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As a typical transition metal dichalcogenide (TMD), molybdenum disulphide (MoS,) has become one of the
most promising anode materials for lithium-ion batteries (LIBs) due to its desirable electrochemical
properties. But the development of commercial MoS; is limited by the problem of agglomeration. Thus,
the production of MoS, nanosheets with few (<10) layers is highly desired but remains a great challenge.
In this work, a facile and scalable approach is developed to prepare large-flake, few-layer (4-8) MoS,
nanosheets with the assistance of ultrasonics. Simultaneously, the as-prepared MoS, nanosheets and
commercial bulk MoS, were analysed under multiple spectroscopic techniques and a series of
electrochemical tests to understand the dependence of electrochemical performance on structural
properties. When used as anode materials for LIBs, the obtained MoS, nanosheets provide a reversible

. capacity of 716 mA h g~ at 100 mA g~* after 285 cycles, and demonstrated an excellent capacity
iizzgtz% g?;hwl‘\‘a?;ﬁrgggr22021 retention rate of up to 80%. Compared with that of commercial MoS, (14.8%), the capacity retention rate
of our MoS, nanosheets has a significant improvement. This work explored the ability of few-layered

DOI: 10.1039/d1ra08255h MoS, nanosheets in the field of LIBs while suggesting the commercialization of the MoS, by an
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Introduction

Lithium-ion batteries (LIBs) have become the most indispens-
able item of supreme energy storage that is prospering in
electronic devices and automobile industries. Accompanying
the people's continuing demand for high energy and power
densities and a keen motive to lower the environmental impact,
the components and commercialization of LIBs have turned out
to be a topic of extensive scientific research for a couple of
decades.’”® Of late, numerous LIB anode materials, ranging
from carbonaceous material like graphite to transition metal-
based two-dimensional materials (TMDs) like molybdenum
disulphide (MoS,), molybdenum selenide (MoSe,), molyb-
denum trioxide (MoOj;) and tungsten disulphide (WS,), are
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ultrasonicated ball milling exfoliation technique.

being investigated due to their exceptional crystal structures
that contribute to remarkable electrochemical, electrical and
optical properties.*” As conventional graphite anodes produced
a considerably lower theoretical capacity of 372 mA h g, the
latest TMDs have portrayed a higher capacity of over
500 mA h g~ exceeding those of the bulk equivalents.”™

MoS, has been verified as one of the most assuring anode
materials by exhibiting a theoretical capacity of over
669 mA h g ' with a low reaction potential.’® These unique
properties could potentially be applicable in fields such as
capacitors, lubricants, catalysts and even as an extraordinary
anode material for LIBs."*® The morphology of MoS, nano-
sheets comprises covalently bonded sulphur-molybdenum-
sulphur atoms which are weakly stacked by van der Waals forces
in order to form layers of two dimensions.”*”"** The interaction
of these layers enables the lithium ions to diffuse between the
layers through intercalation without an obvious expansion in
volume.'**>** These reported insights of MoS, have aided us to
understand the influence of morphology on electrochemical
properties, the intercalation capacity of lithium, and the lith-
iation and delithiation cycle of LIB.>***

Furthermore, a minimal layering of MoS, nanosheets has
demonstrated an extended reversibility capacity while sup-
porting a faster Li ion intercalation process compared with that
of bulk MoS,. This excellent storage response with a negligible
Li ion diffusion limit is due to the surface area offered by
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nanosheets of fewer than 10 layers with adequate interlayer and
interplanar spacing.*® Nevertheless, agglomeration of the
nanosheets has been shown to compromise the electrochemical
performance of the cell in numerous cases.”””** Thus, an effec-
tive synthesis is essential for fabricating high performance
MoS, anodes.

There are various bottom-up** and top-down*® approaches to
produce MoS, but attaining a few layers of nanosheets
continued to be a massive challenge through the years.”®
Generally, the bottom-up approach requires an extreme energy
intensive post-treatment under stringent conditions, making it
a least preferred process.***” In spite of low yields, the top-down
approach is commonly preferred on account of the bulk mate-
rial abundance.®® Liquid phase exfoliation (LPH), mechanical
exfoliation (ME), ball milling (BM) and alkali-ion intercalation
(AII) are a few processes chosen to create desirable layers, but
there are advantages and disadvantages associated with these
techniques in terms of process conditions and quality of
nanosheets.>** Of all the mentioned techniques, ball milling
was recognized as the most scalable and commercialized
method of nanosheet production.*>*® However, the pure ball
milling method cannot give full play to the advantages of the
layered structure of MoS,.”* Additionally, ball milling has the
ease of coupling with numerous auxiliary methods to obtain
nanostructure-like sheets and flakes of the desired dimensions
and composition by altering the process conditions.>?%3%3>53
Therefore, we proposed ultrasonic-assisted ball milling. The
preparation method reduces the size of MoS, by ball milling on
the one hand, and obtains few-layer MoS, by ultrasonic peeling
on the other hand. The corresponding discussion is later in the
paper.

Therefore, this paper aims to report the potential of
minimal-layered MoS, nanosheets, fabricated from a simple
ultrasonicated ball milling exfoliation method, over commer-
cial bulk MoS,. The as-prepared MoS, material was demon-
strated to be composed of only 4-8 layers and investigated
under multiple spectroscopic techniques to understand the
structural and morphological properties in comparison with
those of commercial bulk MoS,. Benefiting from the non-
agglomerated lamella structure, the electrochemical perfor-
mance of the MoS, anode is significantly improved by the
controllable exfoliation of MoS, compared with that of
commercial MoS,. Besides, the mechanism involved in the
synthesis of MoS, nanosheets is illustrated to show the impact
of the selected approach on structural properties and the ease of
fabrication. Collectively, this provides an effective strategy for
the exfoliation of other bulk materials, which has great signif-
icance for future material design and applications in energy
conversion and storage devices.

Experimental
Exfoliation of MoS,

Firstly, 500 mg of commercial bulk MoS, with a 325 mesh was
dispersed in 5 mL of anhydrous ethanol solvent. The mixture
was ball-milled continuously for 12 h at a speed of 450 rpm on
a planetary mill with zirconia grinding balls and vials. The
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obtained dispersion was then ultrasonicated at ambient
temperature for 5 h to produce a colloidal suspension of MoS,
nanosheets. The suspension was subjected to centrifugation at
5000 rpm for 15 min to remove any large particles, including
partially exfoliated bulk MoS, and unexfoliated residual bulk
MoS,.

Fabrication of MoS, anode electrode

According to previous reports,”” a vacuum filtration method was
employed to obtain the MoS, nanosheet anode on Celgard 2400
as a LIB polypropylene separator. Following the mentioned
procedure, the as-prepared suspension was filtered through
a porous filter paper, Celgard 2400 polypropylene separator,
forming the MoS, film. Subsequently, the film was dried in
a vacuum chamber at 80 °C for 72 h, and the MoS, anode
electrode was obtained. In parallel, for comparison, the
commercial MoS, anode electrode was prepared by slurry-
casting on Cu foils that served as current collectors. The
slurry contained 80 wt% bulk MoS,, 10 wt% carbon black (CB)
and 10 wt% poly(vinylidene) fluoride (PVDF) binder in a N-
methylpyrrolidinone (NMP) solvent. The obtained electrode was
dried in a vacuum at 90 °C overnight. The electrodes were then
subjected to material characterization techniques.

Material characterization

The morphology of the bulk and prepared MoS, was analysed in
a field emission scanning electron microscope (FE-SEM, Hitachi
S-4800), transmission electron microscope (TEM, Hitachi H-
7000), and high-resolution transmission electron microscope
(HRTEM, JEOL 2010F). The powder X-ray diffraction (XRD)
pattern was recorded by a Rigaku RU-200BVH diffractometer
using a Co-Ka. source (A = 1.7892 A).

Electrochemical measurements

Coin-type electrochemical half-cells were used; the working
electrode was the prepared anode electrode and the counter
electrode was a lithium foil. The electrolyte for the system
consisted of 1 M LiPFy salt dissolved in ethylene carbonate
(EC) : diethyl carbonate (DEC) : ethyl methyl carbonate (EMC)
with a volume ratio of 1 : 1 : 1. The CR-2032 button battery was
assembled in a dry glove box filled with argon (moisture and
oxygen concentration < 1 ppm). A Princeton ParSTAT MC 2000A
was utilized to perform cyclic voltammetry (CV) at a potential of
0.01t0 3.0 V (vs. Li/Li*) at a scan rate of 0.1 mV s~ *. The charging
and discharging characteristics were tested using a Neware CT-
4000 battery tester at room temperature and constant current
between 0.01 and 3.0 V (vs. Li/Li").

Results and discussion

Fig. 1a shows the XRD patterns of bulk and as-prepared MoS, as
black and blue lines, respectively. The typical diffraction peaks
of the bulk MoS, finely matched the standard peaks of the
hexagonal phase (JCPDS 37-1492). The as-prepared MoS,
sample represented five peaks corresponding to the (002), (004),
(103), (006) and (008) planes in which a sharp peak is clear for

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) XRD patterns and (b) Raman spectra of commercial MoS,
(black line) and obtained MoS, (blue line) nanosheets; SEM element
mappings of (c—e) commercial MoS;, and (f-h) MoS, nanosheets: (d
and g) are of Mo and (e and h) are of S.

(002) and confirms the well-stacked layered structure forma-
tion.>**%¢ Additionally, the larger peak widths clearly convey
that the obtained MoS, has a smaller particle size compared
with that of bulk MoS,.>”

Raman spectra of the bulk and as-prepared MoS, are
compared in Fig. 1b, in which the spectra show the same set of
peaks. The two typical Raman active modes located at 380 cm ™"
and 406 cm ™' can be attributed to Ejy and Ay, resulting from
the inlayer vibration of molybdenum and sulphur atoms along
with the vibration of sulphides in the out-of-plane direction.>***
Furthermore, Fig. 1c-h depict the elemental mappings of the
bulk and as-prepared MoS,, where Fig. 1c and f are the overall
images of the bulk and as-prepared MoS,. In the following
images, it is worth noting that the atoms of Mo and S are evenly
distributed in the two samples. The energy dispersive X-ray
spectroscopy (EDX) associated with the functioning of HRTEM
(Fig. S11) shows that the as-prepared MoS, consists only of Mo
and S, which further confirms the Mo : S atomic ratio of 1 : 2; as
agreed with the elemental composition of MoS,.

Moreover, SEM was employed to observe the morphology of
the bulk MoS, (shown in Fig. S21). The random-shaped MoS,
displayed a sheet-like morphology with a thickness of ca. 1 pm.
The as-prepared MoS,, as shown in Fig. 2a, exhibits a different
morphology from that of the bulk one (Fig. S27) signifying the
essence of ball milling that decreased the size of MoS, nano-
sheets dramatically. Similarly, the TEM image of the as-
prepared MoS, in Fig. 2b confirms the presence of thin MoS,
nanosheets. HRTEM (Fig. 2¢) showcases the lateral view of a few
lamellar structures with visible lattice fringes. Evidently, each
film is composed of 4-8 MoS, layers, that is, significantly
reduced compared with those in the bulk MoS, structure or any
MoS, nanosheet structures reported earlier. A characteristic
peak that belongs to the [002] direction of the MoS, nanosheets
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Fig. 2 MoS; nanosheets: (a) SEM and (b) TEM images; (c) lateral view
of the MoS; layers measured by HRTEM; (d) intensity profile along the
MoS; layers in (c) with nm units for the x-axis; (€) HRTEM image of
a MoS, nanosheet for interplanar spacing; (f) SAED pattern of a MoS,
nanosheet.

is demonstrated in Fig. 2d. The interlayer spacing is measured
to be ~0.66 nm and is consistent with the (002) plane of
a layered hexagonal MoS,. This result reveals that each molyb-
denum atom layer is sandwiched between two sulphur atom
layers. In addition to the interlayer spacing, the HRTEM image
in Fig. 2e clearly illustrates the lattice fringes of MoS, nano-
sheets with an elaborative crystal structure, in which the inter-
planar distances were measured to be 0.27 nm, corresponding
to the (100) plane of MoS,.*”** The several bright rings in Fig. 2f,
as shown by Selected Area Electron Diffraction (SAED), coincide
with the hexagonal MoS, structure's diffraction pattern by
further indicating the good stacking of MoS, nanosheets with
different crystallographic orientations.®*** Additionally, the
diffraction dots within the diffraction rings were identified as
(002), (100), (103), (105), and (110) planes, which confirms the
high crystallinity of the MoS, nanosheets.*

Through the above material characterization techniques and
analysis, it can be deduced that the observations that emerged
from the exfoliated MoS, nanosheets via ultrasonic assisted ball
milling process are admirable and satisfactory for commercial
usage in LIBs. The desirable structural characteristics are
possible due to the approach proposed and employed in this
study to synthesize MoS, nanosheets (as displayed in Fig. 3).
After stage I, the layered MoS, was dispersed into ethanol and
ball-milled for 12 h. That the shear force from ball milling is
superior to that of the weak van der Waals interactions between
the MoS, layers resulted in the easy exfoliation of some MoS,
layers during the process of ball milling.*® In the case of un-
exfoliated MoS,, the ethanol solvent intercalated between the
MoS, layers, resulting in an increased layer distance. The

RSC Adv, 2022, 12, 9917-9922 | 9919
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Fig. 3 Schematic illustration for MoS, nanosheet synthesis: (I) ball
milling; (I) ultrasonic exfoliation; (Ill) untreated.

exfoliation of MoS, inevitably occurred when ultrasonics was
employed (stage II). However, commercial MoS, layers were
stacked together via relatively weak van der Waals interactions,
as represented in stage III

Lithium storage properties of bulk and as-prepared MoS,
were studied by a series of electrochemical tests, such as cyclic
voltammetry (CV) and galvanostatic charge-discharge (GCD)
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Fig. 4 Cyclic voltammograms of (a) bulk MoS, and (b) MoS, nano-
sheets; typical charge and discharge curves at selected cycles of (c)
bulk MoS, and (d) MoS, nanosheets; (e) a comparison of the cyclic
performance of bulk MoS, (to 100 cycles) and MoS, nanosheets (over
280 cycles) and (f) capacity retention versus cycle numbers of (i) bulk
MoS; and (ii) MoS, nanosheets.
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testing. Fig. 4 shows the voltage range from 0.01 V to 3.00 V.
First, the CV of bulk MoS, and the prepared MoS, under a scan
rate of 0.1 mV s~ were evaluated. The CV curves of the two
samples were performed and evaluated as for the first scan.
Firstly, in the first cathodic scan,*” the two peaks at 0.89 and
1.08 V correspond to the insertion of Li* with the formation of
Li,MoS, (MoS, + xLi" + xe~ = Li,MoS,) for the bulk and as-
prepared MoS,, respectively. Inclusively, another obvious
reduction peak (positioned at 0.35 and 0.52 V for bulk and as-
prepared MoS,, respectively) indicates the existence of an elec-
trochemical reduction that originates from a conversion reac-
tion (Li,MoS, + 4Li" + 4e” = 2Li,S + Mo/Li)), in which the
formation of Mo metal along with the Li,S from Li,MoS, occurs.
In the opposite process (anodic scan), one obvious oxidation
peak due to the oxidation of Li,S into sulphur shows a similar
reaction potential at ~2.30 V for two anodes.”™”* If a compara-
tive analysis is carried out of the second and third CV curves of
bulk MoS,, a big difference can be observed, which reveals
a poor cyclic performance. In the case of the as-prepared MoS,,
these two CV curves nearly overlap, verifying superior cyclic
performances.

For good measure, the lithium storage behaviour of the MoS,
anode was further measured by GCD testing via a CR-2032 coin.
Fig. 4c and d illustrate the bulk and as-prepared charge-
discharge curves of MoS,, respectively. The first discharge
curves reveal two insertion plateaus, which shift in the subse-
quent cycles. In the subsequent charging curve, an obvious
plateau due to delithiation was noticed, which corresponds to
the CV curve.

Although the charge/discharge profiles of the as-prepared
MoS, have not considerably changed through cycling (as
depicted in Fig. 4e), those of the bulk MoS, anode were altered
after 10 cycles. In the first cycle, the bulk MoS, anode reported
charge and discharge capacities of 581 mA h g ' and
777 mAh g7, respectively, while those values of the as-prepared
MoS, were 925 mA h g~ ' and 657 mA h g~ ". It is noteworthy that
the irreversible capacity in the first cycle is high, which may
arise from two aspects: (1) a solid electrolyte intermediate phase
(SEI) is formed on the anode surface due to the electrolyte's
decomposition; (2) during the lithium insertion in MosS,
nanosheets, lithium ions trapped in the nanoclusters or defect
sites/intratubal sites cause the irreversible capacity.”>”*

According to Fig. 4e, at a current density of 100 mA g~ ', the
cycle performances of the bulk and the as-prepared MoS, are
different. Noticeably, the as-prepared MoS, still delivers
a remarkable specific energy capacity after 100 cycles, while the
bulk MoS, anode shows an obvious capacity decay over 100
cycles. Fig. 4f displays the capacity retention of the two anodes.
It is evident that the bulk MoS, shows a much lower capacity
retention (14.8%) than the as-prepared MoS, (80.0%). The as-
prepared MoS, still maintained a high capacity of
716 mA h g " in the 285th cycle (see the inset of Fig. 4e) with an
average of 0.030% capacity loss per cycle, suggesting its excel-
lent cycling performance compared with those of other MoS,
based anode materials (Table S1%). Inclusively, the excellent
cycle performance of the as-prepared MoS, composed of 4-8
layers is attributed to the more facilitated diffusion in the liquid

© 2022 The Author(s). Published by the Royal Society of Chemistry
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electrolyte and an increase in the electrolyte-electrode contact
area compared with that of the bulk one.””” Moreover, the
presence of only a few layers decreases the solid-state transport
length of the lithium diffusion.””®”” Considering the results
shown in Fig. 4, the as-prepared MoS, as a LIB anode can
effectively enhance the battery performance to a great extent.

Conclusions

The MoS, nanosheets we obtained through a simple ball
milling approach are only a few (4-8) layers. As an anode of
LIBs, the as-prepared MoS, achieves an outstanding reversible
capacity of 716 mA h g ' after 285 cycles, which reveals an
improved cyclic performance and higher energy capacity
compared with those of the bulk material with a measured
specific capacity of only 94 mA h g™ " after observation for 100
cycles. This lead to an understanding of the effect of the
synthesis method on MoS, nanosheets for both the structural
properties and the electrochemical performance. The proposed
simple exfoliation process in this study can be potentially used
for other layered materials, such as WS,, SnS,, MoSe,, etc.
Moreover, this research can be of great importance to create
cost-effective ultra-thin layered anodes with a promising
performance for LIB application.
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