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ABSTRACT: A hydrothermal method was developed to grow
ultrathin MoS, nanosheets, with an expanded spacing of the
(002) planes, on carbon nanotubes. When used as a sodium-
ion battery anode, the composite exhibited a specific capacity
of 4959 mAh g!, and 84.8% of the initial capacity was
retained after 80 cycles, even at a current density of 200 mA
g '. Xeray diffraction analyses show that the sodiation/
desodiation mechanismis based on a conversion reaction.
The high capacity and long-term stability at a high current ate
demonstrate that the composite is a very promising candidate
for use as an anode material in sodium-ion batteries.
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F ollowing the development of advanced fabrication
techniques, lithium-ion batteries (LIBs) have been
extensively investigated as key components in portable
electronic devices, hybrid electric vehicles, and aerospace
technology because of their high energy density. However,
the scarcity of Li resources limits the large-scale application of
the LIBs. Conversely, compared with Li, Na reserves are
abundant. Furthermore, sodium has a very negative redox
potential of —2.71 V vs SHE and a small electrochemical
equivalent of 0.86 gA h™".'~> Thus, sodium-ion batteries (SIBs)
are very promising for large-scale energy storage applications in
renewable energy and smart grid. However, Na ions have a
much larger radius (ca. 1.06 A) than Li ions (ca. 0.76 A),
leading to a strong coordination in the host lattices and slow Na
ion diffusion kinetics.' > Therefore, it is necessary to explore
suitable host materials with sufficient Na insertion capacity,
especially for anode materials. Recently, high storage sodium
capacities of some metals and alloys, such as Sn and Sb, via an
alloying reaction, have been demonstrated.*”'> Komada et al.
reported that Sn anodes exhibited a capacity of 500 mAh g™/,
which is close to the calculated value.* The three-dimensional
tin-based anodes exhibited a capacity of 405 mAh g™ after 150
cycles.” High capacities of Sb/C(610 mAh g™')® and SnSb/C
(544 mAh g_l)7 have also been demonstrated. However, owing
to the transport mechanism via an alloying reaction, the volume
changes are quite large after the insertion of Na in these metals
and alloys. Thus, the high rate and long cycling performances of
such materials need to be further addressed. Recent studies
showed that the metal oxides could also accommodate Na as
the anode material."*'* For example, Hariharan et al. reported
that Fe;O,, when used as the anode material in SIBs, exhibited
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discharge and charge capacities of 643 and 366 mAh g7,
respectively.’> Fe,0,/graphene composites exhibited a rever-
sible capacity of 410 mAh g~' even after 100 cycles at a current
density of 100 mAh g™.'* However, the long life of the metal
oxide based anodes at a high current density is still insufficient.
Very recently, SnS based composites, when used as SIB anode
materials, exhibited very high electrochemical performances
resulting from small structural changes of SnS during the
sodiation/desodiation process."

MoS, is a typical layered structure and the spacing between
the neighboring layers for bulk MoS, is about 0.615 nm, which
is significantly larger than that of graphite (0.335 nm).
Furthermore, the van der Waals forces between the layers are
relatively weak. As a consequence, MoS, may be successfully
used as anode material in SIBs, although it has been reported
having a very weak Na storage capability.'® Recently, David et
al. fabricated MoS,/graphene composite paper as a self-
standing flexible electrode in SIBs."” The electrode showed a
good Na cycling ability with a stable charge capacity of
approximately 230 mAh g™/, with respect to the total weight of
the electrode, reaching a 99% Coulombic efficiency. This result
indicates that MoS,-based nanocomposites can be used as
anode materials in high-performance SIBs if their structures are
rationally designed."®

Some methods have been developed to grow MoS,
nanosheets on carbon nanotubes or graphene sheets. However,
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the spacing of the (002) crystal planes was not expanded
efficiently.” Herein we develop a hydrothermal method to
grow ultrathin MoS, nanosheets with an expanded spacing of
the (002) crystal planes on the surfaces of carbon nanotubes
(CNTs). When adopted as anode material for SIBs, this
interesting three-dimensional (3D) hierarchical composite
delivers a reversible specific capacity of 504.6 mAh g™'at a
current rate of SO mA g~' over 100 cycles, and a specific
capacity of 495.9 mAh g 'at a current rate of 200 mA g,
retaining 84.8% of the initial capacity after 80 cycles. The high
capacity and long-term stability at a high current rate indicate
that the composite is very promising for applications as SIB
anode material.

The 3D MoS, nanosheet/CNTs (MSCNTs) were synthe-
sized by a hydrothermal method (Supporting Information).
Figure 1 shows the X-ray diffraction (XRD) pattern of the
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Figure 1. XRD pattern of MSCNTs.

product. The diffraction peak at 20 = 25.9° corresponds to the
(002) plane of the hexagonal graphite and indicates that the
CNTs are present in the final product. The diffraction peaks at
20 = 32.5°,35.4°,42.7°, and 57.0° can be indexed to the (100),
(102), (006), and (110) planes of the hexagonal MoS, (JCPDs
card number 37—1492). Two additional peaks at 20 = 9.09°
and 18.2° are clearly observed in the pattern. Using the Bragg
equation, their lattice spacings (d) are estimated to be 9.68 and
4.86 A, respectively. The dual relationship between the d
spacings clearly demonstrates the formation of a new lamellar
structure with an enlarged interlayer spacing compared with
that of the hexagonal MoS, (6.15 A), which is similar to
previous results.”® Therefore, the XRD patterns show that the
final product is composed of MoS, with an increased spacing of
the (002) planes and carbon nanotubes. The expanded spacing
of the MoS, (002) plane resulted from the synthesis
conditions.”’ The spacing usually increased in the alkali
solution. In addition, the environmental temperature had also
a critical effect. As previously reported, at temperatures higher
than 220 °C, the spacing of the (002) plane of MoS, could not
be expanded.”® In this work, both the alkali environment and
the low temperature (200 °C) caused the expansion of the
(002) plane of MoS,.

The morphology and structure of the 3D MSCNTs were
further characterized by scanning electron microscopy (SEM)
and transmission electron microscopy (TEM). As shown in
Figure 2a-b, ultrathin MoS, nanosheets were grown on the
surface of the CNTs. However, without CNTs, only MoS,
spheres were obtained (see Figure S1 in the Supporting
Information). The energy-dispersive spectroscopy (EDS)
spectrum (see Figure S2 in the Supporting Information)
shows that the composite comprises Mo, S, and C elements.
The magnified TEM images (Figure 2c, d) indicate that the
basal plane of the majority of the MoS, nanosheets is placed
vertically with respect to the external wall of the CNTs (marked
by a white arrow in Figure 2d). Figure 2e shows that the
thickness of most of the MoS, nanosheets is less than 10 nm,
and decreases below 4 nm for some of them (marked by white

Figure 2. Structrual characterization of MSCNTs. (a) SEM, (b) low-resolution TEM, (c—e) magnified TEM, and (f—h) HRTEM images. The inset

in h showing a FFT image.
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Figure 3. (a) ADF STEM image, and (b) EDX elemental scanning mappings of 3D MSCNTs.

arrows). Furthermore, the thickness of most of the MoS,
nanosheets at both ends, marked by a red arrow in Figure
2g, is less than 2 nm. The discontinued fringes at the edges,
observed in the high-resolution (HR) TEM images (marked
with white circles in Figure 2f g), indicate that rich defects,
presumably induced by the enlarged spacing of the (002)
crystal planes,® exist in the MoS, nanosheets. As shown in
Figure 2g, h, the interlayer distance is approximately 0.99 nm
even in the middle region of the edges, and increases up to 1.1
nm at the ends of edges, consistently with the XRD
measurements. The expanded distance of the (002) crystal
planes facilitates the Na jon storage in the ultrathin MoS,
nanosheets. Moreover, the atomic arrangement on the basal
surface appears highly disordered and even short-range
ordering of the nanodomains is not present (Figure 2h),
suggesting very poor crystallinity of the basal surfaces of the
MoS, nanosheets. Only one closed diffraction ring can be
observed in the fast Fourier transform (FFT) applied to the
HRTEM image (inset in Figure 2h), further confirming the
strongly disordered arrangement of the nanodomains. The rich
defects and poor crystallinity of the basal surfaces may promote
an improvement of the electrochemical performance of MoS,.*°
The 3D MSCNTSs contain about 76.7 wt % of MoS,,
determined with a CS-206 infrared carbon and sulfur analyzer.

To further ascertain the distribution of the elements in the
3D MSCNTSs, annular dark-field (ADF) scanning transmission
electron microscopy (STEM, Figure 3a) and the corresponding
energy dispersive X-ray spectrometry (EDX) elemental
scanning mappings (Figure 3b) were carried out. The
measurements reveal that the Mo and S elements mainly
distribute in the external region, whereas C is more present in
the inner part.

The surface electronic state and composition of the 3D
MSCNTs were investigated by XPS analysis. The XPS survey
spectrum indicates that the composite contains C, Mo, S, and
O elements, as shown in Figure S3a (Supporting Information).
In the high-resolution S 2p spectra shown in Figure S3b
(Supporting Information), the peaks observed at 161.7 and
162.9 eV correspond to S*~ 2p,/, and S*~ 2p, )y, respectively.
The intensity ratio of the characteristic peaks is approximately
2:1 and their separation energy is ca. 1.2 eV, which is typical for
S*" species. Figure S3c (Supporting Information) shows a high-
resolution spectrum in the binding energy range of 223—240
eV. The peaks at 228.8 and 231.9 eV correspond to the Mo*"
3ds/, and Mo*" 3d;,, components in MoS,, respectively. The
3d;/, and 3ds,, peaks have separation energies close to 3.1 eV,
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characteristic of the Mo species.”>*® The peak at around 235.8
eV, assigned to Mo®, is negligible, suggesting that the amount
of MoOj; is minimal in the product. Figure $3d (Supporting
Information) shows the standard carbon peak at 284.6 eV, with
the asymmetric peak indicating that C—O and C=O0O groups
exist on the surfaces of the CNTs.

The presence of MoS, and carbon nanotubes in the 3D
MSCNTs is further confirmed by the Raman measurements
(Figure S4, Supporting Information). The Raman peaks at 374
and 401 cm™!, ascribed to El2g and Ay res ectively, are
characteristic peaks of the hexagonal MoS,**** The Raman
peaks at around 1352.6 and 1572.6 cm™, corresponding to D-
band and G-band, respectively, belong to the carbon nanotubes.
The intensity ratio of the D-band and G-band is significantly
below 1.0, indicating that the carbon nanotubes have a high
degree of graphitization.”* Compared with CNTs, the intensity
of the D- and G-bands in the MSCNTs decreases considerably
because of the dense MoS, nanosheets grown on the surface of
the CNTs. Notably, the additional amount of CNTs plays an
important role in the successful synthesis of uniform MSCNTs.
When the amount of CNTs decreased below 1 mg (Figure SSa,
Supporting Information), there were large MoS, spheres in the
final product; however, when the amount of CNTs increased
above S mg (Figure SSb, Supporting Information), most of the
CNTs were not coated by MoS, nanosheets.

The 3D hierarchical nanostructures, composed of ultrathin
Mo$, nanosheets with an expanded spacing of the (002) crystal
plane grown vertically on the surface of the CNTs, provide
shorter Na-ion diffusion channels and high conductivity for Na-
ion storage, and may therefore exhibit good electrochemical
performances when used as anode materials in SIBs. The
electrochemical properties of MSCNT's were first evaluated by
cyclic voltammograms (CV). As shown in Figure S6, three
reduction peaks at 1.3, 0.66, and 0.005 V and the oxidation
peaks at 2.2, 1.7, and 0.5 V were observed in the first cycle. In
the second cycle, the reduction peaks at 1.3 and 0.66 V shift to
higher potential of 1.5 and 0.77 V, respectively. At the same
time, the intensity of the peak at 0.77 V decreases after the
second cycle, indicating the solid electrolyte interphase (SEI)
layer is formed on the MSCNT surface. SEI layer leads to
irreversible capacity loss in the first cycle. After the second
cycle, the reduction and oxidation peaks have almost not
changed in the intensity and position, indicating a good cycling
stability of MSCNTSs. During the reduction process, the peak at
around 1.5 V corresponds to the intercalation of Na ions into
the interlayer of MoS,"”*”
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Figure 4. Electrochemical performances of different samples. (a) typical voltage versus specific capacity profiles of MSCNTs for the different
discharge/charge cycles; (b) cycling performances of MSCNTSs, MoS, spheres, and CNTs at a current density of 50 mAh g™'; (c) rate performances
of MSCNTSs; and (d) stability of MSCNTs at a current density of 200 mAh g~ '

MoS, + yNa* + ye™ — Na MoS, (1)
The peak at around 0.66 V indicates that the conversion
reaction occurs.

Na,MoS, + (4 = y)Na* + (4 — y)e” — 2NaS, + Mo

@)
In addition, the peak at low potential of around 0.005 V is
attributed to the Na ion adsorption on the interface between
Na$, and Mo.'”*’

The electrochemical performance of MSCNTSs, MoS,
spheres obtained without CNTs, and CNTs was further
evaluated using coin cells with sodium metal as a counter
electrode. Figure 4a shows the voltage—capacity curves at a low
current density of SO mA g~'. The initial discharge curve shows
three plateaus at 1.5—0.9, 0.9—0.3, and 0.3—0 V, consistent with
the analyses of CV. Although the width of the plateau at a low
potential region is gradually shorten after the initial cycle, the
other two plateaus still presented, which suggest highly
reversible Na ion storage in MSCNTSs. The discharge capacities
in the first, second, and third cycles are 835.6, 604.7, and 539.9
mAh g7!, respectively. Even after 100 cycles, both the discharge
and the charge capacities of the 3D MSCNTs are stable at
ca.504.6 mAh g™, delivering 93.5% of the third cycle capacity.
The Columbic efficiency is 77.4% after the first charging and
discharging processes, and remains in the range of 91.6—100%
during the successive 100 cycles. The reversible capacity
stabilizes in the range of $39.9—504.6 mAh g~ with an initial
capacity retention of 89.3% during the following 100 cycles
(Figure 4b), suggesting that the 3D MSCNTs have a good
cycling performance at a low current rate of SO mAh g™
Compared with the carbon nanotubes and MoS, flowers, the
3D MSCNTs exhibit excellent electrochemical performances.
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As shown in Figure 4b, the reversible discharge capacities of the
MoS, flowers and carbon nanotubes are 427.4 and 97.3 mAh
g~!, respectively, significantly lower than that of the 3D
MSCNTs. Furthermore, after 50 cycles their reversible
capacities are only 28 and 64% of the initial capacities. Thus,
the incorporation of carbon nanotubes remarkably enhances
the electrochemical properties of the MoS, nanosheets. More
importantly, compared with other MoS, samples, the 3D MoS,
nanosheet/CNTs exhibit enhanced rate capabilities.'”'® For
example, the discharging capacity of the MoS,/graphene paper
at a current density of 25 mA g~' is equal to 250 mAh g,
whereas the capacity of the 3D MSCNTSs increase up to 504.6
mAh g™ at a current density of 50 mA g™ even after 100 cycles
(Table S1, Supporting Information)."”

Because of the unique 3D architectures, the MSCNTs also
exhibit very good high-rate electrochemical performances. As
shown in Figure 4c, the reversible capacity of the 3D MSCNTs
increases up to 328.4 mAh g™ even at a high current density of
500 mA g_l, and considerably higher than that of the carbon
nanotubes and MoS, spheres (Figure S7, Supporting
Information). Moreover, after a highly rapid charging/
discharging process, the discharge capacity of the 3D MSCNTs
can recover 84.2% of the initial capacity at a current density of
50 mA g~', suggesting an excellent rate cycling stability of the
anodes. The long-term stability of the electrochemical perform-
ance of the 3D MSCNT's was further tested at a current density
of 200 mA g~". Figure 4d shows the cycling behavior of another
SIB anode, initially at S0 mA g~ for several cycles, and then at
200 mA g ! for 80 cycles. The MSCNTs clearly exhibit a
specific capacity of 495.9 mAh g™! retaining 84.8% of the initial
capacity after 80 cycles at the current rate. Moreover, the
Coulombic efficiency is in the range of 96—100% (Figure S8,
Supporting Information). Table S1 (Supporting Information)
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Figure S. Ex situ XRD patterns of MSCNT electrodes at different states after different charged/discharged cycles. (a) The first fully discharged
process, (b) the first fully charged process, (c) the fully discharged process after 100 cycles, and (d) the fully charged process after 100 cycles.

compares our results with the state of the art results reported in
previous research on SIB anode materials. It is found that the
rate-performance of our prepared 3D MSCNTs is considerably
higher than those of most anode materials for SIBs.”'***

Considering the structural characteristics of the 3D
MSCNTs, the excellent electrochemical performances could
be ascribed to the following factors. (i) The thickness of the
majority of the MoS, nanosheets is less than 10 nm (Figure
2d—f), providing a short pathway for the Na ion diffusion and a
low activation energy for the Na ion intercalation reaction. (ii)
The very low conductivity between two adjacent van der Waals
bonded S—Mo—S sheets of the bulk MoS, significantly limits
the rate of the Na ion intercalation.”® The conductivity of the
MoS, nanosheets is greatly improved as they are grown
vertically on the surfaces of the CNTs. The enhanced
conductivity is attributed to the rapid electron transport during
the Na insertion/extraction reaction. An electrochemical
impedance spectroscopy (EIS) analysis of the MoS, spheres
and 3D MSCNT electrodes was conducted to investigate the
improved conductivity. Figure S9 (Supporting Information)
shows both Nyquist plots, consisting of one semicircle in the
high-frequency region and a straight line in the low-frequency
region. The depressed semicircle in the high-frequency region is
attributed to a charge-transfer process. The diameter of the
semicircle in the 3D MSCTNs plot is smaller than that in the
spheres plot, indicating that the charge-transfer resistance at the
electrode/electrolyte interface of the 3D MSCTNs is
significantly lower than that of the MoS, nanospheres. (iii)
The lattice distance of the (002) planes of the MoS, nanosheets
increased up to 0.968—1.10 nm. The increased spacing
facilitates the Na ion insertion/extraction compared with the
bulk MoS,. (iv) As the MoS, nanosheets are grown on the
surfaces of the CNTs, there is a void space, among neighboring
nanosheets, that facilitates an efficient contact of the electrolyte
with the active materials. (v) The high mechanical strength
enables the CNTs to withstand the stress and volume variation
accompanying the Na charging/discharging process.

To reveal the charge/discharge mechanism of the 3D
MSCNTs, ex situ XRD analyses were carried out to determine
the compositional changes of fully discharged and charged

21884

electrodes after the first cycle and after 100 cycles. Before the
measurements, the electrodes were immersed in dimethyl
carbonate to remove NaPF. In all the XRD patterns, the strong
peaks located at 20 = 38.9° are attributed to the copper current
collector. After the first discharge (Figure Sa), a peak located at
20 = 38.9°, indexed to the (220) plane of Na,S (JCPDs card
number 03—0933), can be observed, whereas the MoS, peaks
disappear. This result suggests that MoS, is converted to Na,S
after a fully discharged process. As shown in Figure Sb, after the
first fully charged process, the diffraction peak from Na,S
disappears. However, two diffraction peaks corresponding to
(102) and (103) crystal planes of MoS, (marked with blue
circles in Figure Sb), respectively, are emerged out, indicating
that Na,S is converted to MoS, after a fully charged process. It
should be noted that the diffraction peaks corresponding to
(002) crystal plane of MoS, is not observed. It may be
attributed to further expanded d-spacing of (002) crystal plane
of MoS, due to Na ion intercalation into MoS, interlayer or the
change in the structure from a few layered MoS, to single-
layered MoS,.>” The phenomenon is common found in the
delithiation process of MoS,”” Similar results can be obtained
for the electrodes after 100 cycles, as shown in Figure Sc-d. The
different diffraction peaks in the different cycles (Figure Sb and
Figure 5d) may be attributed to the change in the crystal
structure of MoS,, which has been also found in the
desodiation process of bulk MoS,.”” The XRD results are
consistent with the analyses of CV, and thereby the sodiation/
desodiation mechanism of the MSCNTSs appears to be based
on a conversion reaction, i.e., MoS, +4Na* + 4e” — 2Na,S +
Mo, 1718

In summary, we developed a hydrothermal method to grow
ultrathin MoS, nanosheets on the surfaces of carbon nanotubes.
The thickness of the MoS,nanosheets is less than 10 nm, and
the interlayer spacing is increased to 0.968—1.10 nm. Because
of the small size and expanded interlayer spacing of MoS,, as
well as to a high conductivity, the MoS,/CNTs exhibit excellent
electrochemical performance as they serve as anode materials
for SIBs. The MoS,/CNTs deliver a reversible specific capacity
of 504.6 mAh g™ at a current rate of 50 mA ¢! over 100
cycles, and a specific capacity of 495.9 mAh g™" at a current rate

dx.doi.org/10.1021/am5061036 | ACS Appl. Mater. Interfaces 2014, 6, 21880—21885
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of 200 mA g, retaining 84.8% of their initial capacity after 80
cycles. The high capacity and long-term stability at a high
current rate indicate that the MoS,/CNTs are very promising
for applications in SIB anode materials.
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EDS, Raman, and XPS spectra of 3D MSCNTs, SEM image of
MoS, spheres, rate performances of CNTs and MoS, spheres,
Columbic efficiency of MSCNTs at 200 mAh g~', and CV
curves of 3D MSCNTSs, and ESI spectra of 3D MSCNTSs and
MoS, spheres. This material is available free of charge via the
Internet at http://pubs.acs.org/.
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