-
™
<
[
-l
wd
=
™

1780  wileyonlinelibrary.com

www.afm-journal.de

e \Eﬁﬂ}

www.MaterialsViews.com

3D MoS,~Graphene Microspheres Consisting of Multiple
Nanospheres with Superior Sodium lon Storage Properties

Seung Ho Choi, You Na Ko, Jung-Kul Lee,* and Yun Chan Kang*

A novel anode material for sodium-ion batteries consisting of 3D graphene
microspheres divided into several tens of uniform nanospheres coated with
few-layered MoS, by a one-pot spray pyrolysis process is prepared. The first
discharge/charge capacities of the composite microspheres are 797 and

573 mA h g7' at a current density of 0.2 A g7'. The 600th discharge capacity of
the composite microspheres at a current density of 1.5 Ag™'is322mAhg™.
The Coulombic efficiency during the 600 cycles is as high as 99.98%. The
outstanding Na ion storage properties of the 3D MoS,—graphene composite
microspheres may be attributed to the reduced stacking of the MoS, layers
and to the 3D structure of the porous graphene microspheres. The reduced
stacking of the MoS, layers relaxes the strain and lowers the barrier for Na*
insertion. The empty nanospheres of the graphene offer voids for volume
expansion and pathways for fast electron transfer during repeated cycling.

1. Introduction

Rechargeable sodium-ion batteries have attracted much interest
as a large-scale electrical energy storage system and specifically
as an alternative to lithium-ion batteries owing to the abun-
dance of sodium in nature.'””] Similar to the anode system of
lithium batteries, on account of their higher theoretical specific
capacities than carbon-based anode materials, metals, metal
oxides, and metal sulfides have been extensively studied as
promising anodes for rechargeable sodium-ion batteries.[8-2¢
Na* with its larger ionic radius and slower reaction kinetics
than Li* causes large volume expansion and large polarization,
resulting in low reversible capacities and poor cycle life.[*627]
Nanostructured Sn, Sb, SnSb, Fe;0,, CuO, and MoS, have been
used to enhance the properties of rechargeable Na* batteries to
overcome the inherent limitations of Na® systems.[13-26:28-30]
However, reasonable design of electrode materials with high
rate performance and long-cycle properties is still required for
sodium-ion batteries.
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2D-layered metal dichalcogenides have
been previously studied as electrode mate-
rials for rechargeable energy storage bat-
teries.?#*l Among metal dichalcogenides,
layered MoS$, has attracted much attention
as a promising anode material. Graphene-
like MoS, is covalently bonded to form
2D layers, which are stacked together
through weak van der Waals interac-
tions.B% In lithium-ion batteries (LIBs),
single and few-layer MoS, with various
morphologies has been reported to facili-
tate fast Li* insertion/desertion process,
resulting in an increase in the reversible
capacity of MoS,.3%31 The WS, material
with separated single- or few-layer sheets
also showed excellent lithium ion storage
properties.??  Also, combinations with
graphene materials have been regarded as fundamental strate-
gies for enhancing the electrochemical properties of LIBs.>3-38l
In light of this, 2D graphene sheets, owing to their excellent
mechanical, thermal, and electrical properties, can be exploited
as an ideal support for the graphene-like MoS,.[3173842-4] Gra-
phene sheets can restrict the stacking of MoS, and promote
fast electron transport between the MoS, layer and the current
collector.

The use of 3D graphene structures is more significant than
2D structures in energy storage system because 3D graphene
structures with less aggregation maintain the superior intrinsic
properties of graphene sheets, such as large surface area, novel
physical properties, and structural stability.** Porous 3D gra-
phene structure allows for easy electrolyte penetration and rapid
Li* diffusion in lithium-ion batteries.’~>3 Also, 3D porous gra-
phene sheets have been reported to mitigate volume changes
during Li ion insertion and extraction by the absorption of
stress, thereby improving the structural stability and cyclability
of the electrode materials.*=>3 However, 3D graphene struc-
tures have been scarcely used in sodium-ion batteries.

In this study, we report the preparation of a novel struc-
tured-3D graphene microspheres divided into several tens of
uniform nanospheres coated with few-layer MoS, layers by a
one-pot spray pyrolysis process (Figure S1, Supporting Infor-
mation). The nanospheres were surrounded by the few-layered
graphene sheets, which were coated with MoS, layers. Further,
we have applied these microspheres as an anode material for
sodium-ion batteries. We expected the graphene nanospheres
to accommodate the huge volume change of the MoS, layers
during sodium ion insertion and extraction. Indeed, the novel
structured MoS,-graphene composite microspheres showed
superior electrochemical properties as an anode material in
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Scheme 1. Schematic diagram for the formation mechanism of the 3D MoS,—graphene com-
posite microsphere by the one-pot spray pyrolysis and description of Na* insertion process.

sodium-ion batteries in comparison to other materials reported
in the literature.

2. Results and Discussion

3D MoS,—graphene microspheres were directly prepared by
ultrasonic spray pyrolysis from the colloidal solution of PS
nanobeads, graphene oxide (GO), and (NH,),MoS,. PS nano-
beads in the spray solution bonded to GO through hydrophobic
interactions, and helped the dispersion of the GO sheets in
the spray solution.*¥>* The MoS,*” ions formed by the disso-
lution of (NH,),MoS, were not adsorbed on the surface of the
negatively charged GO.B133l Therefore, a stable colloidal spray
solution containing MoS,2~ ions, GO sheets, and PS nano-
beads could be obtained. Micrometer-sized droplets containing
ammonium tetrathiomolybdate, GO, and PS nanobeads were
formed by the ultrasonic nebulizer. The droplets, when passed
through a tube furnace maintained at 800 °C, were transformed
into MoS,—graphene composite microspheres within a reaction
time of 4 s. Scheme 1 shows the mechanism of formation of
the MoS,—graphene composite microspheres by the one-pot
spray pyrolysis. First, the drying of droplet produced a com-
posite powder of ammonium tetrathiomolybdate, GO, and PS.
Subsequently, the shrinking and compression of the GO sheets
on the PS nanobeads during the evaporation of water (solvent)
produced the embossed spherical microspheres. Ammonium
tetrathiomolybdate was precipitated between the PS nanobeads
and the GO layers. Thermal decompositions of the PS nano-
beads and ammonium tetrathiomolybdate and the thermal
reduction of GO into graphene resulted in the MoS,—graphene
composite microsphere. The thermal decomposition of the PS
nanobeads into CO, and H,O resulted in the formation of the
empty nanospheres. The MoS,—graphene layers covering the
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PS nanobeads formed the MoS,-coated 3D
graphene backbone composite structure.
Consequently, 3D MoS,—graphene com-
posite microspheres consisting of multiple
nanospheres of graphene coated with MoS,
layers were prepared. As mentioned above,
the PS nanobeads were applied to form the
nanospheres. Therefore, the size of the gra-
phene nanospheres could be easily controlled
by changing the size of the PS nanobeads. In
addition, the thicknesses of graphene back-
bone and MoS, layers could be controlled by
changing the concentration of GO and the
MoS, precursor in the spray solution.

Figure 1 shows the morphologies of the
3D MoS,—graphene composite microspheres
prepared by the one-pot spray pyrolysis
described above. The field-emission scanning
electron microscopy (FE-SEM) and transmis-
sion electron microscopy (TEM) images (as
shown in Figure 1a—d) revealed the spherical
3D structure and uniform morphology. The
average size of 3D MoS,-graphene composite
microspheres obtained from the FE-SEM
image was 700 nm. The low-resolution TEM
images, as shown in Figure 1lc,d clearly indicate the empty
multiple nanospheres present in the composite microspheres.
The nanospheres were divided into thin backbone with lay-
ered structures, as shown by the high-resolution TEM images
(Figure le,f). The enlarged TEM image (see Figure S2, Sup-
porting Information) of the dotted circle portion in Figure le
indicated clear lattice fringes separated by 0.27 nm, which cor-
responds to the interplanar distance between the (100) planes
of layered MoS,.>” The coating layers observed in the enlarged
TEM images shown in Figure S2 (Supporting Information) cor-
respond to the MoS, layers coated over the graphene backbone,
as shown in Scheme 1. The clear lattice fringes separated by
0.69 nm observed in the edge part shown by arrows in Figure 1f
correspond to the (002) plane of the layered MoS,.?"33-3% The
TEM images showed the average number of MoS, layers for 3D
MoS,—graphene composite to be 3-5 layers (see Figure lef).
The elemental mapping images shown in Figure 1g indicated
the uniform distribution of Mo, S, and C all over the layered
MoS,-graphene composite microsphere. In addition, the high
resolution elemental mapping images as shown in Figure S3
(Supporting Information) confirmed the void space of indi-
vidual MoS,—graphene nanospheres and uniform distribution
of Mo, S, and C elements around the nanospheres. The gra-
phene layers seem to act as the skeleton to enable the forma-
tion of 3D MoS,—graphene composite microspheres. The gra-
phene layers also minimized the stacking of the layered MoS,
during the formation of the composite microspheres.

Figure 2 shows the morphologies of the MoS,-graphene
composite microspheres prepared from the spray solution
without the PS nanobeads. The composite powders showed
crumpled and irregular structures, as demonstrated by the
FE-SEM and TEM images shown in Figure 2a—d. The high-
resolution TEM images shown in Figure 2e,f indicate the pres-
ence of highly stacked MoS, layers. The elemental mapping
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Figure 1. Morphologies of the 3D MoS,-graphene composite microspheres. a,b) FE-SEM images; c—f) TEM images; g) elemental mapping images

of Mo, S, and C components.

images shown in Figure 2g reveals the uniform distribution of
Mo, S, and C all over the crumpled MoS,—graphene composite
powder. The selected area electron diffraction (SAED) patterns
as shown in Figure S4 (Supporting Information) are indicative
of the polycrystalline structures of the MoS,—graphene compos-
ites prepared by spray pyrolysis.

Figure 3a shows the X-ray diffractometry (XRD) patterns
of the MoS,—graphene composite materials prepared by one-
pot spray pyrolysis from spray solutions with and without PS
nanobeads. Both samples were polycrystalline containing hex-
agonal MoS, (JCPDS 37-1492).3738] The weak (002) peak of
the 3D MoS,—graphene composite microsphere demonstrated
the presence of “graphene-like” MoS, layers (i.e., less than
five layers).?>333% In the synthesis step, PS nanobeads, which
functioned as templates, minimized the phase separation and
stacking of the MoS, layers. The oxidation state and composition
of the 3D MoS,—graphene composite microspheres were ana-
lyzed by X-ray photoelectron spectroscopy (XPS) (see Figure 3b).
The XPS profile of the MoS,—graphene composite microspheres
indicated two strong peaks at around 229.4 and 232.5 eV, which
can be attributed to Mo3ds, and Mo3d;, binding energies of
MoS,, respectively, while the peak at 226.6 eV can be indexed
as $25.°%%7) The peaks at 162.0 and 163.1 eV shown in Figure
S5 (Supporting Information) can be indexed to the S2ps;,
and S2p;), binding energies of MoS,, respectively**”] The

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

S/Mo atomic ratio was measured as 2.3 by XPS analysis. The
results of the XPS and XRD analyses were consistent with the
reported values for few layered MoS,,, crystals.?%3! The Cls
XPS profile of the MoS,—graphene composite microspheres,
as shown in Figure 3¢, showed a strong peak corresponding
to sp? C-C bonds at 284.6 eV.’® In general, the Cls spectrum
of GO showed two main peaks centered at 284.6 and 286.7 eV,
which correspond to the binding energy of the sp? C-C bonds
and C-O bonds, respectively.’8! Therefore, the Cls spectrum
of the MoS,—graphene composite microspheres indicated the
complete reduction of GO (with oxygen containing functional-
ized groups) into graphene in the reactor maintained at 800 °C.
Considering that MoS, is converted into MoO; when heated
in air, the graphene content in the MoS,-graphene composite
microspheres was 16.4 wt%, as measured by thermogravimetric
analysis (see Figure S6, Supporting Information). The Barrett—
Joyner-Halenda pore size distributions of both samples are
shown in Figure 3d. The 3D MoS,—graphene composite micro-
spheres contained more well-developed mesopores than did the
crumpled MoS,—graphene composite powders. The Brunauer—
Emmett-Teller (BET) surface areas of the MoS,—graphene com-
posite materials prepared from the spray solutions with and
without PS nanobeads were 33 and 10 m? g™!, respectively.

The electrochemical properties of the 3D MoS,—graphene
composite microspheres and crumpled MoS,-graphene

Adv. Funct. Mater. 2015, 25, 1780-1788
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Figure 2. Morphologies of the crumpled MoS,~graphene composite microspheres.
a,b) FE-SEM images; c—f) TEM images; g) elemental mapping images of Mo, S, and C components.

composite powders are shown in Figure 4. Figure 4a shows the
cyclic voltammograms (CVs) of the 3D MoS,-graphene com-
posite microspheres for the first three cycles at a scan rate of
0.1 mV s7! at voltages in the range 0.001-3 V. The reduction of
MoS, in a Na-ion battery can be described by the equation MoS,
+ 4Na* + 4e"— Mo + 2Na,S.?83% In the first cathodic scan,
peaks ranging from 0.5 to 3.0 V are associated with Na* inser-
tion between the MoS, and graphene layers and the formation
of the solid electrolyte interface (SEI) layer owing to the decom-
position of the electrolyte.l?1-23295 The peak under 0.5 V in the
deep cathodic process could be assigned to the electrochem-
ical decomposition of MoS, to form metallic (Mo) nanograins
embedded in an amorphous Na,S matrix.?*3% A broad oxida-
tion peak was observed at 1.7 V in the first charging process,
which corresponded to the oxidation of the Mo nanograins to
MoS,.2%3% Beyond the first cycle, the reduction peak at 0.1 V
disappeared and the second and third discharging/charging
curves almost overlapped, suggesting high reversibility and
cycling stability of Na* storage in the 3D MoS,—graphene com-
posite microspheres.

Figure 4b shows the 1st, 2nd, and 50th charge-discharge
curves of the two samples at a constant current density of
0.2 A gl. The initial discharge curves of the 3D MoS,-gra-
phene composite microspheres and crumpled MoS,-graphene
composite powders consisted of slight plateaus near 1.1 and
0.8 V, respectively. The potential plateaus seen in the first dis-
charge curves of the two samples were replaced by long slopes
between 2.5 and 0.001 V from the second cycle onwards. During
the first charging process, the distorted MoS, structure failed

Adv. Funct. Mater. 2015, 25, 1780-1788
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to fully recover to the pristine MoS, struc-
ture. The initial discharge and charge capaci-
ties of the 3D MoS,-graphene composite
microspheres were 797 and 573 mA h g7,
respectively, and the corresponding initial
Coulombic efficiency was 72%. However, the
initial discharge and charge capacities of the
crumpled MoS,—graphene composite pow-
ders were 415 and 511 mA h g7}, respectively,
and the corresponding initial Coulombic
efficiency was 81%. Reduced GO shows a
large irreversible capacity in the first cycle,
which originates from the formation of the
SEI layer on the electrode surface and from
the reaction of the sodium ions with residual
oxygen-containing functional groups.® The
high surface area and large pore volume also
resulted in a low initial Coulombic efficiency
for the 3D MoS,—graphene composite micro-
spheres. The 50th reversible discharge capac-
ities of the 3D MoS,—graphene composite
microspheres and crumpled MoS,—graphene
composite powders, as shown in Figure 4c,
were 480 and 320 mA h g1, respectively, and
the corresponding capacity retentions meas-
ured after the first cycles were 88% and 83%.
The rate capabilities of the two samples were
evaluated at high current densities ranging
from 1to 10 A g and then at 1 A g!, as
shown in Figure 4d. The charge and dis-
charge curves for rate performances were shown in Figure S7
(Supporting Information). The average discharge capacities of
the 3D MoS,—graphene composite microspheres were 427, 355,
306, 273, and 234 mA h g™! when cycled at current densities of
1,3, 5,7, and 10 A g}, respectively. The crumpled MoS,~gra-
phene composite powders showed average discharge capacities
of 311, 232, 178, 136, and 80 mA h g! when cycled at current
densities of 1, 3, 5, 7, and 10 A g1, respectively. The rate reten-
tions of the 3D MoS,—graphene composite microspheres and
crumpled MoS,—graphene composite powders were 55% and
26%, when the current density increased from 1 to 10 A gL
The decreased Na* diffusion distance and enhanced electrical
connectivity resulted in the superior rate performance of the
3D MoS,-graphene composite microspheres. The rate capabili-
ties of the two samples were evaluated at low current densities
ranging between 0.1 and 0.9 A g'!, and then at 0.1 A g}, as
shown in Figure S8 (Supporting Information). The average dis-
charge capacities of the 3D MoS,—graphene composite micro-
spheres were 535 and 412 mA h g! when cycled at 0.1 and
0.9 A g7!, respectively. The crumpled MoS,~graphene com-
posite powders showed average discharge capacities of 380
and 283 mA h g! when cycled at 0.1 and 0.9 A g}, respec-
tively. The rate retentions of the 3D MoS,-graphene composite
microspheres and crumpled MoS,-graphene composite pow-
ders showed similar values of 77% and 74% when the current
density was increased from 0.1 to 0.9 A g~!. Additionally, after
the rate test, the discharge capacities and Coulombic efficien-
cies of the 3D MoS,-graphene composite microspheres during
an additional 600 cycles were measured at a higher rate of
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Figure 3. Properties of the 3D MoS,—graphene composite and the crumpled MoS,—graphene composite microspheres. a) XRD patterns; b) XPS spec-
trum of Mo3d of the 3D MoS,—graphene composite microspheres; c) XPS spectrum of Cls of the 3D MoS,-graphene composite microspheres; and

d) pore size distributions.

1.5 A g'! for a long period cycle test (see Figures 4e and S7,
Supporting Information). The first and 600th discharge capaci-
ties of the 3D MoS,—graphene composite microspheres at a
current density of 1.5 A g were 385 and 322 mA h g1, respec-
tively, and the corresponding capacity retention was 84%. The
average Coulombic efficiency during the additional 600 cycles
was as high as 99.98%. In general, achieving fast and stable
Na* storage properties in sodium-ion batteries is challenging
because of large ionic radius of Na*. The outstanding elec-
trochemical properties of the 3D MoS,-graphene composite
microspheres are related to the reduced stacking of the MoS,
layers and the 3D porous graphene microspheres. The low
stacking of the MoS, layers relaxed the strain and lowered
the barrier for Na* insertion.?%3!) The empty nanospheres of
graphene offered sufficient void spaces for volume expansion
and fast electron transfer pathways during repeated cycling.
The morphologies of the 3D MoS,—graphene composite micro-
sphere obtained after first Na* insertion and desertion pro-
cesses are shown in Figures S9-S11 (Supporting Information).
The lattice fringes of MoS, nanocrystals were not observed
from the TEM image of the microsphere obtained after 1st dis-
charging process as shown in Figure S10b (Supporting Infor-
mation). The TEM and elemental mapping images shown in
Figure S10c (Supporting Information) revealed the inserted Na
component in the composite microsphere during the 1st dis-
charging process. The composite microspheres obtained after
1st discharging and charging processes had similar sizes and
morphologies. Figure 5 shows the TEM and elemental mapping
images and SAED pattern of the 3D MoS,-graphene composite

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

microspheres obtained after 50 cycles at a current density of
0.2 A g'. The 3D graphene nanospheres of the 3D graphene-
MoS, composite microsphere were maintained, as shown
in the TEM images (see Figure 5a,b). The SAED ring pattern
with a faint ring diffraction spot indicates the amorphous-like
structure of the 3D MoS,—-graphene composite microspheres
subjected to 50 cycles, as shown in Figure 5c. Mo and S were
uniformly dispersed all over the graphene microsphere without
aggregation even after 50 cycles, as shown in the elemental
mapping images (see Figure 5d). The empty nanosphere pro-
vided sufficient void space for the large volume expansion of
MoS, during the Na* insertion process.

To understand why the 3D MoS,—graphene composite
microspheres exhibited superior electrochemical performances
compared with the crumpled MoS,-graphene composite pow-
ders, impedance measurements were carried out before cycling
and after 50 cycles at a constant current density of 0.2 A g7}, as
shown Figure 6. The medium frequency semicircle is attributed
to the charge-transfer resistance (R;) between the active material
and the electrolyte, and the low frequency region corresponds
to the sodium diffusion process within the electrodes.[61-64
The charge-transfer resistances of the 3D MoS,—graphene
composite microspheres and crumpled MoS,—graphene com-
posite powders were 250 and 374 Q before cycling, respec-
tively, and the corresponding values were 35 and 56 Q after
the 50th cycle, as shown in Figure 6a,b. Figure 6¢,d shows the
relationship between Z,. and @ /2 in the low frequency region,
where o is the angular frequency in the low frequency region
(0 = 2 nf). The low slope at low frequency indicates good

Adv. Funct. Mater. 2015, 25, 1780-1788
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Figure 4. Electrochemical properties of the 3D MoS,—graphene composite and the crumpled MoS,-graphene composite microspheres. a) CV curves
of the 3D MoS,~graphene composite microspheres; b) charge/discharge curves at a current density of 0.2 A g™; c) cycling performances at a current
density of 0.2 A g7'; d) high rate performances; and e) long-term cycling properties and Coulombic efficiencies of the 3D MoS,~graphene composite

microspheres at a current density of 1.5 A g™\

sodium ion kinetics in the electrode materials.®®%4 The 3D
MoS,—graphene composite microspheres showed lower slopes
than the crumpled MoS,-graphene composite powders before
cycling and after 50th cycle, as shown in Figure 6¢,d. The 3D
MoS,-graphene composite microspheres showed smaller
charge transfer resistance and better Na* kinetics than the
crumpled MoS,—graphene composite powders.

The Na' storage properties of the 3D MoS,-graphene
composite microspheres were compared with those of MoS,

Adv. Funct. Mater. 2015, 25, 1780-1788
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electrodes of various morphologies reported previously in
the literature. Composite layered paper consisting of acid-
exfoliated MoS, nanoflakes in a reduced GO matrix has
been reported to show a stable charge capacity of approxi-
mately 230 mA h gt after 20 cycles at a current density of
0.025 A g L2 The single layered ultrasmall nanoplates of
MoS, embedded in thin carbon nanowires exhibited a high
discharge capacity of 321 mA h g! after 100 cycles at a cur-
rent density of 1.0 A g7! and the corresponding discharge
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Figure 5. TEM images and SAED pattern of the 3D MoS,—graphene composite microspheres
after 50th cycle at a current density of 0.2 A g'. a,b) TEM images; c) SAED pattern; d) elemental

mapping images of Mo, S, and C components.

capacity retention measured after the first cycle was 60%.53%
However, the discharge capacity of the MoS,—graphene com-
posite microspheres after 600 cycles at a current density of 1.5
A ¢! was as high as 322 mA h g%

3. Conclusion

In summary, the 3D MoS,—graphene composite microspheres
with superior Na* storage properties were prepared by a one-
pot spray pyrolysis process. The 3D MoS,-graphene composite
microspheres consisted of multiple nanospheres of graphene
coated with MoS, layers. The size of the graphene nano-
spheres could be easily controlled by changing the size of the
PS nanobead templates used in the spray solution. In addi-
tion, the thicknesses of the graphene sheets and MoS, layers
could be controlled by changing the concentration of GO and
MoS, precursor in the spray solution. The 3D MoS,—graphene
composite microspheres showed superior Na* storage capaci-
ties than the crumpled MoS,—graphene composite powders
prepared under identical conditions (albeit without the PS bead
templates). Our study indicates that the novel 3D graphene-
MoS, composite microspheres can be successfully applied as a
high potential anode material in sodium-ion batteries. The 3D
MoS,—graphene composite microspheres showed outstanding
Na* storage properties for high capacity, fast charge/discharge,

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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and long cycle life due to synergy effect of the
reduced stacking of the MoS, layers and the
3D structure of the porous graphene micro-
spheres. The simple process introduced
in this study could be also widened to the
preparation of 3D metal sulfide-graphene
composite microspheres with various compo-
sitions for a wider range of applications.

4. Experimental Section

Preparation of 3D MoS,-Graphene Composite
Microspheres: ~ Graphene  oxide  (GO)  was
synthesized using a modified Hummer's method
from graphite nanoflakes.’® 3D MoS,~graphene
microspheres were directly prepared by ultrasonic
spray pyrolysis at 800 °C. A quartz reactor with a
length of 1200 and diameter of 50 mm was used
for the synthesis, along with a nitrogen (carrier
gas) flow rate of 5 L min~'. The as-obtained GO
was redispersed in distilled water and exfoliated
by ultrasonication to generate the GO sheets.
Ammonium  tetrathiomolybdate  ((NH,4),MoS,,
Aldrich, 1.63 g) was dissolved in 500 mL of the
exfoliated GO solution (1 mg ml™). Then, 4.5 g
of polystyrene (PS) nanobeads with a diameter of
100 nm were added into the GO sheet-ammonium
tetrathiomolybdate solution.

Characterization: The crystal structures of the
prepared samples were investigated by X-ray
diffractometry (XRD, X'pert PRO MPD) using Cu
K, radiation (A = 1.5418 A). The morphological
features of the samples were investigated using
field-emission scanning electron microscopy (FE-
SEM, S-4800) and high-resolution transmission
electron microscopy (HR-TEM, JEM-2100F) at a
working voltage of 200 kV. The specific surface areas of the prepared
samples were calculated by the Brunauer—-Emmett-Teller (BET) analysis
of the nitrogen adsorption measurements (TriStar 3000). The samples
were also investigated using X-ray photoelectron spectroscopy (XPS,
ESCALAB-210) with Al Ko radiation (1486.6 eV).

Electrochemical Measurements: The capacities and cycling properties
of the prepared samples were determined by fabricating 2032-type
coin cells. The electrode contained a mixture of 70 wt% of the active
material, 15 wt% of Super P, and 15 wt% of sodium carboxymethyl
cellulose (CMC) binder. Stick-type sodium metal and microporous
polypropylene film were used as the counter electrode and separator,
respectively. The electrolyte was a solution of T m NaClO, (Aldrich)
in a 1:1 volume mixture of ethylene carbonate/dimethyl carbonate
(EC/DMC) to which 5 wt% fluoroethylene carbonate was added. The
charge-discharge characteristics of the samples were determined by
cycling in the potential range 0.001-3.0 V at fixed current densities.
Cyclic voltammetry (CV) was carried out at a scan rate of 0.1 mV s7\.
The dimensions of the negative electrode were 1 cm x 1 c¢cm and
the mass loading was approximately 1.2 mg cm™2. The capacities
described in this study were based on the total weight of 3D
MoS,—graphene composite. Electrochemical impedance spectroscopy
(EIS) of the electrode was measured over a frequency range of
0.01 Hz-100 kHz.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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