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We demonstrate the self-assembly of few-layer MoS, nanosheets on CNT backbone via a facile
hydrothermal reaction with the subsequent annealing process. In this structure, the few-layer MoS,
nanosheets with controllable content are alternately and vertically grown on the surface of CNTs, forming
a three-dimensional hierarchical nanostructure. The optimized MoS,/CNTs hybrids could be applied as a
fascinating anode material for high-rate and long cycle life lithium ion batteries (LIBs). Compared with
the commercial MoS, (716 mAh g, the as-prepared MoS,/CNTs hybrids exhibit a much higher specific
capacity of 1293 mAh g at 200 mA g with remarkably enhanced rate capability (888 mAh g even at
3200 mA g"). More significantly, we find that MoS,/CNTs hybrids show no capacity fading after 200
cycles at 400 mA g'. As for MoS,-based anode materials, such overwhelming electrochemical
performance endows the present MoS,/CNTs hybrids huge potential for developing LIBs.
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with high crystallinity. '“'® In this regard, a high loading mass
Introduction will lower the utilization of MoS, active material while a low
loading mass will result in low capacity based on the MoS,/CNTs
so hybrids. If the MoS, nanosheets can be uniformly dispersed on
CNTs, which will induce the coupling effect between them,
which will result in remarkable enhancement of electrochemical
performance.
In the present work, we demonstrate a simple route for realizing
ss the self-assembly of few-layer MoS, nanosheets on CNT
backbone, in which the few-layer MoS, nanosheets are
alternately grown on the surface of CNT, forming a three-
dimensional hierarchical nanostructure. The content of MoS, can
be easily controlled simply by tuning the molybdate content.
60 When evaluated as anode materials for LIBs, the optimized
MoS,/CNTs hybrids indicate remarkably enhanced reversible
capacity (1293 mAh g at current density of 200 mA g') with
excellent rate and cycling performances.

Lithium-ion batteries (LIBs) have now become the predominant
power source for a wide range of portable electronic devices. In
recent years, the development of electric vehicles and hybrid
20 electric vehicles has triggered an ever-increasing demand for
LIBs with higher power density and long cycle life."* Their
performances are strongly dependent on the choice of anode and
cathode materials. As for anode materials, graphite is widely used
as commercial anode materials in view of its natural abundance
»sand good structural stability.*® However, it suffers from a
relatively low theoretical capacity of 372 mAh g”'. Therefore, it is
crucial to search alternative anode materials with higher capacity
and long cycle life for the development of LIBs.
As a typical layered transition metal sulfide, MoS, has received
s intense interest as a promising electrode material for LIBs
because of its graphite-like structure.”” The layered structure and
the weak van der Waals forces between MoS, layers facilitate
reversible Li" intercalation and extraction.!® However, like the
graphene, the freshly synthesized MoS, layers have a tendency to s Synthesis of the MoS,/CNT Hybrids.
aggregate during practical applications, even in the drying
process, greatly reducing the electrochemical active sites.
Another weakness of MoS, is its poor electrical conductivity.
Both the two disadvantages make its rate capability and cycling
stability unsatisfactory. To solve these problems, an effective
40 approach is to hybridize MoS, with advanced carbon materials.'"”
3 For example, layered MoS,/graphene composites'® and
MoS,/amorphous carbon composites'> have been synthesized as
LIBs anode materials, exhibiting an improved specific capacity
with good rate and cycling performances. Notably, for the hybrid
4s of MoS, and CNTs, the MoS, layers prefer to confine to the 75 Characterization.
CNTs surface, leading to the formation of tubular MoS, layers

Experimental

w
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20 mg of CNTs was dispersed in a mixed solution with 15 ml
water, 15 ml ethanol and 2 ml oleic acid containing 1.6 g sodium
oleate, 0.6 g Na,MoO, and 0.8 g L-cysteine by ultra-sonication
for 60 min. After that, the solution was put into a 50 mL Teflon-
lined stainless steel autoclave and maintained at 180 °C for 24 h.
The precipitates were filtered, washing with water and ethanol
several times, and dried in a vacuum at 80 °C. Afterward, the
dried samples were loaded into the tube furnace and calcined in
Ar atmosphere at 550 °C for 120 min with a ramp of 2 °C_min"".

-
S

This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00-00 | 1



RSC Advances

Structure and morphology of the as-prepared samples were
characterized by X-ray diffraction (RIGAK, D/MAX 2550
VB/PC, Japan), field emission scanning_electron microscopy
(Hitachi FE-S4800), transmission electron microscopy (TEM;

s JEOL, JEM-2100F). Thermogravimetric analysis
(NETZSCHSTA409PC) was carried out with a heating rate of 10
°C min™' under flowing air. Fourier transform infrared (FTIR)
spectra were measured by using a Nicolet 5700
spectrophotometer, in the range of 400 to 4000 cm” with a

10 resolution of 4 cm™. N, adsorption/desorption was determined by
Brunauer-Emmet-Teller (BET) measurements using an ASAP-
2020 surface area_analyzer.

Electrochemical Measurements.

LIB performance was determined using CR2016 type coin cells
15 assembled in an argon-filled glove box. The working electrode
was prepared by mixing the active material, carbon black (Super-
P-Li), and a polymer binder (poly(vinylidenedifluoride), PVDF,
Aldrich) at a weight ratio of 7:2:1. A polypropylene film
(Celgard-2400) was used as a separator. Li foil was used as the
counter electrode. The electrolyte was a 1 M LiPF solution in a
50:50 (w/w) mixture of ethylene carbonate (EC) and diethyl
carbonate (DMC). The galvanostatic charge and discharge
experiment was performed_with a battery tester LAND-CT2001A
in the voltage range of 0.01 V — 3.0 V at room temperature. The
impedance spectra were recorded by applying a sine wave with
amplitude of 5.0 mV over the frequency range from 100 kHz to
0.01 Hz.
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Results and discussion

The few-layer MoS, nanosheets assembled on CNT backbone,
30 forming a three-dimensional hierarchical nanostructure, which
has been realized by a simple hydrothermal reaction of sodium
molybdate and L-Cysteine in the present of CNTs with
subsequent annealing in Ar at 550 °C. The morphology of the
products was characterized by both FESEM (Figure S1, ESI) and
3s TEM (Figure la-c). As shown in low-magnification TEM image
(Figure la), the uniform morphology of the MoS, nanosheets
grown on CNTs have diameters of ~ 100 nm, while the diameter

N PN B e
Fig. 1 (a) Low-, (b) high-magnification and (c) high-resolution TEM
images of the freshly synthesized MoS,/CNTs hybrids, inset in (b)
showing the corresponding SAED pattern; (d) high-magnification and (e)
high-resolution TEM images of the annealed MoS,/CNTs hybrids at
550 °C for 2 h, inset in (e) showing the corresponding SAED pattern.

4

S

of CNTs is about ~ 20 nm. High-magnification TEM image
4s (Figure 1b) reveals the MoS, nanosheets are interconnected and
vertically distributed on the surface of CNTs, forming a very
intriguing three-dimensional hierarchical nanostructure. By
tuning the molybdate content, the content of MoS, can be easily
controlled without changing their morphology. More interestingly,
so the two layered spacing can be measured to be about 1.0 nm,
which is much larger than the value of the reported MoS, (0.64
nm). The data is in good agreement with XRD results, as shown
in Figure 2 (black line). It can be found that the (002) reflection
disappears while a clear broad peak at ~ 8.4° (marked by 1#) and
ss a poor broad peak at ~ 16.7° (marked by 2#) appear. The
interlayer distance of peak 1# can be calculated to ~ 1.0 nm
according to the Bragg equation, which is the same as the TEM
observation. Such large interlayer distance may be attributed to
the presence of oleic acids on the surface of single-layer MoS,."
o The insertion of oleic acids into the layer of MoS, has been
confirmed by FTIR analysis as shown Figure S2. Prior to heat
treatment, the fresh MoS,/CNTs clearly display a keen peak at
2902 cm’!, which is assigned to C-H stretching vibration of CH,
and CHj in oleic acids. The peak at 1706 cm™ belongs to the C=0
6s stretching vibration of COOH. The peak at 1399 cm™ belongs to
the vibration of -CH=CH-. The peak at 1040 cm™ attributed to the
vibration of C-O. The peak at 766 cm™ to the 3¢y (bending
vibration), which is characteristic of -CH, in long-chain alkanes.
All the peaks disappeared after the calcination as a result of the
70 removal of oleic acids as shown in Figure S2 (red line). In view
of the strong confined effects of MoS, interlayer from their self-
assembly process, it is hard to remove the surfactant oleic acids
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Fig. 2 XRD patterns of the annealed MoS,/CNTs hybrids (red line) and
75 the fresh MoS,/CNTs hybrids (black line), respectively.

70 80

only by washing. In addition, the crystallinity of MoS, is also
very poor from the SAED pattern in inset of Figure 1b. To totally
remove the residual and improve the crystallinity, an annealing
process was performed. Here, we chose 550 °C as the annealing
so temperature considering that too high temperature will result in
the formation of tubular MoS, on the surface of CNTs (TEM
image, Figure S3 in ESI). The TEM image is shown in Figure 1d.
It can be observed that the morphology has been well-maintained.
Figure 1e shows the HRTEM of the interface between the CNT
ss and MoS, layer. It can be observed that the few-layers MoS,
nanosheets are interconnected and directly grown on the CNT
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wall. The interlayer distance is about 0.64 nm. The corresponding
SAED pattern (inset in Figure le) shows the obvious diffraction
rings, indicating a high crystallinity of the products. These results
are further confirmed by XRD measurement, as shown in Figure
2 (red line). The XRD pattern of the annealed MoS,/CNTs
hybrids displays the distinct (002), (100), (103) and (110)
diffraction peaks of 2H-MoS, (JCPDS 37-1492). Furthermore,
the annealing MoS,/CNTs hybrids also possess a high BET
surface area of 45.0 m® g' with a bimodal mesopore size
distribution (Figure S4 in ESI), which is important for achieving
high energy density and power density for LIBs.
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Fig. 3 TG curves of MoS,/CNTs hybrids with different MoS, content,
labeled as sample a-c.

100 200 700

To optimize the composition, the annealed MoS,/CNTs hybrids
with different MoS, content have been synthesized, which are
determined by TG analysis. As shown in Figure 3, the weight loss
was measured to be 76%, 68% and 62% for sample a-c in order.
Each TG curve obviously shows two weight losses. The first
weight loss occurs at about 380 °C, caused by the oxidation of
MoS, to M00;.%° The other weight loss occurs at about 520 °C,
which can be attributed to the combustion of the CNTs.
Assuming that the residual pure MoO; after TG
measurement, the MoS, content of sample a-c could be estimated
to be 85%, 75% and 69%, respectively. Their electrochemical
performances were preliminarily evaluated by assembling them
into coin-type 2016 cells, respectively. The relationship of the
annealed MoS,/CNTs hybrids with different MoS, content and
their electrochemical performances has been investigated in
Figure S5 in ESI. It can be seen that, with the increase of MoS,
content, a better electrochemical performance can be obtained. In
this work, a maximum MoS, content can reach as high as ~ 85%,
which then has been further evaluated in detail.

Their structure and morphology of the hybrids with 85% MoS,
content have already been characterized in detail before. For
convenient discussion, the corresponding hybrids are labelled as
MoS,/CNTs hybrids in the subsequent text. Figure 4a shows the
cyclic voltammograms (CVs) of the MoS,/CNTs hybrids within a
potential range of 0.01 V - 3 V. As shown in Figure 4a, two peaks
at ~ 0.9 V and ~ 0.45 V are observed in the st cathodic sweep.
The peak at ~ 0.9 V is attributed to the intercalation of Li ion into
MoS, lattice to form Li,MoS,*! and the other peak at ~ 0.45 V
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Fig. 4 (a) CV curves at a scan rate of 0.2 mV s for the initial 3 cycles, (b)
charge-discharge curves at 200 mA g for the initial 3 cycles of the
MoS,/CNTs hybrids, (c) rate capabilities of the MoS,/CNTs hybrids and
the commercial MoS,, respectively, (d) cycling behavior and Columbic
efficiency of the MoS,/CNTs hybrids at a current density of 400 mA g™

corresponds to the decomposition reaction of Li,MoS, to Mo and
Li,S.*' In addition, another poor peak at 1.6 V can also be
observed, which could be attributed to the reduction reaction of
the oxygen-containing functional groups from CNTs.?? In the
reverse anode sweep, a weak peak at 1.7 V appears owning to the
incomplete oxidation of Mo metal.® The strong peak at 2.4 V can
be assigned to the delithiation of Li,S.?* In the subsequent 2™ and
3™ cathodic sweeps, two peaks are observed at 1.8 V and 1.2 V,
respectively, mainly due to the following two reactions: 2Li" + S
+ 2¢ — Li,S and MoS, + xLi" + xe — Li,MoS,.”* Fig 4b
exhibits the initial three discharge—charge profiles in the potential
range of 0.01 V - 3 V at current density of 200 mA g™'. The initial
discharge and charge capacities can reach 1617 mAh g and 1226
mAh g, respectively, showing a remarkably enhanced Columbic
efficiency of 75.8% thanks to the unique nanostructure assembled
by few-layered MoS, nanosheets on CNTs. In the next two
discharge and charge processes, the discharge capacity can still
reach 1310 mAh g and 1296 mAh g with Coulombic efficiency
as high as 95% and 96%, respectively, demonstrating a high
reversible capacity and excellent cycling stability.
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Fig. 5 (a) Scheme illustration of the diffusion of electron and Li ion for
the as-prepared MoS,/CNTs hybrids, (b) Nyquist plots of the MoS,/CNTs
hybrids and the commercial MoS,, respectivey.

The rate capability of the MoS,/CNTs hybrids was further
evaluated, as shown in Figure 4c. The average discharge
capacities are 1293 mAh g, 1203 mAh g, 1092 mAh g, 983
mAh g and 888 mAh g at current densities of 200 mA g, 400
mA g, 800 mA g, 1600 mA g and 3200 mA g, respectively.
After the rapid charge and discharge at 3200 mA g', a mean
capacity of 1294 mAh g' can be recovered when the current
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density returns back to 200 mA g'. For comparison, the
commercial MoS, was also tested under the same condition,
showing much lower capacity of 716 mAh g™ at 200 mA g, with
poor rate performance (the capacity of only 192 mAh g™ at 3200
mA g"). Such high specific capacity and rate capability are
superior or comparable at least to the best results reported for
MoS,-based electrode materials.'*'>**?7 Very recently, Yang et
al.** reported the synthesis of hierarchical MoS,/polyaniline
nanowires which showed an intriguing specific capacity of
1062.7 mAh g at 200 mA g with ~ 30% capacity retention at
1000 mA g, but still lower than our samples (1293 mAh g at
200 mA g with 888 mAh g' capacity retention even at 3200 mA
g'). After testing the rate performance, the MoS,/CNTs hybrids
subsequently continue to be evaluated at a current density of 400
mA g for another 200 cycles (Figure 4d). The hybrids show no
capacity fading in the whole cycling process and deliver high
specific capacity of ~ 1200 mAh g with a Coulombic efficiency
of ~ 100%. The outstanding cycling stability would overwhelm
the MoS,-based anode materials in the literature, such as three-
dimensional tubular architectures assembled by single-layered
MoS, (73.8% capacity retention after 50 cycles),?® hierarchical
MoS,/polyaniline nanowires (89.6% capacity retention after 50
cycles)* and MoS,/amorphous carbon composites (95% capacity
retention after 100 cycles).'> In a previous work, Chen et al."?
reported the synthesis layered MoS,/graphene composites,
showing almost no capacity loss (1187 mAh g' at 100 mA g
after 100 cycles (1200 mAh g™ at 400 mA g™ after 200 cycles for
our samples). Such excellent electrochemical performance is
mainly attributed to the unique hierarchical nanostructure. As
shown in Figure Sa, the introduction of CNTs builds high-speed
conductive channel for MoS, nanosheets, greatly boosting the
rapid electron transfer during Li ion insertion/extraction. To
verify this viewpoint, the electrochemical impedance spectra of
the MoS,/CNTs hybrids and the commercial MoS, were
performed. As shown in Figure 5b, the MoS,/CNTs hybrids
demonstrate a much lower resistance (~ 183.5 Q) than the
commercial MoS; (~ 541.6 Q). On the other hand, the few-layer
MoS, nanosheets were firmly and alternately assembled on the
CNTs, which provided high structural sufficient electrochemical
active sites and therefore resulting in high stability and
meanwhile created amounts of porous configuration. The Li ion
from the surrounding of MoS,/CNTs have significantly improved
contact with the Li accommodate layers, ensuring specific
capacity and rate performance.

Conclusions

In conclusion, we have successfully realized the self-assembly
of few-layer MoS, nanosheets on CNT backbone via a facile
hydrothermal reaction with subsequent annealing process. In this
structure, the few-layer MoS, nanosheets were alternately and
vertically grown on the surface of CNTs forming a three-
dimensional hierarchical nanostructure. The MoS, content can be
easily controlled with a maximum content of 85%. Such
MoS,/CNTs hybrids could be applied as an intriguing anode
material for the development of LIBs with high rate capability
and long cycle life. Compared with the commercial MoS, (716
mAh g at 200 mA g"), the as-prepared MoS,/CNTs hybrids
demonstrated a much higher specific capacity of 1293 mAh g™ at
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200 mA g with remarkably enhanced rate capability (888 mAh
g even at 3200 mA g''). More significantly, they also possess a
very high cycling stability, i.e. almost no capacity loss after over
200 cycles at 400 mA g”'. Such overwhelming electrochemical
performance endows the MoS,/CNTs hybrids huge potential as
an anode material for LIBs.
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