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Abstract

Two-dimensional lamellar MoS, has been widely studied as an anode material for sodium-ion batteries. However, MoS, exhibits
low electrical conductivity and large volume change during the electrochemical charge-discharge process, resulting in poor
electrochemical performance. In this work, the dopamine-derived N-doped carbon-encapsulated MoS, microsphere
(MoS,@NC) composite material was synthesized and employed as anode material for sodium-ion batteries (SIBs). As-
prepared MoS,@NC composites exhibited an excellent cycle performance with high specific capacity of 480 mAh g ' at a
current density of 100 mA g ' after 100 cycles and outstanding rate capability (the capacities of 484, 456, 425, 408, and
393 mAh g ' at 0.1, 0.2, 0.5, 1, and 2 A g ', respectively). The good electrochemical sodium storage performance for
MoS,@NC is probably attributed to N-doped carbon layer on the surface of MoS,, which can effectively suppress the volume

expansion of MoS,, increase the electric conductivity and limit contact with electrolyte.
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Introduction

In recent years, due to the shortage of lithium resources,
sodium-ion batteries (SIBs) arouse wide concern. Compared
with lithium, sodium has many advantages such as abundant
natural resources and low cost [1, 2]. The physical and chem-
ical properties of sodium are similar to lithium. Therefore, it is
considered that SIBs are the most likely to replace lithium-ion
batteries (LIBs) as a new type of secondary batteries.
However, SIBs have some inherent defects. For example, first,
sodium atomic mass is also larger than the lithium, which will
lead to a lower theoretical capacity of sodium-ion batteries [3,
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4]. Second, the atomic radius of sodium ions is 0.106 nm
which is larger than that of lithium ions by 0.076 nm. It will
increase the diffusion barrier during the charging and
discharging [5—8]. Under this circumstance, it is urgent to
design efficient anode materials for SIBs.

In recent years, metal sulfides have been researched as an-
ode materials for SIBs due to their excellent electrochemical
performance in reacting with sodium [9-11]. Among them,
MoS, has drawn scientists’ attention [12, 13]. MoS, has a
sandwich structure that a single layer of MoS; has sulfur atoms
on the upper and lower layers and a molybdenum atom on the
middle layer [14]. This type of structure contains strong cova-
lent bonds between layers and weak van der Waals forces
between layers [15—18]. Multilayer MoS, is composed of sev-
eral single-layer MoS,, with a layer spacing of approximately
0.62 nm. The spacing between the sheets can ensure the free
movement of sodium ions, which leads to good sodium storage
performance [19, 20]. However, tremendous volume change
and the low electronic conductivity during cycling limit the
practical application of MoS; as an anode material of SIBs
[21-23]. Recently, researchers have been done a lot of work
to solve this problem. Cheng et al. [24] used the
electrospinning method to embed a single-layer MoS, in amor-
phous carbon nanofibers. As-obtained hierarchical MoS,/car-
bon nanofibers structure used as anode material in SIBs
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delivered a stable capacity of 485 mAh g ' at 100 mA g ' for
100 cycles. Lin et al. [25] used popcorn as carbon source to
build MoS,/popcorn-derived carbon composites, which facili-
tated the electronic transfer and ion diffusion. It demonstrated a
reversible capacity of 406.9 mAh g ' at 200 mA g ' after 340
cycles. Wang et al. [26] developed a heterogeneous system
structure composed of MoS,-coupled carbon nanosheets
wrapped nanowires in sodium titanate. The unique structure
displayed excellent performance with a reversible capacity of
425.5 mAh g ' at 200 mA g '. Hu et al. [27] utilized salt
template to disperse MoS; into 3D porous carbon. The carbon
framework inhibited the volume expansion during charging/
discharging. This MoS,/C composite showed a capacity of
372mAh g ' at 0.5 A g ' for 200 cycles as an anode material
for SIBs. However, the existing methods needed special equip-
ment and had complicated preparation steps. Most importantly,
in our group, we have studied the effect of dopamine-derived
N-doped carbon coating on the electrochemical Na storage
performance of active anode materials (SnyP; [28] and
NiCoSe, [29]). We found that dopamine-derived N-doped car-
bon coating was a promising and effective method to enhance
the anode materials with the conversion reaction mechanism.

Herein, we used a convenient hydrothermal method to pre-
pare flower-like MoS,. Then, the dopamine-derived N-doped
carbon-encapsulated MoS, microspheres (MoS, @NC) com-
posite material was prepared by in situ self-polymerization of
dopamine on the surface of the flower-like MoS, micro-
spheres, followed by carbonization. When employed as anode
material in SIBs, MoS,@NC anode showed excellent rate
performance and cycle performance (a high specific capacity
of 480 mAh g ' at 100 mA g ' after 100 cycles). The results
demonstrate that the composites can be superior SIBs anode
material.

Experimental
Synthesis of pure flower-like MoS, materials

All chemical reagents used were purchased from
Sinopharm Chemical Reagent Co., Ltd., and used without
further purification. Pure flower-like MoS, materials were
prepared by a simple hydrothermal method. Typically,
0.5 g of sodium molybdate and 1 g of thiourea were
mixed in 80-mL deionized water and stirred well.
Subsequently, the prepared solution was transferred to a
100-mL Teflon-lined autoclave to heat at 180 °C for 24 h.
After cooling down to room temperature, the solution was
centrifuged to collect the product and washed with deion-
ized water and ethanol multiple times. Finally, the pure
MoS, obtained was put into an oven and dried overnight
at 60 °C.
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Synthesis of MoS,@NC nanocomposites

By stirring at room temperature for 3 h, dissolve 200 mg of the
prepared flower-like MoS, and 200 mg of dopamine hydro-
chloride in 200 mL of Tris-buffer solution (10 mM). Then, the
product was collected by centrifugation and washed multiple
times with deionized water and ethanol. Subsequently, it dried
at 80 °C overnight. Then, the dried material was sintered at
600 °C for 2 h under N, atmosphere (heating rate 5 °C min 1)
to obtain MoS, @NC powder.

Characterization

We used an X-ray powder diffraction (XRD) instrument
which is Rigaku D/max-2500 with Cu K radiation (=

1.54056 A) to characterize the sample’s crystal structure and
used Raman JY-HRS800 to test Raman analysis. An X-ray
photoelectron spectroscopy (XPS) instrument (ESCALAB
250) mainly performs qualitative and quantitative analysis of
elements, solid surface analysis, and compound structure anal-
ysis by determining the binding energy of electrons. The ther-
mal gravimetric analysis (TGA) was mainly used to determine
the content of each component in the composite material. We
used a scanning electron microscope (FESEM, JSM-7001F)
and a transmission electron microscope (TEM, Hitachi 800) to
measure the morphology and structure of MoS, and
MoS,@NC composite materials.

Electrode preparation and electrochemical
measurements

The active material was mixed with the conductive agent
(Super P) and the binder (acetylene black) according to the
mass ratio of 7: 2: 1, and then appropriate amount of water was
added as a solvent, and the slurry with moderate viscosity and
uniformity was obtained by grinding. The prepared mixed
slurry was poured on the copper foil that was dried and cooled
in advance, the slurry was applied to the copper foil evenly
according to the required thickness, and then it was transferred
to a vacuum drying oven at 120 °C for 10 h under vacuum
drying. The prepared pole piece was used as the working
electrode. The metal potassium piece was used as the counter
electrode. The Whatman GF/D type cellulose membrane was
used as the separator (pre-cut into a 16-mm-diameter disc)
with the electrolyte (v/v=1: 1) with 5.0% FEC. The CS350
electrochemical workstation was used for CV testing (voltage
scanning range is 0.01-3.0 V, and the scanning rate is
0.1 mV s ). We used electrochemical workstation (CS310)
to measure electrochemical impedance spectra (EIS, 5 mV,
100 kHz-0.01 Hz). The experiment used the Neware (CT-
3008W-5V10mA-A4) BTS series high-precision battery test
system for electrochemical performance testing.



lonics (2020) 26:5543-5551

Results and discussion

We use XRD analyses to characterize the crystalline of the as-
prepared pure MoS, and MoS, @NC composites. As shown in
Fig. 1, in the XRD pattern of the as-prepared MoS, and
MoS,@NC composites, the diffraction peaks at 13.5°, 32.4°,
35.8°,43°, and 57° can correspond to the (002), (100), (103),
(105) and (110) planes, respectively. All these diffraction
peaks can be assigned to a hexagonal MoS, crystal (JCPDS
No. 37-1492) [30, 31].

Figure 2 shows the Raman spectra of MoS, @NC compos-
ites. It can be observed that the spectra of MoS,@NC com-
posites contain the characteristic peaks of carbon materials (~
1350 cm ! disorder D peak, ~ 1590 cm™' graphitized G peak).
The intensity ratio of I, and / is often used to characterize the
degree of order of the crystal structure of carbon materials.
The Ip/Ig of MoS,@NC is 1.08, which is significantly larger
than that of graphene oxide (~0.9). The generation of CO,
during heat treatment will cause more carbon vacancies and
significantly increase the disorder of the composite. These
defects also provide more active sites for the molybdenum
sulfide. In addition, MoS, @NC composites have characteris-
tic MoS, peaks located at 331 and 371 cm ™', which represent
two forms of E! 2¢ and Alg vibration for hexagonal MoS,,
respectively. Among them, the vibration form of Elzg origi-
nates from the vibration of two opposite S atoms with respect
to the molybdenum atom, while the vibration form of Al gand
only the S-atom along the c-axis is the only form of vibration
[30, 31]. XRD and Raman results show that molybdenum
sulfide and its composites are successfully synthesized.

The elemental composition of the prepared sample is tested
by XPS. Figure 3 shows the main elements of MoS, @NC
based on XPS core-level spectra. Figure 3 a is an S 2p energy
spectrum. The two peaks of sulfur at 161.7 eV and 162.9 eV
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Fig. 1 XRD patterns of pure MoS, and MoS, @NC composites
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Fig. 2 Raman spectra of MoS, @NC composites

represent the binding energy of S elements 2p,; and 2p,
respectively, indicating that sulfur exists in the composite as
S?". Meanwhile, the S 2p spectrum contains a S®* peak at
168.7 eV. Compared with that of S*~ 2p, the proportion of
S%* 2p peaks is very small, which may be due to the oxidation
of $*” in the atmosphere [32]. Figure 3 b shows that there are
two sharp peaks at 228.9 eV and 232.1 eV, corresponding to
the 3ds,, and 3ds), orbital electron energy of Mo element,
respectively, which proves the existence of tetravalent molyb-
denum ions in MoS,. From Fig. 3¢, C-C, C-N, and C-C=0 are
located at 284.7, 286, and 289 eV, respectively. As shown in
Fig. 3c, it shows that the N element is confirmed to have
doped into the carbon matrix due to the presence of C-N.
Meanwhile, as shown in Fig. 3 d, the N1s spectrum is fitted
with three peaks: pyridine nitrogen (N1), pyrrole nitrogen
(N2), and graphitized nitrogen (N3), with corresponding en-
ergies of 398.3, 400.2, and 401.4 eV, respectively.
Additionally, it can be seen from Fig. 3a that the composite
material is mainly composed of four elements: C, O, Mo, and
S. Moreover, further analysis shows that the atomic ratio of
the two elements of molybdenum and sulfur is about 2:1,
which can also explain the existence of molybdenum sulfide.
These results further confirm the composition of the nitrogen-
doped MoS, @NC composite.

In order to determine the relative content of molybdenum
sulfide and carbon components in MoS, @NC composites,
thermal weight loss analysis (TGA) tests were performed in
an air atmosphere. It can be seen from Fig. 4 that the mass loss
of the composite material mainly has three parts. The mass
loss at about 400 °C is caused by the conversion of MoS, to
MoOs; [32]. The mass loss at about 450—550 °C is caused by
the reaction of carbon. The mass loss above 700 °C is mainly
caused by the sublimation of molybdenum trioxide. It can be
seen from the test results that the mass fraction of carbon in
MoS,@NC composites is 8.63%.
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Fig. 3 XPS spectra of a Mo3d, b Cls, ¢ S2p, and d N1s regions of MoS, @NC composites

The morphology, microstructure, and formation process of
flower-like MoS, and MoS,@NC composites are character-
ized by FESEM and TEM. From Fig. 5a, b, it can be seen that
MoS, nanoparticles have a clear flower-like structure. When

MoS,
MoS,@NC

100+

40

0 200 400 600 800

Fig. 4 TGA curves of MoS, nanoflakes and MoS, @NC composites
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dopamine-derived carbon is coated on flower-like MoS,
nanoparticles, it can be seen from Fig. 5¢, d that MoS, nano-
particles can still maintain a flower-like structure. From Fig.
5d, e, the surface of flower-like MoS, nanoparticles is covered
with carbon coating. This shows that the precursor structure
can be maintained well when preparing MoS, @NC
composites.

As shown in Fig. 6a, during the first cathode scan, the
reduction peak at 0.8 V corresponds to the interlayer forma-
tion of the sodium ion to the molybdenum sulfide layer and
the SEI film. The reduction peak at 0.6 V corresponds to the
conversion of sulfide to Mo. In the first anode process, the
oxidation peak at 1.7 V corresponds to the conversion of Mo
to molybdenum sulfide. In the next few cycles, the electrode
material showed good cycle stability, and the reaction formu-
la: MoS, +4Na*+4e” — Mo + 2Na,S [33-35]. Pure MoS,
and MoS,@NC have the same sodium storage mechanism.
Figure 6 b shows Charge-discharge curves at 0.1 A g~' of the
pure MoS, for SIBs. MoS,@NC electrode provides initial
discharge and charge capacities of 682 and 550 mAh g ' at
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Fig. 5 SEM images of a, b pure MoS, and ¢, d MoS,@NC composites; e, f TEM images of MoS, @NC composites

0.1 A g, respectively, showing initial coulombic efficiency
(ICE) 0f 80.6%. Meanwhile, the ICE of MoS, is 78.2%. SEl is
formed on the surface of the electrode material during the first
discharge, which results in partial capacity loss.

Figure 7 shows the rate performance of MoS,@NC and
pure MoS, as anodes for SIBs at the current density of 0.1,
0.2,0.5, 1,2, and 0.1 A gfl. It is evident that MoS, @NC
composites have great rate performance, while pure MoS,
has poor rate performance. Exactly, the discharge capacities
of MoS, @NC composites at 10th, 20th, 30th, 40th, and 50th
are 484, 456, 425, 408 and 393 mAh g_l, respectively, while
for pure MoS,, the discharge capacity at 2.0 A g~' (50th) is
only 254 mAh g . The poor rate performance of pure MoS, is
caused by excessive volume expansion during cycling.
Meanwhile, it also confirmed that carbon-coated can improve
the electrochemical stability of MoS,. From Fig. 7b, stable
cycling stability of MoS,@NC anodes which 481 mAh g'

can be kept after 100 cycles at a current density of 0.1 A g~ is
better than pure MoS, anodes. The retention capacity of
MoS,@NC up to 70% is due to the carbon coating limiting
the volume expansion of MoS, and maintaining its structural
integrity. In addition, as shown in Fig. 7c, d, we also test the
cycling performance of the MoS, @NC anode at current den-
sities of 0.5 A g ' and 1 A g ' with high discharge specific
capacities of 438 mAh g ' and 418 mAh g ' after 100 cycles.
It can be observed that the prepared MoS, @NC composites
exhibit enhanced electrochemical performance, and their
preparation methods are simple and easy to operate.

The electrochemical impedance test is used to study the
dynamics of electrode materials during charge and discharge
process. Figure 8 is the Nyquist diagram of pure MoS, and
MoS,@NC composite materials. They are tested after cycling
50 times at a current density of 500 mA used MoS, and
MoS,@NC as sodium anode materials. The semicircle of
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Fig. 6 a, b The CV curves at

0.1 mV 5" and Charge-discharge
curves at 0.1 A g~' of pure MoS,
for SIBs. ¢, d The CV curves at
0.1 mV s! and charge-discharge
curvesat 0.1 A g~ of MoS,@NC
composites for SIBs

the intermediate frequency region diameter represents the size
of the charge transfer resistance. As shown in Fig. 8, the
charge transfer resistance of the MoS, @NC composite (105
Ohm) is evidently lower than MoS, (235 Ohm). The most

Fig. 7 a Rate performance and b
cycling performance at 0.1 A g '
of MoS,@NC composites and
pure MoS,. ¢, d Cycling
performance at 0.5 A g”' (¢) and
1 A g (d) of MoS,@NC
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important reason is that the incorporation of carbon improves
the conductivity of the composite.

The cyclic voltammetry-based analysis method is used to
further study the electrochemical performance of MoS, @NC
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composites and to explain the contribution of diffusion control
and surface capacitance control during the electrochemical
reaction. Figure 9 a shows the CV curves of MoS, @NC com-
posites measured at 0.2-, 0.4-, 0.6-, 0.8-, and 1.0-mV s ! scan-
ning speeds. The five CV curves display the same shape and
position of the cathode and anode peaks. The influence of
capacitance on electrode material performance can be qualita-
tively analyzed by the relationship between i (current) and v
(scan rate) of the CV curve i= al/b, where a and b are both
variable parameters. In addition, the value of b is derived from

the slope of log (i) and log (v) and the value of b is between 0.5
and 1. When the value of b is closer to 1, it means that the
capacitance behavior contributes more. On the contrary, if the
value of b is close to 0.5, it illustrates that the diffusion behav-
ior is dominant. As seen in Fig. 9b, the b values of cathode
peak and anode peak of MoS,@NC electrode materials are
0.95 and 0.88, respectively, which proves that the reaction
process is controlled by both diffusion control and surface
capacitance reaction, in which the capacitive behavior is
dominant [36-38]. For a deeper quantitative analysis of the
proportion of sodium-ion capacitance contribution at different
scan rates, we implement the necessary calculations. Figure 9
d shows the sweep speeds 0f 0.2, 0.4, 0.6, 0.8, and 1.0 mV st
Its capacitance contribution ratios are 55.7%, 56.7%, 60.0%,
60.8%, and 61.2%.

Conclusion

All in all, we have prepared MoS, @NC composites using
dopamine as a nitrogen-containing carbon source and studied
their electrochemical sodium storage capacity as SIBs anode
material. Because the surface of MoS, was covered with a
carbon coating, the volume expansion of MoS, was effective-
ly suppressed, and its cycle performance and rate performance
are greatly improved. Owing to these unique structures, after

Fig.9 a CV curves of -0.6 T -3.2
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different scan rates of 0.2, 0.4, -0.4 . 3.4
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cycling 100 times at a current density of 0.1 A g ',
MoS,@NC composites exhibited a reversible capacity of
480 mAh g~ and showed excellent rate performance (at cur-
rent densities 0f0.1,0.2,0.5, 1 and 2 A gfl, the corresponding
capacities are 484, 456, 425, 408, and 393 mAh gfl).
Therefore, our work provides a good idea for improving the
electrochemistry of MoS, as the anode material of SIBs.
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