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ARTICLE INFO ABSTRACT

Molybdenum diselenide-based carbon composites were prepared by a high-energy mechanical milling (HEMM)
for anodes in lithium-ion batteries. In this paper, we have reported the effect of the type of carbonaceous matrix,
for example, 2D graphite, 1D carbon nanotube, and 0D amorphous carbon, on the performance of MoSe,-carbon
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Graphite nanocomposite anodes. The combination of MoSe, and graphite showed the best electrochemical performance in
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Anod terms of cycling stability and rate capability. This improvement is associated with the increased surface area
node

along both lateral and vertical directions of MoSe,, and effective mixing between MoSe, and graphite due to
HEMM. The facile exfoliation, size reduction, and homogeneous mixing of MoSe, upon the addition of graphite,
were characterized by XRD, Raman spectroscopy, BET, SEM, and TEM. The MoSe,-graphite nanocomposite
((2D)MoSe,@(2D)Gr) exhibited enhanced Li storage (a reversible discharge capacity of 909 mAh g_1 at
100 mA g~ ! after 200 cycles) and rate performance (611 mAh g~ " at a current density of 3Ag~") as compared
to other MoSe,-carbon nanocomposites, as well as pure MoSe,. The reduced charge transfer resistance, increased
diffusivity, and improved mechanical stability as confirmed by electrochemical impedance spectroscopy (EIS)

Lithium-ion batteries

and ex-situ SEM, further served to demonstrate the superiority of the (2D)MoSe,@(2D)Gr electrode.

1. Introduction

Molybdenum diselenide (MoSe,) is a member of the family of
transition metal dichalcogenide-based two-dimensional (2D) materials,
which are composed of stacked atomic layers (Se-Mo-Se) held by weak
van der Waals forces [1]. Similar to other 2D materials, MoSe, exhibits
very interesting properties such as intercalation, lubrication [2,3], and
catalytic activity [4,5], resulting from its unique structure. Therefore,
several studies demonstrated the varied applications of 2D materials in
diverse areas including sensors [6,7], transistors [8-10], lubricants
[11-14], catalysis, hydrogen storage, and energy storage [15,16].
Among the different 2D materials, MoSe, is one of the most promising
candidates for use as an anode in lithium-ion batteries (LIBs) because of
its relatively high theoretical capacity (422 mAhg™') and a larger in-
terlayer spacing (0.65 nm) than graphite (0.33 nm) [17], which permits
the facile insertion and desorption of ions (e.g., lithium and sodium) in
an electrochemical reaction [17-20].

Owing to these advantages, MoSe, has been intensely studied in
order to apply it as an anode material for secondary batteries. Liu et al.
synthesized sheet-like MoSe, using a hydrothermal method and
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demonstrated a capacity of 576 mAhg ™' after 50 cycles at a current

density of 100 mA g~ ! [21]. The hydrothermal process was also used by
Zhang et al. to prepare hierarchical MoSe, nanosheets, which showed a
specific capacity of 917 mAh g~ ! after 100 cycles at 0.5 A g~ ' [17]. Shi
et al. introduced a mesoporous silica SBA-15 template to synthesize
mesoporous MoSe, via nanocasting, which exhibited a specific capacity
of 630 mAh g~ ! after 35 cycles at a current density of 0.05 C [22]. More
recently, Wu et al. have successfully fabricated MoSe, hollow nano-
spheres via hydrothermal processing followed by an annealing treat-
ment (specific capacity 744 mAh g~ ! after 300 cycles at 1 Ag ™) [23].
In addition, the synthesis of hierarchical MoSe, yolk-shell microspheres
by spray pyrolysis of MoO3; and selenization of yolk-shell-structured
MoO3 were reported by Ko et al. [24], and fullerene-like MoSe, nano-
particle-embedded carbon nanotube (CNT) balls were fabricated using
a similar approach by Choi et al. [25].

Despite these important advances, there are still several crucial is-
sues that need to be resolved before MoSe, can be used as a battery
anode. First, little is known of the effect of the carbon matrix on the
structural characteristics and electrochemical performance of MoSe,. In
general, it is necessary to use some type of carbonaceous matrix (e.g.,
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amorphous carbon, graphene, reduced graphene oxide or CNT) as an
additive to the active material to improve its electrochemical perfor-
mance. This is because, the carbonaceous matrix can reduce the volu-
metric expansion of the MoSe, electrode and enhance the electrical
conductivity of the MoSe, electrode, thereby reducing the physical
stress, pulverization, and aggregation that occur during lithiation/de-
lithiation. Despite much effort in this direction, the effect of the carbon
matrix has not been satisfactorily addressed in a systematic way thus
far. The detailed knowledge obtained based on these experiments will
be beneficial to understanding the mechanism of the electrochemical
reaction and will thus aid the development of new electrode materials
with improved performance. Secondly, the processes adopted in most of
the previous studies are somewhat complicated and therefore, difficult
to upscale for mass production [26,27].

Herein, we propose a MoSe,-graphite nanocomposite as a new high-
performance anode for LIBs, prepared using high-energy mechanical
milling (HEMM). The superiority of the MoSe,-graphite nanocomposite
electrode is demonstrated by systematically studying the effect of the
type of carbon matrix by comparing carbonaceous additives of three
different dimensions (e.g., 2D graphite, 1D CNT, and 0D carbon), on the
structural and electrochemical characteristics of the MoSe,-based
electrode, as well as by comparing its performance with a carbon-free
MoSe; electrode. Since the HEMM process adopted in our approach is
very simple and can be easily scaled up (i.e., production of gram-
quantities at a time), it can be potentially used for commercial pro-
duction. The MoSe,-graphite nanocomposite synthesized via HEMM
exhibited the best cycling performance (a specific capacity of
909 mAh g~ after 200 cycles at a current density of 100 mA g~ ') and
rate capability (611 mAh g™ ! at a current density of 3Ag™1).

2. Experimental section
2.1. Materials

Molybdenum diselenide (MoSe,, 325 mesh, 99.9%, Sigma-Aldrich),
graphite powder (Gr, 100 mesh, Sigma-Aldrich), amorphous carbon
black Super-P (C, ~40nm 99.99%, Alfa Aesar), and multi-walled
carbon nanotubes (CNTs, > 90%, Sigma-Aldrich) were used as-pur-
chased without any further treatment.

2.2. Preparation of MoSe,-carbon composites

MoSe,-carbon composites were prepared by HEMM using a plane-
tary ball-milling machine (Pulverisette 5, Fritsch). Three mixtures of
MoSe, with different types of carbon powders (2D Gr, 1D CNT, 0D C)
were prepared; the weight ratio of MoSe, to C was 7:3 in all the mix-
tures. The mixtures were placed in a zirconium oxide bowl (capacity of
80 cm®) and mixed, using zirconium oxide balls of two different sizes
(diameters of 3/8 and 3/16 in.). The weight ratio of the powder to the
zirconia balls was 1:20, and the mixing bowls were assembled under Ar
atmosphere in a glove box. The powder mixture was milled for various
times (1, 12, 24, 36, 48, and 60 h) with a 30 min rest after every 1 h of
milling, at a bowl-rotating speed of 300 rpm. As a control sample, bare
MoSe, was also milled under the same conditions without adding
carbon.

2.3. Characterization

The crystalline structures of the as-prepared samples were analyzed
using X-ray diffraction (XRD); the XRD scans were acquired in the 20
range 10-80° at a scan rate of 2°min "~ '. (D/MAX-2200 Rigaku, Japan).
Raman spectra of the samples were acquired using a Raman spectro-
meter (DXR Raman Microscope, 532nm laser excitation). The mor-
phology and structure of the MoSe,-carbon composites were imaged
using both scanning (SEM, Hitachi S4700, Japan) and transmission
(TEM, TECNAI G2F30) electron microscopy. Elemental mapping images
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were obtained using energy dispersive spectroscopy (EDS) during TEM
analysis. Brunauer-Emmett-Teller (BET) analysis was performed to
measure the specific surface area and pore size distribution (ASAP
2020, Micromeritics, USA).

2.4. Electrochemical measurements

Electrochemical measurements were performed using coin-type
cells (CR 2032). The working electrode was fabricated by casting a
slurry containing 70% active material (MoSe,-based nanocomposite),
15% conductive carbon black (Super-P), 15% polyvinylidene fluoride,
and N-methyl-2-pyrrolidinone. The as-prepared solution was stirred at a
constant speed for 12 h, after which the slurry was coated uniformly on
a copper foil by doctor blading. The coated film was dried overnight in
a vacuum oven at 70 °C. The electrode was then punched into a circular
disc of 12mm diameter. The coin-type cell was assembled under Ar
atmosphere in a glove box. The electrolyte, reference electrode, and
separator were 1 M LiPFg in ethylene carbonate/diethylene carbonate
(1:1 in volume), lithium foil, and polyethylene, respectively.
Galvanostatic electrochemical charge-discharge measurements were
performed using a battery cycle tester (WBCS3000, WonAtech) in the
voltage range 0.0-3.0V vs. Li/Li* at various current densities. Cyclic
voltammetry (CV) was performed using ZIVE MP1 (WonAtech) in the
same voltage range at the scanning rate of 0.1 mV s~ . Electrochemical
impedance spectroscopic (EIS) measurements were carried out using
ZIVE MP1 (WonAtech) with a 10 mV ac amplitude in the frequency
range 100 mHz-100 kHz at the 10th cycle.

3. Results and discussion

Fig. 1 shows the XRD patterns of the ball-milled MoSe, and different
MoSe,-carbon (hereafter denoted as (2D)MoSe,@(2D)Gr, (2D)Mo-
Se;@(1D)CNT, and (2D)MoSe,@(0D)C) nanocomposites. The major
peaks located at 20 values of 13.6°, 31.4°, 37.8°, 47.4°, and 55.9° for all
the MoSe,-carbon nanocomposites correspond, respectively, to the
(002), (100), (103), (105) and (110) planes of hexagonal MoSe, (PDF#

(2D)MoSe, @(0D)C

(2D)MoSe,@(1D)CNT

(2D)MoSe @(2D)Gr
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Fig. 1. XRD patterns of the bare MoSe, and MoSe,-carbon composites after
HEMM.
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Fig. 2. Raman spectra of MoSe, and MoSe,-carbon composites after HEMM.

87-2419). The peak at 26.5° seen in the (2D)MoSe,/(2D)Gr originates
from the (002) plane of graphite (PDF# 75-1621). No other impurity
peaks are seen in all samples. The peak intensities and width for all the
MoSe,-carbon nanocomposites are not much different from those for
MoSe, after HEMM, suggesting that the addition of carbonaceous ma-
terials does not decrease the crystallinity of MoSe,.

The structural characteristics of MoSe, and MoSe,-carbon nano-
composites following HEMM were further characterized by Raman
spectroscopy (Fig. 2). The peaks at frequencies < 400 cm ™! correspond
to MoSe,, while those > 1200 cm ™! correspond to the D- and G-bands
of the carbon material. The frequency difference between the two
Raman peaks (A = A;; — Ey,') can be used to identify the average
number of MoSe, layers [19,28]. We obtained A values of 47 ((2D)
MoSe,), 37 ((2D)MoSe,@(2D)Gr), 44 ((2D)MoSe,@1D CNT, and 51
((2D)MoSe,@(0D)C), indicating that the (2D)MoSe,@(2D)Gr compo-
site has the lowest number of MoSe, layers. This result also demon-
strates the high degree of exfoliation of MoSe; in the presence of gra-
phite during HEMM, which is attributed to the synergetic solid
lubrication effect between MoSe, and graphite [29]. In general, it is
well-known that most 2D materials easily undergo sliding under shear
stress because of the relatively weak bonding between the individual
layers of the basal planes [12,13,30]. Mechanical milling serves to
apply shear stress on both the 2D materials, leading to greater ex-
foliation and a larger number of edge-terminated sites for MoSe, [31].
The presence of these sites is highly advantageous in electrochemical
reactions because of the greater number of active sites in MoSe, which
react with lithium ions. The Raman peaks located at ~1341 and
1566 cm ™! correspond, respectively, to the D-(disorder) and G-(crys-
talline) bands of carbon [32-41]. The intensity ratios (Ip/Ig) between
these peaks is the lowest (0.46) for (2D)MoSe,@(2D)Gr (0.92 for (2D)
MoSe,@(1D)CNT and 0.94 for (2D)MoSe,@(0D)C), suggesting that the
(2D)MoSe,@(2D)Gr nanocomposite retains the high crystallinity of the
graphite lattice with few defects and a low degree of disorder.

Fig. 3 presents the SEM images of MoSe, and MoSe,-carbon nano-
composites. Although the particle sizes of the MoSe,-based nano-
composites are all different, a uniform reduction in their average sizes is
seen after HEMM, as compared to the particle sizes of the raw materials
before HEMM. For example, the particle sizes of (2D)MoSe,@(2D)Gr
are in the range of 150 nm to a few pm after HEMM (Fig. 3b), which is
much smaller than the original particle size of MoSe, (325 mesh,
44 um) and graphite (100 mesh, 149 uym) before HEMM. The average
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particle size of (2D)MoSe,@(0D)C appears to be the lowest (Fig. 3d),
since the particle size of the starting 0D carbon is very low (~40 nm).
The average particle size decreases in the order (2D)MoSe,, (2D)Mo-
Se,@(2D)Gr, (2D)MoSe,@(1D)CNT, and (2D)MoSe,@(0D)C. This re-
sult reveals that the lateral particle size reduction is facilitated by the
presence of carbon during HEMM,; this contributes to the increase in the
surface area of the composite.

The surface areas and pore sizes of MoSe, and MoSe,-carbon com-
posites were further examined using BET analyses. Fig. 4 displays the
N, adsorption-desorption isotherms and pore size distributions of
MoSe, and MoSe,-carbon composites after HEMM. The values of the
specific surface area and average pore size are listed in Table 1. The
BET surface areas of MoSe, and (2D)MoSe,@(2D)Gr after HEMM were
calculated to be 11.14m?g~! and 70.68m?g ™!, respectively, which
are considerably higher than those before HEMM (4.58 m?g~! for
MoSe, and 3.43 m? g_1 for (2D)MoSe,@(2D)Gr, (Table 1 and Fig. S1)).
Notably, the increase in surface area for (2D)MoSe,@(2D)Gr is much
higher than that for bare MoSe, after HEMM. This result points to the
effective and synergetic mixing in the lateral direction as well as the
facile exfoliation of 2D MoSe, and 2D graphite during HEMM. How-
ever, (2D)MoSe,@(1D)CNT exhibited the highest surface area, which is
associated with the intrinsically high surface area of 1D CNT even be-
fore HEMM.

Microscopic morphologies of MoSe, and (2D)MoSe,@(2D)Gr were
further investigated by TEM (Fig. 5). The high-resolution image in
Fig. 5a shows distinct lattice fringes of MoSe, where the interlayer
spacings of 0.65nm and 0.28 nm correspond to the (002) and (100)
planes of MoSe,, respectively. In the case of (2D)MoSe,@(2D)Gr com-
posite, the (002) plane of graphite is observed, in addition to several
lattice planes of MoSe, (Fig. 5b). The number of MoSe, layers is esti-
mated to be typically in the range of 15-20 layers in (2D)Mo-
Se,@(2D)Gr. Furthermore, the MoSe, domains are distributed well
around the graphite matrices in the (2D)MoSe,@(2D)Gr nanocomposite
(see the boundary of MoSe, and graphite domains in Fig. 5b), which
allows graphite to efficiently act as a buffer against the volume ex-
pansion of MoSe, during the electrochemical reaction. Additionally,
EDS elemental mapping images reveal that distributions of the different
atomic elements (Mo, Se, and C) overlap each another throughout the
selected area in (2D)MoSe,@(2D)Gr, indicating very good mixing of the
two components and the homogenous distribution of MoSe, and gra-
phite (Fig. 5c¢).

The lithiation/delithiation reactions of (2D)MoSe, and (2D)
MoSe,@(2D)Gr at the 1st, 2nd, and 3rd cycles were analyzed in the
voltage range 0.01-3.00 V (vs. Li/Li*) by CV (Fig. 6). The CV curves of
MoSe, and (2D)MoSe,@(2D)Gr are almost identical except for the re-
latively higher current observed for the (2D)MoSe,@(2D)Gr composite.
For both (2D)MoSe, and (2D)MoSe,@(2D)Gr, the observed values for
voltages at which the electrochemical reactions take place, are con-
sistent with those in previously reported studies
[17-19,21-23,35,36,42-46]. At the 1st cycle, three reduction peaks at
0.83V, 0.3V and 0.17 V are observed, which correspond to Li ion in-
sertion into the interlayer spacing of MoSe, accompanied by a phase
transition from 2H-MoSe, to 1 T-Li;MoSe, at 0.83V (Eq. (1)), the
conversion to Mo and Li,Se at 0.3V, and Li ion insertion into the
layered graphitic carbon at 0.17 V [28]. In addition, the solid electro-
lyte interface (SEI) layer is formed at 0.3V and 0.17V [44,47,48].
During the 2nd cycle, the peaks at 0.83V, 0.3V, and 0.17V do not
reappear, but new reduction peaks are seen at ~1.8V and ~1.3V,
corresponding to the formation of Li,Se from Se, and three oxidation
peaks are observed at 0.2V, 1.7V, and 2.1 V. The peak at 0.2V is re-
lated to the extraction of Li ions from the layered graphitic carbon [28],
and the other two oxidation peaks at 1.7V and 2.1V correspond, re-
spectively, to the oxidation of Mo to MoSe, [1,28]. The overall reaction
occurring in the following cycles can be described as [36,49]:

MoSe, + 4Li* + 4e~ < Mo + 2Li,Se 1)
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Fig. 3. SEM images of (a) (2D)MoSe,, (b) (2D)MoSe,@(2D)Gr, (c) (2D)MoSe,@(0D)C, and (d) (2D)MoSe,@(1D)CNT after HEMM.
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Fig. 4. N, adsorption-desorption isotherms of MoSe, and MoSe,-carbon composites (a) surface area and (b) pore size distribution after HEMM.

Table 1
Surface area of (2D)MoSe,, (2D)MoSe,@(2D)Gr, (2D)MoSe,@(1D)CNT, and
(2D)MoSe,@(0D)C before and after HEMM.

BET surface area
after HEMM (m?g~ "

BET surface area
before HEMM (m?g 1)

(2D)MoSe; 4.58 11.14
(2D)MoSe,@(2D)Gr 3.43 70.68
(2D)MoSe,@(1D)CNT 99.10
(2D)MoSe,@(0D)C 48.34

Additionally, we analyzed the differential capacity plots (DCP) for
the 1st, 2nd, 3rd, 30th and 50th cycles for both MoSe, and MoSe,-
carbon composites electrodes (Fig. S2). The peak positions observed in
the DCP plots of both the electrodes are largely similar to those
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observed in the CV curves. Upon comparing the tendencies of the peaks
for the different electrodes tested, a distinctly different behavior is
observed for (2D)MoSe,@(2D)Gr. For example, in contrast to other
electrodes, the peak intensities gradually increase with the cycle
number for the (2D)MoSe,@(2D)Gr electrode, resulting in an increase
in capacity with cycle number (Fig. S2b). This behavior can be attrib-
uted to i) the increased number of reactive sites on the MoSe, electrode
to effectively bind to the electrolyte, owing to greater degree of acti-
vation in MoSe, and ii) the trapping of lithium ions at defect sites
present in the MoSe, layer with the increase in cycle number
[16,17,20,21,46-48].

With regard to the other electrodes, with an increase in the cycle
number, the peak positions for the (2D)MoSe,@(1D)CNT, (2D)
MoSe,@(0D)C, and (2D)MoSe, electrodes are either shifted to high (or
low) voltages, or the electrodes become unstable and a total collapse is



H. Kim, et al.

“:*MoSe; (002)"

Applied Surface Science 481 (2019) 1196-1205

Fig. 5. TEM images of ball-milled (a) (2D)MoSe,, (b) (2D)MoSe,@(2D)Gr, and (c) EDS mapping images of (2D)MoSe,@(2D)Gr.

observed. For example, the peaks for (2D)MoSe,@(1D)CNT and (2D)
MoSe,@(0D)C electrodes show a shift from 2.1 V to 2.2V, and for (2D)
MoSe, electrode, the peak is shifted to 2.3V at the 30th cycle in the
charge sweep. At the 50th cycle, the peak of the (2D)MoSe,@(0D)C
electrode is shifted to 2.5V, but that of the (2D)MoSe, electrode shows
a collapse. However, the initial discharge peaks observed at 1.8V for
(2D)MoSe,@(1D)CNT and (2D)MoSe,@(0D)C electrodes are reduced
to 1.75V and 1.65V, respectively. Furthermore, at the 50th cycle, all
the discharge peaks of (2D)MoSe, show near-total collapse. These re-
sults indicate that the (2D)MoSe,@(1D)CNT, (2D)MoSe,@(0D)C, and
(2D)MoSe, electrodes become unstable and cease to be functional
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during long-term operation.

Fig. 7 displays the charge/discharge voltage profiles of (2D)MoSe,,
(2D)MoSe,@(2D)Gr, (2D)MoSe,@1D CNT, and (2D)MoSe,@(0D)C in
the 1st, 2nd, 3rd, 30th, and 50th cycles at a current density of
100 mA g~ 1. The plateaus of the voltage profile, in general, are in good
agreement with the distinct peaks observed in the corresponding CV
curves (Fig. 6). For all the electrodes, distinct voltage plateaus at 1.7 V
and 2.1V are observed during the initial charge sweep. The irreversible
capacity loss after the 1st cycle is related to the formation of the SEI
layers. As shown in Fig. 7a, the bare MoSe, electrode delivers initial
discharge/charge capacities of 544mAhg~! and 455mAhg!,
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Fig. 6. Cyclic voltammograms of (a) (2D)MoSe, and (b) (2D)MoSe,@(2D)Gr.
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voltage range 0.01-3.0V.

respectively. During cycling, the discharge/charge capacities of the
MoSe; electrode increase until the 30th cycle, but decrease significantly
at the 50th cycle. In contrast, the (2D)MoSe,@(2D)Gr electrode delivers
higher discharge/charge capacities of 799 and 671 mAhg~! (Fig. 7b)
and also shows a steady increase in capacity with increasing cycle
number even until the 50th cycle. The discharge/charge capacities
delivered by (2D)MoSe,@1D CNT and (2D)MoSe,@(0D)C at the 1st
cycle are 910 and 458 mAh g~ ! and 794 and 541 mAh g~ !, respectively
(Fig. 7c and d). Both the electrodes deliver high initial discharge ca-
pacities but show poor coulombic efficiency (50% for 2D MoSe,@1D
CNT and 68% for 2D MoSe,@0D C) at the 1st cycle; moreover, their
capacities are severely diminished at the 50th cycle (Fig. 7c and d).

Fig. 8 presents the long-term cyclic performances and coulombic
efficiencies for electrodes with different carbonaceous matrices and
with different milling times when cycled in the voltage range
0.01-3.00V at a current density of 100 mAh g_l. The (2D)MoSe,, (2D)
MoSe2@(2D)Gr, (2D)MoSe,@(1D)CNT, and (2D)MoSe,@(0D)C elec-
trodes exhibit initial discharge capacities of 545, 799, 794, and
910 mAh g~ ! with coulombic efficiencies of 84, 84, 68, and 50%, re-
spectively, (Fig. 8a). Notably, in the 2nd, 30th and the 200th cycles, the
corresponding discharge capacities of the (2D)MoSe,@(2D)Gr elec-
trode are 687, 719, and 909 mAh g~ ! (thereby showing a retention of
132%). In contrast, (2D)MoSe,, (2D)MoSe,@(1D)CNT, and (2D)Mo-
Se,@(0D)C electrodes exhibit a significant decrease in discharge ca-
pacities, especially after the 30th cycle (See Table 2 for the detailed
specific capacity and capacity retention at different cycle numbers for
(2D)MoSe,, (2D)MoSe,@(1D)CNT, and (2D)MoSe,@(0D)C electrodes).
This result demonstrates that the (2D)MoSe,@(2D)Gr electrode exhibits
the best cyclic performance during long-term operation, among all the
MoSe,-based electrodes tested in this study.

Additionally, the cyclic performance of (2D)MoSe,@(2D)Gr (the
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best sample) was tested as a function of milling time (Fig. 8b). It should
be noted that if the milling time is too short, the mixing between MoSe,
and graphite will not be effective; however, under excessively long
milling times, the electrode material can be damaged due to the ap-
plication of high amounts of mechanical energy on MoSe, and graphite.
Indeed, as shown in Fig. 8b, for milling times < 48 h (1, 12, 24, 36 h)
the electrode shows a dramatic capacity loss in the earlier stages of
cycling. However, as expected, unreasonably long milling times (60 h)
similarly reduced the cyclic performance of the electrode. Thus, the
sample milled for 48h shows a steadily increasing capacity up to
~140 cycles, after which it has a stable performance. The increased
capacity can be attributed to the increased contact area of the electrode
with the electrolyte, which in turn is associated with the partial struc-
tural decomposition of the MoSe, electrode and the activation of MoSe,
resulting from the reversible formation of a polymeric gel-like film
[19,46,50]. We hypothesize the effect of milling time on the mor-
phology and physical properties of (2D)MoSe,@(2D)Gr as follows: (i)
when longer milling time is applied, higher energy is generated which
leads to the size reduction for the particles (i.g., increase in surface area
that can be measured by BET), (ii) more exfoliation of 2D materials can
occur due to the solid lubrication when increasing the milling time, (iii)
the structure of materials can be damaged to form amorphous structure
if too much energy is applied. These behaviors can significantly impact
on the electrochemical performances of (2D)MoSe,@(2D)Gr by the
different milling time (1, 12, 24, 36, 48, and 60 h). In order to under-
stand why the samples milled for 48 h showed the distinctively better
performances compared with other cases (1, 12, 24, 36, and 60 h of
milling conditions), we performed additional characterizations such as
Raman, HRTEM, BET, and XRD. According to the Raman spectroscopy
results for 1, 36, 48, and 60 h-milled (2D)MoSe,@(2D)Gr (Fig. S3a), the
values of A (A = difference in Raman shift between A;; and Eyg)
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Fig. 8. Cyclic performance and coulombic efficiency of (a) ball-milled MoSe,
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times (1, 12, 24, 36, 48, and 60h) in the voltage range of 0.01-3.0V at a
current density of 100mAh g~ '.

Table 2
Comparison of the specific capacity (2nd, 30th, and 200th) and the percentage
capacity retention (2nd cycle/200th cycle).

Electrodes Specific capacity

(mAhg™h)

2nd 30th 200th Capacity retention (2nd/200th) (%)
(2D)MoSe, 552 607 28 5
(2D)MoSe,@(2D)Gr 687 719 909 132
(2D)MoSe,@(1D)CNT 613 578 N/A
(2D)MoSe,@(0D)C 628 575 N/A

remained unchanged (A = 54) when milling time increased from 1 h to
36 h, indicating that the exfoliation of MoSe is in the similar level (It
has been known that A is proportional to the number of layers in
MoSe,). However, the samples under longer milling time (48 h and 60 h
milling) showed significantly decreased A value (A = 37), indicating
the strong exfoliation by the solid lubrication happened after the mil-
ling time of 48 h. The significant exfoliation of MoSe, after the milling
time of 48h is further confirmed by both HRTEM and BET results. As
shown in Fig. S4, the number of MoSe, (002) layers are measured to be
45-50 layers for 36 h-milling sample and 15-20 layers for both 48 h-
and 60 h-milling samples, respectively. Moreover, the BET analyses
revealed the surface area of 45.4, 70.7 and 73.9m? g~ ! for the milling
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time of 36h, 48h, and 60h, respectively (Fig. S5), which gives the
evidences of drastic increase in surface area from 36 h to 48 h milling
time due to the significant decrease in the number of layers in MoSe,.
The results from Raman, HRTEM, and BET all consistently support the
pronounced enhancement of electrochemical performances from 36 h
to 48 h milling time for (2D)MoSe,@(2D)Gr electrode. On the other
hand, the deterioration of performances of (2D)MoSe,@(2D)Gr from
48h to 60 h milling can be explained by Raman and XRD results (Fig.
S$3). While Ip/Ig value increased from < 0.1 to ~0.44 when milling
time increased from 1 h to 36 h, Ip/Ig value remained almost the same
between 36 h (~0.44) and 48 h (~0.46) of milling, indicating there is
no significant increase in defect densities from 36 h to 48 h of milling.
However, at 60h of milling, Ip/Ig value radically increased to 0.95
(almost 2-fold increase compared with 48h case), meaning that the
graphite is severely damaged. Furthermore, this phenomenon is con-
sistently confirmed by XRD results (Fig. S3b) where the intensities of
main peaks at 31.4° (002), 37.8° (100), 47.4° (103), 55.9° (105) for
MoSe; are all significantly reduced, indicating the significant damage in
MoSe; structure. Consequently, these Raman and XRD results explain
why the electrochemical performance of (2D)MoSe,@(2D)Gr at 60 h-
milling is tremendously deteriorated.

Moreover, the (2D)MoSe,@(2D)Gr electrode displays an excellent
rate performance. Fig. 9a presents the rate capabilities of the MoSe, and
MoSe,-carbon composite electrodes at different current densities of
100, 500, 1000, and 3000 mA g_l. At all current densities, (2D)Mo-
Se,@(2D)Gr shows a superior rate capability as compared with other
electrodes. At 100 mA g_l, in the first 5cycles, (2D)MoSe,, (2D)Mo-
Se,@(2D)Gr, (2D)MoSe,@(1D)CNT, and (2D)MoSe,@(0D)C deliver
average discharge capacities of 572, 616, 634, and 571 mAh g™, re-
spectively. Even though (2D)MoSe,@(1D)CNT delivers a higher dis-
charge capacity (associated with the very high surface area of (2D)
MoSe,@(1D)CNT after HEMM, as revealed by BET analysis) than (2D)
MoSe,@(2D)Gr, it shows a greater decrease in capacity at the current
density of 500mA g~ '. At current densities > 500mA g~ ", the (2D)
MoSe,@(2D)Gr electrode consistently shows a superior rate capability
as compared to all other electrodes. Even at the highest current density
(3000mA g~ 1), the (2D)MoSe»@(2D)Gr electrode delivers a capacity of
611 rnAhg’1 (in comparison, the (2D)MoSe,, (2D)MoSe,@(1D)CNT,
and (2D)MoSe,@(0D)C electrodes delivered discharge capacities of,
353, 544, and 381 mAh g, respectively). Thus, the capacity retention
at 3000mAg~! is 5, 99, 67, and 86% for (2D)MoSe,, (2D)Mo-
Se,@(2D)Gr, (2D)MoSe,@(1D)CNT, and (2D)MoSe,@(0D)C (Fig. S6),
respectively. Remarkably, when the current density is reduced back to
1000 mA g_l, the (2D)MoSe,@(2D)Gr electrode still delivers a stable
discharge capacity of 711 mAh g~ ! until 50 cycles. This result demon-
strates the sustainable and superior specific capacity of the (2D)Mo-
Se,@(2D)Gr electrode even at high current densities. However, a cer-
tain amount of reduction in capacity could not be clearly observed with
an increase in current density for (2D)MoSe,@(2D)Gr electrode due to
the increased capacities in initial stage as shown and discussed in Fig. 8.
Therefore, the rate capability of that electrode should be tested when
the cyclic performance becomes stable to see more clear behavior of
rate capability. Fig. 9(b) presents the rate capability of (2D)Mo-
Se,@(2D)Gr electrode after 140 cycles of pre-cycling at 100 mA g~ *
along with the rate capability without pre-cycling. The rate capability
after pre-cycling showed the common reduction in capacity when cur-
rent density increased, which were measured to be 900, 763, 650, and
472mAhg~! at the current densities of 100, 500, 1000, and
3000 mA g1, respectively. These capacities are still higher than those
of other samples ((2D)MoSe,@(1D)CNT, (2D)MoSe,@(0D)C, and (2D)
MoSe»).

Furthermore, the long-term cycling performances of (2D)
MoSe,@(2D)Gr electrode at high current density of 1000 mA g~ were
measured to demonstrate the superior cyclic stability of our optimized
electrode. As shown in Fig. 9(c), the stable cyclic performance
throughout 200 cycles was confirmed even at this high current density
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MoSe,@(2D)Gr measured at 1000 mA g’l, (d) Nyquist plots of (2D)MoSe, and (2D)MoSe,@(2D)Gr after the 10th cycle.

(1000 mA g~ 1) although there was a certain level of capacity reduction
as compared to obtained capacities at 100 mA g~ .

EIS were measured to further investigate the origin of the superior
electrochemical performance of (2D)MoSe,@(2D)Gr (Fig. 9b). In gen-
eral, the curve obtained from EIS measurement is divided into three
major regions, namely, the high-frequency, medium-frequency, and
low-frequency regions, which correspond to the SEI layer resistance Ry
at high frequency, charge transfer resistance of the electrode-electrolyte
interface R, at medium frequency, and Warburg impedance Z,, related
to the diffusivity of the lithium ion during cycling at low frequency
[3,24,46,51]. Clearly, at high to medium frequencies, (2D)Mo-
Se,@(2D)Gr exhibits a smaller semicircle than (2D)MoSe,, which im-
plies that the addition of graphite significantly reduces the charge
transfer resistance (R.). Moreover, in the low-frequency region, the
vertical slope for (2D)MoSe,@(2D)Gr is steeper than that for (2D)
MoSe,, indicating an enhanced lithium ion diffusion path [39] As a
result of these two effects, the electrochemical performance of the (2D)
MoSe,@(2D)Gr electrode is enhanced.

To investigate the morphological change of the electrode surface
during long-term operation, we disassembled the cells after 200 cycles
in an Ar-filled glove box and inspected the surfaces of (2D)MoSe, and
(2D)MoSe,@(2D)Gr by SEM. As shown in Fig. 10a, the (2D)MoSe,
electrode shows severe aggregation along with cracks due to its failure
to withstand large volume changes during repeated charging and dis-
charging. In contrast, the (2D)MoSe,@(2D)Gr electrode largely retains
its initial structure without any evidence of aggregations, cracks, or
pulverization after 200 cycles, indicating a better cycle stability than
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the (2D)MoSe, electrode (Fig. 10b). This ex-situ SEM image provides
further visual proof of the superiority of the novel (2D)MoSe,@(2D)Gr
electrode developed in this work.

4. Conclusions

In summary, we studied various MoSe,-based electrodes prepared
using a scalable HEMM method for use as anodes in LIBs. Among the
different MoSe,-carbon nanocomposites, ((2D)MoSe,@(2D)Gr, (2D)
MoSe,@(1D)CNT, and (2D)MoSe,@(0D)C), the best electrochemical
performance was exhibited by (2D)MoSe,@(2D)Gr. The superiority of
(2D)MoSe,@(2D)Gr results from the homogeneous distribution of 2D
MoSe; in the 2D graphite matrix, which in turn is facilitated by the
lubrication effect of graphite during HEMM,; this effect is confirmed
from the results of XRD, Raman, BET, SEM, and TEM analyses. Thus,
graphite effectively mitigated the effect of volume change of MoSe,
during the lithiation/delithiation process by maintaining its crystal
structure. As a result, (2D)MoSe,@(2D)Gr delivered discharge and
charge capacities of 799 and 671 mAh g~ ! with a coulombic efficiency
of 84.0%; this performance is by far better than that observed for other
types of MoSe,-carbon nanocomposites as well as bare MoSe,. The
stable cycle performance was further confirmed from EIS and ex-situ
SEM. In conclusion, our new electrode (prepared from (2D)
MoSe,@(2D)Gr) developed by a scalable HEMM process is expected to
be a promising anode material for LIBs in the future.
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Fig. 10. Ex-situ SEM images of (a) (2D)MoSe, and (b) (2D)MoSe,@(2D)Gr after 200 cycles.
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