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Abstract

Flower-like MoS, supported on three-dimensional graphene aerogel (MoS,/GA) composite has been prepared by a facile
hydrothermal method followed by subsequent heat-treatment process. Each of MoS, microflowers is surrounded by the three-
dimensional graphene nanosheets. The MoS,/GA composite is applied as an anode material of sodium-ion batteries (SIBs) and it
exhibits high initial discharge/charge capacities of 562.7 and 460 mAh g ' at a current density of 0.1 A g ' and good cycling
performance (348.6 mAh g ' after 30 cycles at 0.1 A g ). The good Na* storage properties of the MoS,/GA composite could be
attributed to the unique structure which flower-like MoS, are homogeneously and tightly decorated on the surface of three-
dimensional graphene aerogel. Our results demonstrate that as-prepared MoS,/GA composite has a great potential prospect as

anodes for SIBs.
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Introduction

Sodium-ion batteries (SIBs) have been considered as one of
the potential battery systems, which have attracted extensive
interest as a candidate to replace lithium-ion batteries (LIBs)
owing to the abundance of sodium in the earth [1, 2]. Similar
to the LIBs, the major research in SIBs is focused on finding
suitable anode materials for reversible and rapid Na* storage
[3-5]. Among many anode materials, MoS, have drawn tre-
mendous attention due to its high theoretical capacity
(670 mAh gfl) [6] and low cost. However, the poor ionic,
electronic conductivity and the volume variation during cy-
cling further hamper the application of MoS, as an anode
material of SIBs [7]. Amorphous hard carbons prepared from
hydrocarbons, polymers, and biomass with large interlayer
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distance and disordered structure are promising anode mate-
rials for SIBs, but they possess low initial coulombic
efficiency [8—12]. Also, graphene has always been used to
improve the performance of MoS, in many studies due to its
good electronic conductivity and mechanical resilience [13].
Recently, Kang’s group [14] used a one-pot spray pyrolysis
process forming the mixed solution of graphene oxide, (NHy),
MoS,, and polystyrene to prepare MoS,-graphene composite
which shows superior electrochemical properties. Xiang et al.
[15] reported a single-mode microwave-assisted method using
3D graphene foam as a substrate to obtain MoS,/graphene nano-
composites. The as-prepared MoS,/graphene nanocomposites
showed a high reversible capacity of200mAh g ' at0.1 A g ' after
100 cycles. Wang and coworkers [16] reported that expanded
MoS,/G composite, which was prepared by the attachment of ex-
panded MoS, layers onto graphene sheets by a simple hydrother-
mal method, exhibited electrochemical properties for SIBs. The
role of heterointerface between graphene and MoS, was in-depth
studied by Wang’s group [ 17]. The MoS,/RGO heterointerface can
enhance the electronic conductivity of MoS, and store more Na*;
MoS,»/RGO composites retained a stable capacity of 227 mAh g '
at320mA g ' for 300 cycles.

However, to the best of our knowledge, there are few re-
ports on the preparation of flower-like MoS, grown on 3D
graphene for the application of SIBs by a facile hydrothermal
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method. Therefore, we reported the preparation of flower-like
MoS,-graphene aerogel using a facile hydrothermal strategy
and subsequently heat-treatment process. Benefitting from the
flower-like MoS, grown on the conductive network GA, the
as-prepared composites produce more active reaction sites of
Na* storage and enhance the conductivity and stability of the
active materials.

Experimental section

Preparation of flower-like MoS,-graphene aerogel
composites

Graphene oxide (GO) was synthesized using a modified
Hummers’ method [18]. As shown in Fig. 1, 50 mL GO aque-
ous dispersion (2 mg mL™") was poured into 100-mL Teflon-
lined stainless steel autoclave and reacted at 180 °C for 12 h.
The GA was obtained after freeze-dried. 8.3732 g thiourea,
100 mg GA, and 8.8277 g ammonium heptamolybdate were
dissolved into 50 mL 1 M NaOH solution; then, the stable
suspension was transferred into 100-mL Teflon-lined stainless
steel autoclave and heated to 220 °C for 10 h. The sample was
washed, freeze-dried, and finally annealed at 450 °C for 5 h
with a heating rate of 5 °C min ' under a N, atmosphere to
obtain MoS,/GA. Bare MoS, was synthesized by similar
method without adding GA.

Characterization

The morphologies were obtained by scanning electron mi-
croscopy (FESEM, JSM-7001F) and high-resolution trans-
mission electron microscopy (HRTEM, JEOL JEM-3010).
The crystalline structure was characterized by X-ray diffrac-
tion (XRD) measurements on Rigaku D/max-2500 with Cu
K« radiation (=1.54056 A). Raman spectra were recorded on
a JY HR800 with 532-nm laser excitation. The thermal

Fig. 1 Scheme of the synthetic
process of MoS,/GA composite

-

gravimetric analysis (TGA) was performed in air at heating
rate of 10 °C min~' on (TGA/DSC 1/1100 SF). The
Brunauer-Emmet-Teller (BET) surface areas of
as-synthesized samples were carried out by a Micromeritics
Model ASAP 2460.

Electrochemical testing

The working electrodes were prepared by mixing the active
materials, conducting agent and binder (sodium alginate) with
a ratio of 8:1:1 in N-methyl-2-pyrrolidone. The slurries were
transferred onto copper foil and dried at 120 °C for 12 hin a
vacuum oven. The coin cells were assembled in an
argon-filled glove box (Mikrouna, H,O, O, <0.1 ppm).
Sodium metal was used as counter electrode, glass fiber as
separator, and 1 M NaClO,4 with 1:1 (v/v) mixture of ethylene
carbonate (EC) and diethyl carbonate (DEC) as the electrolyte.
Cyclic voltammetry (CV, 0.1 mV s™', 0.01-3 V vs Na*/Na)
and electrochemical impedance spectra (EIS, 100 kHz-
0.01 Hz) were carried out on a CS310 electrochemical work-
station. The galvanostatic charge-discharge test was per-
formed using Neware battery tester (Shenzheng, China).

Results and discussion

Figure 2a represents the XRD patterns of the MoS, and MoS,/
GA composite. Both samples show obvious peaks located at
260=13.5°,32.4°, 35.8°, 43°, and 57° that correspond to the
(002), (100), (103), (105), and (110) planes, respectively,
which can be ascribed to hexagonal MoS, (JCPDS No.
37-1492). Furthermore, the (002) diffraction peak demon-
strates the presence of MoS, layers [19]. Raman spectra of
the GO and MoS,/GA are showed in Fig. 2b. All of spectra
display two prominent peaks at ~1350 (D band) and ~
1590 cm ' (G band), which correspond to structure defect
and the vibration of sp® bonded carbon atoms, respectively
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Fig.2 a XRD patterns of MoS, and MoS,/GA composite and b Raman spectra of GO and MoS2/GA composite. ¢ Thermogravimetric curves of MoS,/

GA composite in air with a heating rate of 10 °C min™"

[20]. The ID/IG value of MoS,/GA (1.13) is higher than that
of GO (0.90), which suggests more defects on GA. In addi-
tion, the spectrum of MoS,/GA exhibits two additional peaks
located at 378 and 403 cm ', respectively, which are assigned
to the Elzg and A, modes of hexagonal MoS,. Therein, the
Elzg mode originates from the opposite vibration of two S
atoms with regard to the Mo atom, while the A;, mode asso-
ciated with the out-of-plane vibration of only S atoms along
the ¢ axis [21]. These results confirm MoS, has been com-
bined with GA. Thermogravimetric analysis (TGA) in Fig. 2¢
was employed to investigate the weight contents of MoS, in
the composites. The weight decline appears at 400 °C can be
ascribed to the oxidation of MoS, to MoOs. The weight loss
occurs at approximately 450 °C could be contributed to the
oxidation of carbon in air. The sample after 550 °C in the TGA
process is pure MoO;, which has a weight content of 72.8%.
The MoS, content in the MoS,/GA is calculated to be 82.1%
[22].

X-ray photoelectron spectra (XPS) were performed to in-
vestigate the interfacial nature between graphene and MoS, as
shown in Fig. 3. XPS spectra in Fig. 3a show that MoS,/GA
sample contains Mo, S, C, and O elements. The high-
resolution Mo 3d, S 2p, and C 1s XPS spectra of MoS,/GA
are shown in Fig. 3b~d. The C 1s peak is composed of two
distinct divided peaks: the C—C at 284.8 eVand C—-OH, C-OH
at 286.2 eV. On the contrary, carbonyl and carboxylates peaks
at 288.4 eV cannot be observed demonstrating the reduction
of GO. Mo 3d spectra consists of two peaks located at 229.4
and 232.6 eV confirming the Mo** in MoS,. S 2p3p and S
2p1,» are located at 162.3 and 163.4 eV, respectively, which
are corresponding to the S*~ in MoS,. The high-resolution
spectrum of O 1s in Fig. 3e can be resolved into three com-
ponents, C=0 at 531.2 eV, C-OH at 533.3 eV, and a new peak
at 532.4 eV [23]. The peak indicates the C—O-metal bond
reported before. Therefore, we can conclude that the presence
of interfacial interaction between flower-like MoS, and
graphene is possible proposed by the formation of the C—O—
Mo bonds as shown in Fig. 3f [24, 25].

The FESEM and TEM images (as shown in Fig. 4a—¢)
revealed the morphologies of the MoS,/GA composite. In
Fig. 4a, the flower-like MoS, with a high degree of aggrega-
tion and large diameter can be observed without the addition
of GA. On the contrary, as shown in Fig. 4b—d, flower-like
MoS, composed of homogeneous nanosheets is deposited on
the surface of GA without aggregation. Flower-like MoS, has
an intimate contact with GA. The clear lattice fringe separated
by 0.69 nm observed in the edge part shown by arrows in Fig.
4e corresponds to the (002) plane of the layered MoS,. This
expanded interlayer (0.69 nm) is larger than the reported value
(0.67 nm) based on graphene-like MoS, nanoflowers [3]. And
the selected area electron diffraction (SAED) pattern (as
shown in Fig. 4f) shows several clear rings, which are
assigned to the (100), (103), and (110) crystal planes of the
MoS,, respectively, demonstrating the crystalline of the MoS,
[26].

The porous properties of the MoS, and MoS,/GA samples
were performed by nitrogen sorption measurements. As plot-
ted in Fig. 5a, MoS,/GA presents a type IV hysteresis loop
(IUPAC classification), which may be closely related to the
flower-like particles and GA porous frameworks, in accor-
dance with the morphologies observed in the FESEM images.
The BET surface areas of the MoS, and MoS,/GA are 2.6 and
36.7 m* g !, respectively. Obviously, the surface area of
MoS,/GA is much larger than that of the pure MoS,, attribut-
ing to the flower-like nanostructure of MoS, and porous net-
work of GA, which can provide a large surface area for
double-layer charge storage. The DFT pore size distribution
of the MoS, and MoS,/GA samples is shown in Fig. 5b,
revealing the presence of hierarchical porosity: from
mesopores to macropores. The 3D interconnected porous net-
work consisted of multilevel pores can provide not only plenty
transport channels for electrolyte but also strong mechanical
strength. Based on the abovementioned reasons, the MoS,/
GA can be employed as an outstanding electrode material
for sodium-ion battery [27].

The electrochemical performance of MoS,/GA composites
were further evaluated as an anode material for SIBs.
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Figure 6a displays the CV curves of the MoS,/GA composites
for the first three cycles. In the first cathodic scan, the reduc-
tion peaks at 0.8 V is associated with the Na* insertion into the
MoS, and the formation of the solid electrolyte interface (SEI)
film. The peak under 0.6 V in the deep cathodic process could
be assigned to the electrochemical decomposition of MoS, to
form metallic Mo embedded in an amorphous Na,S matrix. In
the first anodic process, a broaden oxidation peak was record-
ed at 1.7 V due to the oxidation of the Mo to MoS,. The CV

= A X ol S A

peaks in the subsequent cycles are overlapped suggesting high
reversibility and cycling stability of Na* storage in the MoS,/
GA [28]. The overall reaction can be described by the follow-
ing equation:

MoS; + 4Na™ + 4e Mo + 2NayS

In Fig. 6b, the first, second, and third charge-discharge
curves of MoS,/GA at 100 mA g~' were evaluated. The po-
tential plateaus of the first discharge and charge curve for our

Fig. 4 a FESEM image of MoS,. b, ¢ FESEM images of MoS,/GA. d TEM image and e HRTEM image of MoS,/GA. f SAED pattern of MoS,/GA
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MoS,/GA composite are consistent with the CV results. The
initial discharge and charge specific capacities of MoS,/GA
composites are 562.7 and 460 mAh g, respectively. The
initial coulombic efficiency is 81.7% for the first cycle. High
specific capacity over 348.6 mAh g~' can be obtained within
30 cycles at a current density of 100 mA g~ (Fig. 6¢). And the
specific capacity of MoS, and GA are 115 and 107 mAh g™,
respectively. For the rate capability, the discharge capacities
were 375, 391, 356, and 208 mAh g:,f1 when cycled at current
densities of 50, 100, 250, and 500 mA gfl, respectively (Fig.
6d). And the specific capacity restores to 403 mAh g ' when
cycled at 50 mA g ™' again [29].

To explore the reason of good electrochemical perfor-
mance of MoS,/GA, EIS measurements were calculated af-
ter three cycles as shown in Fig. 7. The medium-frequency
semicircle is related to the charge transfer resistance (R.)
through the electrode/electrolyte interface. The high-
frequency semicircle is related to the solid-state interface
layer formed on the surface of the electrodes (Ry). It can be
seen that R, of MoS,/GA is evident lower than that of
MoS,, suggesting that the composite possess much higher
charge transfer efficiency and the consequent rapid electron
transport in the Na+ insertion/extraction process due to the
introduction of GA [14].
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Conclusions

In summary, MoS,/GA composite with superior Na* storage
was prepared by a facile hydrothermal method. The MoS,/GA
electrodes for sodium storage are benefited from the combi-
nation of flower-like MoS, and 3D graphene. On the one
hand, the flower-like MoS, was assembled on the highly con-
ductive 3D graphene, which provides more sodium storage
sites for the higher capacity. Moreover, the 3D graphene struc-
ture offers sufficient void spaces for volume expansion and
fast electron transfer pathways which could buffer the strain
during the cycling process. This work provides an effective
process on synthesizing 3D metal sulfide-graphene and a po-
tential anode material for SIBs.
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