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MnS as anode material for sodium-ion batteries (SIBs) has recently attracted great attention because of
the high theoretical capacity, great natural abundance, and low cost. However, it suffers from inferior
electrical conductivity and large volume expansion during the charge/discharge process, leading to
tremendous damage of electrodes and subsequently fast capacity fading. To mitigate these issues, herein,
a three-dimensional (3D) interlaced carbon nanotubes (CNTs) threaded into or between MnS hollow
microspheres (hollow MnS/CNTs composite) has been designed and synthesized as an enhanced anode

I]f/i{ 'S’VordS: material. It can effectively improve the electrical conductivity, buffer the volume change, and maintain
CNTs the integrity of the electrode during the charging and discharging process based on the synergistic
Hollow microspheres interaction and the integrative structure. Therefore, when evaluated as anode for SIBs, the hollow MnS/
Anode CNTs electrode displays enhanced reversible capacity (275 mAh/g at 100 mA/g after 100 cycles), which is

much better than that of pure MnS electrode (25 mAh/g at 100 mA/g after 100 cycles) prepared without

the addition of CNTs. Even increasing the current density to 500 mA/g, the hollow MnS/CNTs electrode

still delivers a five times higher reversible capacity than that of the pure MnS electrode. The rate

performance of the hollow MnS/CNTs electrode is also superior to that of pure MnS electrode at various

current densities from 50 mA/g to 1000 mA/g.

© 2019 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
Published by Elsevier B.V. All rights reserved.

Sodium-ion battery

The exhaustion of fossil fuels and serious environmental
pollution caused by using fossil fuels have immensely increased
the demand for renewable and clean energy sources, which
intensively drives developments in energy storage devices [1,2]. As
the dominant energy storage device, lithium-ion batteries (LIBs)
have dominated the market for portable electronics, electric
vehicles and grid-scale electricity storage systems because of their
high energy densities, long cycle life, and environmental benignity,
and the demand grows rapidly in recent years [3]. However, there
are serious concerns about the cost increase and the sustainability
of LIBs due to the limited lithium resources and the increasing
demand [4]. Therefore, it is extremely necessary to develop
alternative energy storage devices with low cost, high safety, good
performances, and natural abundance of raw materials. Recently,
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sodium-ion batteries (SIBs) are considered as one of the most
promising energy storage devices for large-scale electricity storage
systems owing to their low cost, the natural abundance of sodium
resource, and basically similar components and working
mechanisms to LIBs [5]. Nevertheless, some inevitable issues are
restricting their large-scale applications. Compared to lithium,
sodium has a larger ionic radius (1.02 A for Na* vs. 0.76 A for Li*)
and heavier atomic weight (22.99 g/mol for Na vs. 6.94 g/mol for
Li). Moreover, the standard electrochemical potential of sodium
(2.71V)islower than lithium (3.04 V) [4]. These differences cause a
sluggish reaction kinetics and critical conditions for Na* diffusion,
which make the performances of SIBs undesirable [6]. Generally,
electrode materials play important roles in determining the
electrochemical performance. Therefore, it is critical to develop
suitable electrode materials with optimal electrochemical
performances.

Many advanced cathode materials for SIBs have been reported
[7,8]. However, the search for suitable anode materials with high
specific capacity, long-term cycling life, and high structure stability is
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still a major challenge [4,8]. Among the materials as anode for SIBs,
transition metal sulfides, one of the conversion reaction-based
materials, are potential and competitive with other anode materials
because of their high theoretical capacity, low cost, and improved
mechanical stability and electrical conductivity compared to their
metal oxide counterparts [8,9]. Typically, MnS has received
tremendous attention due to high theoretical capacities of
616 mAh/g, environmental friendliness, and earth abundance
[10-12]. However, MnS suffers from low ionic/electrical conductivi-
ty, large volume change, and electrode pulverization, resulting in fast
capacity fading and poor cycling stability [ 13-15]. The most common
strategies to mitigate these issues are designing nanostructure and
carbon hybridization [6,8]. One of the most widely designed
nanostructures is hollow structure, which can enlarge contact area
between the active materials and electrolyte, provide more electro-
active sites, reduce the diffusion length for ions and electrons, and
alleviate the large volume expansion [5,16-19]. However, the
electrochemical performance of the pure MnS electrode with hollow
structure is still unsatisfied due to their intrinsically low conductivi-
ty, collapse of the structures, and agglomeration of the nanoparticles
[8,10]. As previously reported, designing hybrids with carbonaceous
materials such as amorphous carbon [20-22], reduced graphene
oxide [23-25], carbon fibers [26,27], carbon nanotubes [28,29], and
carbon cloth [30], has been proved to be an effective strategy to
enhance the electrochemical performance of the metal sulfides. For
instance, Gao et al. obtained carbon-coated MnS hybrid by annealing
Mn-based metal-organic frameworks with sulfur [21]. The porous
amorphous carbon increases the electrical conductivity, facilitates
the transport of ions and electrons, and effectively buffers the
volume change. Therefore, the MnS/C electrode shows a reversible
capacity of 297 mAh/g at 50 mA/g after 100 cycles. Carbon nano-
tubes (CNTs) are also promising carbonaceous materials for
improving the electrochemical performance of electrodes owing
to their excellent electrical conductivity and good mechanical/
chemical stability [31,32]. For example, our group prepared FeS,/
CNTcomposite by a simple solvothermal method, which exhibited a
satisfied capacity of 394 mAh/g at 200 mA/g after 400 cycles [28].
Therefore, developing CNTs modified MnS with the hollow
structure is promising for achieving anode with excellent
electrochemical performance.

Herein, we designed and synthesized hollow MnS/CNTs
composite by a facile one-step solvothermal method. The
schematic illustration of the synthesis process of the hollow
MnS/CNTs composite is shown in Fig. S1 (Supporting information).
Firstly, moderate amount of CNTs (TNSM1, Chengdu, China; weight
ratio of MnS to CNTs of 2:1) were homogeneously dispersed into
60 mL of dimethylformamide (DMF) by ultrasonication for 1 h.
Then, Mn(CH3COO),-4H,0 (0.6528 g) was added to the CNTs
suspension and magnetically stirred for 30min at room
temperature. Meanwhile, an aqueous solution (10 mL) of dissolved
L-cysteine (0.6488 g) was made by ultrasonication for 30 min. After
that, the L-cysteine solution was added to the mixture of CNTs and
Mn(CH3C00),-4H,0 dropwise and stirred for 30 min at room
temperature. Finally, the above solution was transferred into a
100 mL Teflon-lined sealed autoclaves and maintained at 200 °C for
12 h. After the reaction, the precipitates were cooled to room
temperature naturally, and then centrifuged and washed with
deionized water and ethanol several times. The final products were
obtained by drying at 60 °C for 12 h under vacuum. For comparison,
MnS/CNTs composites with different weight ratios of MnS to CNTs
(6:1 and 4:3) were also synthesized by the same method to
determine the optimal ratio and obtain the best electrochemical
performance. Pure MnS was prepared using the similar route
without the addition of CNTs. The characterization and
electrochemical measurements process can be seen in the
Supporting information.

The morphology and microstructure of the pure MnS and the
hollow MnS/CNTs composite were observed by scanning electron
microscopy (SEM) and transmission electron microscopy (TEM).
The SEM image of the pure CNTs is shown in Fig. S2 (Supporting
information). Fig. 1a and Fig. S3 (Supporting information) show the
SEM images of the pure MnS, in which the uniform microspheres
are composed of MnS nanoparticles. The TEM image (Fig. 1b)
displays the pale center region in contrast against the dark edge,
suggesting the hollow structure of the pure MnS microspheres. As
shown in the SEM images of the hollow MnS/CNTs composite
(Figs. 1c and d), the MnS microspheres homogeneously disperse in
the 3D interlaced CNTs network, meanwhile, the CNTs make the
independent MnS microspheres interconnect with each other. The
inset of Fig. 1d displays that some CNTs thread into the MnS
microspheres and combine with MnS nanoparticles which
compose the MnS microspheres. Meanwhile, X-ray photoelectron
spectroscopy (XPS) spectrum (Fig. S4 in Supporting information)
shows the existence of C-S-Mn bond, indicating that the CNTs
combine chemically with the MnS nanoparticles, which is in favor
of improving the electron transfer [33]. Therefore, the CNTs form
an integrative and uniform conductive network, which can
facilitate the transport of electrons and ions [32]. Nevertheless, the
non-uniform dispersion of CNTs in the MnS/CNTs (6:1) composite
(Figs. S5a and b in Supporting information) cannot construct
integrative conductive network owing to the littlie content of CNTs,
only improving the partial electrical conductivity. High content of
CNTs in the MnS/CNTs (4:3) composite (Figs. S5c¢ and d in
Supporting information) results in serious agglomeration of CNTs
and decrease the amount of MnS active material. The typical TEM
images of the hollow MnS/CNTs composite (Fig. 1e and the inset)
also show the combinations among the CNTs, MnS nanoparticles,
and the MnS microspheres. The hollow structure of the MnS
microspheres in the hollow MnS/CNTs composite can be verified

Fig. 1. (a) SEM image and (b) TEM image of pure MnS; (c, d and the inset) SEM
images, (e and the inset) TEM images and (f) HRTEM image of hollow MnS/CNTs
composite.
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by the TEM image. The hollow structure can effectively shorten the
diffusion distance of Na*, improve the contact area between the
electrodes and electrolyte, offer more active sites, and accommo-
date the volume change [19]. The HRTEM image (Fig. 1f) shows the
lattice spacing of about 0.26 nm and 0.34 nm for the (200) plane of
a-MnS and (002) plane of CNTs, respectively [20].

The XRD patterns of pure MnS, CNTs, and the hollow MnS/CNTs
composite are shown in Fig. 2a. All diffraction peaks of the hollow
MnS/CNTs composite can be indexed to a-MnS (JCPDF No. 06-
0518), and no impurity phase is detected [20,34]. The extremely
weak diffraction peak around 26° of the hollow MnS/CNTs
composite corresponds to the CNTs [28,31]. The Raman spectra
(Fig. S6 in Supporting information) further confirms the presence
of MnS and CNTs in the hollow MnS/CNTs composite [29]. The
carbon content in the hollow MnS/CNTs composite was measured
by Thermogravimetric Analysis (TGA), as shown in Fig. S7
(Supporting information), the calculated result shows that the
weight ratio of CNTs in the hollow MnS/CNTs composite is 31.9%. N,
adsorption/desorption measurements were taken to characterize
the specific surface area and pore size distribution of the hollow
MnS/CNTs composite. As shown in Fig. 2b, the isotherms are
identified as type-IV isotherms, which are characteristic of
mesoporous materials [15,28]. The N, adsorption/desorption
isotherms and the pore-size distribution of pure MnS and CNTs
are shown in Figs. S8a and b (Supporting information). The BET
specific surface area of the hollow MnS/CNTs composite is
calculated to be 93.6 m?/g, pore volume was 0.20 cm®/g, much
larger than those of pure MnS (18.8 m?/g, 0.03 cm?/g). The pore size
distribution calculated by the Barrett Joyner Halenda (BJH) method
shows that the hollow MnS/CNTs composite is porous composite
with a narrow distribution between 9-17 nm. The abundant
mesoporous, large surface area, and high pore volume are benefit
for increasing the electrode/electrolyte contact area, providing
ionic transport pathways and accommodating the stress relaxation
during charge/discharge process [20,28].

The electrochemical performances of the hollow MnS/CNTs
electrode for SIBs were systematically tested, as shown in Fig. 3.
The cyclic voltammetry (CV) curves of the hollow MnS/CNTs
electrode in the potential range of 0.01-3 V (vs. Na/Na®) at 0.1 mV/s
are shown in Fig. 3a. In the first cathodic scan, a broad reduction
peak between 1.4V and 0.7V is attributed to the irreversible
formation of solid electrolyte interface (SEI) [24]. The peak at 0.2 V
is related to the electrochemical reduction of MnS and generation
metallic Mn and Na,S [21,24]. For the first anodic scan, two peaks
at about 2V and 2.2V can be indexed to the two-step reverse
reactions from metallic Mn to MnS [10] In the subsequent scans,
the new reduction peak appeared at about 1.5 V corresponds to the
insertion of Na" into the MnS and the peak at 0.2 V moves notably
to about 0.3V which is ascribed to the reduction of MnS [10],
meanwhile, the oxidation peak at 2V shifts to about 1.8 V. Such
situation is attributed to the formation of SEI and the structural
change of active material caused by an irreversible phase transition
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Fig. 2. (a) XRD patterns of pure MnS, CNTs, and hollow MnS/CNTs composite; (b) N,
adsorption-desorption isotherm and pore size distribution of hollow MnS/CNTs
composite.

due to the formation of Na,S and S during Na* insertion/extraction
process [15,27,35]. Fig. 3b shows the galvanostatic charge/
discharge curves of the hollow MnS/CNTs electrode at a constant
current density of 100 mA/g. In the first cycle, the hollow MnS/
CNTs electrode delivers a discharge capacity of 649 mAh/g and
charge capacity of 401 mAh/g with an initial coulombic efficiency
(ICE) of 61.8%. The irreversible capacity loss mainly arises from the
irreversible formation of SEI and electrolyte decomposition [24].

The sodium storage ability of the hollow MnS/CNTs electrode
and pure MnS electrode at a current density of 100 mA/g is shown
in Fig. 3c. Meanwhile, the sodium storage performance of the pure
CNTs is also provided in Fig. S9 (Supporting information). The
initial discharge capacity of the hollow MnS/CNTs electrode is as
high as 649 mAh/g, with an ICE of 61.8%. Meanwhile, the pure MnS
electrode delivers an initial discharge capacity of 534 mAh/g, with
an ICE of 66.4%. The low ICE is mainly due to the formation of SEI
and electrolyte decomposition [22]. It is worth noting that the
hollow MnS/CNTs electrode has a lower ICE than the pure MnS
electrode, which is mainly due to the larger specific surface area of
the hollow MnS/CNTs composite than that of the pure MnS,
resulting in the generation of more SEI and lower ICE for the hollow
MnS/CNTs electrode [27,36]. After 100 cycles, the hollow MnS/
CNTs electrode remains a reversible capacity of 275 mAh/g, with a
coulombic efficiency of 99.5%, whereas the reversible capacity of
pure MnS electrode is only 25 mAh/g. When cycled at a higher
current density of 500 mA/g (Fig. 3d), the hollow MnS/CNTs
electrode still delivers a reversible capacity of 136 mAh/g, which is
5 times higher than that of pure MnS electrode (27 mAh/g). The
pure CNTs electrode delivers much lower capacity (Fig. S9). For the
MnS/CNTs (6:1) electrode, which the content of the CNTs is not
enough to construct integrative conductive network, the sodium
storage performance is not effectively improved compared with
the pure MnS electrode. For the MnS/CNTs (4:3) electrode,
although the conductive network is formed, the excessive content
of the CNTs which have inferior electrochemical performance is
negative to improve the reversible capacity of the MnS/CNTs (4:3)
electrode (Fig. S10 in Supporting information) [28]. Obviously, the
cycle performance of the hollow MnS/CNTs electrode is much
better than that of pure MnS electrode, the MnS/CNTs (6:1)
electrode and MnS/CNTs (4:3) electrode. The enhanced electro-
chemical performance of the hollow MnS/CNTs electrode can be
ascribed to the synergistic effects between the MnS hollow
microspheres and the 3D CNTs network. The rational combination
of the MnS hollow microspheres with CNTs can build an integrative
and uniform 3D network structure, which can effectively enhance
electrical conductivity and accommodate the volume expansion
[32]. This is benefit for not only facilitating the transport of
electrons and ions but also improving the sufficient electrode/
electrolyte contact area [37]. The direct mixing of pure MnS and the
CNTs (m-MnS/CNTs) with a weight ratio of 2:1 was also carried out
and tested sodium storage performance (Fig. S11 in Supporting
information). The inferior electrochemical performance of the
m-MnS/CNTs suggests that simply mixing pure MnS with the CNTs
is not positive for the satisfied specific capacity, which further
indicates that not only the integrative and uniform 3D CNTs
network structure but also the synergistic interaction between the
MnS hollow microspheres and the 3D CNTs network plays an
important role in enhancing the electrochemical performance of
the hollow MnS/CNTs electrode [27,28].

Fig. 3e shows the rate capability of the hollow MnS/CNTs
electrode and pure MnS electrode at current densities from 50
mA/g to 1000 mA/g. The reversible capacity of the hollow MnS/
CNTs electrode is up to 385 mAh/g at 50 mA/g. It can be observed
that the hollow MnS/CNTs electrode exhibits the reversible
capacities of 321, 277, 225, 190 and 170 mAh/g at various current
densities of 100, 200, 500, 800 and 1000 mA/g, respectively, which
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Fig. 3. (a) Cyclic voltammetry curves and (b) galvanostatic charge/discharge curves of hollow MnS/CNTs electrode. Cycling performance and coulombic efficiency of hollow
MnS/CNTs electrode and pure MnS electrode at 100 mA/g (c) and 500 mA/g (d). (e) Rate performance of hollow MnS/CNTs electrode and pure MnS electrode. (f)

Electrochemical impedance spectroscopy of hollow MnS/CNTs electrode and pure MnS electrode.

are much better than those of pure MnS electrode. When the
current density decrease back to 100 mA/g, the hollow MnS/CNTs
electrode can recover to a reversible capacity of 260 mAh/g, and
maintain a stable discharge specific capacity of 247 mAh/g after
subsequent 70 cycles, whereas the reversible capacity of pure MnS
electrode is only 55 mAh/g after subsequent 70 cycles. Compared
with the hollow MnS/CNTs electrode, the rate capability of the
MnS/CNTs (6:1) electrode and the MnS/CNTs (4:3) electrode is
unsatisfied (Fig. S12 in Supporting information). We also compared
the electrochemical performance of the hollow MnS/CNTs
electrode with the state-of-the-art MnS-based materials in
previous reports (Table S1 in Supporting information). Compared
to most of the previous works, the hollow MnS/CNTs electrode is
well matched in rate capability and cycle stability.

In order to better understand the enhanced electrochemical
performance of the hollow MnS/CNTs electrode, electrochemical
impedance spectroscopy (EIS) measurements of the hollow MnS/
CNTs electrode and pure MnS electrode are shown in Fig. 3f. The
equivalent circuit is shown in Fig. S13 (Supporting information).
The curves include a semicircle in the high-frequency region and a
straight line in the low-frequency region, corresponding to the
resistance of the electrode and sodium ion diffusion, respectively
[24]. The hollow MnS/CNTs electrode has a smaller semicircle than
that of the pure MnS electrode, indicating that the charge transfer
resistance (R..) for the hollow MnS/CNTs electrode (217 {)) is much
lower than that for the pure MnS electrode (798 (). The result
indicates that the introduced CNTs can enhance the electronic
conductivity and enable much easier charge transfer [32,37]. The
linear part of the hollow MnS/CNTs electrode is steeper than that of
pure MnS electrode, which indicates faster ion diffusion [31]. The
above analysis suggests that combining with CNTs can effectively
improve the electrical conductivity of the composite and facilitate
the transport of ions, which can enhance the electrochemical
performance as observed above [37].

The hollow MnS/CNTs electrode and the pure MnS electrode after
100 cycles cycling test at 100 mA/g were investigated to study the
structural variation. As shown in Fig. 4a, there are many cracks on the
surface of the pure MnS electrode, which is attributed to the large
volume strain in the process of insertion/extraction of Na*. These
cracks cause the loss of electric contact between active materials,

Fig. 4. (a and inset) SEM images and (c¢) TEM image of pure MnS electrode after 100
charge/discharge cycles; (b and inset) SEM images and (d) TEM image of hollow
MnS/CNTs electrode after 100 charge/discharge cycles.

conductive carbon and current collector, which go against the
transportation of electrons and ions [37]. In contrast, the hollow
MnS/CNTs electrode (Fig. 4b) has little cracks, suggesting that the
hollow MnS/CNTs electrode can sustain over the volume change.
The different shade on the pure MnS electrode (Fig. 4c) is related to
the serious particles aggregation. Benefiting from the synergistic
interaction with CNTs, the MnS nanoparticles on the hollow MnS/
CNTs electrode (Fig. 4d) combine uniformly with the CNTs, which is
good for facilitating the transport of electrons and ions.

In summary, the hollow MnS/CNTs composite with MnS hollow
microspheres disperse in the interlaced CNTs was prepared by a one-
step solvothermal method. The CNTs intertwine with the MnS hollow
microspheres and partly thread into them. Such architecture and
combination have the advantages of improving electrical conductivity,
accelerating ionic diffusion, facilitating electrode/electrolyte contact,
and accommodating the volumetric expansion. As a result, the hollow
MnS/CNTs composite used as anode in SIBs exhibits enhanced sodium
storage in terms of higher reversible capacity (275 mAh/g at 100 mA/g
after 100 cycles) than that of pure MnS (25 mAh/g at 100 mA/g after
100 cycles). It can still deliver a five times higher reversible capacity
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than that of the pure MnS electrode at a higher current density of
500 mA/g. The hollow MnS/CNTs electrode also exhibits superior rate
performance (385, 321, 277, 225, 190 and 170 mAh/g at 50, 100, 200,
500,800 and 1000 mA/g, respectively), and the capacities of pure MnS
electrode at 800 and 1000 mA/g are less than 10 mAh/g. Therefore, the
hollow MnS/CNTs composite synthesized by solvothermal method is
considered to be a potential candidate anode material in SIBs.
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