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Immobilizing Sulfur in Mn,0; Hollow Spheres for Lithium-Sulfur Batteries
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Abstract: Uniform Mn,O; hollow spheres were synthesized by using carbon spheres as the hard template and

were used as holder for Li-S batteries. The Mn,0;-S composites showed a high specific capacity, good cycling

stability and rate performance. The final reversible capacity can remain at 657 mA g™ after 100 cycles at the

current density of 0.9 A-g™ with the 51% sulfur loading, which demonstrates that Mn,0; hollow spheres could be

a promising matrix for Li-S batteries.
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0 Introduction

In recent years, Lithium-sulfur batteries are
receiving increasing attentions from all around the
world due to its numerous advantages, including its
low cost, nontoxic nature and remarkable theoretical
specific capacity and energy density (1 675 mAh-g™
and 2 500 Wh -kg™). However, the practical applica-
tion of Li-S batteries is still hindered by many
problems. For example, the insulation of sulfur can

lower the electrochemical utilization of active material
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and lead to the poor rate capability. What is more, the
dissolution of intermediate discharge products (Li,S,, 3
< x < 9) can result in the poor cycling performance
and Coulombic efficiency of cell”.

To overcome these issues of Li-S batteries, a lot
of schemes have been carried out to improve the
corresponding electrochemical performance. First,
carbon materials with different morphology (like hollow
carbon spheres™?, mesoporous carbon spheres!""¥ or
nanotubes™, and graphene™"! and so on) have been

designed for the holder of sulfur in consideration of
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the excellent conductivity and the advantageous pore
structure which favors suppressing the loss of sulfur
and the discharge produces. As a result, the related
cycling performance and reversible capacity of com-
posites with sulfur are obviously enhanced. However,
the capacity of Li-S batteries is still decayed during
the long-term electrochemical cycle, which may be
attributed to the nonpolar nature of carbon. Recently,
besides pure carbon matrix, the polar metal oxides
(like TiO,!"**1 ALO;™, V,05# Mn0O,**! and so on)
are reported as holder or absorber for Li-S batteries.
Due to that the dissolution of polysufides is effectively
buffered by the surficial chemical adsorption of metal
oxides, the enhanced cycling performances are
obtained. It is no doubt that the cycling stability of
cells is largely improved by the usage of those metal
oxides.

In this paper, Mn,0; hollow spheres were deve-
loped with purpose to incorporate sulfur, which were
synthesized by using carbon spheres as hard template.
When evaluated as cathode in Li-S batteries, Mn,05-S
composites exhibited a reversible capacity of 657
mAh-g™" after 100 cycles at the current density of 900
mA-g™.

1 Experimental

1.1 Synthesis of carbon spheres and Mn,0;
hollow spheres
Firstly, carbon spheres were synthesized by a
modified method™. Typically, 3.83 ¢ glucose and 0.27
(CTAB) was
dissolved totally in 40 mL of deionized water. Then,

g cetyl trimethyl ammonium bromide

the solution was transferred into a 65 mL Teflon-lined
autoclave and heated for 9 h at 180 °C. The final
product was collected by centrifugation with water and
ethanol for several times. To produce the Mn,0; hollow
spheres, 0.15 mol - L™ manganese acetate solution was
formed with 40 mL of absolute ethanol as the solvent.
After the PH was adjusted to be 5 by hydrochloric
acid, 0.5 g of carbon spheres was introduced into the
above solution and then followed by ultrasonic
treatment for about 2 h. The final mixture was

centrifuged by water and ethanol before it was aged

for 8 h at 50 “C in an oven. The powder was dried at
60 °C for overnight and finally heated at 500 °C for
2.5 h with a heating ratio of 2 °C *min~" to attain
Mn,0O; hollow spheres.
1.2 Preparation of Mn,0s;-S composites

In a typical synthesis, sulfur and Mn,O; hollow
spheres were mixed with the mass ratio of 55:45. Then,
a moderated amount of CS, was added and stirred
until it was evaporated completely. Finally, the
mixture was heated at 155 C for 10 h to get the
Mn,0;-S composites.
1.3 Sample characterization

TEM and SEM images were obtained from a
(TEM, JEM-1011,

Japan) and a scanning electron microscope (SEM, JSM

transmission electron microscope

-7600F, Japan), respectively. X-ray powder diffraction
(XRD) pattern was examined on a Bruker D8 advance
X-ray diffractometer with Cu Ko as a radiation (A=
0.154 18 nm, U=40 kV, =40 mA, 26=8°~80°). The
sulfur content of Mn,Os/S composites was collected
from a Mettler Toledo TGA/SDTA851 thermal analyzer
with a heating rate of 5 °C *min~" under a nitrogen
atmosphere. The chemical analysis of the samples was
performed using X-ray photoelectron spectroscopy
(XPS, ESCALAB 250 spectrometer, Perkin-Elmer).
1.4 Electrochemical measurements

Typically, 75% of Mn,Os-S composites, 15% of
catbon black, and 10% of polyvinylidene fluoride
(PVDF)
methylpyrrolidinone (NMP) to form a slurry and coated

(mass ratio =75 :15 :10) were mixed in N-

on aluminum foil to prepare the cathode. The foil was
cut into discs with the diameter of 12 mm and the
areal mass of sulfur for each disc is about 1.0~1.2
mg -cm ™ The discs were assembled with a Li metal
foil as the counter electrode and the Celgard 2400 as
the separator. All cells were assembled in an argon-
filled glovebox. The electrolyte used was 1 mol-L™ bis
(trifluoromethane) sulfonamide lithium salt (LiTFSI) in
a mixed solvent of 1,3-dioxolane (DOL) and 1,2-
dimethoxyethane (DME) (the volumetric ratio of 1:1)
with 2% LiNO; to prohibit the shuttle effect. The
charge-discharge behaviors were tested in a potential

window of 1.7~2.8 V at 30 C by using a LAND
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CT2001A instrument. The Cyclic voltammograms (CV)
were obtained from an LK2005A electrochemical

workstation at a scan rate of 0.1 mV-s™.
2 Results and discussion

2.1 Structure characterization

Fig.1a indicates TEM image of carbon spheres,
which were synthesized by the hydrothermal method
using glucose as precursor. It can clearly seen that
the sizes of those carbon spheres were ranging from
500 to 700 nm. The hydrophilic surface of carbon
spheres

hydroxyl) which could adsorb Mn** from the ethanol

renders lots of functional groups (like
solution. After calcination and removal of carbon
spheres, Mn,O; hollow spheres were obtained (the
corresponding XRD was displayed in Fig.2). TEM
image in Fig.1b demonstrates the hollow structure of
the as-prepared Mn,0; spheres with the thickness of
the shell about 30 nm. As shown in Fig.lc, the
panoramic SEM image reveals the large area of
uniform spheres with diameters of 300~500 nm. Fig.
1d shows SEM image of Mn,0:-S composites. It is

clear that the sphere structure of Mn,O; was still

remained even after the sulfur was infiltrated into
Mn,0; hollow spheres. More importantly, the massive
sulfur aggregates were hardly observed on the surface
of composites, which revealed that the uniform
dispersion of sulfur in the oxide matrix.

The XRD patterns of Mn,0; hollow spheres and
Mn,05-S composites are indicated in Fig.2a. The
characteristic diffraction peaks of the product after
calcination process in laboratory air matched perfectly
with cubic Mn,O; (JCPDS Card No.65-7467). As for
the Mn,0;-S composites, the intensity of sulfur
diffraction peaks becomes obviously lower than that of
pure elemental sulfur, which suggests the sulfur has
been distributated well into Mn,O; hollow spheres and
concides with the above FESEM observation. The
TGA calculations reveal that the actual mass ratio of
sulfur in the MnyO;-S composites is approximately
51% (Fig.2b).

Fig.3 showed the XPS spectra of S2p and Mn2p
of Mn,0;-S composites. From Fig.3a, the spectrum of
S2p was divided into two sets of peaks. The peaks
located at 163.8 and 164.9 eV are the typical signals
of pure S, while the other two peaks loacted at 168.4

Scale bars: (a) 1 pm; (b) 250 nm; (¢) 1 wm; and (d) 100 nm

Fig.1 (a) TEM image of carbon sphere; (b, ¢) TEM and SEM images of Mn,0; hollow spheres; (d) SEM image of Mn,0s-S composites
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Fig.2 (a) XRD patterns of pure sulfur, Mn,0; hollow

spheres and Mn,0s-S composites; (b) TGA

curve of the Mn,05-S composites
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Fig.3 XPS spectra of S2p (a) and Mn2p (b) of Mn,05-S

composites

and 169.6 eV were characteristic of SO, species,
which may be caused by Mn,O; covalently bonding
with S In addition, the binding energies of Mn2ps,

and Mn2p, in Fig.3b are 641.4 and 653.1 eV, which
can be attributed to the spin-orbit splitting. Like some
literatures reported, the binding energy difference
between Mn2p,, and Mn2p;, is 11.7 eV, indicating
the existence of Mn* in Mn,05-S composites™™. Tt is
worth noting that the signals of Mn2p peaks displayed
an apparent shift to the lower binding energy, which
is related with an increased electron cloud density
from the adjacent sulfur element™,
2.2 Electrochemical performance

The electrochemical property of the as-fabricated
product was first investigated by cyclic voltammetry.
Fig.4 indicates the first five consecutive cyclic volta-
mmograms (CVs) of the electrode made from Mn,05-S
composites. Two reduction peaks can be found in the
cathodic polarization process of the first cycle. The
first reductive peak located at 2.3 V can be assigned
to the conversion of element sulfur (Sg) to long-chain
lithium polysulfides (Li,S,, 5 < x < 8). The second
reductive peak at 2.0 V suggests the further decomposi-
tion of the soluble lithium polysulfides to insoluble
short-chain lithium sulfides (Li,S, and/or Li,S). During
the following anodic scan, there is only one obvious
oxidation peak at 2.45 V, which is associated with the
slow oxidation of LiS or Li,S; to long-chain lithium
polysulfides”. From the second cycle onwards, the CV
curves mostly overlap, showing the good reversibility
of the electrochemical reactions. In addition, it is

clear that there’ re other peaks in the CV curves
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Fig.4 First five consecutive CVs of the electrode made
from Mn,05-S composites at a scan rate of 0.1

mV-s™!
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except the above peaks, which reveals that Mn,0s
matrix can not participate in the electrochemical
reaction in the voltage window of 1.7~2.8 V.

Fig.5a indicates the typical discharge-charge
voltage profiles of the Mn,0;-S composites at a current
density of 0.9 A -g7'. There are two typical plateaus
located at 2.3 and 2.1 V in the curves, which are in
agreement with the above CV observation. Fig.5h
shows the cycling performance of Mn)0;-S electrode
was measured at the current density of 0.9 A -g~\
When the sulfur mass in the composites is 51%, the
Mn,05-S electrode delivers high first-cycle discharge
and charge capacities of 1 003.3 and 989.5 mAh-g™

respectively, corresponding to a Coulombic efficiency
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Fig.5 Electrochemical performance of Mn,05-S composites:
(a) cycling performance at a current density of 0.9
A-g™ and the corresponding Coulombic efficiency;
(b) discharge-charge voltage profiles for the 1st, 2nd,
50th, and 100th cycles at a current density of 0.9

A-g™; (c) rate performance at various current rates

(CE) of 101.4%. A discharge capacity of 917.1 mAh-
g™ is delivered in the second cycle, followed by a
charge capacity of 937.2 mAh-g™, resulting in a high
CE of about 97.9%. Furthermore, the final discharge
capacity can remained at 657 mAh -g ™ after 100
cycles. Although the reversible capacity is still decaying
during the cycling process, which may attributed to
some soluble polysulfides escaped from the Mn,0;
matrixes and dissolved into the electrolyte, The final
retention of reversible capacity can still remain at
65.5% . In addition, the CE can keep approximately
100% during the discharge-charge process, which
suggested the good reversibility of the Mn,0s-S
materials. The rate performance was also tested at
various rates (Fig.5¢). As can be seen, the reversible
capacities are 1 061, 735, 586, 464 mAh-g™ at the
current density of 0.3, 0.9, 1.8, 3.6 A -g™', respectively,
which reveals that the Mn,0;-S electrode has the good
electrochemical performance even at the high rates.
When the rate went back to 0.9 and 0.3 A-g™ after
40 cycles, the corresponding capacities can remain at
592 and 659 mAh g™, receptively. Furthermore, both
the discharge and charge capacities could be stable at
different current densities and the CE was almost
100% , indicating a good inhibition of the shuttle
effect, which is considered as a primary shortcoming

of Li-S batteries.
3 Conclusions

In summary, Mn,0; hollow spheres were synthes-
ized by using colloidal carbon spheres as the hard
template and aimed at the holder for Li-S battery.
When the sulfur loading was as high as 51%, the
corresponding reversible capacity can remain at 657
mA -g™" after 100 cycle at the current density of 0.9
A-g™. The rate performance of these Mn,03-S compo-
sites were also attractive even at high rate. The good
electrochemical performance was mainly contributed
by the hollow structure of Mn,O; spheres, which can
suppress the volume expansion of sulfur and the
sulfides during the charge-discharge process. Impor-
tantly, the diffusion of polysulfides could be suppr-

essed effectively by the surface chemical bonding of
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Mn,Os. The present study confirms the Mn,O; hollow
spheres are a promising matrix for Li-S batteries.

Further work is in progress.
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