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A sulfur cathode with excellent electrochemical performance
has been designed based on hollow PANI spheres, which can
suppress shuttle effect and buffer the volume expansion
effectively. The discharge capacity is as high as 602mAh.g™
even after 1000 cycles at 0.5C.

Rechargeable batteries with high specific energy are essential for
solving imminent energy and environmental issues'®. Li-ion
batteries have one of the highest specific energies among
rechargeable batteries. Those based on intercalation mechanism
has a theoretical specific energy of ~400Wh.Kg' for both
LiCoO,/graphite and LiFePO,/ graphite systems’. To achieve
higher specific energy, new materials for both cathode and anode
are required. Among various types of cathode materials, sulfur
cathode has attracted increasing attention due to its high
theoretical specific capacity (1675mAh.g") and energy density
(2600Wh.Kg™"). These are several times greater than those of
common lithium-ion batteries. In combination with the natural
abundance, low cost and environmental friendliness of sulfur, the
Li-S battery becomes a promising candidate for the next
generation power source® > > 810,

The low utilization of active-sulfur material, poor cycling
performance and low coulombic efficiency of Li-S batteries have
become significant hindrance toward their commercialization'"
2. The low utilization rate of sulfur is due to the high insulating
nature of sulfur (c=5x10° S.cm™ at 25°C). The fast capacity
fading during cycling and the poor rate stability can be attributed
to a variety of factors, including a high solubility of lithium
polysulfides (PS) (Li,S,, 2<x<8) in the electrolyte and the large
volume expansion rate (80%) for sulfur during the
charge/discharge process'®. The PS dissolved in the electrolyte
could diffuse to the lithium anode, resulting in undesired
corrosion reaction, and the loss of active material. Furthermore,
once discharge is initiated, a redistribution of PS on the electrode
results in the deposition and aggregation of sulfur on the surface
of cathode. This limits the complete penetration of the electrolyte
into the whole electrode, which also accounts for the rapid
capacity fading'®. As a result, the combination of enhancement
the of ionic and electronic conductivity of the cathode, efficient
trapping of PS and suppression of the volume expansion is highly
desired for improving the cycle life of Li-S batteries™ '> '

Various approaches have been attempted to achieve these aims,
including the optimization of the organic electrolyte'®?', the
preparation of sulfur/carbon composites®>’, the fabrication of
sulfur/polymer composite®'*’, and the employment of Li,S as the
active material of the cathode®®*!. Furthermore, the modification
of separator*> * | the current collector***® and the protection of
lithium anode*” ** are also effective strategies to improve the
electrochemical performance of Li-S batteries.

A core-shell structure, which can improve the conductivity of the
cathode and suppress the dissolution of polysulfide
simultaneously, has been considered as the effective approach to
enhance the electrochemical performance of Li-S battery. Archer
and coworkers synthesized mesoporous hollow carbon sphere-
sulfur composite, which displays a reversible capacity of about
850mAh.g™" after 100 cycles at a discharge rate of 0.5C**. Cui’s
group developed a sulfur-TiO, yolk-shell microstructure. The
capacity decay after 1,000 cycles is as small as 0.033% per cycle
with an average coulombic efficiency of 98% at 0.5C, This is
considered as an exciting result for Li-S battery'> *.
Simultaneously, Cui’s group also reported a nano-structural
polymer-wrapped hollow sulfur nano-spheres based composite
with enhanced specific capacity and cycling performance™.

(a) (b). . (C). .
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Fig.1 The schematics of PANI-S composite during

charge/discharge process, (a) the original PANI-S composite, (b)
the cycled PANI-S composite, (c) the lithiated PANI-S
composite, (d) Schematic illustration of integrity of the hollow
PANI-S electrode with serious expansion and shrinkage during
discharge and charge processes.
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PANI is attractive among the family of conductive polymers
because of its associated electrical, electrochemical, and optical
properties, free volume, coupled with excellent environmental
stability’'*. Here, we report a conductive polymer (PANI)

s hollow sphere, which is fabricated and used as the matrix of
sulfur by vapour phase infusion method. Referring to Fig.1 (a),
with vapour phase infusion method, sulfur is attached on both the
inner and outer surface of PANI hollow spheres. Sulfur coating
on the outer-surface of PANI hollow spheres will be dissolved

10 during the first several cycles (Fig.1b), but the dissolution of the
sulfur in the hollow PANI sphere will be suppressed effectively,
and the volume expansion during the charge/discharge is buffered
by the void space in the PANI-S nano-particles (Fig.lc, Fig.1d).
Furthermore, the chemical bond generated during heating

1s treatment process between PANI and S is beneficial for
suppressing shuttle effect’" 3* 3. Therefore, it is predictable for
the PANI-S cathode to get an excellent -electrochemical
performance.

Fig.2 TEM images of PANI hollow spheres (a, b), the PANI-S
20 composite (¢, d), STEM image of PANI-S composite and the
corresponding EDX elemental mappings of (f) carbon and (g)
sulfur of the PANI-S. Scan bar: 1 1 m (a) and (c), 200nm (b), (d)
and (e).
Fig.2a, Fig.2b and Fig. S2a show the TEM and SEM images of
»s mono-disperse PANI hollow spheres, the diameter of them is in
the range of 600-800 nm, and the thickness of shell is about 60nm.
Both the large diameter and thin shell supply enough void space
to hold more sulfur. The PANI hollow spheres maintains integrity
after heat treatment with sulfur as shown in Fig.2¢c, Fig.2d and
30 Fig.S2b, showing excellent stability. To analyze the distribution
of the sulfur in the PANI hollow sphere based composite,
elemental mapping and line scan analysis of sulfur in PANI-S

composite are carried out. Fig.2e and Fig. 2f confirm the absence
of sulfur particles in PANI-S composite, and the uniformly

35 distribution of sulfur. Moreover, it attaches on both the inner and
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outer surface of PANI hollow spheres rather than diffusing into
the internal void space.

(a). (b)

l‘ PANI-S
1 A
W A A A Adminonn |

Intensity/a.u.

L

TG/%

PANI

20 &0 £

100 200 300 400 500 600 700 800 40
2-Theta/degree

—
(g)
—

—Raw
—Sum
—— Backgroound
——s-82p172
——S-S2p3/2
—C-S2p32
—c-s2pin2

Emeraldine salf

C=Cstrecth” CaC strecth

Transmision density/a.u.
T =
— e

AN streeth

2 1800 1600 1400 1200 1000 w2 10 68 e 184 16z 160 158

Wave number/em”!

Fig.3 (a) TG curves of sublimed sulfur, PANI, and PANI-S
composite, (b) the XRD patterns of sublimed S, hollow PANI
sphere and PANI-S composite, (c) FTIR spectra of the PANI
hollow sphere and PANI-S composite, (d) XPS spectrum of the
PANI-S composite in S 2p region.

The content of sulfur in the PANI-S composite as determined by
TG analysis is about 62wt%. As shown in Fig.3a. The weight loss
before 320°C is considered to be due to the evaporation of sulfur
from the composites. Fig. 3b shows the XRD patterns of hollow
PANI sphere and PANI-S composite. As seen, the PANI-S
composite displays a very broad reflection peak, indicating an
amorphous nature of the sulfur in the composite. During the co-
heating process, the molten sulfur could be penetrated into the
hollow PANI spheres with the help of capillary force and the
strong absorbability of PANI to sulfur, finally forming a
homogenous composite. FTIR measurement is further conducted
on the PANI hollow spheres and PANI-S composites to
characterize the presence of PANI and the structure change of the
PANI matrix during the co-heating process. As shown in Fig. 3c,
two characteristic peaks at 1568 and 1492 cm™ are attributed to
quinoid and benzenoid-ring vibrations, respectively, indicating
the oxidation state of emeraldine base polyaniline. The bands in
the 1200-1400 cm™ range are the C-N stretching modes of an
aromatic amine®* *°. However, there are significant differences in
the FTIR spectrum of PANI-S from that of PANI sample. The C
= C stretching vibration at 1497 cm™ assigned to benzenoid rings
shifts to lower wave numbers. The C-N stretching vibrational
bands in the 1400 to 1200 cm™ range also shift to lower wave
numbers. The intensity of the C-H vibrational band in the vicinity
of 1172 cm’" is significantly weak, confirming the replacement of
H atoms on aromatic rings by S atoms®* >’. Moreover, as shown
in Fig.3d, the XPS spectrum of PANI-S composite in S 2p region
also shows the generation of C-S bond during heat treatment’®.
These results show the fromation of stronger bonds between
sulfur and PANI during the higher temperature treatment. These
bonds are stronger than the H bond between PANI and S at low
temperature’. Consequently, PANI-S composite could inhibit the
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dissolution and migration of PS in the electrolyte effectively,
indicating an enhanced cycling performance.
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Fig. 4 (a) Initial discharge curves of PANI-S cathode at different
rates, (b) the discharge capacity and efficiency coulombic cycling

s stability of PANI-S cathode at 0.2C, (c) rate performance of
PANI-S cathode, (d) cycle life of the PANI-S cathode at 1C, 2C
and 5C (e) prolonged cycle life of PANI-S cathode at 0.5C.

The discharge curves of the PANI-S composite at different rates
are shown in Fig. 4a. Two voltage plateaus at about 2.38V and
10 2.08V are observed at 0.2C. The high voltage plateau corresponds
to the reduction from elemental sulfur to PS. The low voltage
plateau is attributed to the reduction of PS to Li,S, and Li,S***".
Sulfur is dispersed uniformly on both the inner and outer surface
of PANI hollow spheres because of the absorbing ability of PANI
15 to S. Therefore, the active material has a sufficient contact with
the liquid electrolyte, leading to higher utilization rate of sulfur.
In addition to the electrochemically activity of PANI, the cells
show improved initial discharge capacity, which is as high as
1392.7 mAh.g™" at 0.2C, 1133.4 mAh.g" at 1C and 785.7 mAh.g”!
20 at 5C respectively.

The cycling ability and the coulombic efficiency of PANI-S
electrode at 0.2C are shown in Fig.4b. The serious capacity decay
during the first 40 cycles is attributed to the dissolution of sulfur
on the outer surface of PANI hollow sphere for the sample. After
25 40 cycles, the capacity at 300th cycle is as high as 802.5mAh.g™'
with an average coulombic efficiency of 95.2%, which is 87.2%
of the capacity at the 40th cycle. The S-C bond generated during
higher temperature treatment, and sulfur trapped in the hollow
holes of PANI hollow spheres, results in an excellent cycling
30 stability during the following cycles.

Moreover, as seen in Fig.4c, the discharge capacity of PANI-S
cathode returns to 731.8 mAh.g' when the rate decreases from
5C to 1C. The excellent cycling performance and rate stability
display a stable structure and good conductivity of the sulfur
35 cathode. The long cycling performance of sulfur cathode at
different rates is shown in Fig.4d. With capacity decay during the
first several tens of cycles, the discharge capacities are still stable
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at 660 mAh.g”', 528 mAh.g" and 381 mAh.g" at 1C, 2C and 5C
respectively after 500 charge/discharge cycles, which is about
90.4%, 89.6% and 87.3% of the capacity at the 50th cycle. Most
importantly, The PANI-S cathode exhibits an excellent prolonged
cycling stability, with its capacity always stabilizing around 767
mAh.g" after 500 cycles at 0.5C, and its average coulombic
efficiency approaches 97%, the high coulombic efficiency is
attributed to the addition of LiNOs in the electrolyte?’ and the
designed sulfur cathode. After 500 cycles, the battery is rested in
ambient environment for 120h before running another 500 cycles.
The rest process does not deteriorate the battery’s performance,
the discharge capacity returns to 752mAh.g™" after 10 cycles. The
Li-S battery still shows fine working stability in the subsequent
500 cycles, and delivers a reversible capacity of 602 mAh.g"
after 1000 cycles, the capacity decay during 510~1000cycles is as
small as 0.016% per cycle. And the charge/discharge profiles at
different cycles are displayed in Fig. S3, as seen, the curves are
similar to each other, indicating a reversible reaction during the
charge/discharge process.

As seen in Fig.S4, the cycling performance of pure sulfur cathode
in the same electrolyte is worse than that of PANI-S cathode. And
the cycling performance of the PANI-S cathode in the electrolyte
without LiNO; is still unsatisfactory. Therefore, the enhanced
cycling performance is attributed to the designed sulfur cathode
other than the modified electrolyte.

To get further insight into the electrochemical reaction process of
the designed sulfur cathode, electrochemical impedance spectra
(EIS) of the PANI-S at the fully charged state for different cycles
are measured (Fig. S5). Generally, the impedance plots are
composed of two semicircles corresponding to the charge transfer
impedance and interfacial impedance respectively, and a sloping
straight line in the low frequency domain corresponding to the
Warburg impedance™® ®. Because of the shuttle effect during
charge/discharge process, the redistribution of active material is
unavoidable. This results in an inhomogeneous distribution of
insulating sulfur on the surface of cathode and the corrosion of
lithium anode, leading to the increased resistance during
charge/discharge process'®. The resistance (169Q) especially the
interfacial resistance (129Q) before discharge is high owing to
the insulating sulfur on the outer surface of the PANI hollow
spheres. The impedance of the PANI-S sample decreases
dramatically to the lowest value (119Q) at the Sth cycle,
indicating electrochemical activation and the dissolution of sulfur
on the outer surface of PANI hollow sphere. Afterwards, the
resistance value rises slightly to 193Q at the 200th cycle. The
resistance of the cell improves slowly during charge/discharge
process, whereas the resistance increases a lot upon cycling with
conventional Li-S cells®. This indicates the deposition and
aggregation of sulfur on the surface of electrode are not serious
and a stable cathode structure is obtained.

As obtained, PANI-S cathode shows greatly improved overall
electrochemical performance. The calculation results (as seen in
the Supplementary Information) show that the volume of Li,S in
PANI hollow spheres (0.91cm®.g") is smaller than the porous
volume in PANI hollow spheres (1.31cm’.g™"), Therefore, it is
reasonable to account for the existence of void space in the
PANI-S nano-particles even after lithiation, which is beneficial to

This journal is © The Royal Society of Chemistry [year]
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gain a stable microstructure of the cathode. Correspondingly, the
morphology of PANI-S cathode after 100 cycles was observed to
understand the mechanism for the enhancement. As seen in
Fig.S6, no obvious structural change of the cathode appears even
after such a long cycling, indicating sufficient mechanical
strength of the shell building the hollow PANI spheres.
Furthermore, the elemental analysis results also show the
maintenance of the uniform distribution of sulfur in PANI hollow
sphere even after long cycling. The line scan analysis indicates
little sulfur on the outer surface of PANI hollow sphere, while
almost all of them deposit on the inner surface of PANI hollow
spheres, unlike that of the PANI-S composite before cycling.
Therefore, it is reasonable to explain the serious capacity fading
during the first several tens of cycles by the loss of some sulfur
weakly trapped on the outer surface of PANI hollow sphere.
However, the major sulfur encapsulated inside the PANI hollow
sphere is trapped by the cross-linked stereo PANI-S network and
PANI shell, affording excellent cycling stability during the
following cycles.

Above all, the excellent overall electrochemical behavior of the
as prepared PANI-S cathode can be attributed to multiple,
possibly synergistic factors that stem from its design. Firstly, the
encapsulation of sulfur into the PANI hollow spheres, the
adsorption effect between the hollow spheres and active
material®* ®, and the S-C bonds generated during heating
treatment act as the bridge between the PANI and sulfur or PS.
This inhibits the dissolution and migration of PS in the
electrolyte, thus effectively enhancing the cycling stability and
the coulombic efficiency of the electrode. Secondly, the shell of
the hollow spheres with favorable dual conduction of Li" and
electron is beneficial to the enhancement of rate capability of the
sulfur cathode. Thirdly, the designed void space in PANI hollow
spheres supply sufficient space to buffer the large volume
expansion of sulfur during the charge/discharge process, resulting
in a stable structure of the cathode, and therefore long stability of
lithium sulfur battery.

Conclusions

PANI hollow sphere has been synthesized using sulfonated
polystyrene spheres as the template. With a vapor phase infusion
method, the composite of sulfur and PANI hollow sphere is
further fabricated. Li-S battery with the as prepared cathode
displays an excellent overall electrochemical behaviors,
especially for the high columbic efficiencies, outstanding rate
stability and cycling performance. Three factors are attributed to
the excellent overall performance. Firstly, the dissolution and
migration of PS in the electrolyte is inhibited by PANI shell and
chemical bond formed during heating treatment process.
Secondly, the dual conduction of electron and Li" of PANI thin
shell improves the conductivity of the cathode. Thirdly, the
volumetric expansion of sulfur cathode during lithiation is
suppressed due to the presence of sufficient internal void space in
PANI-S composite.
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