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Restacked MoS, with enlarged ¢ lattice parameter and surface
area was prepared by exfoliation and restacking process,
exhibiting high reversible lithium storage capacity and superior
rate capability as anode material for lithium ion batteries.

Lithium ion batteries have now become the main power
sources for portable electronic devices. They have also
attracted extensive attention as power sources for high power
tools and electric vehicles, which require both high energy and
high power density (high capacity and the ability to charge and
discharge very fast). In order to meet the requirements of these
new applications, electrode materials with high Li reversible
storage capacity and fast Li" and electron transport are
needed for lithium ion batteries.'

Layered transition-metal dichalcogenides MX, M = Ti,
Nb, Mo, Ta; X = S, Se, Te) are of great interest, as they act as
host lattices by reacting with a variety of guest atoms or
molecules to yield intercalation compounds, in which the guest
is inserted between the host layers. In layered MX,, atoms
within a layer are bound by strong ionic/covalent forces, while
the individual layers are bound by weak van der Waals
interactions, forming a sandwich structure. MoS, is one of
the most stable and versatile members of this family of layered
materials. Three polytype crystal structures of MoS, have been
reported so far,” as shown in ESI Fig. Sl.t The lattice
parameter ¢ values for the 1T, 2H, and 3R polytypes are
6.147 A, 12.294 A, and 18.37 A, respectively.>

Recently, it was reported that MoS, demonstrated reasonably
reversible capacity (~400 mAh g~") and good cycling stability
when used as anode material.® When a lithium ion first
intercalates into these layered materials, it enters the S layer
and forms Li-S bonds, resulting in volume changes. It was
observed for TiS, that lattice parameter ¢ suffers approximately
10% expansion, while the value of lattice parameter « remains
almost the same associated to the intercalation process.”$ And
for MoS,, an increment to the ¢ parameter of 0.25 A was also
reported for one mole of lithium intercalation.” In order to
achieve high cycling stability, the stress induced by lithium
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intercalation/deintercalation cycling must be properly
accommodated or relieved. It can be imagined that the
increase of ¢ lattice constant of MoS, can provide larger space
for Li ion intercalation, which also reduces the barriers to
Li ion mobility, thereby facilitating lithium ion diffusion.
Herein, we report on the exfoliation and restacking of
layered MoS, with enlarged c-axis spacing for the first time
and on the testing of the restacked MoS, as anode material
for lithium ion batteries. Commercial raw MoS, was soaked in
1.5 equivalents butyllithium (n-BuLi, 1.6 M in hexane) and
kept in argon atmosphere for a week. Then 0.1 g LiMoS,
product was exfoliated in water into single layers through the
redox reaction. The reactions are described as follows: '

MoS, + n-BuLi — LiMoS, + 1/2CgH g (1)
LiMOS2 + H2O - (MOS2)exfoliuted layers + LiOH + 1/2H2 (2)

The exfoliated MoS, is very sensitive to temperature. It will
restack turbostratically when dried and it undergoes an
irreversible phase transition to disordered 2H-MoS, at
temperatures above 98 °C, and an ordered stacking appears
at higher temperature.'' Here, the restacking process was
achieved via a hydrothermal procedure at 160 °C for 48 h.
The morphologies of the raw and the as-prepared restacked
MoS, are shown in Fig. 1. The estimated c-axis parameter of
the raw material is 0.620 nm and 0.635 nm for restacked
MoS,. The zone axis of the selected area electron diffraction
(SAED) pattern of the inset in (a) is close to [100]. The normal
of the stacked layers is parallel to [001]. In a direct comparison
of raw and restacked MoS; in the top inset to (b), which shows
nine layers, an obviously enlarged spacing for the restacked
material can be seen. Fig. 1(c) shows the basal plane (001) of
the restacked MoS,, and the estimated plane spacing dgo is
about 0.30 nm. The zone axis of the SAED pattern is [001],
which shows a typical hexagonal structure. Fig. 1(d) shows a
very clear ¢ axis ordering with distortion and dislocation,
indicating that the restacking of MoS, layers is turbostratic.
Both raw and restacked MoS, samples are single phase, as
determined by the X-ray diffraction (XRD) patterns shown in
Fig. 2. All reflections are in good agreement with a hexagonal
structure (JCPDS No. 37-1492) which belongs to the space
group P63/mmc (No. 194). The raw material shows very sharp
peaks with very high intensity, indicating good crystallization.
The strong [002] peak (14.4°) signifies a well-stacked layered
structure.'” The restacked sample shows broadened peaks and
a shortened [002] peak, which is consistent with previous
reported restacked or partially exfoliated MoS, '*'* suggesting
that the mean crystallite size of the restacked MoS, is much
smaller than that of the raw MoS,. The broadened [00/] and
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Fig. 1 Transmission electron microscope (TEM) images of raw and
restacked MoS,: (a) raw MoS,, with the inset showing the corresponding
SAED pattern; (b) restacked MoS,, with the top inset showing a direct
comparison of the layer spacing of raw and restacked MoS, by a
comparison of 9 layers, while the bottom inset indicates the particle
source of the images enlarged in (b) and (c); (c) restacked MoS,, with
the inset showing the corresponding SAED pattern; (d) turbostratically
restacked MoS,.

[10]] peaks also indicate a reduced number of layers along the
z-axis perpendicular to the atomic layers in Fig. S1 (d).T The
Rietveld refinement of the XRD pattern fits the experimental
data well. The lattice parameters of the raw material can be
determined to be « = b = 3.159(1) A, ¢ = 12.291(2) A, which
are in good agreement with the standard values cited
previously. The corresponding parameters of the restacked
MoS, are @ = b = 3.129(6) A, ¢ = 12.526(8) A (Bragg
R-factor = 7.15, Rf-factor = 7.93). The great increase in the
c-axis parameter of restacked MoS,, by as much as 0.235 A,
indicates a larger space for lithium ions entering the S slab. On
the other hand, the smaller size of the restacked MoS,
compared to that of the raw material, might result in relaxation
of the d spacing enlargement effect, resulting in improvements
in the electrochemical stability of MoS,. The Raman spectrum
of the restacked MoS, is almost the same as that of the raw
MoS, in the frequency range of 200 to 1000 cm ™', confirming
that the single layers of MoS, have restacked during hydro-
thermal process (ESI Fig. S2).+

In spite of their attractive capacity, none of the MoS,
electrodes previously reported shows both high lithium storage
and good capacity retention over the studied voltage range
0.01-3.0 V).%'>1% When MoS, is cycled between 3.0 and
0.01 V as an anode material, two step reactions occur. First,
lithium intercalates into the S slab, and the van der Waals S-S
bonds must be broken to be replaced by Li-S bonds. MoS,
then decomposes into Mo nanoparticles embedded in a Li,S
matrix, corresponding to two cathodic peaks at about
1.0 V and 0.4 V in the first cathodic segment in the cyclic
voltammograms (CVs), as shown in Fig. 3(a) and (b). Both the
raw and the restacked samples show these two peaks. In the
following cycles, an extra peak at about 2.0 V appears. This
change can be explained by the formation of a gel-like
polymeric layer.® In situ X-ray diffraction patterns have
indicated that lithium intercalation at about 1.0 V corresponds
to a phase change.!” When lithium ions enter the S layers, the
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Fig. 2 Rietveld refinement of XRD patterns of raw (top) and
restacked (bottom) MoS,. The observed pattern, the calculated peak
positions, and the difference between the observed and the calculated
patterns are shown in black, red and green, respectively, from top to
bottom.

MoS, structure changes from 2H to 1T, namely from trigonal
prismatic to octahedral, as illustrated in Fig. S1.1 The following
MoS, decomposition reaction applies:

MoS, + 4Li < Mo + 2LiS 3)

For raw MoS,, the current at all the peaks decreases with
cycling. However, for the restacked sample, the peak at 0.4 V
decreases, while the current at the 2.0 V peak increases with
cycling, and as a result, a much better cycling performance can
be obtained. The cyclic performance curves are in good
agreement with the results shown in Fig. 3(c). For raw
MoS,, the charge capacity obviously decreases with the cycle
number, from over 800 mAh g~! for the first three cycles to
226 mAh g~! at the 50th cycle. However, the restacked MoS,
shows much better cycling stability, with a slight decrease after
the 40th cycle, which may be caused by electrochemically
driven electrolyte degradation over long cycling. After 50 cycles,
it still can sustain a high capacity above 750 mAh g~". The first
cycle coulombic efficiency of the raw MoS, is 83.5%, and it
increases with cycle number, reaching 98% by the 40th cycle.
For the restacked MoS,, the coulombic efficiency of the first
cycle is 87.9% and over 98% from the 4th cycle. The rate
capability of the restacked MoS, electrode was also evaluated
at different charge/discharge rates. The restacked MoS,
displayed extraordinarily high charge storage capacities. The
capacities only slightly decrease as the current density
increases. The restacked MoS, electrodes exhibit a reversible
specific capacity as high as 710 mAh g~! at a current density of
1000 mA g~'. It has been reported that for layered structure
LiNip sMn, 5O, cathode material, a small increase in the
spacing between Li layers can significantly reduce the activation
energy for Li™ motion.! We believe that a similar assumption
can also be made for MoS, electrodes. The much enlarged
¢ parameter, as revealed from Rietveld refinement of the XRD
results, relaxes the strain, lowers the barrier for lithium inter-
calation, and is favorable for Li* diffusion. Compared to the
raw MoS, electrodes, the restacked MoS, possesses faster
ion conductivity and electrochemical reaction speed under
charge/discharge, and therefore shows significantly improved
rate capability. The specific surface areas of raw and restacked
MoS, are 4.89 m” g~ and 9.83 m? g, respectively, so another
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Fig. 3 Electrochemical properties of raw and restacked MoS,: cyclic
voltammograms of (a) raw and (b) restacked MoS, at a scanning rate
of 0.2 mV s™; (c) cycling performances at a current density of S0 mA g™ ";
(d) rate capabilities at different current densities (discharge current

density was kept at 50 mA g ).

possible reason for improved electrochemical performances of
restacked MoS, is the increase of the surface area, particularly
at edges, which would facilitate interfacial reactions. This is also
supported by the magnetic measurement results (ESI Fig. S3).+
The restacked MoS, shows much higher magnetization than
the raw MoS, due to higher density of edge terminations, in
which the different Mo:S coordination generates magnetism.'®

The restacked MoS; electrode after cycling was characterized
by TEM and XRD, as shown in ESI Fig. S4.1 The reduction
of crystallite size of the restacked MoS, after cycling, down to
about 10 nm, is believed to be due to the electrochemically-
driven grinding and size-reduction of the initial particles. The
SAED pattern comprises a diffuse set of rings/diffuse bright
spots indicating the very small size of crystallites and lattice
defects. No obvious peaks can be observed from 10° to 40° in
the ex situ XRD pattern, consistent with the nanoparticle
nature of the electrochemically formed species.'

In order to evaluate the effect of the enlarged ¢ parameter on
reducing the activation energy for Li " motion and to under-
stand the electrode kinetics, the apparent activation energies of
the raw and restacked MoS, were calculated from electro-
chemical impedance spectra.’®?! The relevant results are
shown in ESI Fig. S5, S6, S7 and Table S1.1 The activation
energies of the raw and restacked MoS, at 1.6 V are calculated
to be 68.3 and 63.3 kJ mol !, respectively. When discharged to
0.9 V, the activation energies are 63.5 and 41.5 kJ mol ™!,
respectively. The activation energy of the restacked MoS, is
slightly smaller than that of the raw material at 1.6 V, which
means a faster Li diffusion. However at 0.9 V, there is a phase
transition from the pristine 2H form to the 1T form when Li
intercalates into the S slabs and the molybdenum atoms
change from trigonal prismatic coordination to octahedral
coordination. The activation energy for the restacked MoS,
is much smaller than that of the raw materials. This is quite
consistent with the previous analysis that the motivation
barrier to Li* motion is reduced when the space around

Li increases and the diffusion length for lithium ions are
shortened due to the decrease of the crystallite size, especially
for high current charge process.

In summary, we have prepared restacked MoS, with an
enlarged c-axis parameter by exfoliation and then restacking
by a simple hydrothermal method. The enlarged ¢ parameter
and the increase of surface area are favorable to the intercalation
reaction, which can also be proven by electrochemical kinetic
analysis. The restacked MoS, electrodes exhibit a large
capacity of 800 mAh g~! and extraordinarily high cycling
stability, even at high charge current density. The present
results suggest that the restacked MoS, is a promising anode
material for lithium ion batteries. The strategy, i.e. enlarging
the space between layers and increasing the surface area
(especially edge area) for electrode materials with layered
structures, could be a common way to improve the inter-
calation kinetics in terms of rechargeable batteries.
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