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ABSTRACT: Recently, layered transition-metal dichalcogenides e

(TMDs) have gained great attention for their analogous graphite
structure and high theoretical capacity. However, it has suffered from
rapid capacity fading. Herein, we present the crumpled reduced graphene
oxide (RGO) decorated MoS, nanoflowers on carbon fiber cloth. The
three-dimensional framework of interconnected crumpled RGO and
carbon fibers provides good electronic conductivity and facile strain
release during electrochemical reaction, which is in favor of the cycling
stability of MoS,. The crumpled RGO decorated MoS, nanoflowers
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anode exhibits high specific capacity (1225 mAh/g) and excellent cycling
performance (680 mAh/g after 250 cycles). Our results demonstrate that the three-dimensional crumpled RGO/MoS,
nanoflowers anode is one of the attractive anodes for lithium-ion batteries.
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igh energy density and power density lithium-ion
batteries (LIBs) are widely developed to meet the
demand for a variety of energy consumptions such as portable
electronic devices, hybrid electric vehicles, electric vehicles, and
large-scale energy storage devices.' > However, the relatively
low specific capacity of graphite (372 mAh/g), the commercial
anode material, has limited the energy density for LIBs.*™°
Therefore, alternative anode materials with high capacity need
to be exploited.”"°
Molybdenum disulfide (MoS,), as one of the typical layered
transition-metal dichalcogenides (TMDs), exhibits unique
chemical peculiarities based on its layer structure: hexagonal
layers of Mo are sandwiched between two S layers, Mo—S
combined by strong covalent bonding while S—S interacted by
weak van der Waals forces.'"'> This graphite-like structure
permits lithium ions intercalate into the layers and react with
MoS, according to the conversion reaction: MoS, + 4Li" + 4e~
= Mo + 2Li,S, and high lithium storage capacity (about 1000
mAh/g) has been obtained in pervious reports.">~"> However,
it suffers from poor cycling stability, because of the poor
electronic conductivity and the large volume change of
conversion reaction-based materials during charge/dis-
charge.'*™"°
To date, strategies like exfoliation methods,
ogy control,'**%*22 and conductive decoration
been adopted by scientists to improve the electronic
conductivity and buffer the huge volume variation. Especially,
compositing anodes with carbonaceous materials is an efficient
approach for improving the cycling stability due to the superior
electronic conductivity and mechanical stability of carbona-
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ceous materials.”>">° Furthermore, graphene decorated hybrid
nanostructures offer great advantages because of its superior
mechanical flexibility and electrical conductivity.'>'”*' Re-
cently, our group reported the crumpled graphene encapsulated
three-dimensional Ni;S, electrodes through a contraction-
strain-driven crumpling method, which display significant
improvement in cycling stability.>>

Herein, to integrate all these merits and improve the
electrochemical performance of MoS,, first, we rationally
designed and synthesized MoS, nanoflowers on carbon fiber
cloth (MS) through a facile and scalable hydrothermal method
followed by heat treatment. The MoS, nanoflowers anode
exhibits high reversible capacity and excellent cycling property
at low current density while it still suffer from rapid capacity
fading at high currents. For this issue, the graphene oxide
suspension is introduced (Figure 1). As a result, the crumpled
RGO/MoS, nanoflowers on carbon cloth (MS-CG) has been
obtained, which delivers enhanced rate performance and
cycling property. In MS-CG, the framework which is consisted
of the crumpled RGO and the carbon fiber provides
bicontinuous electron transport paths and efficient ions
diffusion distances for the MoS, nanoflower (Figure 2a). In
addition, the crumpled RGO with great mechanical property
facilitates the release of stress caused by repeated volume
changes and maintains the integrity of the electrode materials.**
Thus, the high reversible capacity and excellent cycling
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Figure 1. Schematic illustration for the synthesis of RGO decorated
MoS, nanoflowers on carbon fiber cloth.

performance would be realized based on the crumpled RGO/
MoS,/carbon fiber three-dimensional conductive framework.
The crystal structure of the samples is determined by X-ray
diffraction (XRD). The precursor without heat treatment is 2H-
MoS, with large interlayer spacing and low crystallinity (Figure
Sla in the Supporting Information).>> The XRD patterns of
MS, MS-CG and plain RGO/MoS, nanoflowers (MS-PG)
(Figure 2b) are indexed to hexagonal MoS, (JCPDS Card No.
37—1492, 2H form, a = b = 3.1612 A, c = 12.2985 A, f = 120°),
and the corresponding crystal structure is shown in Figure S2 in
the Supporting Information.'®** The full width at half-
maximum (fwhm) of (002) peak in the three XRD patterns
are 1.28, 1.27, and 1.27, respectively, indicating the similar
crystallinity of MoS, in the MS, MS-PG, and MS-CG. The
similarity of the MS and MS-CG in XRD demonstrates that the
RGO solution has little effect on the nucleation and crystal
growth of MoS, nanoflower in the hydrothermal reaction
process. Raman spectra of the carbon fiber and MS-CG are
given in Figure 2¢. The Raman spectra contains the longitudinal

acoustic phonons at M point (LA (M)) due to the electron—
phonon coupling,'*** the E1 2g peak at 379 cm™ due to the
in-plane opposite vibration of the S atoms based on Mo atom,
and the A, peak at 406 cm™" comes from the out of plane
opposite vibration of the S atoms.*® The D band and G band of
RGO are overlapped with those of carbon fiber, making them
difficult to identify (Figure 2c). The 2D band, D+G band, and
2G band are observed in both pristine carbon cloth and MS-
CG (Figure 2c inset). Figure 2d shows the X-ray photoelectron
spectroscopy (XPS) survey of as-prepared sample containing
Mo, S, C and O elements, whereas the oxygen comes from the
functional groups on carbon fiber and RGO.>>* This
phenomenon has also been observed in the previous
literature.”® The C 1s peak is composed of two components:
the C—C at 284.8 eV and the C—O at 286.2 eV, which also
demonstrates the existence of oxygen (Figure S3 in the
Supporting Information).*® The high-resolution spectrum of
S, peak is resolved into two components located at 162.3 and
163.4 €V, representing the divalent sulfide ions (Figure 2e).
The Moy, peak consists of two sub peaks located at 229.4 and
232.6 eV, corresponding to the Mo*" in MoS, (Figure 2f 30
The morphology of MS, MS-PG, and MS-CG is charac-
terized by the field emission scanning electron microscopy
(FESEM). Figure 3a shows that MoS, nanoflowers uniformly
grow on the carbon fiber (Figure 3a). The MoS, nanoflowers
are average 500 nm in size and composed of lots of ultrathin
nanosheets with thickness of about 10 nm (Figure 3b).
Remarkably, the precursor of MS shows a similar morphology
(Figure S1b in the Supporting Information), indicating the heat
treatment has little influence on the morphology. Besides, the
RGO in MS-CG and MS-PG is introduced via hydrothermal
method and postelectrochemical deposition, respectively. The
morphology of MoS, nanoflowers on the carbon fibers is not
affected by the introduction of RGO (Figure 3c). The RGO in
MS-CG crumples and covers the MoS, nanoflowers homoge-
neously. However, in the MS-PG, the RGO nanosheets on the
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Figure 2. (a) Schematic illustration of the MS-CG composites with bicontinuous electronic transport pathway and facile stress relaxation during
charge/discharge process. (b) XRD patterns of MS, MS-PG, and MS-CG. (c) Raman spectra of the carbon fiber and MS-CG. (d—f) XPS spectra of
MS-CG: (d) whole XPS spectrum, (e) Sy, XPS spectrum, and (f) Mosy XPS spectrum.
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Figure 3. (a) Typical low-magnification FESEM image of MS. (b—d) High magnification FESEM images of (b) MS, (c) MS-CG, and (d) MS-PG.
(e) FESEM image with elemental line scanning and (f) elemental mappings of MS-CG. (g—h) TEM images of (g) an individual MS-CG particle and

(h) a magnified area of the MS-CG. (i) HRTEM image of the MS-CG.
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Figure 4. (a) CV curves of the first three cycles of MS at a scan rate of 0.1 mV/s. (b) Cycling performance and Coulombic efficiency of the MS at
100 mA/g, inset shows the corresponding galvanostatic charge—discharge profiles. (c) Rate capability of the MS, MS-PG and MS-CG at the current
densities ranging from 0.2 to 2.5 A/g. (d) Nyquist plots of MS and MS-CG before cycling and after 10 cycles. (e) Cycling performance of the MS,

MS-PG, and MS-CG at 500 mA/g.

surface of MoS, nanoflowers are generally plain (Figure 3d).
Figure 3e, f shows the energy-dispersive spectroscopy (EDS)
line scanning and elemental mappings of the MS-CG, which
give a strong evidence of the homogeneous distribution of Mo,
S, and C elements in the crumpled RGO decorated MoS,
nanoflowers. Transmission electron microscopy (TEM) image

12627

of the MS-CG clearly shows the nanoflower with crumpled
RGO (Figure 3g). Magnified TEM image further identifies the
adhesion of thin RGO and MoS, nanosheet (Figure 3h). The
high-resolution TEM (HRTEM) image (Figure 3i) intuitively

demonstrates the clear lattice fringes with spaces of 0.62 and
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0.25 nm, corresponding to d-spaces of (002) and (102) planes
in hexagonal MoS,, respectively.

To evaluate the electrochemical performance, we assembled
coin cells (lithium metal as anode) based on the MS-CG, MS-
PG, and MS and tested in the voltage range of 0.01-3.00 V
versus Li*/Li. Figure 4a shows the cyclic voltammogram (CV)
curves of the first three cycles of the MS at a scan rate of 0.1
mV/s. In the first cathodic scan, the intensity peak located at
1.04 V is attributed to the intercalation of Li ions into the MoS,
layers and the formation of 1T Li,MoS,.*”*® The obvious peak
centered at 0.48 V is assigned to the reduction of Mo*" to
Mo.*** The broad peak appeared at 0.85 V is caused by the
insertion of additional lithium ions into the MoS, lattice or the
defect sites in MoS,.'>* For the subsequent anodic scan, the
peak located at 2.29 V is assigned to the oxidation of Li,S to S.
For the second cathodic process, the two peaks at 1.96 and 2.16
V correspond the conversion from Sg to polysulfides and then
to Li,S, respectively.*' The other two peaks at 0.30 and 1.13 V
correspond to the association between Li and Mo.* As for the
MS-CG and MS-PG, the CV profiles (Figure S4 in the
Supporting Information) are similar to that of the MS,
indicating that the added RGO does not change the
electrochemical reaction in the electrode.

Figure 4b shows the cycling performance of MS at current
density of 100 mA/g. The initial discharge capacity of the MS
anode is as high as 1163 mAh/g. A capacity of 1052 mAh/g is
retained even after 80 cycles, corresponding to a capacity
retention of 90.5%. This cycling stability is better than that of
the previous reported nanosheet-assembled flowerlike MoS,
particles with size of 700—900 nm (capacity retention of 50.4%
after 70 cycles at 100 mA/g),*” indicating the carbon fibers are
in favor of the cycling stability. The carbon fibers prevent the
MoS, nanoflowers from aggregation and provide the
continuous electronic transport network. The corresponding
charge/discharge curves are given in the inset of Figure 4b. In
the first discharge profile, two extinct plateaus located at 1.1
and 0.6 V are assigned to the intercalation of lithium ion and
the conversion reaction, respectively. In the subsequent charge/
discharge processes, the apparent plateaus between 2.0 and 2.4
V correspond to the transforming between Li,S and S,
consistent with the CV curves. The irreversible capacity loss
(about 80 mAh/g) in the first cycle is attributed to the
formation of solid electrolyte interface (SEI) film and insertion
of Li* ions into the defect sites of MoS,.">*® For the
subsequent cycles, the curves overlap well, indicating the
good reversibility of MS.

To confirm the effects of crumpled RGO and plain RGO on
electrochemical performance, we investigated the rate capability
and long-term cycling stability of MS, MS-CG, and MS-PG.
The MS-CG anode displays a reversible capacity of 1225 mAh/
g at 200 mA/g in the first cycle, and keeps a capacity of about
780 mAh/g as the current density gradually increases to 2.5 A/
g, much higher than those of MS (678 mAh/g) and MS-PG
(645 mAh/g) (Figure 4c). Moreover, when the current density
returns back to 200 mA/g, the capacity of MS-CG increases to
1223 mAh/g, which is comparable to the initial capacity.
Furthermore, after the impact of high current density at 2.5 A/
g, the MS-CG still deliver rather stable cycling performance for
20 cycles with a capacity retention of about 94.4%, better than
those of MS-PG (85.5%) and MS (81.9%). Besides, the MS-CG
anode exhibits a high reversible capacity of 680 mAh/g after
250 cycles at 500 mA/g, corresponding to a capacity fading of
only 0.17% per cycle, much lower than those of MS-PG (a

capacity fading of 0.57% per cycle in 150 cycles) and MS (a
capacity fading of 0.59% per cycle in 150 cycles). The
morphology of the MS-CG after 250 cycles was investigated
by FESEM (Figure SS in the Supporting Information). It is
obvious that MoS, nanoflowers are obscure and only a few
nanosheets are observed, implying that the capacity fading is
due to the destruction of nanoflowers. The cycling stability of
MS-CG is better than that of MS-PG, indicating the
introduction of RGO during the growth of MoS, nanoflowers
is more effective than the postintroduction to improve the
electrochemical performance. The enhanced cycling perform-
ance of MS-CG is attributed to the crumpled RGO, providing
efficient electronic transport network and facile efficient stress
relaxation. The facile stress relaxation alleviates the structural
destruction caused by the repeated volume change during
cycling.* The cycling stability of MS-CG is better than that of
MS-PG, indicating the introduction of RGO during the growth
of MoS, nanoflowers is more effective than the post-
introduction to improve the electrochemical performance.
Considering the carbon fiber may provide capacity, the
electrochemical performance of carbon fiber cloth was carried
out (Figure S6 in the Supporting Information). After
subtracting the contribution from the carbon fiber cloth, the
capacity of MS-CG is still much higher than the theoretical
capacity of graphite.

Electrochemical impedance spectra (EIS) measurements of
the MS and MS-CG before and after 10 cycles were carried out
to evaluate the electrochemical kinetics (Figure 4d). The MS-
CG before electrochemical cycling shows a low charge transfer
resistance (Rct), reflected by the small diameter of semicircle at
the high-frequency region, which is much lower than that of the
MS, confirming enhanced kinetics by the bicontinuous
electronic conductive network. After 10 cycles, a new semicircle
forming in the Nyquist plot of MS at the high frequency, which
is assigned to the formation of SEI film with relevant resistance
(Rf), but this is unobvious in the Nyquist plot of MS-CG.

Compared to carbon cloth-MoS, nanosheet composites,”
the MS-CG anode shows significantly enhanced cycling
stability. The enhanced cycling stability is ascribed to the
unique structural merits of MS-CG: (a) the carbon fiber
restrains the agglomeration of nanoflowers;>*® (b) the
crumpled RGO and carbon fiber build a bicontinuous
electronic transport network, improving the electronic
conductivity;'*'” (c) the void spaces in crumpled RGO and
the interstices among nanosheets ensure the effective stress
releasing and volume buffering.>*

The crumpled RGO/MoS, nanoflowers on carbon fiber
(MS-CG) have been synthesized via a facile hydrothermal
method followed by heat treatment under H,/Ar atmosphere.
The bicontinuous electronic transport pathways and void
spaces in the MS-CG are beneficial to the cycling stability. The
MS-CG anode exhibits a high reversible capacity and excellent
cycling stability. A high initial capacity (1225 mAh/g) of MS-
CG is obtained at 200 mA/g. When cycled at 500 mA/g, the
MS-CG anode displays a capacity fading of 0.17% per cycle in
250 cycles, which much better than that of MS and MS-PG.
The high capacity and excellent cycling property make the MS-
CG a promising anode for LIBs. This design also provides an
efficient approach to enhance the cycling property of other
electrode materials.
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