Le Li,a Chao Zhang *a and
Tianxi Liu *a

Hierarchical nanostructured metal sulfides in a rectangular prism shape are highly attractive as a promising

electrode material for lithium ion energy storage. Herein, we develop a simultaneous pyrolysis and sulfida-

tion strategy to synthesize yolk-shelled MoS2@nitrogen, sulfur dual-doped carbon (MoS2@NSC) nano-

prisms. Upon encapsulating MoO3 nanoprisms into a polypyrrole (PPy) shell, a high-temperature solvent-

free sulfidation reaction from MoO3 to hierarchical MoS2 nanosheets could take place within the PPy

nanoreactor, and the PPy nanoreactor simultaneously converted into NSC hollow nanoprisms. Owing to

the compositional and structural superiority, the MoS2@NSC nanoprisms with a well-defined sheet-

in-prism superstructure manifested enhanced electrochemical activity as a promising anode material for

lithium-ion batteries including a high reversible capacity (960 mA h g−1 at 0.1 A g−1), excellent cycling stabi-

lity (800 mA h g−1 at 0.1 A g−1 up to 300 cycles), and superior rate capability (440 mA h g−1 at 2 A g−1).

1. Introduction

Rechargeable lithium ion batteries (LIBs) have significantly
expanded the application range of energy storage devices in
portable electronic devices, hybrid electric vehicles, etc.1–3

Among the various components of LIBs, negative electrodes

inevitably play key roles in determining the overall perform-
ance of LIBs, and therefore tremendous interest has been
shown to develop low-cost and active materials such as tran-
sition-metal compounds as promising next-generation anode
materials.4–8 Two-dimensional (2D) transition-metal dichalcogen-
ides (TMDs) especially molybdenum disulfides (MoS2) have
attracted much attention in view of their low cost, high theoretical
capacity and natural abundance.9–12 Nevertheless, the applications
of MoS2 are greatly hindered by its intrinsically limited electrical
conductivity and poor cycling stability due to the large volume
variations during the intercalation and extraction of Li ions.
Moreover, the tendency of nano-sized MoS2 to restack into aggre-
gated large particles further deteriorates its performance.13–15

To circumvent these obstacles, engineering hierarchical
MoS2 nanostructures with efficient ion and electron transport
is attractive to provide new opportunities to enhance the
lithium storage capability in both fundamental and practical
applications. Basically, rational design and synthesis of MoS2
nanosheets into hierarchical structures including spherical,
tubular and polyhedral shapes would greatly boost the electro-
chemical performance due to their multiple intriguing pro-
perties as follows: (i) hierarchical MoS2 nanosheets with a high
surface area provide abundant electrochemically active sites
and a large contacting area between the electrode and electro-
lyte16 and (ii) optimized voids provide buffer space enduring
large volume variations during cycles.17 One-dimensional (1D)
and quasi-1D hierarchical MoS2 nanostructures with a high
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aspect ratio are highly attractive due to their largely enhanced
electron transport compared with those of MoS2 in a spherical
and polyhedral morphology. In another aspect, the integration
of MoS2 with carbon materials would not only relax the elec-
trode strains during cycles, but also improve the electrical con-
ductivity of the electrodes.18–20

Although the construction of hierarchical MoS2 structures
such as spheres and nanowires has been intensely studied, it
is still a great challenge to design hierarchical MoS2 in a rec-
tangular prism shape closely hybridized with carbon materials,
which not only renders an effective spacer confinement of
MoS2 during cycles, but also ensures an enhanced electrically
conductive pathway. Solvothermal reactions are commonly
involved in the preparation of MoS2-based materials.21–24

However, the solvent-free sulfidation strategy provides a versa-
tile and green approach to rapidly produce large quantities of
MoS2 nanosheets, in contrast to the MoS2 prepared using con-
ventional strategies that require complicated operation such as
the use of high-pressure solvothermal conditions, toxic sol-
vents/sulfur sources, or a long reaction time. Therefore, it is
still a challenge to explore a low-cost yet effective method to
obtain uniform MoS2-based composites with enhanced electro-
chemical performances.

In this work, we develop a solvent-free high-temperature
sulfidation strategy to encapsulate hierarchical MoS2
nanosheets into heteroelement-doped hollow carbon nanopr-
isms using MoO3@polypyrrole (MoO3@PPy) core–shell
nanoprisms as precursors and sulfur powder as the sulfur
source. The solvent-free sulfidation strategy provides a simple
and environmentally friendly approach to produce large-scale
and high-quality MoS2 in one batch. Rationally designed
hollow polypyrrole nanoprisms were proved to show excellent
superiority as unique nanoreactors especially for high-temp-
erature reactions due to the controllable shell thickness and
the essence of easy carbonization while maintaining structural
stability, which would greatly expand the potential applications
of such nanoreactors for high-temperature reactions.
Remarkably, the resulting sheet-in-prism superstructures show
largely enhanced lithium storage performances in terms of
high specific capacity, good rate performance and excellent
cycling stability.

2. Experimental
2.1. Materials

Sodium molybdate dihydrate (Na2MoO4·2H2O, AR), sodium
chloride (NaCl, AR), sublimed sulfur (CP), hydrochloric acid
(HCl, 37%), ethanol, ammonium persulfate (APS, AR), and
N-methyl pyrrolidone (NMP) were purchased from Sinopharm
Chemical Regent. Pyrrole (AR grade) was obtained from Sigma-
Aldrich and distilled before use. Polyvinylidene fluoride
(PVDF, Kynar HSV900) was purchased from Arkema Inc.
Deionized water (DI water) was used throughout the experi-
ments. All the chemicals were used as received without further
purification unless otherwise specified.

2.2. Synthesis of the MoO3 nanoprisms

Typically, Na2MoO4·2H2O (1.21 g) and NaCl (0.60 g) were
mixed in 60 mL of DI water, and the pH was adjusted to 1.0
with 3 M HCl. The solution was then transferred to a 100 mL
Teflon-lined stainless steel autoclave and kept at 180 °C for
24 h. The products were centrifuged twice for 10 minutes at
5000 rpm, washed successively with 80 mL DI water and 80 mL
ethanol in turn three times, and then dried at 60 °C in a
vacuum.

2.3. Synthesis of MoO3@PPy

MoO3@PPy composites were prepared by in situ oxidative
polymerization of pyrrole on MoO3 using APS as an oxidizer.
First, 40 mg of MoO3 were suspended in 80 mL of DI water,
and then designed amounts of pyrrole were added into the
suspension and stirred at 0 ± 2 °C for 30 min. Second, 20 mL
of APS solution was added dropwise to the above suspension,
and the molar ratio of pyrrole and APS was 2/1. The reaction
mixture was stirred for 12 h at 0 ± 2 °C, and the precipitates
were filtered, washed with 80 mL DI water and 80 mL ethanol
in turn three times, and then dried in a vacuum at 60 °C for
12 h. A series of samples were prepared with different initial
amounts of pyrrole (i.e., 100, 200 and 400 μL), respectively. For
comparison, we synthesized neat PPy through the above-men-
tioned process without adding MoO3.

2.4. Synthesis of MoS2@nitrogen, sulfur dual-doped carbon
(MoS2@NSC)

MoO3@PPy was ground with sulfur powder in a mortar. The
mass ratio of MoO3@PPy and sulfur was kept at 1/5. The
mixed powder was transferred to a quartz boat, and then
heated at 800 °C for 2 h under a N2 atmosphere at a heating
rate of 5 °C min−1. The product was dispersed in HCl and
stirred for 2 h. After stirring, the product was centrifuged twice
at 5000 rpm for 10 min and washed several times with 80 mL
DI water, 1 M HCl and acetone to remove any impurities.
MoS2@NSC-1, MoS2@NSC-2 and MoS2@NSC-3 were used to
represent the MoO3@PPy samples prepared with the mass
ratio of pyrrole/MoO3 of 1/10, 2/10 and 4/10, respectively. For
comparison, MoS2 and NSC were prepared by the above-men-
tioned method using the starting materials MoO3 and PPy,
respectively, instead of MoO3@PPy.

2.5. Material characterization

The morphologies of the powder products were studied by
field-emission scanning electron microscopy (FESEM, JEOL
JSM-7001F) and transmission electron microscopy (TEM, JEOL
JEM-2100). The crystalline phases of the obtained products
were characterized using an X-ray diffractometer on a Bruker
D8 Advance. Raman measurements were performed using a
Renishaw inVia with a laser wavelength of 633 nm. XPS ana-
lysis was conducted on a Karatos Axis ULTRA X-ray photo-
electron spectrometer. TGA was performed on a TG 209 F1
from room temperature to 800 °C in air at a heating rate of
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10 °C min−1. Elemental analysis was conducted using a Vario
EL III Element analyzer.

2.6. Electrochemical characterization

To prepare the working electrode, the powder sample, carbon
black and PVDF binder were mixed in NMP with a weight ratio
of 8 : 1 : 1. The slurry was pasted onto copper foil with a
1 mg cm−2 areal loading, and then dried in a vacuum at 80 °C
overnight. 2032-type coin cells were assembled using a Celgard
2300 membrane as the separator. The electrolyte was 1 M
LiPF6 dissolved in a mixture of ethyl carbonate and dimethyl
carbonate with a volume ratio of 1/1. The cell was assembled
in an argon-filled glove box with the concentrations of moist-
ure and oxygen below 1.0 ppm. Galvanostatic discharge–
charge tests were performed on a Neware Battery Measurement
System (Neware, China) in the voltage range of 0.01–3.0
V. Cyclic voltammetry (CV) measurements were conducted on
a CHI 660D electrochemical workstation between 0.01–3.0 V at
a scan rate of 0.1 mV s−1. Nyquist plots were recorded on the
CHI 660D electrochemical workstation at a frequency between
100 kHz and 0.01 Hz.

3. Results and discussion

Herein, yolk-shelled MoS2@NSC nanoprisms are rationally
designed and synthesized, as demonstrated in Fig. 1a. First,
PPy shells with a controllable thickness were grown on a MoO3

nanoprism template, yielding MoO3@PPy composites. Second,
MoO3@PPy mixed with sulfur powder was then pyrolyzed at
800 °C under a N2 atmosphere, during which the MoO3

nanoprism core converted into a hierarchical assembly of
MoS2 nanosheets within the PPy shell, and meanwhile the PPy
shell nanoreactor could easily convert into NSC hollow nano-
prisms which would efficiently prevent the collapse of

hierarchical MoS2 structures. During pyrolysis, impurities such
as excess sulfur were easily removed using a N2 flow at high
temperature. In the above procedure, the thickness of the
resulting NSC can be easily controlled by tailoring the thick-
ness of the surrounding PPy shells during in situ polymeri-
zation of pyrrole. For comparison, bare MoO3 and in situ
grown PPy particles were also pyrolyzed by similar sulfidation
procedures, yielding the products neat MoS2 and NSC, respect-
ively. The present approach thus provides a solvent-free
sulfidation method for the production of yolk-shelled MoS2
nanosheets in a hollow carbon nanoprism with a nitrogen/
sulfur elemental doping, which are expected to show an
enhanced structural stability upon Li+ insertion after long
cycles attributed to an efficient confinement of volume
changes of inner MoS2 nanosheets (Fig. 1b). The as-prepared
MoS2@NSC is precisely tailored into a yolk-shelled structure of
MoS2 nanosheets in a NSC hollow nanoprism, where the NSC
can enhance the electrical conductivity and structural stability
of MoS2, while the internal MoS2 may afford largely exposed
active sites and abundant micro-/mesopores as ion reservoirs
(Fig. 1c).25

Morphologies of the MoO3 templates, the intermediates
MoO3@PPy and the final products MoS2@NSC were character-
ized and are shown in Fig. 2. The MoO3 template with a
smooth surface shows a uniform nanoprism morphology with
a width and length of 150–200 nm and 3–8 μm, respectively
(Fig. 2a and S1, ESI†). A high-resolution transmission electron
microscopy (HRTEM) image of MoO3 indicates a crystalline
distance of 0.37 nm for the (100) lattice plane of α-MoO3

(Fig. 2d). Upon the growth of PPy, MoO3@PPy (pyrrole/MoO3 =
10/2 in mass) shows a uniform PPy shell with an average thick-
ness of ∼50 nm on the surface of MoO3 (Fig. 2b and e). We
investigated the effect of the PPy concentrations during in situ
polymerization on the final morphologies of PPy shells while
keeping other conditions unaltered. Fig. S2a and S2b (ESI†)

Fig. 1 (a) Schematic illustration of the formation of yolk-shelled MoS2@nitrogen, sulfur dual-doped carbon (MoS2@NSC) nanoprisms. (b) Schematic
illustration of the Li+ insertion/extraction process of MoS2@NSC nanoprisms. (c) Schematic representation of MoS2@NSC nanoprisms with fascinat-
ing fast electron and ion transport.
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show the field emission scanning electron microscopy
(FESEM) and TEM images of MoO3@PPy with a thinner PPy
shell of ∼40 nm, when the mass ratio of pyrrole/MoO3 was
kept at 10/4. Excess PPy would aggregate into spheres attached
on the outer surface of PPy shells when further increasing the
mass ratio of pyrrole/MoO3 to 10/1 (Fig. S2c and S2d, ESI†).
X-ray diffraction (XRD) analyses further illustrate the success-
ful compositions of MoO3 with PPy during the in situ polymer-
ization (Fig. S3, ESI†). After the simultaneous pyrolysis and
sulfidation process, the overall nanoprism morphology of
MoS2@NSC (Fig. 2c) is well preserved with a width of
300–500 nm, which shrinks slightly compared with the inter-
mediate MoO3@PPy. The nanoprism shape of MoS2@NSC-2 is
shown in Fig. S4 (ESI†). During high-temperature pyrolysis, the
PPy shell converts into NSC hollow nanoprisms and the shell
thickness of the NSC was estimated to be ∼20 nm (Fig. 2f),
and the solid MoO3 nanobelt core converts into hierarchically
assembled MoS2 nanosheets. The HRTEM image (inset in
Fig. 2f) indicates a crystalline distance of 0.625 nm corres-
ponding to the MoS2 (002) lattice plane, suggesting the suc-
cessful conversion from MoO3 to 2H-phase MoS2. The TEM
image and the corresponding elemental mappings of Mo, S, C
and N in MoS2@NSC are shown in Fig. 2g. The element C is
mainly distributed in hollow carbon walls, while Mo shows a
uniform distribution in the MoS2 core, indicating the success-
ful conversion of MoO3 into MoS2 and the carbonization of
PPy into carbon materials during the pyrolysis. Specifically,
the two elements N and S distribute along the outline of
hollow carbon walls, clearly indicating that N and S are suc-
cessfully doped into the carbon shells. Moreover, the XPS
results (Fig. S5, ESI†) also corroborated well with these EDS

mapping results. Accurate contents of C, N and S elements
within NSC and MoS2@NSC-2 are shown in Table S1,† based
on a combustion elemental analysis method. All three
MoO3@PPy samples with diverse morphologies of PPy shells
successfully converted into MoS2@NSC (Fig. S6, ESI†). Note
that MoS2@NSC-1, MoS2@NSC-2 and MoS2@NSC-3 were used
to represent the MoO3@PPy samples prepared with the mass
ratio of pyrrole/MoO3 of 1/10, 2/10 and 4/10, respectively.
Unless specially noted, MoS2@NSC was used to denote
MoS2@NSC-2 for clarity in the following.

The structural evolution from MoO3@PPy to MoS2@NSC
was monitored with TEM characterization (Fig. 3). The vapor
pressures of MoO3 and sulfur play a critical role during sulfida-
tion, and their vapor pressures are profoundly affected by
different temperatures.26 Therefore, the intermediate products
were collected at different reaction stages where the sulfidation
temperature was set at 400, 600 and 800 °C, respectively. XRD
analysis was conducted to further schematically illustrate the
exact compositional evolution during the sulfidation. When
the sulfidation temperature reaches 400 °C, the solid MoO3

nanoprism begins to break into nanoflakes (Fig. 3a and b).
The XRD pattern (Fig. S7, ESI†) indicates that the product is a
mixture of α-MoO3 (JCPDS no. 35-0609) and MoO2 (JCPDS no.
032-0671) without the signals of MoS2. At this stage, signifi-
cant sulfur vapor is generated, which partially reduces MoO3

into MoO2 nanoflakes. Note that the melting point of MoO2 is
significantly higher than that of MoO3; once MoO3 was
reduced to MoO2, the evaporation of Mo sources would be
drastically reduced, and a further sulfidation reaction would
proceed within the PPy nanoreactor. When the sulfidation
temperature reaches 600 °C, nanosheets of lateral sizes of

Fig. 2 SEM and TEM images of (a, d) MoO3 nanoprisms, (b, e) MoO3@PPy, and (c, f) MoS2@NSC nanoprisms. The inset of (d) shows a HRTEM image of
MoO3 nanobelts. The inset of (a–c) shows a high-magnification SEM image of MoO3, MoO3@PPy and MoS2@NSC nanoprisms. The inset of (d, e) shows
a HRTEM image of the (100) lattice planes of α-MoO3 within MoO3 and MoO3@PPy. The inset of (f) shows a HRTEM image of MoS2 nanoflakes within
MoS2@NSC nanoprisms. (g) Bright-field TEM image of the MoS2@NSC nanoprisms with corresponding EDS elemental mappings of Mo, S, C and N.
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50–100 nm form around the edges of each individual nano-
flake (Fig. 3c and d). Meanwhile, the outer PPy shell becomes
thinner than that of MoO3@PPy treated at 400 °C. For the XRD
patterns of MoO3@PPy at 600 °C, the characteristic patterns of
α-MoO3 become weaker, accompanied by the appearance of
some characteristic patterns ascribed to the formation of
2H-MoS2 (JCPDS no. 37-1492).27 The conversion process from
MoO3 to MoS2 nanosheets by sulfurization involves not only a
substitution process from oxygen to sulfur within the MoO3,
but also migration and redistribution of Mo atoms. Therefore,
voids can be observed when forming discrete MoS2 nanosheets
from solid MoO3 precursors with an orthorhombic structure
from the crystal symmetry.26,28 From the surface energy view-
point, the MoO3 nanobelts are favorable to grow along the
(001) direction,29 while 2H-MoS2 belongs to hexagonal crystals.
MoS2 typically shows highly anisotropic layered structures with
trigonal prisms, where each S–Mo–S layer is linked by weak
van der Waals interaction.30 Two general kinds of surface sites
exist on these crystals: terrace sites on the basal planes and
edge sites on the side surfaces. Due to the anisotropic bonding
and the general tendency to minimize the surface energy,
nanoparticles of layer materials usually exhibit a sheet mor-
phology with greatly exposed basal planes.31,32 When further
increasing the sulfidation temperature to 800 °C, the XRD pat-
terns indicate that MoO3 totally converts into 2H-MoS2, and no
signals of impurities such as α-MoO3 and MoO2 are detected.
What is more, the thickness of the outer carbon shell becomes
thinner when increasing the sulfidation temperature, revealing
the simultaneous carbonization of the PPy shell during sulfi-
dation. Hence, individual conversion processes can be
included when MoO3@PPy reacts with sulfur at a certain temp-
erature. One is the sulfidation of the MoO3 core into MoS2,
and this process may be initially promoted by the sulfur
source supply, since sulfur can partially reduce MoO3 to MoO2

and MoS2, involving the sulfur substitutions, lattice reorganiz-
ations and redistributions of Mo-based materials. The other is
the carbonization and sulfur doping of the PPy shell into NSC
hollow nanoprisms. The outer NSC contributes to the stabiliz-
ation of the overall yolk-shelled nanoprism morphology of the

composites. For comparative analysis, bare MoO3 nanoprisms
are used as precursors in the same sulfidation process, and
the resulting MoS2 exhibits a hierarchical structure assembled
by MoS2 nanosheets with a lateral size of 100–200 nm (Fig. S8,
ESI†). Neat PPy particles are also prepared and sulfidized into
NSC. Neat PPy exhibits a sponge-like structure with intercon-
nected PPy particles of ∼200 nm sizes (Fig. S9, ESI†). After sul-
fidation, the NSC products maintain the sponge-like structure
similar to that of neat PPy with highly vesiculated particles
(Fig. S10, ESI†).

XRD and X-ray photoelectron spectroscopy (XPS) were
further carried out to analyze the composition of the products.
Fig. 4a shows the XRD patterns of MoS2 and MoS2@NSC. The
diffraction patterns can be indexed to hexagonal MoS2 in both
samples (JCPDS no. 37-1492), confirming that MoO3 success-
fully converts into MoS2. The single broad diffraction peak at
2θ = ∼25° is observed in MoS2@NSC, corresponding to the
(002) diffraction of graphitic micro-crystallites (also confirmed

Fig. 3 TEM images of the MoO3@PPy sample after the sulfidation treatment at (a, b) 400 °C, (c, d) 600 °C, and (e, f ) 800 °C, respectively.

Fig. 4 (a) XRD patterns of MoS2 and MoS2@NSC nanoprisms. The inset
of (a) is the enlarged area of 18°–27°. XPS spectra of MoS2@NSC
nanoprisms: (b) Mo 3d, (c) S 2p, and (d) N 1s.
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by Raman spectra in Fig. S11, ESI†). XRD characterization of
MoS2@NSC prepared from MoO3@PPy precursors with
different PPy shell thicknesses also indicates the successful
sulfidation of MoO3 into 2H-phase MoS2 by the simultaneous
pyrolysis and sulfidation process (Fig. S12, ESI†). XPS was uti-
lized to determine the oxidation states of Mo, S and N in
MoS2@NSC. In Fig. 4b, the intense Mo 3d5/2 and Mo 3d3/2
components located at 229.5 and 232.7 eV are characteristic of
MoS2.

33 In Fig. 4c, S 2p XPS spectra show a strong peak at
162.5 eV, which was ascribed to S2−. Fitting the N 1s signals
(Fig. 4d) indicates the presence of three different types of nitro-
gen species, pyridinic N (398.2 eV), pyrrolic N (400.1 eV), and
graphitic N (401.7 eV), in good agreement with other N-doped
carbon materials.34 As expected, the large proportion of pyridi-
nic and graphitic nitrogen within MoS2@NSC would be ben-
eficial for improving the electrochemical performance of such
electrode materials in LIBs.34,35 In addition, TGA analysis
(Fig. S13, ESI†) was performed in air to estimate the compo-
sition of MoS2@NSC. Assuming that MoS2 completely convert
to MoO3 and NSC are oxidized to CO2, the mass fraction of
MoS2 within MoS2@NSC-1, MoS2@NSC-2 and MoS2@NSC-3
can be determined to be ∼94.6%, 90.7% and 83.6%,
respectively.

To highlight the superiority of MoS2@NSC as an anode
material for LIBs, we performed an electrochemical evaluation
of MoS2@NSC and MoS2. The cyclic voltammogram (CV)
curves of the first, second and third cycle were obtained to
understand the mechanism of these electrode materials
during the electrochemical evolution, as shown in Fig. 5a.
There are three cathodic peaks located at 0.95, 0.80 and 0.36 V
in the first cycle, which correspond to the intercalations of Li
ions into MoS2 interlayers to form LixMoS2, the additional
insertion of Li ions into the expanded space and edge sites of
MoS2, and the irreversible conversion reaction of LixMoS2 into
Li2S and Mo metal.36 The slope below 0.3 V is ascribed to the
formation of a solid electrolyte interphase (SEI) film. The

distinct peak located at 2.32 V is associated with the delithia-
tion of Li2S. During the following cathodic/anodic scans,
peaks overlap well demonstrating good reversibility for the
intercalation and de-intercalation of Li ions. In the third cycle,
cathodic peaks centered at 1.82, 1.03 and 0.39 V, which can be
attributed to the conversion from S8 to Li2S, the formation of
LixMoS2 and the conversion reaction process, respectively.36

For MoS2, the CV profiles (Fig. S14, ESI†) are similar to those
of MoS2@NSC, indicating that the surrounded NSC does not
change the electrochemical reaction in the electrode. The
representative galvanostatic discharge/charge voltage profiles
of MoS2@NSC at a current density of 0.1 A g−1 in a voltage
window of 0.01–3 V are shown in Fig. 5b. There are two voltage
plateaus at ∼1.1 and 0.6 V in the first discharge process, owing
to the access of Li ions to the MoS2 interlayer and the conver-
sion of MoS2 into Mo particles, respectively.37 The voltage
plateau at ∼2.3 V in the first charge cycle is attributed to the
delithiation of Li2S.

37 The MoS2@NSC electrode delivers an
initial discharge and charge capacity of 1400 and 1000 mA h g−1,
respectively, providing an initial Coulombic efficiency (CE) as
high as 72%. The irreversible capacity loss is mainly attributed
to the inevitable formation of SEI films. Meanwhile, the CE of
the MoS2@NSC electrode in the second and third cycles
reaches as high as 97% and 98%, respectively. Fig. 5c shows
the rate capability of the MoS2@NSC electrode by cycling at
various current densities ranging from 0.1 to 2 A g−1. The
MoS2@NSC electrode delivers average specific capacities of
960, 850, 720, 610, and 440 mA h g−1 at current densities of
0.1, 0.2, 0.5, 1, and 2 A g−1, respectively. Table S2† summarizes
and compares the lithium storage performances of the
MoS2@NSC nanoprisms with other MoS2-based composites.
Considering the simple and green approach for the construc-
tion of the MoS2@NSC nanoprisms using the solvent-free sulfi-
dation method, the electrochemical performances of our study
are comparable to most reported MoS2-based composites
using solvothermal and CVD approaches. Remarkably, a stable
capacity at ∼900 mA h g−1 of the MoS2@NSC electrode was
recovered when further reducing the current density back to
0.1 A g−1, implying a high capacity reversibility. For compari-
son, the rate capacity performances of the MoS2 electrode were
also evaluated. The neat MoS2 electrode shows a much lower
capacity of 720, 500, 400, 300, and 180 mA h g−1, respectively,
at current densities from 0.1 to 2 A g−1, respectively, and only a
recovery capacity of 580 mA h g−1 was obtained when the
current density returns to 0.1 A g−1 with limited rate capacity
because of its poor transportation of electrons and ions. The
superior ion-diffusion kinetics performances of the
MoS2@NSC electrode are also revealed by electrochemical
impedance spectroscopy (EIS) analysis (Fig. S15, ESI†). The
two semicircles are observed in the Nyquist plot of neat MoS2.
The intercept of the first semicircle in the high frequency
region represents the ohmic series resistance (Rs) related to the
intrinsic resistance of the assembled cells.38 The first semi-
circle corresponds to the resistance of the SEI film, whereas
the medium frequency semicircle is associated with the charge
transfer resistance of the electrode/electrolyte interface, and

Fig. 5 Electrochemical characterization of the MoS2@NSC electrode
for LIBs: (a) CV curves at a scan rate of 0.2 mV s−1, (b) discharge–charge
voltage profiles at a current density of 0.1 A g−1, (c) rate capability, and
(d) cycling performance at a current density of 0.1 A g−1.
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the inclined line is related to the Warburg impedance caused
by the diffusion of Li ions within the electrodes. Compared
with the neat MoS2 electrode, the MoS2@NSC-2 electrode
shows a much smaller diameter of semicircles in the high-
frequency region, indicating a lower charge-transfer resistance
(Rct) at the electrode/electrolyte interface due to the conductive
outer NSC.39 Moreover, a more vertical straight line is observed
for the MoS2@NSC electrode in the low-frequency region,
implying better ion diffusion within the electrode matrix.

The MoS2@NSC electrode exhibits excellent capacity reten-
tion at 0.1 A g−1 (Fig. 5d). The capacity remains as high as
800 mA h g−1 after 300 cycles, far beyond the reversible
capacity delivered by the MoS2 electrode (103 mA h g−1 after
300 cycles). The microstructure of the MoS2@NSC electrode
after 300 cycles was investigated by TEM observation (Fig. S16,
ESI†). The integrity of such a yolk-shelled structure was gener-
ally preserved after cycling, which further confirms that the
outstanding electrochemical properties were derived from well
encapsulation of the NSC protective layers. The effect of the
diverse morphologies of NSC on the electrochemical perform-
ance of the MoS2@NSC electrode was also investigated and dis-
cussed in the ESI (Fig. S17 and S18†), and moreover, the
electrochemical performance of the NSC electrode was
measured to validate the important role of the MoS2 core in
the final electrochemical performance of the composites
(see detailed discussion in Fig. S19, ESI†). The excellent
electrochemical performance of MoS2@NSC might be attribu-
ted to the increased number of electrochemically active
sites compared with the closely stacked MoS2 solid.40 The
hierarchical MoS2@NSC exhibits fascinating properties as a
potential anode material for LIBs benefitting from their
unique structural characteristics like a well-defined hollow
interior to relieve the structural strain during cycles and ultra-
thin 2D microcells to expose more efficient electrochemically
active sites.

4. Conclusions

In summary, we report a simultaneous pyrolysis and sulfida-
tion process for the topochemical formation of hierarchical
MoS2 in nitrogen, sulfur dual-doped carbon (MoS2@NSC) yolk-
shelled nanoprisms. By using MoO3@PPy as the precursor
and sulfur powder as the sulfur source, the solid-vapor
reaction between MoO3 solid and sulfur vapor takes place at
elevated temperatures within the unique PPy nanoreactor,
which is easily chemically doped and carbonized maintaining
its structural stability even at 800 °C under nitrogen.
Benefiting from the structural and compositional features, the
as-obtained MoS2@NSC nanoprisms deliver an excellent
lithium-storage performance including a high specific capacity
(960 mA h g−1 at 0.1 A g−1), excellent rate performance
(440 mA h g−1 at 2 A g−1) and good cycling stability (maintain-
ing as high as 800 mA h g−1 after 300 cycles) that enable their
potential applications in next-generation energy storage
devices.
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