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We report new three-dimensional (3D)-nanostructured MoS,-
carbonaceous materials in which MoS, sheets are intercalated
between the graphite layers that possess a multiply repeated
graphite/MoS,/graphite structure which prevents the
aggregation of MoS, and diffusion of sulfur from
carbonaceous materials, enhancing the cycling stability of Li-
ion battery. We developed an efficient and scalable process
applicable for mass production to synthesize non-aggregated
MoS,-intercalated 3D hybrid-nanostructured graphite based
on stress induced and microwave irradiation. X-ray
diffraction, X-ray photospectroscopy, Raman spectroscopy,
field emission scanning electron microscopy, and high-
resolution transmission electron microscopy analyses
demonstrated that the as-synthesized materials consisted of
MoS,-intercalated 3D hybrid-nanostructured graphite
platelets that had a multiply repeated graphite/MoS,/graphite
structure. The obtained MoS,-graphites powder surpasses
MoS, as an anode material in terms of specific capacity, cycle
stability, and rate performances at high current densities for
Li-ion batteries. The electrochemical impedance spectroscopy
demonstrated that the graphite sheets not just reduced the
contact resistance in the electrode but also facilitated electron
transfer in the lithiation/delithiation processes. The superior
electrochemical performances especially for the cycling
stability of the Li-ion battery are originated from prevention
of the sulfur diffusion of the MoS,-intercalated 3D-
nanostructured graphite.

Molybdenum disulfide (MoS,) is a typical member of the
transition metal dichalcogenides (TMD) family which is used in
catalysis, nanotribology, and electrochemistry applications®=.
MoS, has stimulated tremendous interest in electrochemistry
due to its unique electrochemical performance*®. Bulk MoS,
crystals consist of van der Waals bonded sheets of S—-Mo-S
layers. Each sheet, in turn, is made up of a hexagonal layer of
Mo atoms between two hexagonal layers of S atoms®’.
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Moreover, MoS, has a layered structure that contains galleries
held together by weak van der Waals forces which provides a
fast diffusion path for the movement of Li* ions without
causing significant volume changes, making it a promising
candidate for lithium-ion batteries®°. MoS, with an enlarged
interlayer distance can accommodate more Li* ions and lead to
a high reversible capacity in initial cycling’®. Unfortunately, in
host matrixes of MoS,, a large specific volume change
commonly occurs during the cycling processes which results in
pulverization of the electrodes and aggregation of electrode
materials. This causes a large increase of the contact resistance
and rapid capacity decay, especially under high charge and
discharge current rates*. Therefore, the use of a suitable matrix
to accommodate the volume change during the cycling
processes is an efficient strategy to overcome the poor cycling
and high-rate problems of Mo0S,>*2, In this respect, MoS,
sheets are uniformly dispersed in other medium such as
carbonaceous materials and their aggregation can be effectively
inhibited, which can lead to enhanced electrochemical
properties®**’. Recently, MoS, and carbonaceous material
hybrids have been developed®'*581° However, due to the
non-intimate contact between the carbonaceous materials and
active materials, MoS, is still prone to experience strong
aggregation during the cycling processes™. Most recently,
MoS,-graphene composites have been synthesized via
hydrothermal reduction of Na,MoO, and L-cysteine in the
presence of graphene oxide (GO) followed by annealing under
N,'%82°  Although the electrochemical performances have
been improved, the yield is very low due to the possible
aggregated MoS,-graphene composites. In addition, the
synthesis of MoS, sheets on the surface of graphene or
carbonaceous materials could improve the conductivity of
MoS,, but the surface attachment of the MoS, sheets was not
effective to prevent the aggregation of MoS, and the formation
of polysulfides with carbon species?’. The polysulfide clusters
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can be diffused out of the carbonaceous materials. As a result,
the cycling stability of the Li ion battery cell significantly
decreases. Thus, until now, the MoS, carbonaceous composite
with 2D structure is still hard to satisfy the electrochemical
behavior of the lithium-ion battery?’. Therefore, it is required to
have the ideal three-dimensional (3D) nanostructure for the
MoS, carbonaceous anode electrodes in which the MoS, sheets
are uniformly dispersed and simultaneously intercalated
between the carbonaceous materials. It is highly expected that
an chemical exchange reaction of Li ions with Mo ions of the
MoS, sheets (MoS, + 4Li + 4e- — Mo + 2Li,S) that are
intercalated between 3D graphite structure can prevent the
sulfur diffusion, eventually leading to an enhancement of
cycling stability in the Li ion battery cell.

Here, we report new 3D-nanostructured of MoS,-
carbonaceous materials in which MoS, sheets are intercalated
between the graphite layers that possess a multiply repeated
graphite/MoS,/graphite structure. The repeated
graphite/MoS,/graphite structure prevents the aggregation of
MoS, and diffusion of sulfur from carbonaceous materials,
leading to improve the cycling stability of Li-ion battery. To
synthesize the hybrid 3D architectures, an induced strain and a
microwave irradiation technique are used. Without using an
organic solvent, this method is a facile, scalable, and efficient
approach for the large-scale synthesis of graphite-backboned
MoS, architectures. This novel method is carefully designed to
yield non-aggregated MoS,-intercalated 3D-nanostructured
graphite through the direct exfoliation of graphite by using a
step-by-step method including sulfur intercalation into the
expanded graphite (EG) followed by metallization. We grew
MoS, sheets on the surface of EG through a sulfur coating
method on a carbonaceous surface and reaction with MoCls as a
precursor of Mo. Since sulfur is strongly attracted to carbon,
sulfur can be easily coated on the carbon surface. For the
uniform and facile synthesis process, we adopted a simple ball
milling process and a microwave irradiation reaction. The
resulting MoS,-intercalated 3D-nanostructured graphite has
continuous MoS,-coated sheets on the EG surface doped with
sulfur.  The  non-aggregated MoS,-intercalated  3D-
nanostructured graphite anode electrode exhibited a high
specific capacity (over 800 mAh/g) and stable electrochemical
performance for Li-ion battery application (up to 100 cycles).

Edge-opened graphite (EG) was obtained by acid treatment of
natural graphite flakes followed by microwave treatment.
Natural graphite flakes were treated with sulfuric acid and nitric
acid at a ratio of 3:1 and then treated with microwaves at 700
W for 30 sec to form EG. The MoS,-intercalated 3D-
nanostructured graphite was synthesized by a simple ball
milling process and a microwave irradiation technique. In a
typical procedure, EG was mixed with commercially available
sulfur powder at a ratio of 1:1.5 by ball milling for 24 hr to
induce strain on the different layers of EG and incorporate
sulfur into the different layers of EG. The resulting sulfur-
coated graphite was grinded with different amounts of
commercially available molybdenum chloride (MoCls) for 30
min.
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Scheme 1 lllustration of graphite-backboned MoS2-Intercalated 3D
nanostructured graphite fabrication.

The final mixtures were treated with microwaves in an inert
atmosphere at 700 W for 10 min to react the incorporated sulfur
with MoCl; to form MoS,. Here, two types of MoS,-
intercalated 3D-nanostructured composites were synthesized
with different amounts of MoS, with molar mass for
0.125mmol and 0.5 mmol of MoCls referred to as EGS-M1 and
EGS-M2, respectively. The morphologies and nanostructures of
the as-synthesized samples were investigated by using a field-
emission scanning electron microscope (FESEM) (JEOL JMM-
740F), transmission electron microscope (TEM) (JEOL JEM-
2100F), powder X-ray diffractometer (XRD) (Rigaku Ultima
IV), Raman Spectroscopy with laser 532 nm and X-ray photo
spectroscopy (ESCA 2000, VG Microtech) for chemical
compositions.

2032 coin-type cells were used for the electrochemical
measurements. The working electrode slurry was composed of
MoS2-intercalated 3D-nanostructured graphite as the active
material, carbon black (Super P) as a conductive additive, and
poly (vinylidene fluoride) (PVDF) as a binder at a weight ratio
of 80:10:10 dissolved in N-methyl-2-pyrollidinone (NMP). The
slurry was coated on copper foil as a current collector and dried
under vacuum at 120°C for 12 hr. All 2032 coin-type cells were
assembled in an argon-filled glovebox. Lithium foil was used
both as the counter and reference electrodes, and a polyethylene
(PE) membrane (EL6MMS, Tonen) was used as the separator.
1M LiPF6 dissolved in a mixture of ethylene carbonate (EC)
and diethyl carbonate (DEC) (v/v, 1:1) (Panax Etec Co.,Ltd.
Korea) was used as the electrolyte. The galvanostatic
charge/discharge measurements were performed using a
multichannel battery test system (WonATech, Korea) at various
current densities within the voltage range of 3-0.01 V. Cyclic
voltammetry  (CV) and  electrochemical  impedance
spectrometry (EIS) measurements were obtained utilizing an
electrochemical analyzer (CHI 608C, CH Instrument, USA) at a
scanning rate of 0.1 mVs-1 and an electrochemical workstation
(Zahner Zennium, Germany) over the frequency range of 100
mHz to 100 kHz with a perturbation amplitude of 5 mV,
respectively.
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Scheme 1 illustrates the schematic diagram of the synthesis
procedure used to produce MoS,-intercalated 3D-
nanostructured graphite via the induced stress and a microwave
irradiation technique. The interaction between a sulfur molecule
and the graphite surface is stronger than the van der Waals
force between graphite sheets due to their similar electro-
negativity values?®?*. However, mass production of high-
quality sulfur-coated graphite was obtained by using ball
milling for 24 hr. Sulfur is a moderately sticky material for the
graphite plane, which remains on the surface of graphite while
grinding with MoCls. The reaction between sulfur and MoCls
occurs when the grinded mixture is treated with microwaves for
10 min and finally, MoS, is formed on the surface of graphite.
The reaction to form MoS, can be described as??

2MoCls + 14S — 2MoS, + 5CI,S,
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Figure 1 XRD patterns of Graphite, Sulfur intercalated expanded
graphite (EGS), and MoS2-Intercalated 3D nanostructured graphite
composites EGS-M1 and EGS-M2.

The MoS;-intercalated 3D-nanostructured graphite samples
were firstly confirmed by X-ray diffraction (XRD) patterns.
The XRD patterns of the MoS,-intercalated 3D-nanostructured
graphite samples are shown in Figure 1. The XRD pattern is
indexed as hexagonal 2H-MoS, (JCPDS 6-97). The single
strong (002) reflection at 20 = 14.20, corresponding to a d-
spacing of 0.615 nm, reveals a well stacked layered structure
for both EGS-M1 and EGS-M2. This shows that microwave
treatment is sufficient to obtain good crystallinity of MoS,.
Moreover, the diffraction peaks of the EGS-M1 and EGS-M2
samples at 20 = 33.50, 39.60, and 59.10 correspond to the
(100), (103), and (110) planes of MoS,, respectively. As
observed in the XRD patterns of EGS-M1 and EGS-M2 shown
in Figure 1, it is clear that sulfur peaks are not present whereas
they are present in the sulfur intercalated expanded graphite
sample, revealing that the microwave treatment for 10 min is
sufficient to form well stacked MoS, layers from MoCls. The
broad reflection at 20 = 26.40 originates from the expanded
graphite. It is clear from the XRD pattern, the (002) peak of
expended graphite is shifted to lower angle in EGS-M1 and
EGS-M, samples, compared with graphite sample, due to
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intercalation of MoS, between the expanded graphite sheets.
Also the interlayer distances between graphite sheets are
changed from 3.33 A to 3.85 A in graphite to MoS, intercalated
expanded graphite sample. Moreover in X-ray
photospectroscopy (XPS) measurements (Supplementary
Figure S1) we did not observe chlorine peaks in XPS
measurement, which implies that 10 min microwave treatment
is sufficient for the reaction between MoCls and sulfur to form
MoS, sheets.
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Figure 2 Raman Characterizations: (a) and (b) Raman Mapping and

corresponding spectra of EGS-M1, (c) and (d) Raman Mapping and
corresponding spectra of EGS-M2.

Raman spectroscopy is used to confirm the intercalation of
MoS, sheets between the graphite layers by Raman mapping.
Figures 2(a) and (c) show the Raman mapping and Figures 2(c)
and (d) show the corresponding Raman spectra of the
composites EGS-M1 and EGS-M2, respectively. The
corresponding spectra of the sample EGS-M1 show that the
bright part contains both MoS, and graphite peaks, but the dark
part contains only graphite peaks. The D and G peak ratio of
the bright part spectra is increased, which reveals that MoS,
sheets are intercalated between the graphite layers. However,
the corresponding spectra of the sample EGS-M2 exhibit that
most of the MoS, sheets are grown on the surface of graphite
sheets due to higher amount of MoS,. The bright part of the
Raman spectra shows that only MoS, peaks with very low
intensity of G peak and D peak disappears, which implies that
the MoS, sheets are not intercalated between graphite sheets at
that part. Moreover less, bright spectra has MoS, peaks as well
as the higher ratio of D and G peaks in comparison with the
dark part, which implies that the less bright part contains an
intercalation of MoS, between the graphite sheets.

The nanostructures of the as-prepared MoS,-intercalated 3D-
nanostructured graphite samples were examined in detail by
HRTEM. It can be clearly seen that MoS, sheets are well
supported on the graphite sheets during microwave irradiation.
The overlapping of MoS, sheets on graphite is important when
using the poorer conducting MoS, as an electrode material. It is
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revealed in Figures 3(a) and 3(b) that MoS; has a well layered
structure with d(002) = 0.61 nm, which agrees with the XRD
analysis results. It can be clearly seen that in EGS-M1 sample
(Figure 3(a)), MoS; sheets are well intercalated between the
graphite layers but in EGS-M2 sample (Figure 3(b)), most of
MoS, sheets grow on the surface of graphite which agrees with
the Raman mapping (Figure 2). The repeated 3D

nanostructured of EGS-M1 sample is also investigated by
HRTEM analysis (Supplementary Figure S2).

(b)

Figure 3 Nanostructures of MoS,-intercalated 3D nanostructured
graphite: (a) and (b) HRTEM images of EGS-M1 and EGS-M2,
respectively. (C) and (d) SEM images of EGS-M1 & EGS-M2,
respectively.

Figures 3(c) and 3(d) are SEM images of the as-synthesized
EGS-M1 and EGS-M2 samples, respectively. Due to the strong
electronegativity between carbon and sulfur, sulfur maintained
its covered morphology (Supplementary Figure S4) on the
expanded graphite during the microwave irradiation reaction
and reacted with MoCls. Therefore, the MoS, layer structure is
grown up between the surfaces of the expanded graphite.
Isolated MoS, was not observed in both nanostructures, which
demonstrates that MoS, sheets are well supported on the
graphite surface. However, due to the higher amount of MoS,
in EGS-M2 sample, the MoS, sheets grow perpendicular to the
surface of graphite sheets as shown in Figure 3(d). It is also
noted that the MoS, sheets show arc-like shapes with thinner
sides and thicker middles while most of the sheets are in tight
contact with each other, which helps them to grow vertically on
the surface of the graphite sheets. Moreover, MoS, sheets are
flat on the graphite surfaces in EGS-M1 as shown in Figure
3(c).

The amount of MoS, in EGS-1 and EGS-M2 samples are
calculated by (Thermo gravimetric analysis) TGA. It is found
that EGS-1 and EGS-M2 samples contain 5.43 wt% and 13.87
wt% of MoS2 respectively (Supplementary Figure S3).

The electrochemical performances were investigated by
cyclic voltammetry (CV) and galvanostatic charging-
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discharging cycling. Figures 4(a) and (b) show voltammograms
of the first five cycles of EGS-M1 and EGS-M2, respectively.
The as-synthesized EGS-M1 sample shows two reduction peaks
at 1.15 and 0.55 V in the first cathodic sweep, as shown in
Figure 5(a). The peak at 0.55 V is attributed to the conversion
reaction process?* %,
MoS, + 4Li + 4e- — Mo + 2Li,S

The peak at 0.9 V can be attributed to the coordination of Mo
by six S atoms (MoSg), which changes from trigonal prisms to
octahedral in the MoS, structure along with the intercalation of
lithium in Mo0S,?. These reduction peaks disappear from the
second cycle because of the decomposition of MoS, into Mo
nanoparticles embedded in the Li,S matrix through the
conversion reaction. Interestingly, as a previous result obtained
with carbon and the MoS, composite, the reduction peaks for
the conversion reaction of MoS, at the first cycle always
appeared below ~0.9 V and ~ 0.5 V. However, the first
reduction peaks of EGS-M1 in this analysis were at 1.15 and
0.55 V. This is important evidence for the MoS, coating
structure on graphite. Due to the close coating structure
between the MoS, layer and graphite, the conversion reaction
of MoSx during the reduction potential is facilitated. On the
other hand, the reduction peaks of EGS-M2 occurred at 0.45
and 1.05 V in the first cathodic sweep, which is a lower
reduction potential than EGS-M1 as shown in Figure 4(b). This
is due to the not closely covered MoS2 layer of EGS-M2,
which is different from EGS-M1 (Figures 3 (c) and (d)). Slight
shifts of the reduction peak potentials of EGS-M1 and EGS-M2
compared to the MoS2 electrode can be caused by overlap of
the electrochemical lithium storage of MoS, and graphite
sheets®.
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Figure 4 Electrochemical performances of MoS,-intercalated 3D
nanostructured graphite: (a) and (b) the first five cycles cyclic
voltammograms of EGS-M1 and EGS-M2, respectively. (c) and (d)
representative charge-discharge curve of EGS-M1 and EGS-M2 at
current density 50mA/g, respectively.

In addition, the peaks below ~0.2 V during the cathodic
sweep of both samples are due to the intercalation of lithium
ions into the graphite sheets and the transformations between
different stages of the intercalation compound527. The 2nd, 3rd,
4th, and 5th cathodic sweeps of the EGS-M1 and EGS-M2
electrodes showed two reduction peaks at 1.10 and 1.80 V but
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the peaks which were present in first cathodic sweep of both
composites disappeared, which agrees with the previously
reported lithiation and delithiation profiles’2. While the
oxidation peak during the reverse anodic sweep of EGS-M1
and EGS-M2 concerning the delithiation profiles of LiS,
appeared at 2.25 V, the oxidation peaks of MoS, appeared at
2.4 V and in the case of carbon and the MoS, composite, it
appeared around 2.3V. In this work, the oxidation reaction of
LiS, on the MoS,-coated graphite sample is also facilitated,
resulting in the oxidation peak at a lower anodic potential. This
feature also agrees with a previous report involving MoS,-
coated MWCNTs™,

Figures 4(c) and 4(d) show the first five discharge-charge
profiles of the EGS-M1 and EGS-M2 samples at a current
density of 50 mA/g, respectively. Figure 4(d) exhibits three
potential plateaus at 1.10 V, 0.6 V, and 0.2 V for the EGS-M2
electrodes in the first discharge process, which agree with the
CV measurements. The plateau at 1.10 V confirms that
formation of LixMoS, and the plateau at 0.6 V suggests the
conversion reaction in which MoS, is decomposed into Mo
particles embedded in a Li2S matrix>'28, However, the plateau
at the potential of 0.2 V demonstrates lithium deintercalation
from the graphite sheets?’. The slope potential beyond 0.6 V
indicates the formation of a gel-like polymeric layer from
electrochemical driven electrolyte degradation. However, the
2nd, 3rd, 4th, and 5th discharge curves of the EGS-M2
electrode shows plateaus at 1.9 V, 1.2 V, and below 0.2 V,
which is consistent with its CV after the 1st scan. The charge
process of the EGS-M2 electrode displays two conspicuous
potential plateaus at 0.20 V and 2.20 V due to the high
crystallinity of MoS, and lithium intercalation in the graphite
sheets. Moreover, we observed potential plateaus at 1.70 V,
1.10 V, 0.6 V, and below 0.2 V in the first discharge process of
EGS-M1, as shown in Figure 4(c). The extra plateau at a
potential of 1.70 VV may be due to the high crystallinity and
high amount of graphite sheets in EGS-M2. Figures 4(c) and
4(d) illustrate that the initial discharge capacities of the EGS-
M1 and EGS-M2 electrodes are 1,260 and 1,190 mAh/g,
respectively, while the initial reversible charge capacities are
850 and 890 mAh/g, respectively. The irreversibility in the first
cycles is due to the formation of a solid electrolyte interface
(SEI) film as well as decomposition of electrolyte and reduction
of oxygen-containing groups. Both samples exhibited a higher
specific capacity than the theoretical capacity of bulk MoS,
(167 mAh/g)%.

Figure 5(b) shows the cyclic stability of the EGS-M1 and
EGS-M2 composite electrodes at a constant current density of
50 mA/g. The reversible charge capacity of the EGS-M2
electrode decreased from 1,020 to 490 mAh/g after 100 cycles
as shown in Figure 5(b), while the EGS-M1 electrode exhibited
an excellent cyclic stability even over 100 cycles. The
reversible charge capacity of the EGS-M1 electrode slightly
increased. After 100 cycles, the reversible charge capacity of
the EGS-M1 electrode remained at 810 mAh/g. Thus, the

This journal is © The Royal Society of Chemistry [year]
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Figure 5 (a) Rate capability of EGS-M1 and EGS-M2 at different current
densities, (b) Cycling behavior of EGS-M1 and EGS-M2 at a current
density 50mA/g.

graphite sheets not only enhanced the specific capacity of the
composites, but also improved the cyclic stabilities of the
MoS,-intercalated  3D-nanostructured  graphite due to
homogeneous dispersion and intercalation of MoS, sheets
between the extended graphite layers. Moreover, the excess
amount of MoS; in the EGS-M2 composite decreased its cyclic
stability because MoS, layers which grow perpendicular on the
surface of graphite sheets gradually curl up and agglomerate
during cycling (Supplementary Information Figure S5). Figure
5(a) illustrates the rate performances of the EGS-M1 and EGS-
M2 composite electrodes where both EGS-M1 and EGS-M2
electrodes exhibited good high-rate performances. Reversible
capacities of 310 mAh/g and 290 mAh/g were achieved at a 10
C rate for the EGS-M1 and EGS-M2 electrodes, respectively.
These results are significantly higher than those of previously
reported MoS, electrodes.

Electrochemical impedance spectrometry (EIS)
measurements were performed after 10 cycles in order to better
understand the electrochemical performances of the EGS-M1
and EGS-M2 electrodes. Supplementary Figure S6 (a) shows
the Nyquist plots of the EGS-M1 and EGS-M2 electrodes. The
equivalent circuit model for the impedance response is shown
in Supplementary Figure S6 (b)'? where R, represents the
internal resistance, R and CPE1 are the resistance and constant
phase element of the SEI, respectively, R, and CPE2 are the
charge-transfer resistance and constant phase element of the
electrode/electrolyte interface, respectively, and Z,, is the
Warburg impedance corresponding to the lithium diffusion
process. The high frequency semicircle in Supplementary
Figure S6 (a) corresponds to the resistance, R, and CPE1 of the
SEI film. Meanwhile, the medium frequency semicircle can be
attributed to the charge-transfer resistance, R, and CPE2 of the
electrode/electrolyte interface whereas the inclined line in the
low frequency region corresponds to lithium diffusion
processes. The R; and R values were obtained by modeling ac
impedance spectra based on a modified equivalent circuit®.
The Rf and R values of the EGS-M1 electrode are 11.38 Q and
63.07 Q, respectively, which are lower than those of the EGS-
M2 electrode, which were 14.69 Q and 91.30 Q, respectively.
The contact resistance and charge transfer of the Li*
insertion/extraction of EGS-M1 are lower than those of the
EGS-M2 electrode because MoS, grows vertically and curls
during cycling in the EGS-M2 electrode (Figure 3(d)), which
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reduces the electron transfer and also the extraction of Li ions
from the LiMoS, structure®’. On the other hand, the Rs and Ry
values of the EGS-M1 electrode are lower than those of
previously reported MoS, electrodes, which confirm that the
graphite layers preserve the improved conductivity and enhance
the rapid electron transport during the Li ion
insertion/extraction reaction®.

A facile process for new 3D-nanostructured of MoS,-
carbonaceous materials in which MoS, sheets are intercalated
between the expanded graphite layers was developed for the
high cyclic stability of Li-ion batteries. Characterization of the
nanostructure by XRD, XPS, raman spectroscopy, TEM, and
FESEM demonstrated that the layered MoS, was supported on
the graphite surface, forming MoS,-intercalated 3D-
nanostructured graphite. The electrochemical evaluations
revealed that the EGS-M1 and EGS-M2 electrodes have higher
specific capacities than previously reported MoS, electrodes. In
particular, the EGS-M1 electrode in which MoS, sheets are
perfectly intercalated between the graphite layers demonstrated
much better cyclic and rate performances. The excellent
electrochemical performances can be attributed to the
synergetic interaction between MoS, and graphite. Therefore,
the present study suggests that newly developed MoS,-
intercalated 3D nanostructured graphite can produce very
versatile anode materials for Li-ion batteries suitable for large-
scale production.
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