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Exploration of advanced anode materials is a highly relevant research topic for next generation lithium-
ion batteries. Here, we report severe lattice distorted MoS2 nanosheets with a flower-like morphology
prepared with PEG400 as additive, which acts not only as surfactant but importantly, also as reactant.
Notably, in the absence of a carbon-related incorporation/decoration, it demonstrates superior electro-
chemical performance with a high reversible capacity, a good cycling stability, and an excellent rate
capability, originated from the advantages of synthesized MoS2 including enlarged interlayer spacing, 1T-
like metallic behavior, and coupling of MoeOeC (and MoeO) hetero-bonds. PEG-assisted synthesis is
believed applicable to other anode materials with a layered structure for lithium-ion batteries.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Lithium ion batteries (LIBs) have been the most promising po-
wer source for electronic devices. With the intense development of
smart devices and electric vehicles, further improvements of en-
ergy density, cycling life, and ability of fast charging/discharging are
anticipated [1e3]. Graphitized carbon is currently served as a
commercial negative electrode, but the low theoretical capacity
(372mAh g�1) and the poor rate performance restrict its applica-
tion in many fields [4,5]. Transition-metal sulfides have attracted
tremendous attention to be used in LIBs because of their high
theoretical capacity and relatively good electrochemical perfor-
mance [6]. Among these materials, molybdenum disulfide (MoS2)
has been intensively investigated as one of the most promising
next-generation anode materials for LIBs because of several ad-
vantages including [7e12]: (1) a high theoretical capacity of
670mAh g�1; (2) a layered structure with a large interlayer spacing
of 0.62 nm and thus weak van derWaals forces between the S-Mo-S
neighboring layers, which is beneficial to the intercalation of Liþ;
C-ND 4.0 license https://creativecommo
(3) existence of 1T-like structure leading to metallic behavior to
enhance the electrical conductivity; and (4) a low cost and easy
fabrications.

However, there are also challenges in the development of MoS2
anode toward high electrochemical performance such as a poor
cycling stability and inferior rate capability, which can be accoun-
ted for the low intrinsic electrical conductivity between the S-Mo-S
layers and structural deterioration due to the large volume
expansion upon cycling [13]. So far lots of works have been focused
on solving these issues [14e17]. One of the effective ways is to
enlarge interlayer spacing of MoS2 because it can not only accom-
modate more Li atoms to increase the specific capacity but also
tolerate the lager volume expansion in the intercalation/dein-
tercalation process so as to improve the structural stability [18]. The
interlayer spacing can be expanded via intercalating or trapping
foreign species for example, the cationic groups, the functional
groups, and the polymer chains [7,9,18].

An environmental friendly nonionic surfactant polyethylene
glycol (PEG) has been reported to be used as a surface dispersant
agent and play a crucial role in the formation of nanostructure
because of the binding effect. Abundant active oxygen atoms of PEG
lead to a strong interaction between PEG chains and metal ions
[19,20]. Therefore, PEG-assisted synthesis methods are widely used
ns.org/licenses/by-nc-nd/4.0/
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Fig. 1. XRD profiles of MoS2-PEG before and after annealing at 550 �C and MoS2-H2O.
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for such as biomedical materials and solar cells [21e23]. To the best
of our knowledge, so far there is no report on PEG-assisted syn-
thesized MoS2 as anode for LIBs. However, it is found that PEG
accelerates the dispersion of precursors and prevents the agglom-
eration of MoS2 nanoparticles during desulphurizing [24]. On the
other hand, because of the interaction effect, oxygen-containing
groups in PEG may insert into the interlayer spacing of MoS2. This
is beneficial to a high reversible capacity and excellent rate capa-
bility because the oxygen-containing groups may serve as a bridge
between the S-Mo-S layers to facilitate the electron transfer, pro-
vide active sites for the reactionwith Liþ, and play a supporting role
to maintain the structural stability [25]. Therefore, it is highly
motivated to synthesize MoS2 as anode for LIBs using the PEG-
assisted method.

In this work, an interlayer enlarged MoS2 was prepared by a
facile hydrothermal method using water plus the PEG400 additive
as hydrothermal solvent. In addition to act as a surfactant to form
flower-like MoS2 nanosheets, the PEG400 addictive has several
advantages due to incorporation of oxygen- and carbon-containing
groups: (1) Evaluated from X-ray powder diffraction (XRD) and
transmission electron microscope (TEM) measurements, the
interlayer spacing was enlarged as wide as 1.0 nm. This value is
significantly larger than that of bulk MoS2 (0.62 nm). (2) Observed
from the Fourier transform infrared spectra (FTIR) and X-ray
photoelectron spectroscopy (XPS) data, MoeOeC (and MoeO)
hetero-bonds were formed during hydrothermal processes. (3)
Observed from Raman spectrum, MoS2 nanosheets contain only
few layers, thus demonstrating 1T-like metallic behavior. All these
advantages enable MoS2 prepared with PEG400 addictive demon-
strating superior electrochemical performance compared to that
prepared completely using water as solvent. Additionally, these
advantages vanished after annealing MoS2 at 550 �C, verifying the
key role of the hetero-bonds incorporation on performance
enhancements.

2. Experimental section

2.1. Synthesis of MoS2 nanosheets

The MoS2 nanosheets were prepared by a hydrothermal
method. All the chemicals were used as received without further
purification. First, 1.2 g sodium molybdate hexahydrate
(Na2MoO4$2H2O, 99.95%, Aladdin) and 1.9 g thiourea (CH4N2S, 99%,
Alfa Aesar) were dissolved in 60mL distilled water (sample desig-
nated as MoS2-H2O) or in a mixture of 30mL distilled water and
30mL PEG400 (purchased from Alfa Aesar; sample designated as
MoS2-PEG) under magnetic stirring to form a homogenous solu-
tion. Then, the solution was transferred into a 100mL Teflon-lined
stainless-steel autoclave and maintained at 190 �C for 24 h. After
the autoclave cooled to room temperature naturally, the products
were collected by centrifugation, washed with distilled water,
ethanol and acetone for several times and dried at 80 �C under
vacuum. For comparison, MoS2-PEG was annealed at 550 �C for 3 h
under Ar flow (designated as MoS2-PEG-A) to restore the ordered
structure and remove the hetero-bonds.

2.2. Materials characterization

XRD was performed using a Rigaku D/MAX-2500/PC (Cu Ka,
40 kV 200 mA) from 5� to 70�. Morphological characterizations
were taken with a scanning electron microscope (SEM, Hitachi S-
4800 II FESEM) equipped with an energy dispersive spectrometry
(EDS) instrument. TEM images were taken on a FEI Titan ETEM
microscope. The XPS spectra were recorded by using a spectrom-
eter with Al Ka radiation (ESCALAB 250 XI). The binding energy
value of each element was corrected by C1s ¼ 284.6 eV. Raman
scattering measurements were performed using a Renishaw inVia
systemwith a 532 nm excitation source. FTIR spectrawere recorded
in an E55 þ FRA106 instrument (NICOLET-5700) at ambient tem-
perature in the range from 4000 to 400 cm�1. Differential scanning
calorimetry (DSC) and thermogravimetric analysis (TGA) mea-
surements were carried out on a Netzsch STA thermoanalyzer in an
argon atmosphere.
2.3. Electrochemical characterization

The electrochemical performance of the MoS2 electrodes was
measured in CR2032 coin cells. The working electrode consists of
active material (MoS2-PEG, MoS2-PEG-A, MoS2-H2O), acetylene
black and Poly(vinylidene fluoride) (PVDF) with a mass ratio of
80:10:10, dissolved in N-methylpyrrolidinone (NMP). The resulting
slurry was painted on a Cu foil and dried at 110 �C for 12 h under
vacuum, and then cut into disks of 12mm diameter. Li foil was used
as the counter/reference electrode.1M LiPF6 dissolved in a mixture
of ethylene carbonate (EC), ethyl methyl carbonate (EMC), and
dimethyl carbonate (DMC) (1:1:1) was used as electrolyte with FEC
(5wt%) as addictive, and Celgard 2400 was used as the separator
film. Finally, the cells were assembled in an Ar-filled glovebox. The
galvanostatic charge and discharge measurements and rates per-
formance were performed on an Arbin BT2000 system in a voltage
range of 3 to 0.01 V at ambient temperature.

The specific capacity was calculated based on the weight of the
active material, as much as 80wt% weight of the electrode. Cyclic
voltammetry (CV)measurements were tested on a Princeton P4000
electrochemical workstation at 0.1mV s�1 in the voltage range
from 3 to 0.01 V. Electrochemical impedance spectroscopy (EIS)
was carried out on a Princeton P4000 electrochemical workstation
in the frequency range of 100 KHz to 0.01 Hz at by applying a po-
tential of 5mV.
3. Results and discussion

3.1. Structural and physical properties

Fig. 1 shows the XRD profiles of MoS2 using PEG400 as solvent
before (MoS2-PEG) and after (MoS2-PEG-A) annealing and
compared with that using H2O (MoS2-H2O) as solvent. MoS2-PEG
demonstrates two specific new peaks at 2q¼ 8.7� (#1) and
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2q¼ 17.4� (#2) corresponding to the (00l) reflections, similar to 2H-
MoS2 but absence of the characteristic peak of 2H-MoS2 at
2q¼ 14.4� for (002) reflection, indicating the formation of a new
graphene-like 2D structure, differing from 2H-MoS2 [26]. Calcu-
lated from the Bragg equation with d¼ 0.5l/sin(q), the interlayer
distances of these two new peaks are ca. 1.0 and 0.5 nm, respec-
tively. Compared with the d-spacing of 0.62 nm corresponding to
the (002) plane of 2H-MoS2, the enlarged d-spacing for the new
peak at 2q¼ 8.7� can be assigned to the intercalation of foreign
atoms and/or functional groups into the spacing between the Mo-S
layers. The peak at 2q¼ 17.4� may represent the interlayer spacing
between the MoS2 layer and the foreign atom layer. The disap-
pearance of (002) reflections indicates that the structure of such 2D
MoS2 contains only a fewMoS2 layers [27]. This result is verified by
the microstructure observation from TEM (Fig. 2). A typical cluster
of flower-like MoS2 is shown in Fig. 2a. It can be obviously seen that
the “petals” (nanosheets) are very thin since the electron beam can
penetrates them despite of the overlap of the “petals”. The nano-
sheet contains only a few MoS2 layers with a distance of 0.97 nm
(Fig. 2b) corresponding to the (00l) crystal plane. Moreover, a large
amount of defects/distortions induced by the severe lattice distor-
tion are observed, which is beneficial to stabilize the ultrathinMoS2
nanosheets and generates more active unsaturated atoms because
of the lowered surface energy [28]. The lattice spacing perpendic-
ular to the (00l) plane is 0.27 nm, which is assigned to the (100)
crystal plane. These results are in good agreement with the XRD
results. After annealing at 550 �C two observations can be made.
First, the two new peaks (the #1 and #2 peaks) vanished while the
peak of the (002) reflections appears at 2q¼ 14.4� with a calculated
d¼ 0.6 nm. Second, regarding the (100) and (103) reflections, the
relative peak intensity increases and the peak width becomes
narrow. This indicates the dissociation of the intercalated atoms
from the MoS2 interlayer and restacking of the MoS2 layers. MoS2-
H2O demonstrates the similar XRD profile as MoS2-PEG. However,
the #1 and #2 peaks are at 2q¼ 9.0� and 2q¼ 18.0�, respectively,
demonstrating a “red-shift” behavior to high angles compared to
those of MoS2-PEG. In addition, the ratios of the peak intensity for
I#1/I(100) and I#2/I(100) are 2.43 and 0.91 for MoS2-H2O, which are
obviously lower than the values of 3.74 and 1.02 for MoS2-PEG.
Therefore, MoS2-PEG achieves larger (00l) interlayer spacing and
probably a thinner nanosheet than MoS2-H2O. Such a microstruc-
ture is favorable for the intercalation of Li ions and can alleviate the
volume expansion for LIBs during cycling.

The SEM images for MoS2-H2O and MoS2-PEG before and after
Fig. 2. TEM images for (a) a MoS2-PEG “flower” and (b) its mag
annealing are displayed in Fig. 3. The low magnification images
clearly illustrate the different MoS2 morphologies. The sample us-
ing H2O (Fig. 3a) as solvent is dominated with agglomerated par-
ticles with large dimensions, while that using PEG (Fig. 3c) as
solvent is dominated with spherical shapes of diameters about
2 mm. Compared these two samples at highmagnification, the latter
is more porous than the former, which is favorable for permeation
of electrolyte, though the structures of these two samples are both
composed by nanosheets. The dimension has not significantly
changed after annealing, but lots of extra particles are observed
under high magnification (Fig. 3f). These particles show irregular
shapes with a size of 1e2 mm. This may be the reason why the XRD
peaks regarding the (100) and (103) reflections become sharp and
narrow.

Fig. 4 schematically illustrates the formation of the severe lattice
distorted spherical MoS2 nanosheets. During the process of hy-
drothermal reaction, Mo (VI) in MoO4

2� was reduced by H2S
generated from the hydrolysis of thiourea and forms MoS2 nano-
sheets [29,30]. The chemical reaction formula is displayed in Fig. 4.
PEG chains contain a large amount of activeeOewhen dispersed in
water, leading to a strong interaction between PEG chains and the
metallic ions [20]. PEG thus plays a key role as surfactant to absorb
on MoS2 surface to anchor the spherical morphology. On the other
hand, the strong binding force between the active oxygen atoms
and the metallic ions may: 1) facilitate the incorporation of PEG
chains into the MoS2 interlayer during forming the MoS2 nano-
sheets; and 2) prevent the removal of these intercalated PEG chains
from the MoS2 interlayer when MoS2-PEG was washed with
distilled water, alcohol, and acetone for several times. The residual
PEG chains and/or oxygen atoms inherited from the molybdate
precursor may contribute to the severe lattice distortion as
confirmed by the XRD and TEM characterization.

MoS2 interlayers can be intercalated by atoms, ions, and poly-
mers. Various characterization methods have been carried out to
find out what the intercalated substance is. The FTIR spectra of
MoS2-PEG before and after annealing, MoS2-H2O, and PEG400 are
compared in Fig. 5a. The vertical dotted lines are a guide for the eye.
The two highest peaks for MoS2-PEG andMoS2-H2O are at the same
positions of 3430 and 1630 cm�1, which are slightly shifted in
contrast to those for PEG400 at 3375 (OeH stretching) and
1645 cm�1 (HeOeH deformation), respectively. This indicates that
the hydroxyl group is not originated from PEG but from the exis-
tence of the surface water, in accordance with the previous result
[31]. Compared with MoS2-H2O, the additional FTIR peaks for
nification to see the “petal” containing a few MoS2 layers.



Fig. 3. SEM images with low and high magnifications for MoS2-H2O (a,b), MoS2-PEG (c,d), and MoS2-PEG-A (e,f).

Fig. 4. Schematic representations of the formation of severe lattice distorted spherical MoS2 nanosheets.

Y. Liu et al. / Electrochimica Acta 262 (2018) 162e172 165
MoS2-PEG at 1593,1460,1260, and 858 cm�1 may be ascribed to the
PEG chains and/or the oxygen-containing groups inserted into the
S-Mo-S interlayers [25,31]. After annealing at 550 �C (MoS2-PEG-A),
most of the FTIR peaks vanished except those at 1624 cm�1 and



Fig. 5. (a) FTIR spectra of MoS2-PEG before and after annealing, MoS2-H2O, and PEG400 for comparison. (b) DSC/TG curves of MoS2-PEG. (c) Raman spectra of MoS2-PEG before and
after annealing.

Table 1
Elemental Analyses of MoS2 before and after annealing.

wt% atomic ratio
normalized to Mo

Mo S O C Mo S O C

MoS2-PEG 42.83 33.58 7.49 16.1 1 2.35 1.05 3.00
MoS2-PEG-A 52.5 34.56 2.71 10.24 1 1.96 0.31 1.56

Y. Liu et al. / Electrochimica Acta 262 (2018) 162e172166
1395 cm�1, and a broad peak from 1126 to 950 cm�1, though the
intensities of these remaining peaks are significantly suppressed in
contrast to those before annealing. Since these remaining peaks
also appear in MoS2-H2O, they may come from the molybdate and
thiourea precursors. Although the samples werewashed for several
times, the weak characteristic peaks of PEG400 can still be
observed from MoS2-PEG, indicating a slight incorporation of PEG
or its related functional groups in the final product. The DSC/TG
curves for MoS2-PEG (Fig. 5b) illustrate two endothermic peaks at
about 90 �C and 300 �C. Based on the FTIR results and the results
previously reported [31], we believe that the former is related to
the evaporation of the adsorbate such as the surface water and the
latter may be induced by dissociation/decomposition of the inter-
calated PEG.

The EDS measurements (Table 1) also show that after annealing
the amount of C and O decrease from 16.10wt% and 7.49wt% to
10.24wt% and 2.71wt%, respectively. On the other hand, the atomic
ratio of Mo:S after annealing changes from 1:2.35 to 1:1.96, indi-
cating a variation from a S-rich composition to a nearly stoichio-
metric composition. High degree of unsaturated sulfur atoms for
MoS2-PEG further confirms a severe distorted structure [28,32].

The Raman spectra of MoS2 before and after annealing are
shown in Fig. 5c. For both samples, two typical stretching modes of
MoS2 are observed corresponding to the out-of-plane A1gmode and
the in-plane E12g mode, which can be ascribed to the vibration of S
atoms in the opposite direction along c-axis and an opposite vi-
bration of the Mo atom with respect to two S atoms perpendicular
to c-axis [33], respectively. After annealing, the A1g vibration
stiffens with a blue shift from 403.93 cm�1e404.68 cm�1 while the
E12g vibration shows a negligible red shift from
377.65 cm�1e377.75 cm�1. This behavior is in agreement with that
for few-layer MoS2 that restacking has a weak perturbation on the
in-plane E12g vibration [33], but partially different from that for a
single-layer MoS2 [34]. Revealed by that paper [34], when a single-
layer MoS2 restacks to form bulk MoS2, the interlayer van derWaals
force not only enhances the out-of-plane A1g vibration but also
softens the E12g vibration. Additionally, the difference of the Raman
frequencies between the A1g and E12g modes (D) is regarded as an
indicator of the layer thickness for MoS2 [34]. After annealing, the
difference of the two modes for MoS2-PEG expands from
D¼ 26.28 cm�1 to D¼ 26.93 cm�1, indicating an increased thick-
ness of the nanosheets after annealing. In view of these results of
Raman spectra, MoS2-PEG is composed by the ultrathin MoS2
nanosheets with only few layers, in line with the observation from
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TEM (Fig. 2b). When the samples subjected to high temperature
heat treatment, the layer becomes thicker because of the dissoci-
ation of the intercalated atoms.

Since the MoS2 nanosheets contain only a few SeMoeS layers,
XPS is very suitable for evaluating their interfacial nature and
chemical species. Fig. 6a compares the XPS spectra for MoS2-PEG
before and after annealing. Both samples are composed of Mo, S, O
and C elements. However, the relative intensities of O and C after
Fig. 6. XPS spectra of MoS2-PEG and MoS2-PEG-A. (a) Survey spectra, and
annealing are significantly reduced while those of Mo and S are by
contrast increased, indicating removal of C and O with heat treat-
ment. The high-resolution XPS peaks of Mo 3d (Fig. 6b) show two
doublet bands assigned to Mo 3d3/2 and Mo 3d5/2. These two peaks
for the samples before and after annealing are obviously different.
The spectrum of MoS2-PEG can be deconvoluted into four peaks
belonging to the 1T and 2H phases of MoS2 [27,35], indicating a
mixture structural type of MoS2-PEG. The quantitative analysis of
high resolution XPS spectra of Mo3d (b), S2p (b), O1s (c), and C1s (d).



Table 2
Binding energy (BE) and elemental analysis of Mo 3d and S 2p for MoS2-PEG and
MoS2-PEG-A.

MoS2-PEG MoS2-PEG-A

BE (eV) at% BE (eV) at%

Mo 1T 3d3/2 231.69 30.35 231.59 2.82
3d5/2 228.53 38.91 228.53 1.69

2H 3d3/2 232.81 12.06 232.88 38.98
3d5/2 229.46 18.68 229.75 56.50

S 1T 2p3/2 161.31 59.88 161.7 1.88
2p1/2 162.60 21.89 162.5 2.26

2H 2p3/2 162.38 12.57 162.54 62.5
2p1/2 163.69 5.39 163.72 33.13
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the 1T and 2H phases can be obtained by curve fitting. The results
are listed in Table 2. MoS2-PEG is composed by 69 at% of the 1T
phase and 31 at% of the 2H phase. Themetallic 1T phase is favorable
for both higher electrical conductivity and faster ion motility
compared to the semiconducting 2H phase [7,8]. However, the 1T
phase almost fully converts to the 2H phase after annealing as
MoS2-PEG-A is composed by 96 at% of the 2H phase and only 4 at%
of the 1T phase. The high-resolution XPS peaks of S 2p (Fig. 6c),
assigned to 2p1/2 and 2p3/2, show the similar changes before and
after annealing as those of Mo3d.

The XPS survey spectra of O 1s and C 1s for the samples before
and after annealing are also different, as illustrated in Fig. 6dee.
Deconvolution of the complicated O 1s region of MoS2-PEG
Fig. 7. Cyclic voltammograms of MoS2-PEG (a) and MoS2-PEG-A (b) at a scan rate of 0.1mV
density of 0.1 A g�1.
indicates the existence of C]O, MoeOeC, CeOH, and MoeO bonds
[25,36]. On the other hand, deconvolution of the C 1s region in-
dicates the existence of CeC, CeO, C]O, and OeC]O bonds [25].
This further confirms that the expanded interlayer spacing ofMoS2-
PEG is induced by intercalation of the C and O atoms. By contrast,
the peaks for MoeO and OeC]O bonds disappear and the relative
intensities of the other peaks decrease after annealing. These re-
sults are in good agreement with the FTIR, EDS, and Raman results
above mentioned, confirming the partial removal of C and O after
heat treatment. Metal-oxygen bonds were found to play an
important role to enhance the electron transport in the results
previously reported [37,38]. The theoretical study reveals a strong
oxygen bridge in CeOeNi linkage, which contains a large electron
charge overlap providing a short diffusion pathway for lithium ions
and electrons among the sheet-like structure [38]. Therefore, the
covalent MoeOeC (and MoeO) bonding between the S-Mo-S
layers is favorable for the structural stability and the rate capability,
thus a good electrochemical performance for MoS2-PEG is
anticipated.
3.2. Electrochemical performances

Fig. 7a shows the cyclic voltammogram (CV) curves of MoS2-PEG
during the first four cycles at 0.2mV s�1 in the voltage range of
0.01e3 V. In the first cathodic scan, there appears a broadened
reduction peak at 1.5 V and a sharp reduction peak at 0.41 V. The
peak at 1.5 V corresponds to the intercalation of Li ions into MoS2
s�1. The charging-discharging curves of MoS2-PEG (c) and MoS2-PEG-A (d) at a current



Y. Liu et al. / Electrochimica Acta 262 (2018) 162e172 169
layers to form LixMoS2, which normally appears at 1.0 V for MoS2
with unexpanded interlayer spacing. This variation is originated
from the different electronic environment and different sites or
quantity of defects in the MoS2 due to its interlayer expanded by
intercalation of foreign atoms [39e41]. The peak at 0.41 V may be
attributed to the conversion of LixMoS2 to metallic Mo and Li2S. In
the following anodic scan, there appears two oxidation peaks at
about 1.7 V and 2.3 V, which are associated to the oxidation ofMo to
MoS2 because of the inhomogeneous delithiation induced by the
defect sites and the formation of MoS2, respectively [42]. In the
second cathodic scan, the peaks at 0.41 V and 1.5 V disappeared,
and there appears another two peaks at about 1.8 V and 1.37 V,
which are attributed to the conversion reaction of S to Li2S and the
association of Li and Mo, respectively [28]. In contrast, MoS2-PEG-A
shows a different CV profile, as displayed in Fig. 7b. The peak
regarding formation of LixMoS2 appears at 1.1 V instead of at 1.5 V
for MoS2-PEG, indicating a higher crystal structure and a lower
quantity of defects. This is also confirmed by the following anodic
scanwith amissing peak at 1.7 V compared toMoS2-PEG. Moreover,
the oxidation peak shown inMoS2-PEG-Amore obviously shifts to a
higher voltage in contrast to that shown in MoS2-PEG, indicating a
larger polarization. This polarization can also be observed from the
discharge/charge curves shown in Fig. 7d.

Fig. 7c and d respectively show the first five discharge/charge
curves for MoS2-PEG and MoS2-PEG-A at a current density of
Fig. 8. (a) Cycling performance and Coulombic efficiency of MoS2-PEG, MoS2-PEG-A, and Mo
efficiency of MoS2-PEG at a current rate of 0.5 A g�1. (c) Rate capability of MoS2-PEG and M
100mA g�1 from 0.01 to 3 V. The potential plateaus shown in both
of the cells are in accordance with the CV results. The initial
discharge capacities for MoS2-PEG and MoS2-PEG-A are 1082.5 and
928.5mAh g�1, respectively. The irreversible capacity-losses be-
tween the first discharge and charge process for these two cells are
20% and 19%, respectively, which is mainly due to the formation of
SEI film by the decomposition of the electrolyte and the Li incor-
poration into SEI. Additionally, MoS2-PEG demonstrates a better
reversibility than MoS2-PEG-A. Therefore, comparing MoS2-PEG
with MoS2-PEG-A and considering the recovered distortion and a
reduced defect concentration after annealing, one can conclude
that distortion/defects are beneficial to enhance the electro-
chemical performance but have negligible influence on the irre-
versible capacity-loss.

The cycling performance and Coulombic efficiency for MoS2-
PEG, MoS2-H2O and MoS2-PEG-A are compared between 0.01 and
3 V at a current rate of 0.2 A g�1, as shown in Fig. 8a. The initial
capacities for these specimens are comparable with the values of
1038.2, 972.0, and 1028.5mAh g�1, respectively. Although the
initial Coulombic efficiency is only 78% due to the formation of SEI
film by the decomposition of the electrolyte and Li incorporation
into SEI, the specimens show excellent reversibility with a
Coulombic efficiency approaching 100% after the second cycle,
indicating a facile insertion/extraction of Li ion process [43]. All
three compounds exhibit a capacity climbing after fading for a
S2-H2O electrodes at a current rate of 0.2 A g�1. (b) Cycling performance and Coulombic
oS2-PEG-A.
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number of cycles. The continuous capacity increase can be attrib-
uted to several points including: (1) interlayer expansion and
electrochemical delamination of the layered nanostructure after
several cycles [25,42,44e46] and, (2) the formation of electro-
chemical active sites after cycling due to gradual extension of the
defects/vacancies [42]. EIS measurements were performed after
400 cycles, as shown in Figure S1 and Table S1 in Supplementary
Information. Compared the capacitance C2 before cycling, the value
is one order of magnitude higher after 400 cycles, indicating an
increase of electrochemical surface area on the electrode. This ca-
pacity climbing effect may be mitigated by incorporating buffer
layer such as graphene or carbon nanotube. Among these three
specimens, MoS2-PEG demonstrates the best cycling performance
and the highest capacity up to 1200mAh g�1. Compared with
MoS2-PEG-A, MoS2-PEG contains expanded interlayer spacing as
well as a plenty of MoeOeC (andMoeO) hetero-bonds and defects.
On the other hand, compared with MoS2-H2O composed of
agglomerated bulk, MoS2-PEG is composed of “flowers” with small
particle sizes (~2 mm). Therefore, both expanded interlayer spacing
and MoeOeC (and MoeO) hetero-bonds make great contributions
to the excellent cycling performance and the high capacity. The
advantages including expanded interlayer spacing, hetero-bonds,
and flower-like morphology ensure MoS2-PEG possessing the su-
perior ability for buffering the mechanical stress and the huge
volume change during Liþ insertion and extraction [39]. Our future
work is to increase the amount of the hetero-bonds and defects in
MoS2 and to investigate their status after cycling by using Raman
and/or XPS. Prolonged cycling tests (Fig. 8b) were performed on
MoS2-PEG at a current rate of 0.5 A g�1. The discharge capacity still
maintains at over 600mAh g�1 after 1000 cycles with a Coulombic
efficiency of 99.9%. The discharge capacity values of MoS2-PEG and
part of recently reported MoS2-based anodes with their interlayer
distances are summarized in Table 3. Obviously, MoS2-PEG exhibits
a moderate reversible capacity with an excellent cycling stability
among MoS2-based anodes. It is notable that none carbon-related
incorporation/decoration is performed on MoS2-PEG, otherwise a
higher reversible capacity and better cycling performance are ex-
pected. The final gradual capacity fading can be explained by the
microstructural damages (pulverization) induced by volume
changes. The SEM and HRTEM images and ex situ XRD profile of the
positive electrode after 800 cycles are shown in Figure S2 and S3 in
Supplementary Information. The SEM images show that the flower-
like MoS2 nanosheets were partially pulverized and became thicker
after cycling in contrast to the pristine electrode. Both the HRTEM
image and the ex situ XRD result reveal that the pristine MoS2
Table 3
The discharge capacities of MoS2-PEG compared with recently reportedMoS2-based
anode materials in lithium ion batteries.

MoS2 type Interlayer
spacing
(nm)

Discharge
capacity
(mAh g�1)

Current
density
(A g�1)

Cycles

MoS2-PEG (TW) 0.97 1150 0.2 400
600 0.5 1000

MoO2@MoS2 [48] 0.62 1016 0.1 200
MoS2-46.8%/SRGO [53] 0.629 724.2 0.05 200
Fe3O4/Fe1-xS@C@MoS2 [54] 0.63 1003 0.2 100
Tremella-like MoS2 [55] 0.647 693 0.039 50
MoS2@f-graphene [56] 0.652 1064 0.1 100
GODs/MoS2 [57] 0.78e0.80 1031 0.1 80
MoS2-AC-RGO-0.1 [58] 0.98 910 0.2 120
MoS2/G [37] 0.63 1077 0.1 150
N-C@MoS2 [59] 0.65 1050 0.15 300
MoS2/Ti3C4-MXene@C [60] 0.64 1130 1.0 700
MoS2/PANI [61] 1.08 1207 0.2 100
Bubble MoS2-C [46] 0.62 1500e2000 0.5 600

TW: This work, without any carbon-related decoration/incorporation.
nanosheets disappear while amorphous phase and nanocrystalline
appear after cycling, which cause the capacity decay.

In addition to the cycling stability, a good rate capability is
important for practical application. Fig. 8c shows the rate capability
of MoS2-PEG electrode compared with MoS2-PEG-A. The reversible
capacity is about 982mAh g�1 at the current density of 0.1 A g�1.
The reversible capacities of MoS2-PEG maintain at 866, 790, 733,
676, 537, and 364mAh g�1 at current densities of 0.2, 0.5, 1.0, 2.0,
5.0 and 10.0 A g�1, respectively. When the current density turns
back from 10 to 0.1 A g�1, the discharge capacity recovers to
1010mAh g�1, indicating a high cycle stability. By contrast, the
capacity of MoS2-PEG-A shows a fast capacity fading with
increasing current density. The capacity rapidly decays from 768 to
499mAh g�1 as current density increases from 0.2 to 0.5 A g�1. The
superior rate capability of MoS2-PEG overMoS2-PEG-A is attributed
to the enlarged interlayer spacing favorable to lithiation/delithia-
tion [47]. Coupling of the MoeOeC (and MoeO) hetero-bonds fa-
cilitates an effective electron transfer path between the S-Mo-S
layers as well as enhances the structural stability [25,48], and the
1T-like behavior is favorable to enhance lithium storage capability
and rate capability [49,50]. Although 1T-like MoS2 is reconstructed
to the other nano phases after cycling, the initial 1T-like structure is
previously reported to provide a special structure with expanded
interlayer spacing as well as a high concentration of active sites to
achieve prominent electrochemical properties [49,50]. The com-
parison of the electrodes cut from the center with that cut from the
edge is shown in Figure S4. The former shows a rapid capacity
fading until stabilizing at a low capacity, either for the cycling tests
or for the rate capability test. However, the electrode cut from the
edge part demonstrates a stable shoulder before 35 cycles and after
that decreases to the same specific capacity as those cut from the
center part. The thickness and the loading mass of the electrodes
significantly affect the behavior of electrochemical performance.
Figure S5 shows the galvanostatic charge-discharge properties of
LiFePO4/MoS2-PEG full-cells. The initial charge and discharge ca-
pacities are 1290.0 and 948.7mAh g�1, respectively, in good
agreement with the values based on MoS2-PEG half-cells. The
discharge specific capacity maintains at 920.6mAh g�1 with a
coulombic efficiency of 97.1% in the following several cycles, indi-
cating good electrochemical performance of the MoS2-PEG anode
in full-cells.

EIS measurements were performed to further understand the
rate capability difference for MoS2-PEG before and after annealing.
The Nyquist plots of the impedance at room temperature for MoS2-
Fig. 9. Nyquist plots of MoS2-PEG and MoS2-PEG-A. The insert magnifies the Nyquist
plots at high and medium frequency regions.
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PEG and MoS2-PEG-A are shown in Fig. 9. The impedance spectrum
can be separated into an intercept of the Z0 axis at high frequency
region, a high and a medium frequency semicircle, and a long tail at
low frequency region. These parts from high to low frequencies are
ascribed to the bulk resistance, the resistance of SEI film, the charge
transfer resistance on the electrode/electrolyte interface, and the
Warburg impedance related to the Liþ diffusion in the electrode
materials [51,52]. The semicircle of MoS2-PEG is significantly
smaller than that of MoS2-PEG-A, indicating a higher conductivity
of the former attributed to its 1T-like metallic behavior and the
special structure (expanded interlayer spacing, hetero-bonds, and
extended active sites). The high conductivity of MoS2-PEG is
beneficial to enhance charge transfer kinetics.

4. Conclusions

In summary, a facile synthesis approach toward severe lattice
distorted MoS2 nanosheets was discovered by a PEG-assisted hy-
drothermal synthesis. Compared with pure water as solvent, the
PEG400 addictive not only acts as surfactant to form flower-like
morphology, but, more importantly, also modifies the microstruc-
ture of MoS2, which enlarges the interlayer spacing and reduces
nanosheet layers, and thus giving rise to a 1T-like metallic behavior
with a high conductivity. Furthermore, the incorporation of oxy-
gen- and carbon-containing groups into MoS2 interlayers leads to
the coupling of MoeOeC (and MoeO) hetero-bonds, which facili-
tates the electron transport rate and the structural stability of MoS2.
This special structure enables MoS2 to achieve superior electro-
chemical performance, independent of carbon coating/supporting.
Prepared via a PEG-assisted synthesis route, MoS2 maintains the
reversible capacity up to 1200 (600) mAh g�1 over 400 (1000) cy-
cles at a current density of 0.2 (0.5) A g�1 and 364mAh g�1 at a
current density of 10 A g�1. Future work is to further enhance the
electrochemical performance of MoS2-PEG through a carbon-
related incorporation/decoration.
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