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Abstract: MoS, nanoflowers with expanded interlayer spacing
of the (002) plane were synthesized and used as high-
performance anode in Na-ion batteries. By controlling the
cut-off voltage to the range of 0.4-3V, an intercalation
mechanism rather than a conversion reaction is taking place.
The MoS, nanoflower electrode shows high discharge capaci-
ties of 350 mAhg™ at 0.05 Ag™', 300 mAhg™ at 1 Ag™', and
195mAhg™ at 10 Ag™'. An initial capacity increase with
cycling is caused by peeling off MoS, layers, which produces
more active sites for Na™ storage. The stripping of MoS, layers
occurring in charge/discharge cycling contributes to the
enhanced kinetics and low energy barrier for the intercalation
of Na* ions. The electrochemical reaction is mainly controlled
by the capacitive process, which facilitates the high-rate
capability. Therefore, MoS, nanoflowers with expanded inter-
layers hold promise for rechargeable Na-ion batteries.

N a-ion batteries (NIBs) have recently attracted great
interest due to the cheap raw material.''!l However, compared
to Li-ion batteries (LIBs), the larger diameter of the sodium
ion hampers electrochemical reaction kinetics, which makes it
difficult to find suitable host materials for reversible and rapid
Na* insertion and extraction.”) Particularly for the anode
materials of NIBs, the main problems include large voltage
polarization and bad cycling performance.”) Recent studies
have shown that in NIBs, the anode materials following the
alloy-type (Sn and SnO,)M! and conversion-type mechanism
(CuO and FeS,)P! exhibited high initial capacity but suffered
from poor cycling performance owing to the large volume
change or the sluggish kinetics.”! For materials dominated by
the intercalation mechanism, such as Na;V,(PO,); and P2-
type Nag,g5[Lig,Tig75]O,,"! the cyclability has been improved,
however, their specific capacity is still limited. Therefore, it is
desirable to find appropriate anode materials with both high
capacity and long cycling life.

MoS,, which has a well-defined layered structure,® has
been intensively investigated as anode material for recharge-
able batteries.’? According to the terminal discharge voltage,
the reactions in a Na-MoS, battery proceed in two steps, that
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is, intercalation and conversion as shown in Equation (1) and
(2), respectively."

MoS, + xNa = Na,MoS, (above 0.4V, x < 2) 1)

Na,MoS, + (4—x)Na = Mo + 2Na,S (below 0.4 V) (2)

In the conversion-type reaction [Eq. (2)] bare MoS, will
be fully converted to Mo metal and sodium sulfide, resulting
in bad electrochemical performance.'!! Maier’s group has
improved the conversion-type reaction by employing ultra-
small MoS, nanoplates in carbon nanofibers.'”’ The as-
prepared sample displayed a remarkable discharge capacity
of 436 mAhg ' at 1 Ag™'. However, the capacity dropped to
57% after 100 cycles. Bang etal. optimized the cycling
performance with nearly no capacity loss for 100 cycles by
using layered MoS, nanosheets and controlling the terminal
voltage to 0.4 V.'¥ The discharge capacity of their device was
only 165 mAhg™!, thus improving the discharge capacity is
still an urgent task.

MoS, with expanded interlayers have often been used for
enhancing the discharge capacity and reaction kinetics in
LIBs,'" and graphite with expanded interlayers also contrib-
utes to the enhancement of anode performance in NIBs."
Here, we report the synthesis of graphene-like MoS, nano-
flowers with expanded interlayers and their application as
high-performance anode in rechargeable Na-ion batteries. In
particular, controlling the voltage range of 0.4-3 V preserves
the layer structure between MoS, and Na,MoS, through the
intercalation reaction shown in Equation (1). This delivers an
initial capacity increase with cycling due to the exfoliation of
MoS, layers to produce more active reaction sites for Na*
storage.

Graphene-like MoS, nanoflowers (FG-MoS,) were syn-
thesized by a hydrothermal method and treated by freeze-
drying. After annealing at 700°C for 3 h, FG-MoS, turned
into well-crystallized MoS, (labeled as CG-MoS,). Bulk MoS,
(Alfa Aesar, B-MoS,) was purchased for comparison. Fig-
ure 1a shows the X-ray diffraction (XRD) patterns of as-
prepared samples. All the characteristic peaks match with
JCPDS No. 37-1492, however, for FG-MoS, the peak of the
(002) plane shows a small shift to low scattering angle, which
is ascribed to the intercalation of Na™ and NH," in the MoS,
(002) layers during the hydrothermal process.'®! Compared
with the broadened peaks of FG-MoS,, CG-MoS, shows
sharper peaks, indicating a closer arrangement of the crystal
structure in CG-MoS,, leading to a slight decrease of the
interplanar spacing in CG-MoS,."”! Figure 1b-d show the
high resolution transmission electron microscope (HRTEM)
images of FG-MoS,, CG-MoS,, and B-MoS,. FG-MoS, and
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Figure 1. a) XRD patterns of the MoS, samples and HRTEM images of
b) FG-MoS,, c) CG-MoS,, and d) B-MoS,.

CG-MoS, have expanded interlayers (0.67 nm and 0.64 nm,
respectively) in comparison to B-MoS, (0.62 nm). The layers
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of FG-MoS, and CG-MoS, are distorted, while the layers of
B-MoS, exhibit a well-crystallized structure. FG-MoS, and
CG-MoS, are nanoflowers that are wrinkled and thin as
graphene (Figures S1 and S2a,b). In contrast, B-MoS, has
large particle size of 10-20 pm (Figure S2¢). Raman spectra of
FG-MoS,, CG-MoS,, and B-MoS, were recorded (Fig-
ure S2d). Raman peaks around 404 cm™' and 379 cm™!
correspond to the A;, and Elzg vibration modes, respectively.
Compared to B-MoS,, the synthesized FG-MoS, and CG-
MoS, show broadened peaks and short peak distances,
indicating that the as-prepared samples have smaller particle
size and fewer layer number.['¥]

Figure 2 a shows the initial discharge/charge curves of FG-
MoS,, CG-MoS,, and B-MoS, in the voltage range of 0.4—
3.0 Vat 0.2 Ag . The discharge capacities of FG-MoS,, CG-
MoS,, and B-MoS, are 243, 218, and 160 mAhg™', respec-
tively. As can be seen from the cyclic voltammetry curves in
the 1st cycle (Figure S3), FG-MoS, shows the lowest voltage
polarization, the highest Na' insertion platform, and the
highest coulombic efficiency (Table S1). Such phenomenon
has already been observed in Li-MoS, batteries."”! As the
lattice distance of the (002) plane gets larger, the discharge
platform turns higher, which can be attributed to the low
energy barrier of Na* intercalation into the MoS, layers.["* %]
The remarkable rate performance of FG-MoS, is shown in
Figure 2b. The reversible discharge capacities of FG-MoS,
are 200mAhg ' at 1 Ag ' and 175 mAhg™" at a relatively
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Figure 2. Electrochemical tests: a) Charge and discharge curves of the as-prepared FG-MoS,, CG-MoS,, and B-MoS, at the first cycle. b) The rate
performance. c) The charge and discharge curves from 1st to 300th cycle and d) the cyclic properties at different rates of FG-MoS,.
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high rate of 10 Ag™!, which is much better than that of the
other two samples (CG-MoS, and B-MoS,). The rate
performance of FG-MoS,, CG-MoS,, and B-MoS, is coinci-
dent with the interlayer distance from large to small,
indicating that a larger interlayer distance leads to faster
reaction kinetics.

Further cycling tests were carried out to investigate the
cyclability of FG-MoS,. Figure 2¢ shows the cell cycling at
0.2 Ag™! for 300 cycles. Interestingly, the discharge capacity
increases slowly from 220 to 295 mAhg™!, and the curves at
the 300th cycle display much smaller polarization than the
original curves. (Figure S4). This kind of capacity increasing
disappears at ca. 200 cycles for low current densities of 0.05-
0.2 Ag ' and at ca. 500 cycles for high current densities of 1-
10 Ag~'. Finally, the reversible discharge capacities maintain
350 mAhg' at 0.05Ag', 300mAhg' at 1Ag', and
195 mAhg " at 10 Ag™' (Figure 2d). The increased capacity
should be derived from the gradually expanded and exfoli-
ated interlayers, which actually provide more active Na*
storage sites and low energy barrier for Na™ to intercalation
or deintercalation. For comparison, a stability test of FG-
MoS, at 0.1-3 V is shown in Figure S5. The initial discharge
capacity was 481 mAhg! (i.e., 2.9¢”). However, the cell
suffered from a bad cycling performance (Figure S5b). There-
fore, controlling the terminal voltage to 0.4 V is important for
Na-MoS, batteries, particularly for bare MoS, that is not
composited with carbon.

We used electrochemical impedance spectroscopy (EIS),
cyclic voltammetry (CV), and HRTEM to explain the
electrochemical features of FG-MoS, such as the high-rate
ability, high discharge capacity, and stable cyclability. EIS
measurements were performed during the first cycling of the
FG-MoS,-Na cell (Figure S6). The charge transfer resistance
(R, which value depends on the diameter of the semi-
circle)!™ becomes smaller when Na* ions insert into the MoS,
layers and gets larger when Na' ions extract out (for details
see Table S2). For layered materials, R, correlates with the
Fermi level and free-electron concentration.'®? Thus, pres-
ervation of the layered structure should enhance the rate
properties of MoS,-Na cells.

Figure 3a displays the cyclic voltammograms of an FG-
MoS, battery that cycles 1000 times at different sweep rates
from 0.1 to 1.0 mVs™". Peaks in the CV curves are consistent
with the stable discharge—charge curves at the 300th cycle in
Figure 2c. The results show that the peak current density is
not proportional to the square root of the sweep rate. A
similar observation was made in previous studies on LIBs.”!!
The charge storage mechanism of nanosized particles always
contains non-faradaic and faradaic processes. The former
mainly exists in the double layer capacitors. The latter is
found both in the bulk as a battery process and on the surface
as Pseudocapacitance. The capacitive effect of the battery
system is calculated according to Equations (3) and (4):

i=avt 3)
logi =b x logv + loga 4)
where i is the current density, v is the scan rate, and a and b are
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Figure 3. a) CV curves at different scan rate of FG-MoS, after 1000
cycles and b) logi vs. logv plots at different oxidation and reduction
states.

adjustable parameters. When the b-value approaches 1, the
system is mainly controlled by capacitance, and when the b-
value is close to 0.5, the Na* insertion process dominates.
Figure 3b shows the logi vs. logv plots at different oxidation
or reduction state. As the b-value approaches 1, the Na-MoS,
battery is mainly controlled by the capacitive process. This
leads to a fast Na* insertion/extraction (high rate property)
and extended cycling life.

Further, we recorded HRTEM images of the discharged
MoS, electrode after the 10th, 500th, and 1000th cycle. The
HRTEM image after the 10th cycle (Figure 4 a) shows that the
MoS, layers were more expanded and flexible than the
original MoS,. After 500 cycles (Figure 4b), the MoS, layers
were even more expanded. After 1000 cycles (Figure 4c),
many of the MoS, layers are separated into single layers or
bilayers, leading to a large specific surface area. This
phenomenon is uncommon for Li-MoS, or Na-MoS, batteries
with cut-off voltages up to 0.1 V, where the conversion
mechanism completely destroys the layer structure and
generates Mo metal embedded in a Na,S matrix (Figure S7).
Mo metal is also detected in the charged state, which means
that the separation of the metal and sulfide phases is hardly
reversible, which leads to a severe capacity decay.? How-
ever, in a Na-MoS, battery with cut-off voltage up to 0.4 V, an
intercalation mechanism is getting dominant. The schematic
illustration shown in Figure S8 is simulating the Na* storage
situation and the change of MoS, layers during cycling. The
repetition of Na™ insertion and extraction results in both the
increase of the interlayer spacing and the decrease of the layer
numbers in MoS,. This provides a lower energy barrier for
Na™ insertion, more active reaction sites for Na* storage,’**?
and thus the capacity increase with cycling.

In conclusion, MoS, nanoflowers with expanded layers
show high-performance as the anode material for Na-ion
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batteries. By controlling the cut-off voltage to 0.4 V, the Na-
MoS, battery follows an intercalation-type reaction with
improved cyclic performance. The expanded and gradually
exfoliated interlayers contribute to a lowering of the Na*
insertion and extraction barrier, thus reducing the charge
transfer resistance and providing more active sites for Na*
storage. Moreover, the capacitive controlled reaction accel-
erates the diffusion of Na* and e, fundamentally improving
the rate property. Such long-life anode material with high rate
property and stable cyclability is promising for rechargeable
Na-ion batteries.
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