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by the large volume change and the 
poor intrinsic conductivity with a direct 
bandgap of ≈1.9 eV significantly inhibits 
the further applications of 2H MoS2 on 
lithium-ion batteries.[8,9] One of the best 
and typical strategies to ameliorate the 
structural stability and electrical conduc-
tivity of MoS2 based anode is to fabricate 
hybrid 2H MoS2 nanocomposites with 
conductive carbonaceous materials, such 
as carbon fibers, graphene, and carbon 
nanotubes. These hybrid MoS2-carbon 
nanocomposites (MCNs) could deliver a 
decent capacity of ≈900 mA h g−1 at 1 A g−1 
current density on lithium-ion batteries for  
100 cycles.[2,10,11] Unfortunately, this 
strategy also induces new constraints to 
the MCNs’ applications on lithium-ion bat-
teries, such as reducing the mass loading 
of MoS2, consuming more electrolytes, 
raising the electrode cost, and increasing 
the reaction barrier between lithium-ion 
and MoS2.[12] Even though carbon source 
can improve the conductivity of the elec-
trode, the intrinsic insulating property 
of 2H MoS2 remains unchanged, which 
will significantly limit its rate perfor-
mance and impede the utilization of the  
active MoS2.

Recently, the metastable metallic phase (1T or 1T′) MoS2 has 
emerged with promising potential on lithium-ion storage field. As 
reported,[8,13–15] benefited from its different Mo and S atom coor-
dination of octahedral structure with dense intercalation sites, 
metallic phase MoS2 owns five orders of magnitude higher elec-
trical conductivity than that of 2H MoS2. This high intrinsic con-
ductivity will be beneficial for the performance of metallic MoS2 
electrode in the following two aspects. On one hand, pure metallic 
MoS2 can be directly applied as an anode electrode on lithium-ion 
batteries without adding any conductive carbon sources, which 
would facilitate the electrochemical storage fundamental mecha-
nism studying of metallic MoS2. On the other hand, the utiliza-
tion of active MoS2 can also be maximized, and the lithium-ion 
charge/discharge capacity could be tremendously enhanced at 
high current density, therefore intensely improves the rate perfor-
mance as well as the reversible capacity of metallic MoS2 as an 
anode electrode. However, the conventional preparation methods 
of metallic MoS2 by alkali metal intercalation and exfoliation are 
complicated, unstable, and dangerous.[13] Recent reports provided 
several new strategies to prepare metallic MoS2 by solvothermal 
method,[9,16,17] which stabilized the metallic MoS2 by interlayer 
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1. Introduction

As a promising 2D material for energy storage and conversion, 
molybdenum disulfide (MoS2) has attracted extensive atten-
tion recent years due to its unique layered structure and good 
electrochemical performances on battery storage and superca-
pacitors.[1–5] MoS2 exhibits three phases: semiconducting (2H) 
phase and metallic phase (1T and distorted 1T′ phase). Semi-
conducting trigonal 2H MoS2 material has been proved to be 
a promising anode material for lithium-ion batteries due to its 
high theoretical specific capacity (670 mA h g−1, much higher 
than commercial graphite (372 mA h g−1)) and low cost.[6,7] 
However, the structural deterioration during cycling caused 
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insertion of guest ions, such as NH4
+.[17] However, all above-men-

tioned metallic MoS2 was further mixed with conductive carbon 
sources, including carbon fiber cloth,[9] single-walled carbon 
nanotube films,[16] and graphene frame,[17] for applications on 
supercapacitor or battery. Additionally, N, N-dimethylformamide 
(DMF) was employed as solvent in all of these papers, which is 
environmentally harmful.

Based on latitude mentioned above, in this study, we devel-
oped a novel and facile approach to fabricate carbon-free, 
porous nanotube with 2D metallic MoS2 nanosheets as building 
blocks by solvothermal method with ethanol as solvent. This is 
the first time demonstration of stable conductive MoS2 nano-
tube fabricated in ethanol, which is more environment-friendly 
and low-cost, compared to DMF. Also, the unique nanotube 
structure possesses significant advantages on avoiding aggrega-
tion of MoS2 nanosheets, benefitting electrolyte transportation, 
shortening lithium-ion diffusion path, and optimizing inter-
calation sites.[12,18,19] Therefore, this intercalation sites riched, 
porous 1D nanotube structure delivers high rate lithium-ion 
charge/discharge performance and enhanced structural and 
cycling stability on lithium-ion battery applications with an 
excellent reversible capacity of 1100 mA h g−1 under a current 
density of 5 A g−1 for more than 350 cycles, and an outstanding 
rate performance of 589 mA h g−1 under a current density  
of 20 A g−1.

2. Results and Discussion

In order to better investigate the intrinsic properties of metallic 
MoS2 for fundamental studies on lithium-ion battery, herein, we 
adopted a simple solvothermal method to fabricate a pure con-
ductive and porous nanotube made from metallic MoS2 with no 
additive and binder for lithium-ion battery anode electrode. The 

synthesis of metallic MoS2 nanotube was performed in the envi-
ronmentally friendly solvent ethanol at low temperature (200 
°C) with MoO3 as Mo source, thioacetamide as S source, and 
anodic aluminum oxide (AAO) as the template. Figure 1 shows 
the schematic representation of the pure metallic MoS2 nano-
tube structure. As shown in Figure 1a, the MoS2 nanosheets 
are vertically grown on the internal wall of AAO tube and inter-
laced together. AAO takes two folds of functions here: 1) plays 
the role as a template and 2) provides support for the metallic 
MoS2 nucleation, based on which the metallic MoS2 grows 
perpendicularly to the axial direction of tube. Figure 1b is the 
schematic representation of the as-fabricated MoS2 in AAO 
along the longitudinal direction, showing the tubular hollow 
structure of the metallic MoS2. After removing the template, 
the MoS2 nanotube can still maintain their tubular structure as 
illustrated in Figure 1c. The as-prepared structure was assem-
bled by multilayered MoS2 nanosheets (Figure 1e), with their 
2D plane vertical to the tube direction and edge exposed to the 
outside. This unique structural attribute would be beneficial for 
electrolyte transportation and lithiation/delithiation processes, 
as shown in Figure 1d. Figure 1f depicts the atomic structure of 
the layered metallic MoS2 with octahedral coordination.

The morphology of the MoS2 nanotube under different mag-
nification was characterized by scanning electron microscopy 
(SEM) (Figure 2). Figure 2a,b shows the low-magnification 
images of the MoS2 nanotube, indicating that after the removal 
of AAO template, the nanotubes still retain their length and 
tube morphology. This 1D nanotube structure prevents the 
aggregation, restacking, and structural deterioration of metallic 
MoS2 nanosheets, and accommodates the volume changes 
during MoS2 cycling on lithium-ion batteries. High-magnifica-
tion SEM images (Figure 2c,d, and Figure S1, Supporting Infor-
mation) display the specific porous tubular structure. Figure 2d 
and Figure S1b (Supporting Information) further confirm the 
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Figure 1.  Schematic representation of metallic MoS2 nanotube structure. a) Metallic MoS2 nanosheets vertically grown on the internal wall of 
AAO tube. b) Metallic MoS2 nanotube in the template, showing the tubular hollow structure. c) Metallic MoS2 nanotube after etching of template.  
d) Porous metallic MoS2 nanotube. The red dots represent lithium-ion and the blue dots represent electron. e) Building blocks of layered metallic 
MoS2 nanosheets. f) Octahedral atom structure of metallic MoS2. The yellow dots are representing S atom and the red dots representing Mo atom.
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nanotube structure of metallic MoS2. This unique porous struc-
ture possesses more advantageous features with sufficient ion 
transportation tunnels and has been proved to be promising for 
facilitating rapid electrolyte diffusion as well as shortening lith-
ium-ion diffusion path.[12,18,19] Figure 2d exhibits that the diam-
eter of the as-fabricated tube is around 100 nm, coordinating to 
the diameter of the AAO tube template.

High-resolution transmission electron microscopy (HRTEM) 
was also conducted to further investigate the structural attrib-
utes of the as-prepared metallic MoS2 nanotube. The exist-
ence of a typical flower-like structure of MoS2 on the surface 
of the nanotubes was evidenced by the low magnification TEM 
images of the metallic MoS2 nanotubes, as shown in Figure 3a 
and Figure S2 (Supporting Information). Multilayered structure 
with layer distance of ≈0.71–0.81 nm was explicitly shown in the 
HRTEM images (Figure 3b,c) The layer distance is larger than 
typical layer distance in MoS2 (0.62–0.65 nm) due to the inter-
layer insertion of guest ions arriving from urea and ethanol.[9,17] 
From Figure 3c,d, we can see the MoS2 edge is exposed to the 
outside surface, which leads to a conclusion that the nucleation 
direction of MoS2 is perpendicular to the axial direction of the 
tube. The layered intercalation sites of the MoS2 are all exposed 
on the surface of the nanotube, providing great convenience for 
lithium-ion charge/discharge. In addition, Figure 3a–c exhibits 
numerous nanopores on the nanotubes, consistent with the 
SEM results. Consequently, this unique structure can provide 
more intercalation sites and shorter path ways for lithium-ion 
intercalation and electrolyte diffusion. The selected area electron 

diffraction (SAED) pattern of Figure 3d shows weak and hazy 
diffraction rings, exhibiting the low crystallinity of the nano-
tube. Figure 3e–g is the energy dispersive X-ray spectroscopy 
(EDX) elemental mappings of the as-prepared metallic MoS2 
nanotube, showing the same structure feature as Figure 3e. 
Figure 3f,g confirms that the nanotube is composed of Mo and 
S elements. More mapping images and the elemental spectrum 
are also shown in Figure S3 (Supporting Information). Agreeing 
with the mapping results, the elemental spectrum (Figure S3d, 
Supporting Information) proves that there are only Mo and S 
elements in the nanotube structure. The atom arrangement of 
the metallic MoS2 nanotube was also investigated by HRTEM 
with the atom distance from A to D of 0.48 ± 0.02 nm, A to 
B of 0.27 ± 0.02 nm, and A to C of 0.32 ± 0.02 nm (Figure S4,  
Supporting Information).

Raman spectroscopy (Figure 4a), X-ray diffraction (XRD) 
(Figure 4b), and X-ray photoelectron spectroscopy (XPS) 
(Figure 4c,d) were performed to identify the phases and 
chemical composition of the as-prepared MoS2 nanotube. 
The typical Eg mode at 280 cm−1 of the metallic octahedrally 
coordinated MoS2 is observed from the Raman spectra of 
the fresh MoS2 sample (Figure 4a). Besides, three additional 
strong peaks at 146 (J1), 234 (J2), and 333 (J3) cm−1 observed 
in Raman spectrum also confirm the metallic phase of MoS2. 
The peak at 192 cm−1 arises from the different layers of MoS2, 
and the 372 cm−1 peak is supposed to be the E2g

1  peak of 2H 
MoS2, which may result from the transformation of metallic 
MoS2 under Raman illumination and freeze drying process 
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Figure 2.  a,b) SEM images of the as-prepared MoS2 nanotube under low magnifications. c) High magnification SEM image of MoS2 with clear porous 
structure. d) SEM image of MoS2 with clear nanotube structure.
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of the sample preparation. However, the amount of 2H 
MoS2 in metallic MoS2 nanotube is negligible as the typical 
A1g peak of 2H MoS2 at 400 cm−1 is nearly vanished. In con-
trast, the control 2H MoS2 sample only has two sharp peaks 
at 372 and 400 cm−1 without any additional peaks. In order 
to further investigate the stability of metallic MoS2 in air, the 
Raman spectra of the samples stored in air for 30 and 120 d 
were also determined. For the sample which was stored in air 
for 30 d, only a small peak compared to fresh metallic MoS2 
sample at 400 cm−1 comes out due to the phase transfer from 
metallic to semiconducting in air, and the typical peaks for 
metallic phase of J1 (146 cm−1), J2 (234 cm−1), J3 (333 cm−1) 
can still be obviously observed. In addition, even after 120 d  
of air exposure, all the typical peaks for metallic MoS2 can 
still be detected, which confirms the exceptional stability of 

our metallic MoS2 sample in air. The underlying mechanism 
for high stability of metallic tube is that, compared to freely 
nanosheets, the tubular structure can dramatically reduce the 
restacking issue. In Figure 4b, XRD pattern (red curve) shows 
three diffraction peaks at around 10°, 32°, and 58°, attributable 
to the (002), (100), and (110) planes of the metallic MoS2. The 
2H MoS2 curve (black curve) owns a different (002) peak posi-
tion, which is at around 14°, compared to metallic MoS2.[6,20] 
Figure 4c,d displays the XPS patterns of the metallic MoS2 
nanotube and 2H MoS2. The Mo XPS spectra of metallic MoS2 
nanotube consists of two signals at 228.7 and 231.9 eV, which 
are corresponding to the 3d5/2 and 3d3/2 components of 
Mo-S bonding in metallic MoS2, respectively. For the 2H MoS2 
sample, the XPS peaks of Mo are at 229.4 and 232.5 eV, which 
are ≈0.7 eV higher than the corresponding metallic MoS2 
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Figure 3.  a) Low-magnification TEM image of the metallic MoS2 nanotube. b,c) HRTEM images of the as-prepared MoS2 nanotube under different 
magnification. d) SAED pattern of the metallic MoS2 nanotube. e) TEM images of the MoS2 nanotube. f,g) EDX Mo, S elemental mappings of (e).
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peaks. The XPS signals of S 2p are at 161.6 and 162.8 eV, cor-
responding to S 2P3/2 and 2P1/2 components, which proved 
the structure of the material as Mo-S. These S 2p peaks are 
also ≈0.7 eV lower than the peaks in 2H MoS2, which are at  
162.3 and 163.4 eV, respectively.[8]

In order to further investigate its application value, the 
as-prepared metallic MoS2 nanotube was evaluated as an 
anode material for lithium-ion batteries. To have a pure study 
system, the batteries were assembled directly without adding 
any carbon conductive sources and binders. Similarly, the  
2H MoS2 nanosheets batteries were also assembled without 
any conductive additives and binders. (The corresponding SEM 
and TEM images of 2H MoS2 nanosheets could be found at 
Figure S5, Supporting Information.) Cyclic voltammetry (CV) 
measurements were first carried out between 0.001 and 3.0 V at 
0.2 mV s−1 scan ramp to study the lithium-ion storage mecha-
nism of the metallic MoS2 nanotube. Figure 5a shows the CV 
curves of 1st, 2nd, and 5th cycles of metallic MoS2 nanotube 
and the 1st CV cycle of 2H MoS2 (black curve). The first dis-
charge of the 2H MoS2 exhibits two peaks at 0.94 and 0.4 V. 
In detail, the peak at 0.94 V is attributed to the intercalation 
of lithium-ion into the 2H MoS2 layer, forming LixMoS2, with 
the phase transformation of trigonal prisms (2H) to octahedral 
(1T or 1T′) structure.[2,11,21,22] The peak at 0.4 V is ascribed to 
the conversion from LixMoS2 to Li2S and Mo nanoparticles.[2,23] 
During the first delithiation process (anodic scan), predicted 
peak around 1.5 V in 2H MoS2 owing to the lithium-ion 

association with Mo reduction is absent.[21] Only one distinct 
peak appears at 2.4 V, corresponding to the oxidation of Li2S to 
sulfur.[24] In contrast, no peaks are observed at around 0.94 V 
during the first cathodic scan of metallic MoS2, which indicates 
that no phase transformation from 2H to metallic occurred 
during the intercalation of lithium-ion into MoS2 layer.[9] The 
absence of the phase transformation peaks further identifies our 
as-prepared material as pure metallic MoS2. In the first anodic 
scan of metallic MoS2, two remarkable peaks are present at  
1.5 and 2.3 V, which are assigned to the oxidation of Mo to 
MoS2, and the oxidation of Li2S, respectively.[10,11] In the sub-
sequent discharge cycle, two small reduction peaks appear 
at 1.25 and 1.5 V, corresponding to the Mo oxidation peak at 
1.5 V. The wide peak at 1.8 V is ascribed to the sulfur reduction, 
which is in good agreement with the conversion from sulfur to 
polysulfides and then Li2S.[10] Moreover, the peak at 0.4 V disap-
pears, indicating permanent structural change during the first 
cycle.[25] The 2nd and 5th cycle curves are nearly overlapped, 
which reflects the excellent cycling stability of metallic MoS2 
nanotube on lithium-ion storage. However, the peak at 1.5 V 
in all the charge scan curves of metallic MoS2 in Figure 5a is 
significantly different compared to the 2H MoS2 Li-ion battery 
curve. This noticeable difference can be explained by the atomic 
structure of MoS2. According to the previous reports,[15,22,26]  
2H MoS2 owns a trigonal prisms structure, where the Mo atoms 
are all surrounded by S atoms. On the contrary, metallic MoS2 
is octahedral structure, with the Mo atoms exposed outside, 
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Figure 4.  a) Raman patterns of the metallic MoS2 nanotube of fresh sample, sample after 30 d in air, sample after 120 d in air, and 2H MoS2 nanosheets. 
b) X-ray diffraction spectra of the metallic MoS2 nanotube and 2H MoS2 nanosheets. c,d) X-ray photoelectron spectroscopy spectra of Mo 3d c) and 
S 2p d) of the metallic MoS2 nanotube and 2H MoS2 nanosheets.
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which is also the reason for the much higher conductivity of 
metallic MoS2 than 2H MoS2. Because of this difference in 
atomic structure, we assume that it is much easier for the 
Mo atom in metallic MoS2 structure to react with lithium-ion 
during the cathodic scan and get oxidation in the anodic scan, 
which displayed as the remarkable peak on the CV curve. To 
further confirm our conclusion, we explored the CV perfor-
mance of 2H MoS2 under 25 cycles. Figure 5b shows the 1st, 
2nd, 5th, 10th, 15th, 20th, and 25th cycles of 2H MoS2 battery 
at a scan rate of 0.2 mV s−1. From the second cycle, the inten-
sity of the reduction peak at 1.8 V (corresponding to the sulfur 
reduction) decreases continuously with cycling. The same phe-
nomenon happens at the oxidation peak of 2.3 V, because of 
the sulfur depletion during cycle.[24] On the contrary, the anodic 
peak at 1.5 V starts to appear from the 2nd cycle, and the inten-
sity of this peak continuously increases with cycling. This could 
also be explained by the structural change and phase transfor-
mation. With the redox reaction during cycling, the phase of 
2H MoS2 gradually transfers to metallic phase, and more Mo 
atom begins to be involved in the redox reaction with lithium. 
Accordingly, the reaction peak for Mo atom at around 1.25 
V, and oxidation peak at 1.5 V for Mo turn to be much more 
intensive. For metallic MoS2 anode material, the redox reac-
tion of Mo is much distinct compared to 2H MoS2, since all 
the Mo atoms are exposed to lithium and electrolyte from the 
very beginning. Exhibited on CV curves of Figure 5a, the reduc-
tion peak at around 1.5 V (Mo atom owns two reduction peaks 
at 1.24 and 1.5 V according to the literature),[10] and oxidation 
peak at 1.5 V are both more intensive than 2H MoS2. We con-
clude that the peak at 1.5 V in charge scan curve is the typical 
CV peak for metallic MoS2 on lithium-ion battery. To the best 
of our knowledge, this is the first time to highlight the occur-
rence and importance of the peak at 1.5 V on the anodic scan of 
metallic MoS2 lithium battery CV curve.

Figure 6a shows the galvanostatic charge and discharge 
curves for metallic MoS2 electrode at a current density of 5 A g−1 
with a cutoff voltage window of 0.001–3.0 V versus Li+/Li for 
the first three and 100th, 200th, 300th cycles. The initial dis-
charge and charge capacities are 1414 and 962 mA h g−1, along 
with a first Coulombic efficiency of 68%, which is caused by the 
irreversible formation of solid–electrolyte interface film. The 
voltage plateau at 0.4 V on the 1st discharge curve can be attrib-
uted to the conversion of LixMoS2 to Li2S and Mo nanoparticles, 

which is in line with the CV curves of Figure 5a. Accordingly, 
this plateau is also absent on the subsequent discharge curves 
because of the permanent structural changes. On the first three 
charge cycles, there are two plateaus at around 1.5 and 2.4 V, 
arising from the oxidation of Mo atoms and Li2S compounds 
that can also be observed on the CV curves. The plateau at 2.4 V 
of the charge curve disappeared after 100 cycles, because of the 
depletion of sulfur during cycling, which is also in accordance 
with the CV results. The discharge and charge curves of the 
100th and 200th cycles are nearly overlapped, indicating excel-
lent cycling stability during the process. However, the capacity 
increases at 300 cycles, which may be caused by the reversible 
formation of organic polymeric/gel-like layer by electrolyte 
decomposition, and materials’ activation during cycling.[27–29]

Figure 6b illustrates the cycling stability performance of 
metallic MoS2 nanotube under the current density of 2 A g−1. 
As shown in Figure 6b, the pure metallic MoS2 nanotube elec-
trode delivers a high specific capacity of 1502 mA h g−1 at 
2 A g−1 in the first discharge cycle and rapidly stabilizes at a 
specific capacity of ≈1000 mA h g−1 within 10 cycles. The 
capacity is kept at around 1000 mA h g−1 without any decay for 
150 cycles and then starts to increase, which is consistent with 
the charge–discharge profiles. The batteries were disassem-
bled after 200 cycles to investigate the morphology evolution 
of the metallic MoS2 nanotube. TEM image (Figure S6a, Sup-
porting Information) demonstrates that even after 200 cycles, 
the material still kept their tubular structure, which again con-
firms that our metallic MoS2 nanotube is robust for lithium-ion 
battery application, agreeing with the excellent cycling stability 
performance.

The rate performance of metallic MoS2 nanotube and 2H 
MoS2 nanosheets is demonstrated in Figure 6c. Under the 
current densities of 200 mA g−1, 500 mA g−1, 1 A g−1, 2 A g−1, 
5 A g−1, 10 A g−1, and 20 A g−1, the pure metallic MoS2 nano-
tube electrode exhibits a reversible capacity of ≈1080, 1048, 
1020, 978, 875, 725, and 589 mA h g−1, respectively. The elec-
trode regains the capacity of 1121 m Ah g−1 for six stable cycles, 
which is even a little higher than the initial six cycles, upon 
reduction of the current density back to 200 mA g−1. It is worth 
noting that even under a high current density of 20 A g−1, our 
metallic MoS2 nanotube electrode still provides a high revers-
ible capacity of 589 mA h g−1. In contrast, the rate performance 
of pure 2H MoS2 nanosheets electrode was also demonstrated 
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Figure 5.  CV measurements of the metallic MoS2 nanotube and 2H MoS2 nanosheets at a scan rate of 0.2 mV s−1. a) The 1st, 2nd, and 5th CV cycle 
of metallic MoS2, and the 1st cycle of 2H MoS2. b) CV curves of 2H MoS2 at different cycle number.
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under the same current densities. As shown in Figure 6c, pure 
2H MoS2 electrode delivers the capacities of 631, 556, 494, 410, 
270, 210, and 150 mA h g−1, respectively, at current densities of 
0.2, 0.5, 1, 2, 5, 10, and 20 A g−1. The pure 2H MoS2 electrode 
recovers its capacity back to ≈550 mA h g−1 when the current 
density reduces back to 200 mA g−1.

To further explore the driving force for the enhanced rate per-
formance of metallic MoS2 than 2H MoS2 as lithium-ion anode 
electrode, the electrochemical impedance spectra (EIS) of pure 
metallic MoS2 nanotube and 2H MoS2 nanosheets electrode are 

compared in Figure 6d. The Nyquist plots of the impedance 
spectrum contain a semicircle in high frequency region and a 
straight line in low frequency region. The intercept of the semi-
circle with the Re (Z) axis in the high frequency region presents 
the Ohmic resistance of the entire cell, whereas the diameter 
of the semicircle is indicative of the charge transfer resistance. 
The slope of the straight line in low frequency region is related 
to the lithium-ion diffusion. The larger slope results from faster 
lithium-ion diffusion. It is evident that the intercept (inset 
image in Figure 6d) and diameter of the semicircle of metallic 

Figure 6.  Electrochemical performance of metallic MoS2 nanotube. a) Charge/discharge profiles for the first three and 100th, 200th, and 300th cycles 
at a current density of 5 A g−1. b) Specific capacity and Coulombic efficiency versus cycle number at a current density of 2 A g−1. c) Rate performance of 
the metallic MoS2 nanotube electrode and 2H MoS2 nanosheets electrode, and d) electrochemical impedance spectra of metallic MoS2 and 2H MoS2 
batteries. e) Cycling performance of metallic MoS2 nanotube electrode and 2H MoS2 electrode at a current density of 5 A g−1.



www.advenergymat.dewww.advancedsciencenews.com

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1702779  (8 of 9)Adv. Energy Mater. 2018, 8, 1702779

MoS2 nanotube electrode are much smaller than 2H MoS2, 
suggesting a better charge transfer kinetics. Also, the slope  
of the straight line for metallic MoS2 is much larger than  
2H MoS2, which confirms the improved lithium-ion diffusion. 
The lower resistance and better diffusion properties guarantee 
a much better rate performance of the pure metallic MoS2 
nanotube electrode.

To better demonstrate the cycling stability under high cur-
rent density, Figure 6e shows the specific capacity and Cou-
lombic efficiency versus cycle number at a current density 
of 5 A g−1 for 350 cycles of the metallic MoS2 nanotube in a 
lithium-ion battery. According to the charge/discharge curves, 
the metallic MoS2 nanotube electrode exhibits excellent cycling 
stability and ultrahigh reversible capacity of 935 mA h g−1 at 
the first 200 cycles. The capacity continuously increases to 
≈1150 mA h g−1 due to the reversible formation of organic 
polymeric/gel-like layer by electrolyte decomposition and acti-
vation of the active materials. The cycling stability of 2H MoS2 
under 5 A g−1 is also shown in Figure 6e as a contrast. It dis-
plays a much lower capacity of ≈150 mA h g−1 after 350 cycles, 
due to its poor intrinsic conductivity. The outstanding cycling 
stability and specific capacity under high current density prove 
that our as-prepared metallic MoS2 nanotube has the potential 
to be a good substitute for commercial graphite as the lithium-
ion anode. The phase stability of metallic MoS2 in batteries was 
also investigated by Raman spectra as shown in Figure S6b 
(Supporting Information). The spectra exhibit that even after 
350 cycles, the typical peaks of J1 and J3 for metallic MoS2 can 
still be well defined, and no peaks for 2H MoS2 exist, which 
proves that there is no obvious phase transfer after 350 cycles.

Compared to the rate performance of current reported 
MoS2 on lithium-ion batteries,[2–4,7,9–12,17,22,23,25,30–37] (Table S1, 
Supporting Information) the pure metallic MoS2 nanotube 
electrode shows better rate performance and high reversible 
capacity under high current density without any additional 
additives. This exceptional electrochemical performance is 
ascribed to the vertically assembled unique porous and tubular 
structure, as well as their high electrical conductivity. The 
advantages of the metallic MoS2 nanotube can be presumed in 
the following aspects: (1) the as-prepared metallic MoS2 nano-
tube owns high intrinsic conductivity. This intrinsic conduc-
tivity enormously improves the efficiency of ion diffusion and 
charge transfer during cycling, which results in excellent rate 
performance especially under very high current densities on 
lithium-ion batteries. (2) Without adding any carbon sources, 
the lithium-ions could react with the metallic MoS2 nanotube 
directly, avoiding to cross over the carbon material first. This 
improves the rate performance and decreases the side reac-
tions between lithium-ion and carbon-based materials. (3) The 
nanotube structure could help to avoid aggregation of MoS2 
and increase the utilization efficiency of intercalation sites that 
would be beneficial to the cycling stability and specific capacity 
of the as-prepared material. (4) The vertically assembled porous 
structure enlarges the contact area of the electrode and electro-
lyte. It allows the lithium-ion and electrolyte to pass through 
easily and shortens the distance for ion diffusion and charge 
transfer. As a result, the rate performance is improved. Overall, 
such anode material with ultrahigh capacity and excellent rate 
performance could provide a new direction for researchers 

to develop high capacity anodes, for various lithium-ion and 
beyond lithium-ion batteries.

3. Conclusions

In summary, for the first time, the metallic porous nanotube 
assembled with vertically aligned metallic MoS2 was synthe-
sized in an environmentally friendly solvent, ethanol, with 
the scalable solvothermal method. The pure nanotube was 
subsequently investigated as a carbon-free, binder-free anode 
electrode for lithium-ion batteries. This unique metallic MoS2 
nanotube structure delivers an ultrahigh electrochemical per-
formance with a reversible capacity of ≈1100 mA h g−1 under 
the high current density of 5 A g−1 even after 350 cycles. In 
addition, without any additional conductive additives, the 
metallic MoS2 nanotube structure can still exhibit an extremely 
high reversible capacity of 589 mA h g−1 under a ultrahigh cur-
rent density of 20 A g−1, owing to its high intrinsic conductivity 
and the unique porous tubular structure with well-aligned 
building blocks. The tubular structure also attributes to pre-
vent the aggregation of MoS2 nanosheets, which improves the 
cycle stability of the electrode. Furthermore, the presence of the 
unique peak of metallic MoS2 at 1.5 V on the anodic scan of 
the CV curves was firstly figured out and investigated in this 
study, leading to a probable evaluation standard for metallic 
MoS2. The material fabrication strategy and structural design 
approach could also be promoted for the modification of other 
2D layered materials and shed light on the corresponding  
applications in high-performance energy storage and energy 
conversion.

4. Experimental Section
Metallic MoS2 Nanotube Preparation: In a typical synthesis of the  

metallic MoS2 nanotube, MoO3 (18 mg, Fisher Scientific, USA), 
thioacetamine (21 mg, Sigma-Aldrich, USA), and urea (0.15 g, Sigma-
Aldrich, USA) were dissolved in ethanol (15 mL) and stirred for 1 h. 
Then one piece of AAO was added into the solution before the solution 
was transferred to an autoclave. The autoclave was kept in a furnace 
for 16 h at 200 °C. After cooling to room temperature, the AAO piece 
embedded with metallic MoS2 nanotube was taken out and washed with 
ethanol for three times. The AAO piece was etched away by acid under 
room temperature, and the resulted MoS2 nanotube was suspended in 
ethanol for stabilization.

2H MoS2 Nanosheets Preparation: For the synthesis of the 
semiconducting 2H MoS2, the same amounts of MoO3, thioacetamine, 
and urea were dissolved in water (15 mL) and stirred for 1 h before 
transferring to an autoclave. The autoclave was kept in a furnace for 24 h 
at 240 °C. The as-prepared 2H MoS2 was washed with ethanol for three 
times and then stabilized in ethanol.

Structural and Physical Characterization: The morphology of the 
as-prepared MoS2 was characterized by the SEM (Hitachi S4800) and 
TEM (JEOL 1010). XPS was conducted using the Thermo Scientific 
K-Alpha XPS (ESCA) system. The vacuum of the chamber was 
8 × 10−8 mBar. Raman spectroscopy was carried out on a LabRam 
HR800 UV NIR with 532 nm laser excitation. X-ray diffraction 
(PANalytical/Philips X’Pert Pro) patterns of MoS2 were recorded for two 
θ values ranging from 5° to 60° with Cu Kα radiation.

Electrochemical Measurement: Standard CR2025-type coin cells 
were assembled to measure the electrochemical performance of the 
as-synthesized metallic MoS2 nanotube. The metallic MoS2 nanotube 
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electrodes were directly assembled into the coin cells in an argon-filled 
glove box, using 1m LiPF6/ethylene carbonate and dimethyl carbonate 
(1:1 vol/vol) as an electrolyte, with 1% fluoroethylene carbonate additive.
CV and EIS were measured using a biologic SP-150. Galvanostatic 
charge–discharge tests were performed on a multichannel battery 
testing system (Land CT2001A).

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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