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ABSTRACT: Fabrication of stress-buffered nanostructured elec-
trodes with good mechanical stability and electrical conductivity
remains a daunting challenge. Herein, we describe the design and
preparation of bowl-like hybrids whereby ultrathin MoS2 nano-
sheets are anchored on the surfaces of mesoporous hollow carbon
bowls (MHCBs). The porous bowl-like structure not only buffers
mechanical stress arising from volumetric variation during the
charge/discharge process but also increases the packing density of
electrode materials by stacking up the carbon bowls. The resulting
bowl-like C@MoS2 hybrid structure exhibits a reversible capacity
of 798 mA h g−1 at 0.1 A g−1 and outstanding long-term stability at 526 mA h g−1 after 1000 cycles at 1 A g−1. Kinetics investigation
demonstrates that the Li+ storage is governed by the pseudocapacitive mechanism due to the porous, conductive network of
MHCBs.
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■ INTRODUCTION

Recently, hollow spherical micro/nanostructures have received
extensive attention in the field of energy storage, largely
because of the high contact area between the electrolyte and
electrode and the unique characteristics of buffering volumetric
change of the electrode.1−4 Notwithstanding many merits, a
common drawback remains, where the large empty space
within the hollow nanostructures leads to a low packing
density of active materials.5−10 Such an issue can be mitigated
by having porous, bowl-like structures for the electrode
materials, which cannot only buffer mechanical stress
associated with volumetric changes during the discharge/
discharge process to maintain the stability of the electrode but
also stack up to form a favorable conductive pathway for ion
transport.11−14

Molybdenum disulfide (MoS2) represents a unique active
material because of its high specific capacity and remarkable
electrochemical activity;15−18 however, its disadvantages,
namely, poor conductivity and significant volumetric expansion
during reaction with Li+ ions, should not be overlooked from
the prospective of practical battery design.19−22 Within this
context, preparation of MoS2 and carbon nanocomposites
represents an effective strategy to mitigate these issues.5,23−27

Different MoS2-carbon nanocomposites have been constructed
for lithium-ion batteries, such as yolk−shell MoS2@C
microspheres,28,29 core−shell C@MoS2 microspheres,30,31

three-dimensional MoS2/carbon sandwiched architecture,5

MoS2@C nanotubes,32,33 hierarchical MoS2/polyaniline nano-
wires,17 and MoS2-coated three-dimensional graphene net-

works.34 Among them, Wu et al.5 sandwiched ultrathin MoS2
nanosheets between hollow polypyrrole-derived carbon nano-
tubes and thin carbon layers and observed an enhanced lithium
storage performance. Nevertheless, design and fabrication of a
structure that can effectively reduce stress accumulation of
MoS2 remain a significant challenge, which can be achieved by
using mesoporous hollow carbon bowls (MHCBs) as the
structural scaffolds. This is the primary motivation of the
present study.
MHCBs exhibit a unique hemispherical shape, high specific

surface area, and porous structure.35−37 Such an open structure
can be exploited for buffering mechanical stress and for
stacking of active materials.38−42 For instance, Zhang et al.39

simulated the von Mises stress distributions of carbon in four
three-dimensional models under an isotropic initial stress by
the finite element method and observed marked strain
relaxation with the structure of a hollow multihole bowl.
Herein, we report the design and preparation of bowl-like

hybrid structures whereby ultrathin MoS2 nanosheets are
anchored on the surface of MHCBs via a facile hydrothermal
method, forming bowl-like C@MoS2 nanocomposites. Such a
unique architecture effectively reduces stress accumulation of
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MoS2 and maintains the stability of the electrode, leading to a
low ion-transport resistance and hence a significant increase in
pseudocapacitive contribution to Li+-ion storage. Meanwhile, it
also increases the packing density of electrode materials.

■ EXPERIMENTAL SECTION
Synthesis of Mesoporous Hollow Carbon Bowls (MHCBs).

To prepare MHCBs, ammonia (4.5 mL), tetraethyl orthosilicate
(TEOS, 8.6 mL), resorcinol (0.6 g), and formaldehyde (0.84 mL)
were added to the mixture of ethanol (100 mL) and deionized water
(15 mL) under heat and magnetic stirring. The resultant product of
SiO2@SiO2/RF (resorcinol-formaldehyde) composites was then dried
and carbonized under N2 at 700 °C for 4 h. MHCBs were acquired
after the removal of silica by using NaOH solution at 80 °C.
Mesoporous hollow carbon spheres (MHCSs) were prepared in a

similar fashion but at a reduced TEOS feed ratio (the dosages of
TEOS/resorcinol/formaldehyde were 3.46 mL/0.4 g/0.56 mL).
Synthesis of Bowl-like C@MoS2 Composites. (NH4)2MoS4

powder (0.25 g) was dispersed in 10 mL of dimethylformamide
(DMF) under ultrasonication, into which was then added the
MHCBs (0.05 g) prepared above under vigorous stirring for 30 min
before the addition of 0.1 mL of (NH2)2·H2O. The mixture was
heated at 180 °C for 5 h in a Teflon-lined autoclave (50 mL). The
resultant solid was collected and washed. Last, the solid was calcined
under a N2 atmosphere at 850 °C for 4 h. The synthesized black
powder was C@MoS2 nanobowls.
Pure MoS2 was also prepared in the same fashion but without the

addition of MHCBs.

Characterization. The samples were characterized using a Supra
55 scanning electron microscope (SEM, Supra 55 VP, 5.0 kV),
transmission electron microscope (TEM, Tecnai 12, 200 kV), and
high-resolution TEM (HRTEM, Tecnai G2 F30 S-TWIN, 300 kV).
X-ray powder diffraction (XRD) data were measured using a D8
advance superspeed powder diffractometer (Bruker), and Raman
analysis was conducted with an InVia Raman microscope (Renishaw,
incident laser wavelength λ = 532 nm). Surface chemical species were
examined by X-ray photoelectron spectroscopy (XPS, Escalab250Xi).
Thermogravimetric analysis (TGA) was carried out with a
PerkinElmer Pyris 1 analyzer. Nitrogen adsorption−desorption
isotherms were collected with an ASAP 2020 HD88 instrument.

Electrochemical Test. The electrochemical tests were evaluated
by cycling a two-electrode CR 2032 coin-type cell with lithium foil as
the reference and counter electrodes and a polypropylene film
(Celgard 2400) as the separator, and the working electrodes were
manufactured by mixing the bowl-like C@MoS2 (80 wt %), Super P
(10 wt %), and polyvinylidene difluoride (PVDF, 10 wt %) on the
copper foil. The electrode had a diameter of 16 mm and a loading
density of 2 mg cm−2. LiPF6 (1 mol L−1) was mixed with EC/DEC/
EMC by a volume ratio of 1:1:1 as the electrolyte. The half-battery
performance test was implemented on a Xinwei CT-3008 W battery
test system. Cyclic voltammetry (CV) was conducted using a CHI
660E electrochemical workstation. Nyquist plots were conducted on a
Biologic VMP3 electrochemical workstation.

■ RESULTS AND DISCUSSION
From the SEM image in Figure 1a, one can see that the
MHCBs are uniformly dispersed with a clear bowl-shaped

Figure 1. (a) SEM and (b, c) TEM images of carbon bowls. (d) Schematic of the preparation MHCBs and MHCSs. TEM images of the SiO2@
SiO2/C intermediate for (e) MHCBs and (g) MHCSs. TEM images of (f) MHCBs and (h) MHCSs.
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structure. TEM analysis of upended MHCBs clearly shows that
the bowl wall consists of two shells (each ca. 17 nm in
thickness and separated by a gap of ca. 5 nm) with a bowl
diameter of ca. 320 nm (Figure 1b,c).19,43 Nitrogen
adsorption−desorption measurements (Figure S1) confirmed
the mesoporosity of the MHCBs, which displayed a specific
surface area of 873.4 m2 g−1 and a pore diameter mostly at 3.1
nm. The formation of carbon nanobowls likely entails the
following steps (Figure 1d): (i) hydrolysis of TEOS led to
formation of SiO2 nanospheres; (ii) co-condensation polymer-
ization of TEOS and RF precursors produced a SiO2/RF shell
on the SiO2 nanosphere surface (SiO2@SiO2/RF, Figure
S2a,b); (iii) controlled pyrolysis of SiO2@SiO2/RF led to
effective carbonization of the RF shell (SiO2@SiO2/C, Figure
1e and Figure S2c,d); and (iv) upon removal of SiO2 by
NaOH etching at 80 °C, the thin mesoporous carbon shell did
not have sufficient mechanical strength to support the hollow
carbon nanospheres and collapsed into porous nanobowls
(Figure 1f).35,44

Note that when the TEOS-to-RF feed ratio is decreased,
pyrolysis of the obtained SiO2@SiO2/RF intermediate
produced a SiO2@SiO2/C core@shell structure with a thicker
carbon shell (Figure 1g and Figure S3a,b). After NaOH
etching of the SiO2 core, the relatively thick carbon shell
retained the spherical shell to form the mesoporous hollow
carbon spheres (MHCSs) (Figure 1h and Figure S3c). The
MHCSs exhibit specific surface areas of 770.7 m2 g−1, with the
diameters of most pores of 2.1 nm (Figure S4).
A second hydrothermal treatment was then carried out to in

situ grow ultrathin MoS2 nanosheets on MHCB surfaces,
forming bowl-like C@MoS2 composites (Figure 2a). From
Figure 2b−d, one can see that the C@MoS2 nanocomposites
largely retain the bowl-like morphology of MHCBs but with a
markedly roughened surface and a slight increase in diameter

to 330 nm. Note that the nanobowls can stack up through the
bowl opening (Figure S5). Such stacking may increase the tap
density and bulk density, and the interconnected channels can
facilitate ion transport, an important feature for charge
storage.12,45−47 From HRTEM measurements (Figure 2e), it
can be seen that the MHCBs are intimately encapsulated by
few-layered MoS2 nanosheets (two to six layers, Figure 2e1),
which exhibit an interplanar spacing of ca. 0.63 nm (Figure 2f).
This is slightly larger than that of pure MoS2 (0.62 nm),
corresponding to the (002) planes of hexagonal MoS2 (Figure
2g).18 In elemental mapping analysis based on EDX measure-
ments (Figure 2h−l), the elements of C, Mo, and S can be
found to be evenly distributed within the sample, confirming
the uniform dispersion of MoS2 and C in the bowl-like C@
MoS2 hybrid structure. Furthermore, TGA measurements
show that the MoS2 content in bowl-like C@MoS2 is about 81
wt % (Figure S6).
Further structural insights were obtained by XRD measure-

ments (Figure 3a). For pure MoS2 (which was prepared by the
same hydrothermal method but in the absence of the MHCBs,
Figure S7) and bowl-like C@MoS2, four major peaks can be
identified at 2θ = 14.2, 32.9, 39.5, and 58.3°, which can be
indexed to the (002), (100), (103), and (110) diffractions of
hexagonal MoS2 (JCPDS card no. 37-1492), respec-
tively.18,19,48 In Raman measurements (Figure 3b), the MoS2
A1g and E1

2g vibrations can be identified at 404 and 377 cm−1,
respectively, for both pristine MoS2 and bowl-like C@MoS2
samples; the latter shows two additional vibrations at 1336 and
1597 cm−1 due to the two characteristic peaks of graphitic
carbon, i.e., D and G bands, further confirming the formation
of MoS2 and carbon nanocomposites.49 From the nitrogen
adsorption−desorption isotherm in Figure 3c, the specific
surface area of bowl-like C@MoS2 is estimated to be 141.9 m2

g−1, with the pores mostly at 2.6 and 3.8 nm (Figure 3c inset).
The fact that the specific surface area of C@MoS2 is markedly
lower than that of the MHCBs (Figure S1) is consistent with
the growth of MoS2 layer onto the carbon shell surface.
The chemical composition and valence state of the samples

were then quantified by XPS measurements. Figure 3d shows
the high-resolution C 1s spectrum of bowl-like C@MoS2,
where deconvolution yields three components, C−C (284.0
eV), C−O (285.4 eV), and CO (287.6 eV).50,51 Likewise,
the Mo 3d spectrum (Figure 3e) can be found to mainly entail
a doublet at 228.5 eV (Mo 3d5/2) and 231.7 eV (Mo 3d3/2)
that is characteristic of Mo4+ and an additional peak at 234.6
eV for Mo−O due to the surface oxidation of MoS2.

52−56 The
corresponding S 2p spectrum is shown in Figure 3f, where the
S 2p1/2 and S 2p3/2 electrons can be resolved at 162.6 and
161.4 eV, respectively.51

The obtained bowl-like C@MoS2 nanocomposites were
then examined for Li+-ion storage. Figure 4a,b depicts the first
three cyclic voltammetric (CV) scans of the bowl-like C@
MoS2 and pristine MoS2 electrode in 0.005−3 V at a scan rate
of 0.1 mV s−1. Figure 4a shows that the CV profiles of C@
MoS2 reached a steady state after the first cycle. In the first
scan, the cathodic peak at 1.1 V can be ascribed to the
formation of LixMoS2 by the Li+ intercalation into the MoS2
lattice19,57 and the one at 0.5 V to the conversion reaction to
form Mo nanoparticles embedded in Li2S. Upon the reverse
scan, the inconspicuous peak at around 1.7 V can be attributed
to the partial oxidation of Mo, while that at 2.3 V corresponds
to the oxidation of Li2S to sulfur.50 In the subsequent CV
cycles, the second and third cycles showed an apparent

Figure 2. (a) Schematic procedure for the formation of bowl-like C@
MoS2 nanocomposites. (b−d) TEM images, (e, e1, f) HRTEM
images, (g) SAED patterns, (h−k) annular dark-field STEM image
and the corresponding EDX elemental mappings of C, Mo, and S, and
(l) EDX line-scan profiles of C@MoS2 composites (red line in panel
h).
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overlap, but the current density decreased somewhat as
compared to the first cycle. By contrast, whereas pure MoS2
(Figure 4b) exhibits similar CV profiles, the current densities
are markedly lower, and the unstable CV profiles demonstrate
poor stability of pure MoS2. This suggests the significance of
the carbon bowl frame in the accommodation of the
volumetric changes during Li+ charge and discharge.58

The first discharge and charge steps of the bowl-like C@
MoS2 and pure MoS2 electrodes at 0.1 A g−1 are shown in
Figure 4c,d. The bowl-like C@MoS2 electrode exhibits an
initial discharge/charge capacity of 1516/1183 mA h g−1 at 0.1
A g−1 with an initial coulombic efficiency of 78% (Figure 4c).
In comparison, the discharge/charge capacity of pure MoS2 is
about 50% lower at 859/556 mA h g−1 at the same current
density (Figure 4d). The few-layered nanosheets (two to six
layers) and the enlargement of interlayer spacing of MoS2 in
bowl-like C@MoS2 improve the reversibility of the Li+

intercalation/extraction reaction, which increases the initial
coulombic efficiency. After 100 cycles, the specific capacity of
the bowl-like C@MoS2 electrode is stabilized at 798 mA h g−1

at 0.1 A g−1, which is 82% of the second-cycle discharge
capacity (970 mA h g−1). It is a remarkable fact that carbon

bowls also contributed a small amount of capacity (Figure S8).
In contrast, the pure MoS2 showed severe capacity decay and
eventually almost failed (Figure 4e). The rate capability of
both electrodes was then tested at current densities from 0.1 to
10 A g−1 (Figure 4f). The reversible discharge capacities of
bowl-like C@MoS2 are 922 mA h g−1 at 0.1 A g−1 and 256 mA
h g−1 at 10 A g−1. Notably, the bowl-like C@MoS2 electrode
retained an initial specific capacity of 897 mA h g−1 after 100
cycles from 10 to 0.1 A g−1. The good rate performance is
mainly attributed to the bowl-shaped stacking structure of C@
MoS2, which shortened the electron/ion transport distance.
Figure 4g exhibits the long-term cycle stability of bowl-like

C@MoS2. Even at 1 A g−1, bowl-like C@MoS2 delivers a
capacity as high as 526 mA h g−1 after 1000 cycles, with a
retention of 70%. TEM measurements show no apparent
variation of the structural morphologies (Figure S9). For
comparison, pure MoS2 shows poor cycle life with a low
capacity of 166 mA h g−1 after 100 cycles at 0.1 A g−1. In fact,
the bowl-like C@MoS2 exhibits much better long-term cycling
performance than results reported in recent literature with
relevant MoS2-based materials (Table S1). The long cycle
stability of the C@MoS2 electrode at high current densities

Figure 3. (a) XRD patterns and (b) Raman spectra of bowl-like C@MoS2 and pure MoS2 nanosheets. (c) BET nitrogen adsorption and desorption
isotherms. The inset is the pore size distribution. High-resolution XPS scans of (d) C 1s, (e) Mo 3d, and (f) S 2p electrons of the bowl-like C@
MoS2 nanocomposites.

Figure 4. Electrochemical performances of bowl-like C@MoS2 and pure MoS2 nanosheets as anode materials for LIBs: (a, b) CV profiles over a
voltage range of 0.005−3.0 V at a scan rate of 0.1 mV s−1; (c, d) charge/discharge profiles at 0.1 A g−1; (e) cycling performance at 0.1 A g−1; (f)
rate performances; and (g) cycling performance of bowl-like C@MoS2 at 1 A g−1.

ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Research Article

https://dx.doi.org/10.1021/acssuschemeng.0c01835
ACS Sustainable Chem. Eng. 2020, 8, 10065−10072

10068

http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.0c01835/suppl_file/sc0c01835_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.0c01835/suppl_file/sc0c01835_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.0c01835/suppl_file/sc0c01835_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c01835?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c01835?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c01835?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c01835?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c01835?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c01835?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c01835?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c01835?fig=fig4&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://dx.doi.org/10.1021/acssuschemeng.0c01835?ref=pdf


may be ascribed to the porous, bowl-like structure that
facilitates Li+/ion transport and buffering of mechanical stress
during the change/discharge process.11,12,59

Notably, the shape of the CV curves of the bowl-like C@
MoS2 electrode is well preserved with the scan rate increased
from 0.1 to 1.0 mV s−1 (Figure 5a), in contrast to that of pure
MoS2 (Figure 5c). According to equations60,61

i a bν= (1)

i a b vlog log log= + (2)

where i is the current density, v is the potential scan rate, and a
and b are constants. If b ≈ 0.5, the electrochemical reaction is
predominated by a diffusion-controlled process; at b ≈ 1, it is
dominated by a capacitive process. From the linear regression
of the experimental data (Figure 5b), the calculated b values
for four peaks (R1, R2, O1, O2) are 1.01, 1.04, 0.94, and 0.92,
respectively, suggesting the pseudocapacitive dominant char-
acteristic. The few-layered ultrathin MoS2 nanosheets (two to
six layers, Figure 2e1) and the large specific surface area (141.9
m2 g−1) of bowl-like C@MoS2 reduce the diffusion path of the
ions and prompt the lithium storage reaction mainly occurring
on the surface of nanosheets. The b values of pure MoS2 are
only 0.22 and 0.25 (Figure 5d). One can see that the b values
of bowl-like C@MoS2 are apparently higher than those of pure
MoS2. This is likely because the incorporation of the carbon
bowls is effective in the conversion of the electrochemical
process from the diffusion behavior to capacitive process,
leading to the rapid Li-ion intercalation/extraction reaction.
Furthermore, the pseudocapacitive contribution can be

calculated from the following equations:62

i k k1 2
1/2ν ν= + (3)

i k k/ 1/2
1

1/2
2ν ν= + (4)

where i is the current at a particular potential, v is the potential
scan rate, and k1 and k2 are variable parameters. Figure 5e
shows the pseudocapacitive fraction (gray area) of bowl-like
C@MoS2 at a scan rate of 0.8 mV s−1, which is drastically
higher than that of pure MoS2 (41%, Figure S10). The

capacitive contribution is enhanced gradually with the increase
in potential sweep rate (Figure 5f). This may be, at least in
part, ascribed to the conductive carbon bowls that improve the
reactivity and buffer the mechanic stress of MoS2.

47,63 In
addition, the EIS measurements were conducted in the
frequency range 10−0.01 Hz at 5 mV amplitude on the fresh
cells. Electrochemical impedance measurements show that the
charge-transfer resistance (Rct) of bowl-like C@MoS2 (59 Ω)
is markedly lower than that of pure MoS2 (122 Ω) (Figure 5g),
further confirming the enhanced electron/ionic conductivity of
the bowl-like C@MoS2. In addition, the linear segment in the
low-frequency regime can be seen to show a lower slope with
bowl-like C@MoS2 than with pure MoS2 (Figure 5h and Table
S2), suggesting enhanced Li+-ion diffusion through the
electrode.43,64

The stable cycle life and high-rate performance of C@MoS2
observed above can be ascribed to the unique bowl-like
structure (Figure 6). (1) Stacking of the bowl-shaped C@

MoS2 with interconnected windows can improve the bulk
density and shorten transport path of ions. (2) The bowl-like
C@MoS2 with open windows can increase the contact area
between Li+/ion and electrolytes. (3) The carbon bowl
frameworks can effectively relieve stress of MoS2 nanosheets
to prevent exfoliation and maintain the structural integrity of
the electrode material. (4) The ultrathin MoS2 nanosheets
anchored on mesoporous carbon bowls can offer effective

Figure 5. (a) CV curves of bowl-like C@MoS2 at different scan rates. (b) log i versus log v plot at different oxidation and reduction states. (c) CV
curves of pure MoS2 at different scan rates. (d) log i versus log v plot at different oxidation and reduction states. (e) Capacitive contribution at 0.8
mV s−1. (f) Capacitive contribution ratio at various sweep rates. (g) Nyquist plots and equivalent circuit model (inset) and (h) the variation of Z′
versus ω−1/2 in the low frequency region for C@MoS2 and pure MoS2.

Figure 6. Schematic diagram of the structure advantages of the bowl-
like C@MoS2.
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pathways for Li+/ion, leading to reduced ion-transport
resistance, easy penetration by the electrolyte ions into the
bowl-like framework, and ultimately improved lithium-ion
kinetics.

■ CONCLUSIONS
Bowl-like C@MoS2 nanocomposites were prepared by the
growth of few-layered MoS2 nanosheets onto the carbon bowl
surface. The porous framework effectively buffered the
mechanical stress caused by the volumetric changes of MoS2
nanosheets during the insertion/delithium process, thereby
sustaining the structural integrity of the electrode. The bowl-
like C@MoS2 exhibited excellent rate capability and cycling
stability due to the carbon bowl framework with open windows
and interconnected channels that facilitated efficient electron
and ion transport. The electrochemical kinetics study showed
that the pseudocapacitive mechanism dominated the energy
storage process. Moreover, the local stacking behavior of the
bowl-like C@MoS2 provided a unique strategy for an increased
bulk density. Results from this study highlight the significance
of functional nanostructured materials in the design and
engineering of high-performance anodes for lithium-ion
batteries.
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