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and conversion. In this report, we describe a facile method of synthesizing IF-MoS, hollow structures with a diameter of

~100 nm by a facile solution-phase reduction process to obtain a hollow MoS, precursor under ambient pressures before

subsequent annealing of the material at high temperatures to form IF-MoS, nanocages. TEM images at different reaction

stages reveal the hollow structure spontaneously arising in the novel “close-edge” nanocages under the assistance of

ammonia cation bubble template. When evaluated as an anode material for lithium ion batteries, ex-situ characterizations

indicate that these IF-MoS, hollow nanocages can provide large expandable spaces for volume change accompanied with

the cycles. Such a highly desired structure offers remarkably improved lithium storage performance including high

reversible capacity and good cycling behavior and high rate capability.

Introduction

Hollow-structured materials are of great interest for their
electrochemical properties when used as electrodes in lithium ion
batteries (LIBs) as a result of their unique structural features,
stabilities and enhanced kinetics.”® During the past several decades,
various approaches have focused on different types of hollow
structures fabricated using different synthesis routes, including the
soft- or hard-template and the self-assembly template-free
methods.*® Most previous studies on preparing hollow-structured
materials have focused on metal oxides, whereas the literature
contains only a few reports of layered metal sulfides with intriguing

10,11
hollow structures.

As a typical layered transition-metal sulfide, molybdenum

disulfide (MoS,) has a structure analogous to that of graphite and is
formed by van der Waals stacking of covalently bonded S-Mo-S
layers into a close-packed hexagonal lattice.** ™ Being chemically
and electronically active, MoS, has shown great potential for use in
electronic devices and in electrocatalysis, sensor and energy-
storage applications.ls'zo MoS, occurs in nature predominantly in
the form of a two-dimensional layered structure; in recent years,
ultrathin, few-layer, and single-layer MoS, structures have been
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extensively investigated.u'25 Actually, in the early 1990s, after the
discovery of Cg (buckminsterfullerene) by Kroto et al. in 1985,
Tenne et al. first reported on transition-metal dichalcogenides MX,
(X = Ti, Nb, Mo; X =S, Se) nanoparticles exhibiting layer-like
structures, including MoS, and WS, nanoparticles, that can form
closed-cage structures with polyhedral or nanotubular shapes.n'29
These new materials received the generic name “inorganic
fullerene-like structures,” abbreviated “pr 30 3 Later, with the
synthesis and characterization of MoS, and WS, fullerenes and
nanotubes, inorganic fullerene-like materials began to constitute an
important family of nanostructures with interesting properties and
potential applications.32'34

However, previous reports on the synthesis of IF-MoS, or WS,
describe hazardous or complicated routes, such as using H,S as a
heat treatment,® chemical vapor deposition (CVD),36 and a seed-
assisted solution route followed by annealing,37 among others; the
nature of these routes greatly restricts the development and
applications of IF materials. Thus, the development of a new and
facile synthesis method for IF materials is an important but
underexplored topic.

Therefore, in this work, we present a facile process for the
synthesis of hollow-structured IF-MoS, nanocages with a diameter
of ~100 nm. The synthesis involves the facile reduction of
(NH4),Mo0S, in an N-methyl-2-pyrrolidone (NMP) solution by an
N,H, aqueous solution to obtain the hollow MoS, precursor under
ambient pressure, followed by an annealing process at high
temperatures to form the IF-MoS, nanocage. When used as an
electrode material in LIB anodes, the proposed hollow IF-MoS,
nanocages deliver a high reversible capacity and stable cycling
performance.

Results and discussion

J. Name., 2013, 00, 1-3 | 1
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Figure 1. FESEM images (a-c) of the IF-MoS, nanocages at different magnifications, STEM (d) and TEM (e) images of the IF-MoS,
nanostructure, HRTEM (f-h) images of the edges of the IF-MoS,, and XRD (i) pattern of the IF-MoS, nanocages.

Characterization of Morphology and Structure

Figures 1la to 1c show the general views of the obtained MoS,
nanoparticles at different magnifications. The proposed MoS,
particles exhibit a uniform polyhedral structure with a relatively
smooth surface and a diameter of ~100 nm. The STEM (Figure 1d)
and TEM (Figure 1e) images indicate that the MoS, exhibits a hollow
structure with a thickness of ~15 nm. Because the annealing was
performed at 800°C for 2 h under N, gas protection, the MoS, shell
exhibits a well-established layered structure with an interlayer
distance of 0.62 nm (Figure 1f). The HRTEM images (Figure 1g and
1h) show that the MoS, shells actually consist of numerous
nanosheets that spontaneously arise in the novel “close-edge”
nanocages. The schematic of the microstructures of the MoS, in
Figure 1h simulates the shell structure of an IF-MoS, nanocage.
Figure 1i shows the XRD pattern, which indicates that the proposed
MoS, is a typical hexagonal structure and is in accordance with the
structure established by PDF card number 37-1492. The primary
(002) diffraction peak appears at 26 = 14.2°, with a d-spacing of

2| J. Name., 2012, 00, 1-3

0.62 nm, indicating that the layered MoS, grows well along the c-
axis, consistent with the measurement obtained from the HRTEM
image in Figure 1f.

To determine the valence state of the elements, XPS
measurements were carried out in the region from 0 to 1200 eV. As
shown in Figure 2a, the signal of Mo and S atoms could be indexed
clearly. Figure 2b shows a high-resolution Mo 3d spectrum, which
contains the Mo 3ds,, and 3ds/, peaks at 232.38 eV and 229.24 eV,
respectively, as the only two peaks, indicating the existence of only
Mo(IV) in the compound. The peak at 226.40 eV is attributed to S 2s.
Moreover, as shown in Figure 2c, the high-resolution S 2p spectrum
contains the S 2p;;, peak at 163.20 eV and the S 2p3;, peak at
162.09 eV, indicating that the products are stoichiometric MoS,. In
addition, the EDX analysis of the products is shown in Figure S1. The
calculated Mo-to-S atomic ratio is approximately 1:2.08, which is
approaching the theoretical value for MoS,.

Analysis of Growth Mechanism

This journal is © The Royal Society of Chemistry 20xx
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Figure 2. XPS spectrum of IF-MoS, nanocages after annealing at
800 °C for 2h under the N, atmosphere: (a)survey spectra, and
high-resolution of (b) Mo 3d and (c) S 2p.

To determine the formation process for the hollow IF-MoS,
nanocages, the as-prepared molybdenum sulfide precursors were
characterized using FESEM and TEM prior to annealing, as shown in
Figure 3. The precursor delivers uniform spherical nanoparticles
with a diameter of ~150 nm (Figure 3a). The TEM images (Figures
3b and 3c) indicate a hollow structure with a shell thickness of ~20
nm. Compared with the size of the IF-MoS, nanocages shown in
Figure 1, the diameter and shell thickness of the as-prepared MoS,
precursor are significantly bigger, likely because of shrinkage during
calcination. The HRTEM image (Figure 3d) of a partial enlargement
of the shell indicates amorphous MoS, in the precursor. This
amorphous character was also demonstrated in the XRD pattern, as
no obvious diffraction peak was observed (see Figure S2). Therefore,
the valence state of the MoS, precursor was analyzed by XPS; the
resulting spectra are shown in Figure 4. Comparing with IF-MoS,
material, two new strong XPS peaks of C;; and Oy, are detected in
the survey scan of Figure 4a. It might be attributed to impurity of
unwashed NMP and carbon substrate of XPS test. After high
temperature treatment, the impurity can be removed. As evident in
Figure 4b, the high-resolution XPS spectrum of the Mo contains an

This journal is © The Royal Society of Chemistry 20xx
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Figure 3. (a) FESEM image of the as-prepared MoS,; (b and c)
TEM images of the MoS,; (d) HRTEM image of a partial
enlargement of (c).

Mo 3d3/, peak at 231.80 eV and an Mo 3ds/, peak at 228.78 eV as
two rough peaks; these peaks were deconvoluted into several fine
peaks of Mo(IV), Mo(V) and Mo(VI), where the MoS, precursor did
not reduce thoroughly during the solution-phase reaction.
Moreover, in the XPS spectrum of the S (as shown in Figure 4c),
with the exception of two peaks at 162.70 eV and 161.30 eV, which
correspond to S 2p;;, and S 2p;p,, other peaks are observed at
approximately 168 eV. These peaks are attributed to S-N and S-O
bonds, indicating that the precursor contains impurities. After the
high-temperature treatment, the as-prepared MoS, precursor
transforms into MoSz.38

To illustrate the formation mechanism of the hollow-structured
MoS, precursor, we conducted investigations using TEM to monitor
the morphological evolution at different reaction stages. Figure 5a
shows that the MoS, precursor, which exhibits an irregular and
amorphous morphology, is produced at the beginning of the
reaction. Upon close observation, the products contain a large
amount of pores, which are attributable to the release of NH; gas
produced during the reaction. As the reaction time increases, more
(NH4),Mo0S, is reduced, causing more NH; gas to be released,
increasing the size of the pores. The MoS, precursor grows
gradually around the NH; bubbles, which serve as a template. In
Figures 5b and 5c, we observe that semi-finished hollow MoS,
precursors with large pores form after 30 min and 1 h. When the
reaction time increases to 2 h, as shown in Figure 3d, regions of the
MoS, precursor are observed to form hollow spherical structures
with non-closed edges. Increasing the reaction time to 5 h and 8 h,
we find that the shell edges of the MoS, precursor close and that
the hollow spheres become discernible (Figures 5e and 5f). On the
basis of the aforementioned phenomenon, we conclude that the
formation of the hollow structure of the MoS, precursor is caused
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Figure 4. XPS spectrum of as-prepared MoS,: (a)survey spectra,
and high-resolution of (b) Mo 3d and (c) S 2p.

by the generation of NH; gas during the solution-phase reaction,
which provides a bubble template for the growth of the MoS,
before being released to form the hollow structure. The formation
mechanism is illustrated in Figure 5g. The selection of the reaction
solvent is also important for preparing the hollow-structured MoS,
spheres. In this work, NMP was used as the solvent. However,
water, ethanol and other solvents do not result in hollow-
structured MoS, spheres. The amorphous MoS, in the hollow
spherical precursor is recrystallized under the high temperatures
and simultaneously reduced to layered MoS,. Finally, hollow IF-
MoS, nanocages are obtained after the high-temperature heat
treatment.

Electrochemical Performance

To demonstrate the advantages of these hollow IF-MoS,
nanocages, we investigated their electrochemical lithium storage
properties as an anode material for LIBs and compared their
performance to that of commercial MoS,. Figure 6 shows the
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Figure 5. TEM images of the as-prepared MoS, precursor at
different reaction stages: (a) 5 min, (b) 30 min, (c) 1 h, (d) 2 h,
(e) 5 h, and (f) 8 h (scale bars: 50 nm); (g) a schematic of the
formation mechanism for the hollow MoS, structure.

electrochemical performance of the hollow IF-MoS, nanocage
electrodes. The CV results for the proposed IF-MoS, nanocages
(Figure 6a) are consistent with those for the commercial MoS,
(Figure S3) and with previously reported data.®*! The first cycle
shows two reduction peaks at approximately 0.8 and 0.4 V and one
oxidation peak at approximately 2.3 V vs. Li/Li". The reduction peak
at 0.8 V is attributed to Li insertion into the interlayers of MoS,,
accompanied by a phase transformation from the 2H to the 1T
structure of Li,(MoSZ.42 The second pronounced reduction peak is
ascribed to the reduction of Li,MoS, to metallic Mo and Li,S via a
conversion reaction, which is followed by the formation of a gel-like
polymeric layer resulting from electrochemically driven electrolyte
degradation.43 The oxidation peak at 2.3 V is attributed to the
delithiation of Li,S: Li,S = S + 2L During the subsequent
cathodic sweep, three other peaks appear at 2.0, 1.1 and 0.3 V.
However, the peaks located at 0.8 and 0.4 V disappear, indicating
that the lithiation and delithiation reaction of MoS, are irreversible
processes. To further illustrate this fact, the ex-situ XRD analysis of
IF-MoS, electrode was carried out after 100 cycles of charge and
discharge (Figure S4). As shown in Figure S4, it can be seen that all
the characteristic diffraction peaks of MoS, had disappeared
indicating that the amorphous products are generated. According
to a previous report,45’ “ the lithium storage mechanism in MoS,
can be expressed as:

First cycle: MoS, + xLi* + xe” = Li,MoS,, (1)
Li,M0S, + (4-x)Li* + (4-x)e" = Mo + 2Li,S, (2)
Subsequent cycles: Li,S ¢> 2Li +S. (3)

This journal is © The Royal Society of Chemistry 20xx
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Figure 6. Electrochemical characterizations of a half-cell composed of an IF-MoS, nanocage electrode vs. Li foil: (a) cyclic
voltammogram at a scan rate of 0.05 mV st during the first three cycles, (b) the charge and discharge curves of the different cycles at a
current density of 100 mAh g'l, (c) cycling behavior of the electrode at a current density of 100 mAh g'1 and its corresponding
Coulombic efficiency, (d) the cycling behavior of the electrode at various current densities.

Figure 6b shows the representative charge and discharge voltage
profiles for the IF-MoS, nanocages at a current density of 100 mAh
g'1 within a cut-off window of 0.005-3.0 V. Consistent with the CV
results, the first discharge curve shows two major plateau regions
at approximately 1.0 and 0.5 V vs. Li/Li"; these results are
approximately similar to those of the commercial MoS, (Figure S5)
and also agree with the results reported for other well-crystallized
MoS, electrodes.*** The initial discharge (lithiation) process leads
to a very high specific capacity of 1289.7 mAh g'l, which greatly
exceeds the capacity of the commercial MoS,, which has a capacity
of 753.5 mAh g'1 (Figure S5). This high capacity of IF-MoS,
nanocages might be related to their hollow structure, which
provides more surface active sites for lithium storage.s' ° The IF-
MoS, nanocage electrodes exhibit a high delithiation (charge)
capacity of 1021.4 mAh g'l, which corresponds to a small
irreversible capacity loss of 20.8%. Generally, the initial capacity
loss is caused mainly by the incomplete conversion reaction and by
irreversible lithium loss due to the formation of a solid electrolyte
interphase (SEl) layer, where the decomposition of the electrolyte
on the surface of the MoS, forms a passivation layer on the

This journal is © The Royal Society of Chemistry 20xx

electrode.”® *° After the first cycle, the specific capacity of the IF-

MoS, nanocage electrode stabilizes. All the subsequent cycles
deliver an approximate overlap of the profiles associated with the
lithiation and delithiation processes.

Figure 6¢ shows the cycling behavior and Coulombic efficiency of
the IF-MoS, nanocage electrode. A comparison of the cycling
stability of the commercial MoS, electrode (as shown in Figure S6)
with that of the hollow-structured IF-MoS, nanocages reveals that
the nanocages exhibit a more stable cycling life, where the
reversible capacity is as high as 1043.7 mAh g'1 after 100 cycles. This
good capacity retention is likely related to the hollow nanocage
structure, which provides a robust “skeleton” to avoid structural
damage to the electrode during the cycling process. By contrast, the
cyclic stability of the commercial MoS, electrode (Figure S6) is so
poor that the reversible capacity decreases from 632.4 mAh g'1 to
158.2 mAh g'1 after 75 cycles. In addition, the IF-MoS, nanocage
electrode also exhibits a high initial Coulombic efficiency of 79.2%,
which increases to almost 100% and after several cycles. Figure 6d
shows the rate cycling behavior of the IF-MoS, nanocage electrode

J. Name., 2013, 00, 1-3 | 5
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material. The high reversible capacity and excellent cycling behavior
of the IF-MoS, nanocages are reflected in their superior rate
capability. The average specific capacities for the hollow IF-MoS,
nanocages are 1008, 987, 945, 862, 796, and 680 mAh g'1 at current
densities of 100, 200, 300, 400, 500, and 1000 mA g'l, respectively.
Remarkably, after cycling at 1000 mA g'l, a stable capacity of ~1005
mAh g'1 is still delivered when the current density is reduced back
to 100 mA g™, indicating high cycling stability.

In general capacity fading is caused by expansive volume
excursions in the active electrode material during charging and
discharging; leading to the pulverization of material and loss of
electrical connectivity. The IF-MoS, electrode was therefore
examined by ex-situ SEM and TEM after 100 cycles of charge and
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Table 1. Impedance parameters derived using equivalent circuit
model for commercial MoS, and IF-MoS,.

Electrodes Re R¢ Qeper Rt Qe
Q) Q) (uF) Q) (LF)

c-MoS, 8.6 206.9 33.1 117.8 98.1

IF-MoS, 17.2 155.1 39.3 75.4 254.6

discharge (Figure 7). As shown in Figures 7a and 7b, it can be seen
that after 100 cycles the morphology of IF-MoS, hollow structure is
basically retained, whereas the nanocaged structure changes into
nanosphere, indicating the formation of amorphous products after
cycling, which is in aggreament with the ex-situ XRD analysis in
Figure S4. Comparing with the Figure 1e, as shown in Figure 7b, it
can be observed that the shell thickness of IF-MoS, increase from
~15 nm to ~40 nm. This fact indicates that a large volume change
(~267%) of MoS,-based materials is accompanied with the charge
and discharge process. The reason why IF-MoS, electrode can
exhibit the stable property is therefore schematically illustrated in
Figure 7c. During the lithiation and delithiation process, MoS, was
transferred into amorphous Mo and S which is simultaneously
accompanied with a large volume change. The propused hollow-
structured IF-MoS, electrode provides enough expandable space to
avoid the damage of the electrode, so that it can deliver a good
cycling stability and high rate capability. Figure 8 shows the
electrochemical impedance spectrum (EIS) and the equivalent
circuit model for both the IF-MoS, nanocage and commercial MoS,
electrode materials. The kinetic differences in the IF-MoS,
nanocage and the commercial MoS, electrode materials were
further investigated by EIS modeling based on the modified
equivalent c:ircuit,50 using the fitted impedance parameters listed in
Table 1. In this model system, R, represents the internal resistance
of the test battery, R; and CPE; are associated with the resistance
and constant phase element of SEI film, R, and CPE, are associated
with the charge-transfer resistance and constant phase element of
the electrode/electrolyte interface, Z, is associated with the
Warburg impedance corresponding to the lithium-diffusion process.
In Figure 8, the high frequency semicircle is corresponding to the
resistance R; and CPE; of SEl film, the semicircle in medium
frequency region is assigned to the charge-transfer resistance R
and CPE, of electrode/electrolyte interface. The inclined line
corresponds to the lithium-diffusion process within bulk of the
electrode material. From the analysis results, it is known that the
SEl film resistance Ry and charge-transfer resistance R, of the IF-
MoS, nanocage electrode material are 155.1 and 754 Q,
respectively, which are significantly lower than those of the
commercial MoS, (206.9 and 117.8 Q). These results confirm that
the hollow-nanocage structural MoS, can provide more active sites
and greater electrolyte-electrode contact area for lithium ion
insertion and extraction compared to the bulk MoS,, indicating that
this novel structural IF-MoS, nanocage is a promising anode
material for high-performance LIBs used in a wide range of
applications.

This journal is © The Royal Society of Chemistry 20xx
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Conclusions

In summary, we have developed a new and facile strategy for
the synthesis of hollow IF-MoS, nanocages with a uniform
particle size of ~100 nm. This method first involves the
synthesis of hollow MoS, spheres by a facile solution-phase
route and subsequent annealing of the obtained precursors at
800°C for 2 h in an N, atmosphere. TEM images collected at
different reaction steps revealed the formation mechanism of
the MoS, hollow structural precursor, which is caused by the
generation of NH3 gas during the solution-phase reaction. This
gas provides a bubble-like template for the growth of MoS,
spheres and is subsequently released to form the hollow
structures. After being annealed at a high temperature, the
hollow MoS, precursor changes into hollow MoS, consisting of
numerous nanosheets, which spontaneously appear in the
novel “close-edge” nanocages. The IF-MoS, nanocages contain
numerous active sites and exhibit a large electrolyte-electrode
contact area and robust structure. As a result, when this
material was evaluated as an anode material for LIBs, the
hollow-structured IF-MoS, nanocage could provide a large
expandable space for volume change accompanied with the
cycles, and therefore exhibited not only a high reversible
capacity but also a remarkably stable capacity retention for
100 cycles and an enhanced rate capability at current densities
as high as 1000 mA g'l.

Experimental
Synthesis of hollow IF-MoS, nanocages.

All chemical reagents used in this work were of analytical
grade. First, 0.5 mmol of ammonium tetrathiomolybdate
((NH,),Mo0S,) was added to a 200 mL beaker with 80 mL of
NMP. After being ultrasonicated for stirred for 3 h, the
obtained clear solution was transferred into a 250 mL three-
necked flask. Then, 5.0 mL of N,H,-H,0O was added to the flask
dropwise under magnetic stirring. Afterwards, the flask was
heated to 80°C in an oil bath and constantly stirred for 12 h
under gentle reflux. After naturally cooling, the black-brown
precipitates were collected by centrifugation at 8000 rpm,
washed sequentially with ethanol and deionized (DI) water,
and then dried in a vacuum chamber at 80°C overnight. The as-
prepared MoS, was placed into a porcelain boat and kept in
the center of a quartz tube placed inside a typical tubular
furnace; the tube was then purged with nitrogen (N,) for 20
min to remove oxygen. The porcelain boat was subsequently
heated to 800°C at 5°C min™ under nitrogen flowing at 100 mL
min. Two hours later, the furnace was allowed to cool to
room temperature. The resulting black powder was used for
further tests and characterization.

Characterization.

The samples were characterized using X-ray diffraction (XRD,
RINT-2000, Rigaku Corp., Japan) with Cu-Ka, radiation, field-
emission scanning electron microscopy (FESEM, Hitachi S-
4800), transmission electron microscopy (TEM, TECNAI G2 F30,
Japan), and energy-dispersive X-ray spectroscopy (EDX,

This journal is © The Royal Society of Chemistry 20xx

Journal of Materials Chemistry A

GENESIS 4000). The X-ray photoelectron spectroscopy (XPS)
data were collected using a PHI Quantera SXM (ULVAC-PHI,
Japan).

Electrochemical measurements.

The negative electrodes for the battery tests were
composed of MoS,, acetylene black, and polyvinylidene
fluoride (PVDF) in a weight ratio of 75:10:15. The mixture of
the active material, acetylene black and PVDF was ground for 2
h in an agate mortar. The mixture was then dried in a vacuum
oven at 80°C for 4 h to remove any moisture. Afterwards, the
NMP was injected to form a slurry, which was subsequently
spread onto a copper foil with a thickness of 0.1 mm and a
diameter of 12 mm, dried at 80°C in a drying oven for 2 h,
compacted using a hydraulic press and then dried again at
120°C for 12 h in a vacuum drying chamber. Button cells
(2025R) containing Li foil as a counter electrode, a
polypropylene film (Celgard 2400) as a separator, and 1 M
(mol L’l) LiPFg in a mixture of ethylene carbonate/dimethyl
carbonate/diethyl carbonate (EC/DMC/DEC 1:1:1 by volume)
as an electrolyte were assembled in an argon-filled glovebox.
Constant-current charge and discharge tests were performed
on a cell test system (Land CT2001A) at potentials between
0.005 and 3.0 V. Cyclic voltammetry (CV) tests were carried out
using an electrochemical workstation (CHI 660C) over a
potential range from 0.005 to 3.0 V at a scan rate of 0.1 mV s
Electrochemical impedance tests were also performed using
an electrochemical workstation (CHI 660C) over the frequency
range from 0.01 Hz to 100 kHz and at an amplitude of 5 mV.
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MoS; nanocage anodes synthesized by bubble-template-assisted method can provide a

large expandable area to stabilize the electrode structure during cycling.
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