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ABSTRACT: An innovative approach for efficient synthesis of petal-like
molybdenum disulfide nanosheets inside hollow mesoporous carbon
spheres (HMCSs), the yolk—shell structured MoS,@C, has been
developed. HMCSs effectively control and confine in situ growth of
MoS, nanosheets and significantly improve the conductivity and structural
stability of the hybrid material. The yolk—shell structured MoS,@C is
proven to achieve high reversible capacity (993 mA h g™' at 1 A ¢! after
200 cycles), superior rate capability (595 mA h g™' at a current density of
10 A g'), and excellent cycle performance (962 mA h g™" at 1 A g after
1000 cycles and 624 mA h g™' at 5 A g~' after 400 cycles) when evaluated
as an anode material for lithium-ion batteries. This superior performance is
attributed to the yolk—shell structure with conductive mesoporous carbon
as the shell and the stack of two-dimensional Mo$, nanosheets as the yolk.

KEYWORDS: yolk—shell structured MoS,@C, hollow mesoporous carbon spheres, in situ confined growth,

enhanced electrochemistry performance, lithium-ion batteries

s an architecture of functional materials, the yolk—shell
Ananostructure has been extensively studied in recent

years.' " Research has shown that yolk—shell struc-
tured materials with the controlled tuning of both cores and
hollow shells provide powerful applications in catalysis,™
controlled drug release,”® medical imaging,9 energy conversion,
and storage.'”"" In particular, the core of yolk—shell structured
nanomaterials enhances the energy density of lithium-ion
batteries (LIBs) by increasing the weight fraction of the
electrochemical active component.12 Furthermore, the void
between the yolk and the shell can serve as a buffering zone for
the free volume expansion of electroactive core material during
lithium insertion/extraction.'® Therefore, uniform, size-control-
lable, and well-defined yolk—shell structured nanomaterials
have been synthesized and studied as electrode materials.*~""
Among various preparation methods, the selective etching or
dissolution template methods have been generally accepted for
the production of yolk—shell structured powders.'”"*"
However, the multistep synthetic process and the partial
collapse of hollow shell in the template removal process limit
the application of the approach. Therefore, it is highly desired
to develop a facile and more effective strategy for synthesizing
yolk—shell structured nanomaterials.
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Molybdenum disulfide (MoS,), as a representative two-
dimensional (2D) material, has received extensive attention
owing to its tunable structures and Li* storage performance in
LIBs. The theoretical capacity of MoS, (~670 mA h g™') is
almost double that of graphite anodes (~370 mA h g™).
However, the rapid degradation of capacity and poor rate
performance greatly restrict the application of MoS,. Thus,
many methods have been proposed to enhance the electro-
chemical property of MoS, by coating carbonaceous materials,
transforming the micro-nano structure, or increasing the
interlayer distance of MoS,.”""** The carbon coating has
been one of the most effective and straightforward strategies to
enhance the electrochemical property.”’>* Several structures
of MoS, supported on carbonaceous materials have been
synthesized; nevertheless, to the best of our knowledge, the
yolk—shell structured MoS,@C obtained by using a “ship-in-a-
bottle” strategy has not been reported.

Herein, we have developed an innovative approach to
synthesize MoS, nanosheets inside hollow mesoporous carbon
spheres (HMCSs). HMCSs serve as nanoreactors and can
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Figure 1. Mechanism for the development of the yolk—shell MoS,@C nanospheres.

control the confined growth of MoS, nanosheets. When
evaluated as an anode material for LIBs, the yolk—shell
structured MoS,@C shows higher reversible capacity and better
rate capability, compared to that of pure MoS, and MoS,
supported on carbon spheres (C@MoS,).

RESULTS AND DISCUSSION

Characterization of Yolk—Shell MoS,@C Nanospheres.
The strategy for synthesizing the yolk—shell MoS,@C
nanospheres is illustrated in Figure 1. First, tetraethylorthosi-
licate (TEOS) and resorcinol formaldehyde (RF) oligomers are
co-condensed on SiO, core particles to form the SiO,@SiO,/
RF core—shell structured nanospheres with a uniform average
size of 320 + 30 nm (Figure Slac in the Supporting
Information). Second, SiO,@SiO,/RF is converted into
SiO,@Si0,/C after calcination in N, (Figure S1b,d). Third,
SiO, is easily removed by NaOH to obtain hollow mesoporous
carbon spheres (HMCSs).”>*° Last, followed by a facile
hydrothermal method, MoS, nanosheets successfully grow in
the cavity of the HMCSs.

Transmission electron microscopy (TEM) and field-emission
scanning electron microscopy (FESEM) were used to
investigate the morphologies of HMCSs and MoS,@C
nanospheres. The carbon nanospheres with hollow structure
are uniform and consist of many disorderly pores on the carbon
shells. The shells are ~20 nm thick and envelop a large void of
diameter of ~300 nm, as shown in Figure 2a—c. The
Brunauer—Emmett—Teller (BET) analysis shows that the
specific surface area of HMCSs is about 770.7 m* g, and
the main pore size is about 2.1 nm in diameter (Figure S2a,b).
After the hydrothermal process, the petal-like MoS, nanosheets
grew in the hollow cavity of HMCSs to form the yolk—shell
MoS,@C nanospheres, and the porous carbon shell remains
intact (Figure 2d—f). The corresponding FESEM images
(Figure S3) clearly show a uniform distribution of particle
size and good dispersibility of the yolk—shell MoS,@C
nanospheres. The selected area electron diffraction (SAED)
pattern (Figure 2i) of the yolk—shell MoS,@C nanospheres
shows the Debye—Scherrer ring patterns of (002), (101),
(103), and (008), which can be indexed with the standard
hexagonal MoS,,*" suggesting the synthesized yolk—shell
MoS,@C nanospheres are polycrystals. The high-resolution
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Figure 2. (a—c) TEM images of the HMCSs; (d—f) TEM images,
(gh) HRTEM images, and (i) SAED pattern of MoS,@C
nanospheres; (j—m) annular dark-field STEM image and the
corresponding EDX elemental mappings of C, Mo, and S in a single
MoS,@C nanosphere.

TEM (HRTEM) image of the yolk—shell MoS,@C nano-
spheres clearly demonstrates that the layers of MoS, nano-
sheets range from three to nine layers (Figure 2g). The
interplanar distance of the MoS, nanosheets is measured to be
about 0.65 nm, corresponding to the d-spacing of (002) planes
of hexagonal MoS, (Figure 2h).”"** The yolk—shell structure
of MoS,@C nanospheres is further supported by the elemental
mapping from energy-dispersive X-ray (EDX) spectroscopy
with the annular dark-field STEM. EDX mappings of a single
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nanosphere show the presence and distribution of C, Mo, and S
elements (Figure 2k—m). It is obvious that the petal-like Mo$S,
nanosheets are located inside HMCSs. The weight fraction of
MoS, in MoS,@C nanospheres is 77.8 wt % obtained from
thermal gravity analysis (TGA) of pure MoS, nanosheets and
MoS,@C nanospheres (Figure S4). The BET analysis shows
that the specific surface area of the MoS,@C nanospheres is
199.2 m* ¢! (Figure SS5), which is larger than that of C@MoS$,
nanoboxes (123.7 m* g™').*

C@MoS, nanospheres and pure MoS, nanosheets, as
reference materials, were prepared with a similar hydrothermal
method. The synthesis scheme of C@MoS, nanospheres is
illustrated in Figure S6. FESEM and TEM images of C@MoS,
nanospheres and pure MoS, nanosheets are shown in Figure S7
and Figure S8, respectively. The X-ray photoelectron spectros-
copy (XPS) confirms the composition of C@MoS, (Figure
S9). The C@MoS, nanospheres have 83.4 wt % MoS,
according to TGA of pure MoS, nanosheets and C@MoS,
nanospheres (Figure S10). The specific surface area of C@
MoS, nanospheres is about 44.4 m* g' obtained by BET
analysis (Figure S11), which is smaller than that of the MoS,@
C nanospheres.

The XRD patterns of pure MoS,, C@MoS,, and MoS,@C in
Figure 3a match the hexagonal crystal structure of MoS,
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Figure 3. (a) XRD pattern, (b) Raman spectra, (c) XRD pattern of
the (002) plane peak, and (d) Raman spectra of lEzg and A,
vibration modes of pure MoS,, C@MoS,, and MoS,@C nano-
spheres.

(JCPDS card no. 37-1492). However, the distinct diffraction
peak of the (002) crystalline plane of yolk—shell MoS,@C
shifts to a lower angle (14.1°), compared to that of pure MoS,
(14.4°) (Figure 3c), suggesting an increased interlayer distance
of the (002) plane, and this is consistent with the result from
the HRTEM image (Figure 2h), where the d of the (002) plane
increased from 0.62 to 0.65 nm. Raman spectra further confirm
the existence of hexagonal MoS, nanosheets in HMCSs (Figure
3b). For pure MoS,, the two distinct Raman peaks at 384.1 and
411.2 cm™" are ascribed to the typical 'E,, and Ay, vibration
modes of the hexagonal MoS, crystal,”””" respectively. In
yolk—shell MoS,@C nanospheres, the above two peaks are
shifted to 380.7 and 405.1 cm™". It has been reported that the
frequency difference between the lEzg and A, vibration modes
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decreases stepwise with the decreasing number of MoS, layers.
In this case, the frequency differences for pure MoS,, C@MoS,,
and MoS,@C are 27.1, 26.5, and 24.4 cm™', respectively,
indicating that the MoS, nanosheets as the yolk in yolk—shell
MoS,@C have the least number of MoS, layers among them
(Figure 3d). In Figure 3b, the other two peaks located at 1340
and 1591 ecm™ in MoS,@C nanospheres are attributed to the
D and G bands of carbon, which confirms the presence of the
carbon shell. Compared with that of C@MoS,, the intensity of
D and G bands in MoS,@C is higher, indicating the structure
difference between MoS,@C and C@MoS,. XPS of yolk—shell
MoS,@C nanospheres shows the atomic ratio of Mo to S is
close to 2.0, matching the stoichiometry value of MoS,. The C
1s peaks at 284.7, 286.2, and 287.4 eV are ascribed to C—C, C—
O, and C=0O0, respectively (Figure 4b). The Mo 3d spectra
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Figure 4. (a) XPS of MoS,@C nanosphere survey spectrum and

(b—d) high-resolution spectra of C 1s, Mo 3d, and S 2p.

show two peaks at 229.7 and 232.8 eV, assigned to Mo 3ds),
and Mo 3d,,,, respectively, indicating the existence of Mo*"
(Figure 4c).”"** Two peaks at 162.5 and 163.7 eV in the S 2p
spectrum are from the spin—orbit doublet of S 2p;,, and S
2p,/,, respectively (Figure 4d).

The growth mechanism of yolk—shell MoS,@C nanospheres
is discussed. Adding NH,CSNH, to the system, under
hydrothermal conditions, releases H,S gas through the reaction
of NH,CSNH, + 2H,0 — 2NH, + H,S + CO,.** H,S gas
tends to adsorb on the rough porous carbon inner wall, leading
to a high concentration of H,S in the cavity of HMCSs.
Subsequently, combined with the other high concentration
reactants such as MoO,*”, the MoS, nucleates inside HMCSs.
Because the reactants can freely diffuse into the hollow cavity of
HMCSs via the mesoporous shell, the confined growth of MoS,
in the HMCS nanoreactor is further achieved after the
nucleation. Obviously, in this approach, the HMCSs play
crucial roles by both providing nucleation sites on the carbon
shells and confining the growing region of MoS, during the
hydrothermal process. Without mesoporous pores on the
carbon shell, MoS, will directly grow on carbon shells.””*”**
The TEM images of MoS,@C nanospheres, acquired at
different reaction times, show the growth evolution of MoS,
from smaller and fewer nanosheets to self-assembled petal-like
structure (Figure S). This detailed time course study confirms
that MoS, nucleates on porous carbon inner wall of HMCSs,
and the growth of MoS, is confined to the HMCSs’
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Figure 5. TEM images of MoS,@C at reaction time of (a,d) 2 h,
(bse) 5 h, and (c,f) 8 h, during the hydrothermal reaction.

nanoreactor. In addition, the effect of the thickness of the
carbon shell on the structure of nanospheres further suggests
that the nucleation is a competitive process between inside
cavity and outside shell of HMCSs. When the thickness of the
carbon shell is increased to 65 nm, the MoS, layers grow not
only on the inner wall but also on the outside surface of
HMCSs (Figure S12). The thicker carbon shell limits the ion
diffusion and migration, resulting in the competitive growth on
both the inside and the outside of the carbon shell, though the
65 nm and the 20 nm shells have the same distribution of pore
size (Figure S2b,d). It is particularly gratifying that this method

can be applied to the synthesis of other yolk—shell metal
dichalcogenide@C nanospheres, such as WS,@C (Figure S13)
and SnS,@C (Figure S14).

Electrochemical Performance of Yolk—Shell MoS,@C
Nanospheres. The lithium storage properties of yolk—shell
MoS,@C nanospheres are evaluated using cyclic voltammetry
(CV) (Figure 6a). In the first negative scan, the first cathodic
peak at 1.10 V is related to the intercalation of Li* into the
MoS, lattice accompanied by the formation of LiMoS,. The
second cathodic peak at about 0.44 V corresponds to the
subsequent conversion reaction: Li,MoS, + (4—x)Li" + (4—x)
¢™— Mo + 2Li,S.”***" In the reverse scan, a very weak anodic
peak at 1.72 V is due to the incomplete oxidation of Mo metal,
and another pronounced peak at 2.27 V can be attributed to the
delithiation of Li,S (Li,S — 2¢~ — 2Li* + S).”»*" During the
second and third scans, two new protruding cathodic peaks
appear at 1.94 and 1.25 V, respectively, corresponding to the
following two reactions: 2Li* + S + 2¢”— Li,S and MoS, + «Li*
+ xe”— Li,MoS,, respectively. The cathodic peak at 1.94 V and
anodic peak at 2.29 V constitute a reversible redox couple,
denoting the sulfide redox reaction. It is proposed that after the
first cycle, the electrochemical mechanism of MoS, is mainly
dominated by the reversible reaction of sulfur to Li,S.”****" In
addition, the redox peaks of yolk—shell MoS,@C nanospheres
in the second and third cycles are almost overlapped, indicating
that the yolk—shell MoS,@C nanospheres have excellent
stability and reversibility, better than those of C@MoS, (Figure
6b) and pure MoS, (Figure 6¢).
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Figure 6. CV profiles of the (a) MoS,@C, (b) C@MoS,, and (c) pure MoS, over a voltage range of 0.005—3.0 V at a scan rate of 0.1 mV s~
Charge/discharge voltage profiles of the (d) MoS,@C, (e) C@MoS$,, and (f) pure MoS, at 1 A g™". (g) Cycling performance of pure MoS,,
C@MoS,, and MoS,@C nanospheres and Coulombic efficiency of MoS,@C nanospheres at 1 A g™ (h) Cycling performance at various
current densities (0.1 to 10 A g™'). (i) Nyquist plots and applied equivalent circuit model (inset).
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based on the MoS,@C nanocomposite electrode).

The initial galvanostatic charge/discharge profiles of three
electrodes made with MoS,@C, C@MoS,, and pure MoS,, at 1
A ¢! current density, are shown in Figure 6d—f. For the first
cycle, the discharge and charge capacities of yolk—shell MoS,@
Care 1671 and 1197 mA h ¢! (Figure 6d), respectively, higher
than those of C@MoS$, at 1337 and 866 mA h ¢! (Figure 6Ge)
and pure MoS, at 813 and S80 mA h g' (Figure 6f),
demonstrating that MoS,@C has the best charge/discharge
capacities among the three. This is further supported by the
higher Coulombic efficiency (CE) for MoS,@C at 71.6%, than
that of C@MoS, at 64.7%. Moreover, after 200 cycles, the
yolk—shell MoS,@C nanospheres maintain high reversible
capacities (993 mA h g™') and cycling stability (almost 100%
CE throughout the cycling, in Figure 6g), whereas the discharge
capacity of the C@MOoS, decreases to 618 mA h g~'. The poor
reversible capacity of C@MoS, may be attributed to the
exfoliation of MoS, nanosheets from the carbon shell. Pure
MoS, nanosheets display prompt capacity fade and finally reach
313 mA h g'. Furthermore, by comparing the electrochemical
performance of anodes made of other reported MoS,-based
materials, listed in Table SI, it is clear that our yolk—shell
MoS,@C anode is a highly competitive candidate in terms of
capacity output.

The rate performance and the cycling stability of yolk—shell
MoS,@C electrode are compared to C@MoS$, and pure MoS,
electrodes in Figure 6h. The discharge capacities of pure MoS,
nanosheets decrease rapidly at current densities higher than 2 A
g~". The discharge capacities of the C@MoS, are 853, 788, 728,
530, 399, and 229 mA h g_1 at the current densities of 0.1, 0.5,
1, 2, 5 and 10 A g”". In contrast, the yolk—shell MoS,@C
nanospheres show much higher specific capacities of 1280,
1170, 1105, 981, 795, and 595 mA h g~'. Furthermore, as the
current density returns to 0.5 and then 0.1 A g™/, the discharge
capacity of yolk—shell MoS,@C rapidly resumes to 1155 and
1242 mA h ¢!, respectively. Apparently, the rate performance
and the cycling stability of yolk—shell MoS,@C are superior to
that of C@MoS, and pure MoS,. The rate performance of
yolk—shell MoS,@C is better than that of the CNT/MoS,
hybrids and N-doped grapheme/MoS,.””** Electrochemical
impedance spectroscopy (Figure 6i) measurements show that
the yolk—shell MoS,@C nanospheres have the smallest
diameter of the high-frequency semicircle among the three,
indicating a solid state interface layer resistance lower than that
of the pure MoS, and C@MoS,. In addition, the yolk—shell
structured MoS,@C shows outstanding cycling performance at
various current densities. At a low current density of 1 A g~*
and after 1000 cycles, the discharge capacity of the yolk—shell
MoS,@C nanospheres remains at 962 mA h g~' (Figure 7a).
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Even at higher current density of S A g™', the yolk—shell
MoS,@C nanospheres still maintain the reversible capacity of
624 mA h g™" after 400 cycles (Figure 7b). A button cell using
the yolk—shell MoS,@C as anode easily powers up the LED
lights (3 V, 20 mA) in the inset of Figure 7a, demonstrating an
excellent function of yolk—shell MoS,@C electrode in LIB.

The structure and morphology of the yolk—shell MoS,@C
nanospheres after a cycling performance test were recorded by
FESEM, TEM, and EDX mapping (Figure S15 and Figure
S16). 1t is clearly shown that the size, shape, and structural
integrity of the carbon skeleton are unchanged. The buffer
space provided by voids in yolk—shell MoS,@C nanospheres,
coupled with the confined effect of the carbon shell, allow free
expansion/contraction of MoS, nanosheets during the lithium-
ion intercalation/deintercalation process, resulting in the partial
pulverization of MoS, structures inside HMCSs. On the
contrary, the C@MoS, nanospheres suffer from severe volume
expansion after a great number of cycles, as evident by the
exfoliation of MoS, nanosheets from the outer surface of the
HMCSs (Figure S17), leading to their poor cycling stability.
This demonstrates that the yolk—shell MoS,@C nanospheres
have excellent structural advantage over C@MoS,.

The superior electrochemical performance of the yolk—shell
MoS,@C nanospheres as an anode material for LIBs can be
attributed to the following aspects: (1) High specific surface
area (199.2 m* g™') and pore structures of mesoporous carbon
shell allow the effective permeation of electrolyte inside
HMCSs and bring about a large electrode/electrolyte contact
area for Li ion fast diffusion and migration. (2) The yolk—shell
structure provides sufficient buffer space for free volume
expansion of MoS, in lithium ion uptake/release process,
preventing the structural exfoliation from carbonaceous
materials or current collector. (3) Shell of mesoporous carbon
serving as a conductive matrix significantly improves the
electrical conductivity of the composite and maintains the
integrity structure, ensuring the desired cycling stability and
rate performance of electrode material.

CONCLUSIONS

In summary, we have described the rational design and scalable
assembly of yolk—shell MoS,@C nanospheres using HMCSs as
nanoreactors. The MoS,@C nanospheres possess a high
specific surface area of 199.2 m® g~', a mesoporous carbon
shell, and a well-defined yolk—shell structure. When evaluated
as an anode material for LIBs, the yolk—shell MoS,@C
electrode shows a high reversible capacity of 993 mA h g™' at 1
A g" after 200 cycles, which is a remarkable enhancement in
comparison with pure MoS, electrode (313 mA h g™') and the
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C@MoS, electrode (618 mA h g'). Furthermore, the yolk—
shell MoS,@C delivers a superior high-rate capability and
retains a reversible capacity of 95 mA h g”' at a current
density of 10 A g~'. At various current densities, the yolk—shell
MoS,@C displays the outstanding cycling performance. At 1 A
g~! and after 1000 cycles, the discharge capacity of the yolk—
shell MoS,@C nanospheres remains at 962 mA h g~'. The
yolk—shell architecture guarantees excellent cycling perform-
ance, as well as high capacity and superior rate capability, which
are ideal for application in LIBs. This method can be extended
to the design and syntheses of other yolk—shell metal
dichalcogenide@C nanospheres, such as WS,@C and SnS,@C.

EXPERIMENTAL SECTION

Materials. Na,M00,-2H,0, thiourea, resorcinol, formaldehyde,
NH;-H,0, ethanol, NaOH, and polyvinylidene difluoride (PVDF)
were analytical grade and purchased from Shanghai Chemical Corp.
The electrolyte solution with 1 M LiPF,/ethylene carbonate (EC)/
diethyl carbonate (DEC)/ethyl methyl carbonate (EMC) (1:1:1 by
volume) were supplied by Guangzhou Tinci Materials Technology
Co., Ltd. Other commercially available chemicals and solvents were
reagent grade and used as received.

Synthesis of Hollow Mesoporous Carbon Spheres. Tetrae-
thylorthosilicate and resorcinol formaldehyde oligomers were co-
condensed on SiO, core particles to form the SiO,@SiO,/RF core—
shell structured nanospheres. In a typical synthesis of SiO,@SiO,/RF,
3.46 mL of TEOS was added to the solution containing 70 mL of
ethanol, 10 mL of H,0, and 3 mL of ammonia solution (25 wt %)
under vigorous stirring at room temperature. After 15 min, 0.4 g of
resorcinol and 0.56 mL of formaldehyde (37 wt %) were added to the
solution, and the system was kept under vigorous stirring for 24 h at
room temperature. The precipitates were separated by centrifugation,
washed with deionized water and ethanol, and then dried at 60 °C
overnight. Second, the precipitates were calcinated under N, to 700 °C
(2 °C min™") for § h to obtain the SiO,@Si0,/C nanospheres. Finally,
HMCSs with a 20 nm thick carbon shell were obtained by removing
silica using sodium hydroxide (NaOH, 1 M).

Tetrapropylorthosilicate, instead of TEOS, was used to for the
synthesis of hollow mesoporous carbon spheres with a 65 nm thick
carbon shell.

Synthesis of Yolk—Shell MoS,@C Nanospheres. First, 0.5 g of
Na,MoO,2H,0 and 1.0 g of CS(NH,), were dissolved into 30 mL of
deionized water to form a transparent solution under ultrasonic
dispersion for 30 min, followed by dissolving 100 mg of HMCSs into
the solution. After ultrasonic dispersion for 50 min, the black solution
was transferred to a 60 mL Teflon-lined stainless-steel autoclave. The
autoclave was then heated in an air-flow electric oven at 200 °C for 24
h. After that, the autoclave was cooled to room temperature. The
solution was transferred out for centrifugation. The black particles
were collected and washed six times with deionized water and ethanol
before being dried at 60 °C in vacuum overnight. Then the product
was calcined in a tube furnace at 800 °C for 2 h under Ar atmosphere
to obtain yolk—shell MoS,@C nanospheres.

Synthesis of C@MoS, Nanospheres. The obtained 100 mg of
SiO,@Si0,/C nanospheres of intermediate products of HMCSs was
dissolved in 30 mL of deionized water containing Na,MoO,-2H,0
(0.5 g) and CS(NH,), (1.0 g) solution, stirred for 30 min, and
transferred into a 60 mL Teflon-lined autoclave and heated at 200 °C
for 24 h. After being cooled to room temperature, the precipitates were
washed with deionized water and ethanol several times. Then the
precipitates were dried at 60 °C for 12 h. The dried powder was
etched by 1 M NaOH and calcined in a tube furnace at 800 °C for 2 h
under argon.

Synthesis of Pure MoS, Nanosheets. Na,MoO,-2H,0 (0.5 g)
and CS(NH,), (1.0 g) were dissolved in 30 mL of deionized water
under continuous stirring for 30 min to form a homogeneous solution.
Then, the mixture was transferred into a 60 mL Teflon-lined stainless-
steel autoclave and kept at 200 °C for 24 h. Then, the precipitates
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were separated by centrifugation, washed with deionized water and
ethanol, and dried at 60 °C for 12 h. Finally, the product was calcined
at 800 °C for 2 h under argon.

Materials Characterization. Field-emission scanning electron
microscopy was carried out with a Hitachi S-4800 microscope (Japan).
Transmission electron microscopy was conducted on a Philips
TECNAI-12 instrument. High-resolution TEM and high-angle annular
dark-field scanning transmission electron microscopy were performed
on a FEI Tecnai G2 F30 STWIN (USA) operating at 300 kV. X-ray
diffraction data were obtained on a D8 advance superspeed powder
diffractometer (Bruker). Raman spectra were carried out on Renishaw
Invia Raman spectroscope. X-ray photoelectron spectroscopy was
conducted with a Thermo Escalab 250 system. Surface areas and pore
size distributions were recorded by BET technique in an automated
surface area and porosity analyzer (ASAP 2020, HD88) at —196 °C
after samples were dried at 100 °C for 4 h.

Electrochemical Tests. Anode electrodes were prepared by
mixing the yolk—shell MoS,@C nanospheres (80%) with 10%
acetylene black as a conductive material and 10% PVDF binder
dissolved in N-methyl-2-pyrrolidinone. Then, the slurries were cast
onto a copper foil current collector. After being coated, the electrodes
were dried at 80 °C for 10 h to remove the solvent before being
pressed. The electrodes were punched in the form of disks and then
vacuum-dried at 120 °C for 12 h. Then, the button cells (CR 2032
coin-type cell) were assembled with metallic lithium as the counter/
reference electrode, 1 M LiPF, in EC/DEC/EMC (1:1:1 by volume)
as electrolyte, and Celgard 2400 polypropylene as separator in a high-
purity argon-filled glovebox (Vacuum Atmospheres Co., Ltd.).

Cyclic voltammetry measurements were performed using an
electrochemical workstation (CHI660 E, Chenghua, CHN) at a scan
rate of 0.1 mV s™' between 0.005 and 3.0 V. Electrochemical
impedance spectroscopic experiments were performed with Autolab
electrochemical analyzer (Ecochemie, The Netherlands). Galvanostatic
charge (lithium insertion) and discharge (lithium extraction) cycling of
the cells were carried out using a battery test system (CT-3008W,
Xinwei, CHN) at the various current densities between 0.005 and 3 V
(vs Li*/Li) to determine ratio performance and to evaluate cycle
stability at the current density of 1 A g™".
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