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ABSTRACT: Uniform MnS hollow microspheres in situ crystallized on
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reduced graphene oxide (RGO) nanosheets via a facile hydrothermal < 4500 unit: Ag”? O Discharge
method. The MnS/RGO composite material was used as the anode for 2 - .
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Na-ion batteries for the first time and exhibited excellent cycling ‘é 06 0.3 03
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capability for both Li- and Na—lF)n batteries. Compared with non- g 600 | MSIRGOfor Nadon patteries 0.1
encapsulated pure MnS hollow microspheres, these MnS/RGO nano- 2 550 102 0.4
composites demonstrated excellent charge—discharge stability and long © 0 &
cycle life. Li-ion storage testing revealed that these MnS/RGO 0 30 60 90 120 150

nanocomposites deliver high discharge—charge capacities of 640 mAh
g ' at 1.0 A g after 400 cycles and 830 mAh g™" at 0.5 A g™ after 100
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cycles. The MnS/RGO nanocomposites even retained a specific capacity of 308 mAh g™" at a current density of 0.1 A g™ after
125 cycles as the anode for Na-ion batteries. The outstanding electrochemical performance of the MnS/RGO composite
attributed to the RGO nanosheets greatly improved the electronic conductivity and efficiently mitigated the stupendous volume

expansion during the progress of charge and discharge.
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1. INTRODUCTION

Nowadays, rechargeable Na- and Li-ion batteries are urgently
needed for the next generation of energy storage devices
because of exhaustion of global fossil-fuel resources and ever-
growing environmental problems.l’2 So, it is imminent to
develop electrode materials with low cost, green capabilities,
environmentally friendliness, long stable cycling performance,
high specific capacity, and high rate capability. The problem
that we are faced with right now is developing a high energy
density anode material of great urgency because anode
materials play a significant role in rechargeable Li- and Na-
ion batteries.” It is well-known that the traditional graphite
material is limited by its theory capacity (372 mAh g for Li-
ion batteries).” Transition-metal sulfides with reversible
capacities between 500 and 1200 mAh g™ have emerged as
alternatives to replace traditional graphite-based anode
materials.*”” Recently, sulfides have attracted intensive
attention in the field of energy storage including super-
capacitors, solar cells, and Li-ion batteries.>®*™'* However,
because of the large volume dilation involved in the Li*/Na*
uptake and release, the transition-metal sulfide anodes
disintegrate, resulting in rapid capacity fade and poor cycling
performance. As is known to all, constructing hollow/porous
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structures can enhance the cycling performance®'*™"” because
hollow/porous structures with large amounts of cavities provide
extra active sites for Li*/Na" storage, which is a benefit for
enhancing the capacity of the electrode materials.*® In addition,
this unique hollow structure effectively reduces the diffusion
distance of Li*/Na*."”'” Furthermore, the hollow/porous
structures with larger surface areas would improve the contact
between the electrolyte and electrode materials, hence
improving the rate capability.'”'® For example, uniform hollow
spheres of CoS, have been successfully synthesized via a facile
solvothermal method and investigated as anode materials for
Li-ion batteries, which exhibited good cycling performance.'®"”
Our research group also successfully synthesized hollow
structured LiMn,O,@LiNiysMn, ;O, and FeF;-0.33H,0 cath-
ode materials, with greatly enhanced cycling performance and
rate performance.””*'

Reduced graphene oxide (RGO) as a new two-dimensional
(2D) carbon material is an ideal substrate for in situ growing
and anchoring semiconducting and insulating materials for
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energy storage applications because of its high mechanical
strength, light weight, high structural flexibility, high chemical
stability, high conductivity, and high surface-to-volume
ratio.””~>” The electrochemical performance of various anode
materials (e.g, sulfides, oxides, and alloys) can be greatly
improved by combining them with RGO Recently,
researchers have shown that growing sulfide particles on
RGO effectively prevented volume expansion, improved the
conductivity and active curves of sulfides/RGO composites, to
some extent, and increased the lithium storage capacit?/ and
cycling performance of sulfides/RGO composites.”" For
example, Xia et al. in situ synthesized CoS,/RGO nano-
composites with an enhanced electrode performance over pure
CoS,.”” Since the discovery of sulfide materials and because of
their successful use in Li-ion batteries, a number of researchers
also paid attention to MnS-based materials.”**™*> Huang’s
group synthesized coral-like @-MnS, which was embedded in
carbon and exhibits a high reversible capacity and good cycling
stability for Li-ion batteries.”” Hollow-structured MnS—carbon
nanocomposite powders were synthesized by Kang et al. via a
one-pot spray-pyrolysis process and also exhibited good specific
capacity and rate capability.”** Difficult yet great progress has
been achieved on the MnS-based anodes for Li-ion batteries;
the diversities of micro/nanoarchitecture for long-life and high-
capacity anode materials based on MnS still need to be greatly
expanded to meet ever-developing technology and energy
demands. Because the rational design of a hollow structure
combined with RGOs can improve their electrochemical
performance, herein we successfully in situ synthesized MnS
hollow microspheres on 2D RGO nanosheets as superior anode
materials for both Li- and Na-ion batteries. Delicate MnS
hollow microspheres/RGO composites were successfully
prepared through a simple hydrothermal reaction without any
template. Most importantly, the MnS hollow microspheres/
RGO composites achieved high specific capacity, excellent rate
capability, and stable cycling ability, make them promising
anode materials for rechargeable Li- and Na-ion batteries.

2. EXPERIMENTAL SECTION

2.1. Materials Synthesis. 2.1.1. Preparation of Graphite Oxide.
In a typical method synthesis, S g of graphite was added to 230 mL of
concentrated sulfuric acid in an ice bath along magnetic stirring for 1.5
h, and then 18 g of KMnO, was added under continued magnetic
stirring at 35 °C for 1 h until the solution became viscous. The mixture
was stirred at 85 °C for another 1 h and diluted with distilled water. A
total of 150 mL of 30% H,0O, was finally added to the solution until
the color changed to bright yellow. Finally, graphite oxide was filtered
and washed with 5% hydrochloric acid.

2.1.2. Preparation of Pure MnS Hollow Microspheres. A total of
3.58 g of a Mn(NOj), solvent with 50 wt % concentration, 2.42 g of L-
cysteine, and 0.60 g of urea were added to a beaker under magnetic
stirring for 0.5 h to form 200 mL of a mixed solution. Then the
solution was transferred into a Teflon-lined stainless steel autoclave
and maintained at 160 °C for 24 h. After cooling to room temperature,
the precipitate was filtered and washed with distilled water and
anhydrous ethanol three times. Then the precursor was dried at 80 °C
overnight in a vacuum oven. Finally, the products were annealed at
500 °C for 4 h in nitrogen at a rate of 3 °C min™".

2.1.3. Preparation of MnS Hollow Microspheres/RGO. A total of
0.20 g of graphite oxide was added into 200 mL of distilled water and
ultrasonicated at 45 kHz for 1 h. Then 3.58 g of a Mn(NOj), solution
with 50% concentration, 2.42 g of L-cysteine, and 0.60 g of urea were
added to this graphite oxide solution under magnetic stirring for 0.5 h.
Then the solution was transferred to a Teflon-lined stainless steel
autoclave and maintained at 160 °C for 24 h. After cooling to room

temperature, the precipitate was filtered and washed with distilled
water and anhydrous ethanol three times, and then the sample was
dried at 80 °C overnight in a vacuum oven. Finally, the products were
annealed at 500 °C for 4 h in nitrogen at a rate of 3 °C min™".

2.2. Materials Characterization. Scanning electron microscopy
(SEM) analysis was performed with a JSM-6610LV scanning electron
microscope. High-resolution transmission electron microscopy
(HRTEM) analysis was performed with a JEM-2100 microscope.
The collected products were characterized by X-ray diffraction (XRD)
with a Rigaku-DMax 2400 diffractometer equipped with a graphite-
monochromated Cu Ka 426 radiation source at a scanning rate of
0.02° s™'. Thermogravimetric analysis (TGA) was performed from
room temperature to 900 °C at a ramp rate of 10 °C min™" with an air
flow rate of 20 mL min~" by using a Q50 thermogravimetric analyzer.
The Raman spectra were obtained with a Renishaw Invia Raman
microscope. The surface areas of the nanocomposites were measured
by the Brunauer—Emmett—Teller (BET) method, using nitrogen as
the adsorbate gas.

2.3. Electrochemical Testing. The electrochemical performances
of the as-prepared products were measured by a charge—discharge test.
For preparation of the working electrode, a mixture of MnS/RGO (or
pure MnS), acetylene black, and poly(vinylidene fluoride) in a weight
ratio of 70:20:10 was ground with N-methyl-2-pyrrolidone as the
solvent to make slurry. The slurry was then applied to a Cu foil and
dried in a vacuum oven at 80 °C for 12 h to form the working
electrode. Then the Cu foil was punched into a circular disk with a
diameter of 15.8 mm; the active material loading was 1.0—1.5 mg. The
test cells (CR2016) were assembled in an argon-filled glovebox (H,O
and O, < 0.1 ppm). A circular Li foil and Na bulk were used as the
counter electrodes and Celgard2400 as the separator. A solution of 1
mol of LiPF; in ethylene carbonate/diethyl carbonate (EC/DEC = 1:1
by volume) was used as the Li-ion electrolyte. The Na-ion battery
electrolyte was 1 mol of NaClO, dissolved in a mixture of EC/DEC
(4:6 by volume). Fluoroethylene carbonate (FEC) was used as the
electrode additive. The volume ratio of FEC/EC + DEC is 2%.
Galvanostatic discharge and charge at various current densities were
performed on a NEWARE-BTS battery tester, with cutoff potentials of
0.01 V for discharge and 2.6 V for charge. The impedance spectra of
the cells were also measured with an Electrochemical Workstation
(CHI660d) in a frequency from 0.1 Hz to 100 kHz with an
alternating-current amplitude of 5.0 mV.

3. RESULTS AND DISCUSSION

Figure la illustrates the detailed fabrication progress of MnS
hollow microspheres/RGO composites. The urea added into
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Figure 1. Schematics of (a) the experimental process for synthesizing
MnS hollow microspheres/RGO composites and (b) of the Ostwald
ripening mechanism for forming MnS hollow microspheres.
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the solution (in Figure 1a) is to reduce GO and increase the
pores in the composite materials. In order to enhance the
stability of the MnS hollow microsphere, the composite was
finally annealed in nitrogen for 4 h. The formation mechanism
of the current hollow-structured MnS microspheres is a typical
Ostwald ripening hollowing mechanism (Figure 1b).”" At the
initial stage, a large number of newly formed nanoparticles tend
to aggregate into larger particles because of the high surface
energy, driven by the surface free energy and self-assembly
process, to form a hollow microsphere structure, which is in
accordance with the TEM results (Figure S). Figure 2 shows
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Figure 2. XRD patterns of pure MnS hollow microspheres and MnS
hollow microspheres/RGO composites. The patterns of JCPDS 01-
1089 (red curve) and 01-640 (black curve) are also shown.

the XRD patterns of pure MnS microspheres and MnS hollow
microspheres/RGO composites, and the dominant diffraction
peaks of both MnS and MnS/RGO perfectly matched with the
diffraction peaks of JCPDS 01-1089, indicating that the as-
prepared MnS can be indexed to cubic MnS (space group
Fm3m). The small diffraction peaks at 26 = 27° are well
matched with JCPDS 01-640, which is interpreted as RGO in
the MnS/RGO composites. From the XRD patterns, we can
see that both the as-obtained MnS and MnS/RGO have good
crystallinity, ensuring these anode materials good cycling
stability during charge—discharge processes.

Figure 3a shows the Raman spectra of both GO and the
MnS/RGO composite, revealing two Raman peaks at 1345 and
1587 cm™ for MnS/RGO and two Raman peaks at 1346 and

1603 cm ™" for GO. The point area ratio of D band/G band was
0.95 for GO, while the point area ratio of D band/G band was
1.32 for MnS/RGO. This means that through a hydrothermal
reaction GO was partly reduced. It is well-known that the D
band is related to the vibrations of sp*® carbon atoms of defects
and disorder in graphite and the G band is linked to the
vibrations of sp* carbon atoms and order in graphite.”**"?"*
The increased point area ratio of D band/G band is due to the
decrease of the average size of the sp” domain and the increase
of the number of domains. From these Raman results, it is
believed that RGO in reduced MnS/RGO composites with a
large number of defects and disordered structure, which would
provide more extra sites for Li*/Na* storage, thus effectively
improves the specific capacity and rate capability. The weight
percent of RGO in MnS/RGO composites is further evaluated
by TGA. As shown in Figure 3b, the small weight loss below
300 °C was associated with the absorbed water in MnS/RGO
composites. The weight increase between 300 and 500 °C was
related to the formation of MnSO, and Mn;0,. The weight loss
from 450 to 600 °C indicated that RGO in MnS/RGO
composites was completely burned, and the main weight loss
between 700 and 900 °C was associated with the trans-
formation of MnSO, and Mn;0, into Mn,0,.** The
exothermic peak in the differential thermogravimetry curve
(blue line in Figure 3b) is consistent with the weight loss curve,
which corresponds to the chemical reaction and phase
transition.*>>* Through TGA, we found that the weight
percent of RGO in MnS/RGO composites was around
24.6%. Such a considerable part of RGO ensures for MnS/
RGO a good electronic conductivity and can eftectively protect
MnS hollow spheres from rupturing during the charge—
discharge process.

Parts a—c of Figure 4 show the different-magnification SEM
images of pure MnS hollow microspheres. The surface of these
microspheres is rough, indicating that these hollow micro-
spheres with large surface area are beneficial for forming a well
contact with the electrolyte. The hollow core structure can also
provide more extra active sites for Li*/Na" storage. It can be
observed that part of these hollow microspheres have an open
hollow morphology, which would availably reduce the diftusion
distance of Li*, Na*, and electrons. Parts d—f of Figure 4 show
the morphology of the MnS/RGO composite, with the MnS
particles approximately 1—3 um in size and each MnS
microsphere almost encapsulated with RGO nanosheets.
Directly grown electroactive MnS on RGO nanosheets greatly
promoted stronger adhesion and improved the electrical
conductivity, contributing to the improvement of the electro-
chemical performance of electroactive MnS. The detailed

(a) 1345 4587
-~
= MnS/RGO
=S 1346 1603
g
=
e
=
=
GO

" 1 I 1 I 1 L 1 n

1000 1200 1400 1600 1800 2000

Raman shift (cm™)

0.5

04—

03~§
o
ozé
Qo
01[_‘
00Q

-0.1

0

n 1 n L n 1 n 1
200 400 600 800

Temperature(°C)

Figure 3. (a) Raman spectra of Mn$ hollow microspheres/RGO (red curve) and GO (black curve). (b) TGA results of hollow MnS microspheres/

RGO composites (heated in air with a rate of 10 °C min™).
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Figure 4. Different-magnification SEM image of pure MnS hollow
microspheres (a—c) and MnS hollow microspheres/RGO comoppo-
sites (d—f), which show that both electroactive MnS particles have
typical hollow cores.

morphology and microstructure information on these pure
MnS hollow microspheres and MnS hollow microspheres/
RGO composites were further characterized by TEM, as shown
in Figure S. As can be observed from Figure Sa,b, pure MnS has
a hollow structure and a rough surface, which is well consistent
with SEM observation (Figure 4a—c). As shown in Figure Sc,d,
the MnS particles in MnS/RGO composites have a more
rugged surface. The electroactive MnS microspheres consist of
dense small nanoparticles, self-assembling into a hollow
microsphere structure, which is well consistent with the high-
magnification SEM images in Figure S1. The lattice spacing of
0.261 nm corresponds to the (200) plane of MnS in both pure
MnS hollow microspheres (Figure Se), and MnS hollow
microspheres/RGO composites (Figure Sf) can be clearly
observed.

The Li-ion storage performances of these pure MnS hollow
microspheres and MnS hollow microspheres/RGO were
evaluated by electrochemical impedance spectroscopy (EIS)
and galvanostatic charge—discharge cycling using two-electrode
coin cells. As shown in Figure 6a—c, the initial discharge
specific capacity is much higher than the initial charge specific
capacity. The high irreversible capacity in the first large
discharge capacity is attributed to the formation of solid
electrolyte interface (SEI) and irreversible composition of
Li,S.*° Although a large irreversible capacity existed in this
anode material in the first cycle, the MnS/RGO anodes show
an excellent cycling performance and superior capacity
retention in the following charge—discharge cycles. As shown
in Figure 6a,b, the MnS hollow microspheres/RGO composites
exhibit much higher cycling stability than that of pure MnS
hollow porous microspheres. At a current density of 0.3 A g,
the initial voltage—specific capacity curves (red curves in Figure
6¢) show discharge and charge voltage plateaus at 0.7 and 1.25
V, respectively, which are caused by decomposition of the
electroactive MnS into metallic Mn and Li,S via reaction 1, the

Figure 5. TEM characterizations of pure MnS hollow microspheres
and MnS hollow microspheres/RGO composites: (a and b) low-
magnification TEM images of MnS hollow microspheres; (c and d)
low-magnification TEM images of MnS hollow microspheres/RGO
composites; (e and f) HRTEM images revealing lattice planes of Mn$S
in pure MnS hollow microspheres (e) and MnS/RGO composites (f).

formation of an SEI and Li-ion insertion into the graphene
nanosheets.”’ ~*

MnS + 2Li" + 2¢” - Mn + Li,$ (1)

In Figure 6c, the blue voltage—specific capacity curves show the
discharge and charge processes at a current density of 1.0 A g™
with voltage plateaus at 0.6 and 1.32 V. When the current
density increased to 2.5 A g7, the discharge—charge voltage
plateau changed to 0.5 and 1.4 V, as depicted in Figure 6¢
(black curves). When the charge and discharge current
densities of a MnS/RGO composite anode increased, the
charge voltage plateau increased and the discharge voltage
plateau decayed. This phenomenon occurred as a result of
increasing charge and discharge current densities, causing
polarization of the active material to become more serious. In
the MnS/RGO composite anodes, MnS microspheres with the
hollow cavities favor electrolyte flooding and transportation,
except the positive effect upon enhancing the electrode
performance in terms of both kinetics and the cycling
performance.”” In order to measure Li-ion and electron
diffusion of pure MnS and MnS/RGO composites and to
explain the different electrochemical performances between
MnS and MnS/RGO, EIS plots were made before cycles, as
shown in Figure 6d. EIS has been proven to be a useful and
important tool for analyzing the d;lnamics for Li*/Na" insertion
and extraction of the electrodes.””’ ~** Generally, the semicircle
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Figure 6. Voltage—capacity curves and Nyquist plots of pure MnS
hollow microspheres and MnS hollow microspheres/RGO composites
for Li-ion batteries: (a) voltage—capacity curves (the lst, 2nd, Sth,
10th, and 40th) of pure MnS hollow microspheres at a current density
of 0.15 A g™'; (b) voltage—capacity curves (the 1st, 10th, 100th, 250th,
and 400th) of MnS hollow microspheres/RGO composites at a
current density of 1.0 A g7'; (c) voltage—capacity curves of MnS/
RGO anodes at different current densities (increased from 0.3 to 2.5 A
g"); (d) Nyquist plots of pure MnS and MnS/RGO composite
electrodes obtained by applying a sine wave with an amplitude of 5.0
mV over the frequency range from 0.1 Hz to 100 kHz.

of the impedance in the high-frequency range is related to the
diffusion resistance of the Li'/Na" ion through the SEI
membrane.’”*’ The semicircle in the medium-frequency region
is associated with the charge-transfer resistance between the
active anode materials and the liquid electrolyte.*® The inclined
line in low frequency is attributed to a Warburg-type element
reflecting the solid-state diffusion of Li*/Na" into the bulk of
the active materials.” ~** As shown in Figure 6d, the red curve
displays the impedance spectrum of pure MnS hollow
microspheres, and the black curve is the impedance spectrum
of MnS hollow microspheres/RGO composites. The MnS/
RGO composites deliver a smaller resistance than the MnS
hollow microspheres, which clearly shows that the introduction
of 2D RGO sheets greatly enhanced the electrical conductivity
of the MnS electrode. The EIS plots after cycles are displayed
in Figure S6 (Supporting Information), also indicating the
excellent electrochemical stability of MnS hollow micro-
spheres/RGO composites.

The rate performance and cycling stability of MnS/RGO and
MnS anodes for Li-ion batteries are shown in Figure 7 in detail.
The pure MnS hollow microspheres show poor capacity
retention, while the MnS hollow microspheres/RGO compo-
sites display a superior rate performance and great capacity
retention. As shown in Figure 7a, the pure MnS microspheres
display much worse cycling stability even at a low current
density of 150 mA g~'. At a higher current of 0.3 A g™', the
pure MnS microspheres retain a specific capacity of only 100
mAh g™' after 80 cycles, while the MnS hollow microspheres/
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Figure 7. Electrochemical performances of pure MnS hollow microspheres and MnS hollow microspheres/RGO composites for Li-ion batteries: (a)
cycling performance of pure MnS hollow microspheres at 0.1 A g'; (b) cycling performances of pure MnS and MnS/RGO at 0.3 A g™%; (c) cycling
stability of MnS/RGO composites at 0.5 A g”'; (d) long cycling stability of MnS/RGO composites at 1.0 A g”'; (e) rate capability of MnS/RGO

composites at different current densities (from 0.3 to 2.0 A g™').
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Figure 8. Electrochemical performances of MnS hollow microspheres/RGO composites for Na-ion batteries; (a) voltage—capacity curves of the
MnS/RGO anode at different current densities (increased from 0.1 to 0.8 A g™'); (b) voltage—capacity curves (the 1st, 7nd, 20th, 50th, and 100th)
of MnS hollow microspheres/RGO composites at a current density of 0.1 A g™'; (c) cycle stability of MnS/RGO composites at 0.1 A g™'; (d)
Nyquist plot of the MnS/RGO composite electrode obtained by applying a sine wave with an amplitude of 5.0 mV over the frequency range from
0.1 Hz to 100 kHz; (e) rate capability of MnS/RGO composites at different current densities (increased from 0.1 to 0.8 A g™').

RGO composites still deliver a high capacity of 900 mAh g™*
after 80 cycles (Figure 7b). The obvious difference between
pure MnS and MnS/RGO owing to the RGO nanosheets
evidently improved the electronic conductivity and markedly
relieved the volume expansion during the charge—discharge
cycles of the MnS/RGO composite. The charge—discharge
performance of MnS hollow microspheres/RGO composites
were evaluated at different charge currents from 0.3 to 2.0 A
g~', as shown in Figure 7e. First, the discharge—charge process
was carried out at each charge rate for 10 cycles. Then the
current density returned to 0.3 A g_1 for 35 cycles and 0.5, 1.0,
and 2.0 A g~' for 20 cycles, respectively. Finally the charge
density was reset to 0.3 A g~ again. With the current density
increased from 0.3 to 2.0 A g_l, the specific capacities of the
MnS/RGO anode decreased from 1050 to 640 mAh g~'. When
the current density was first returned to 0.3 A g~', the MnS/
RGO anode delivered a specific capacity of about 960 mAh g™
The specific capacity of the MnS/RGO anode decreased from
980 to 580 mAh g™ as the current density increased a second
time from 0.3 to 2.0 A g~'. When the current density was reset
a second time to 0.3 A g_l, the MnS/RGO anode delivered a
specific capacity of 890 mAh g~'. The charge—discharge
performance of MnS/RGO composites at a current density of
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0.5 A g™' is depicted in Figure 7c. Even after 100 cycles, MnS
hollow microspheres/RGO composites had a high specific
capacity of 830 mAh g~ '. Figure 7d shows the cycling
performance of MnS/RGO at a current of 1.0 A g_1 for 400
cycles, and it is obviously observed that even after 400 cycles
the specific capacity of the MnS/RGO material is still 640 mAh
g~'. The SEM images of MnS/RGO composites after 400
cycles were presented in Figure S4, from which it can be clearly
observed that the MnS/RGO anode was still in good condition,
strongly supporting their excellent cycling performance.

To estimate the sodium storage ability of MnS hollow
microspheres/RGO composites, two-electrode coin-type half-
cells were also assembled and a series of electrochemical
measurements were carried out at room temperature. The
capacity—voltage curves at different current densities (0.1, 0.2,
0.4, and 0.8 A g™") are shown in Figure 8a. The different cycle
capacity—voltage curves of the MnS/RGO composite at 0.2 A
g_1 are shown in Figure 8b. As can be seen from this image, the
larger discharge capacity than charge capacity can be ascribed to
the SEI membrane formation and electrolyte decomposition,
which corresponds to the chemical equation (2).°7*%*

MnS + 2Na™ + 2¢” = Mn + Na,$ (2)
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The Na-ion cell delivers a high irreversible capacity of 497 mAh
g ' at 0.1 A g7' and 308 mAh g™! after 125 cycles, as shown in
Figure 8c. Such an excellent cycle behavior can be attributed to
the RGO nanosheets greatly improving the conductivity of
MnS/RGO composites and hollow microspheres effectively
reducing the diffusion distance of Na*. As shown in Figure 8d,
the red curve displays the impedance spectrum of MnS hollow
microspheres/RGO composites for Na-ion batteries. The
MnS/RGO composite delivers a small resistance, which clearly
shows that introducing 2D RGO sheets greatly enhances the
electrical conductivity of the MnS electrode. This shows that a
larger resistance than that in Li-ion batteries can be associated
with Na* with a larger radius than Li* (Figure SS). The larger
radius of Na" may be the main factor resulting in Na-ion
batteries with smaller capacity than Li-ion batteries, and the
different organic electrolytes may also influence the battery
capacity.*® The rate performances at various current densities of
0.1, 0.2, 0.4, and 0.8 A g™" delivered average capacities of 350,
265, 180, and 118 mAh g™, respectively, as shown in Figure 8a.
When the current density was returned to 0.1 A g~', the cell
also delivered a capacity of 365 mAh g™,

The MnS/RGO nanocomposites obtained via an in situ
crystallized method exhibited excellent cycling performance,
superior rate capability, high coulombic efficiency, and specific
capacity. The greatly enhanced electrochemical performance of
MnS/RGO was attributed to the unique synthesis method and
particular hollow and porous structures of MnS/RGO. MnS
microspheres strongly adhered to the 2D RGO because the
hollow MnS crystal was in situ grown on the RGO nanosheets,
which ameliorate the stability of the MnS/RGO composites.
Furthermore, the porous structure of electroactive MnS and
encapsulating 2D RGO sheets improved the conductivity of the
electroactive materials and reduced the impact for electroactive
MnS caused by volume expansion. The unique MnS hollow
microspheres/RGO nanocomposites were for the first time
used as anode materials for Na-ion batteries and achieved
superior capacity and stable rate performance for both Na- and
Li-ion batteries.

4. CONCLUSION

In summary, we have successfully in situ synthesized MnS
hollow microspheres on 2D RGO sheets via a typical Ostwald
ripening process. Such MnS hollow microspheres/RGO
composites for both Li- and Na-ion batteries exhibit superior
rate capability and cycling performance. The enhanced
electrochemical performances could be attributed to their
hollow structure and 2D RGO sheet encapsulation. The hollow
core structure of MnS reduced the diffusion distance of Li*/
Na*, and the large specific surface area ensured that the material
contacted well with the electrolyte solution. Most importantly,
the direct growth of electroactive MnS on 2D RGO sheets
promoted stronger adhesion and improved the electrical
conductivity, contributing to an enhanced electrochemical
performance.
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