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A freestanding, flexible, multilayered sulfur—carbon nanotube film (MLSC) cathode was prepared for use
in lithium—sulfur (Li—S) batteries without a metal current collector and binder using an economical and
simple vacuum filtration method. The sulfur content in the MLSC electrode was maintained at 60 wt%.
The MLSC electrode delivered a high initial reversible discharge capacity of 913 mAh g~' and maintained
a capacity of 736 mAh g™, indicating excellent capacity retention. In addition, the coulombic efficiency of
the MLSC electrode was over 92% throughout the total cycling, demonstrating superior cycling stability. It
exhibited the initial discharge capacities at 0.2 and 2C of 951 and 642 mAh g™, respectively, with 68%
rate capability (2C/0.2C). These results indicate that the carbon nanotube film—wrapped structure of the
MLSC electrode enables rapid electron transport in the electrode owing to its good electrical conduc-
tivity, and that it successfully suppresses the dissolution of lithium polysulfide in the electrolyte. Further,
the MLSC electrode was stable during folding and bending in pouch cells.

Flexible

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Currently, most energy consumption is dependent on fossil fuels
leads to many social issues, such as environmental problems, en-
ergy supply insecurity, and price fluctuations [1]. To solve these
social issues, conventional energy sources are being replaced by
wind, tidal, and solar energy, which are eco—friendly renewable
energy sources. The use of these renewable energy sources depends
on environmental factors that restrict the locations and times when
energy can be generated [2,3]. In addition, the rapid development
of portable electronic devices and electric vehicles (EVs) is
increasing the demand for high-performance energy storage ma-
terials [4].

Lithium—ion batteries (LIBs) are the most promising energy
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storage devices and are widely used in electronic devices, power
tools, EVs, and energy storage systems (ESSs) owing to their high
energy and power density, long cycle life, low self—discharge rate,
and safety. Traditional LIBs that use metal oxides (such as LCO, LNO,
NCA, and MCM) as the cathode material have high discharge rates
and are safe, though such batteries are expensive and possess low
energy densities [5—7]. Among these LiBs, lithium—sulfur (Li—S)
batteries have garnered attention as promising next—generation
ESSs for large—scale applications [8] because of their high theo-
retical capacity (1675 mAh g~ !) and energy density (2600 Wh kg™ 1)
[9—11]. In addition, sulfur is lightweight, abundant, non-toxic, and
inexpensive [12,13]. Although Li—S batteries have many advan-
tages, there are several problems that prevent their practical
application. Based on the reaction mechanism and experimental
results from multiple studies, the several factors have been iden-
tified that affect the electrochemical performance of Li—S batteries
[14]. Firstly, the low electrical conductivity of sulfur
(5 x 10739 S cm™1) results in low utilization of the active material
(sulfur), and a low specific capacity [15,16]. Therefore, an appro-
priate amount of a conductive material is added in the active
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material to ensure good electron transport, improve the utilization
rate of the active material, enhance electrode dynamics, and
improve cycle performance [17]. The second factor is the shuttle
effect of lithium polysulfides (Li»Sx, 2 < x < 8), which are inter-
mediate products in the multistep reaction of lithium and sulfur
that are soluble in the electrolyte and shuttle between the cathode
and anode. These intermediate polysulfides can pass though the
separator and react with the lithium metal anode, resulting in
corrosion of the anode and irreversible loss of active material
[18,19]. One strategy to solve this problem is to trap sulfur in a
structure of conductive carbon to improve electrical conductivity
and prevent lithium polysulfide dissolution. Another factor is the
volume expansion of sulfur during discharge [20]. The volume
changes can result in an unstable mechanical structure of the
electrode. If the electrode structure cracks, the active material will
lose contact with the conductive agent, leading to capacity decay or
battery failure. Flexible cathode materials are commonly used to
buffer volume changes of the electrode. A partial sulfur—filled
conductive agent is also used to avoid electrode structure dam-
age. Many research groups use carbon nanotubes (CNTs) [21,22],
carbon nanofibers [23,24], graphene [25,26], hollow carbon spheres
[27,28], and porous carbon [29,30] as the conductive material to
solve the aforementioned problems. Another way is to use
conductive polymers, such as polyanilines, polypyrroles, and poly
(3,4-ethylenedioxythiophene)-poly (styrenesulfonate)
(PEDOT:PSS) [31—33], to increase conductivity and prevent lithium
polysulfide dissolution. Tiwari et al. prepared a composite, which
contains a sulfur-rich polymer and long cylindrical porous carbon
nanotubes (LCNT) for lithium-sulfur batteries. The composite
showed a high discharge capacity of 1040 mAh g~! in the 1st cycle
at 0.5C and 610 mAh g~ after 200 cycles (59% capacity retention)
[34]. Ren et al. also designed spherical double-layered hollow car-
bon/sulfur composite coated with a conductive layer of PEDOT:PSS.
In this study, the PEDOT layer served as a protective layer to prevent
dissolution of lithium polysulfides while increasing electrical con-
ductivity of electrodes. As a result, the composite showed an initial
discharge capacity of 1089 mAh g~ ! at 0.2C and 590 mAh g~ ! after
200th cycle (55% capacity retention) [35].

Currently, energy storage devices are increasingly required to be
bendable and additionally foldable beyond a rigid shape, and the
low production cost of devices is also important [36]. It means that
the thinner and lower the weight of the electrodes in cells is more
advantageous, and the synthetic process of electrodes should be
simple and less time-consuming. The conventional slurry—coated
electrode manufacturing for batteries includes metal (aluminum)
current collectors and binders, which increases the battery price
and the weight of the electrode. In addition, the manufacturing
process is complex, and the thick coating cracks when the elec-
trodes are bent, leaving the current collector poorly attached [37].
From the aforementioned point of view, the conventional slurry
coating manufacturing method is not suitable for flexible elec-
trodes. Therefore, a lot of studies have been recently conducted to
synthesize free-standing electrodes that do not require both metal
current collectors and binders [38]. This electrode manufacturing
method can not only increase the sulfur content, but also improve
the bending and folding characteristics. Methods for manufacturing
freestanding electrodes include vacuum filtration [39,40] and
electrospinning [41,42]. Kose et al. prepared flexible S/rGO/CNT
composite as cathodes for lithium—sulfur batteries by vacuum
filtration method. The composite exhibited an initial discharge
capacity of 1150 mAh g~ ! at 0.1C and 666 mAh g~ after the 300th
cycle (58% capacity retention) [40]. Gao et al. also prepared a
freestanding flexible electrode for lithium-, and sodium ion batte-
ries, in which MnS nanoparticles were embedded in carbon-

matrixed nanofibers (MnS@CNF) obtained after electrospinning
process [42]. The product exhibited specific capacities of
240 mAhg! at a current density of 5 A g~! and 600 mAhg ' at
200 mA g~ ! with high rate performance when applied to lithium-
ion battery anodes.

In this study, a freestanding, flexible, multilayered sulfur-carbon
nanotube film (MLSC) electrode for an Li—S battery, without a metal
current collector or binder, was prepared by vacuum filtration. This
method is simple and enables easy control of the thickness, weight,
cost, and sulfur content of the film. In addition, compared to the
single—layered S—CNT electrode, the CNT-wrapped structure pro-
vides better conductivity, increases the electron transport speed
during the charge—discharge processes, and suppresses the disso-
lution of lithium polysulfides in the electrolyte, owing to the
multilayered structure-locking in sulfur. It also demonstrates the
flexibility and stability of manufactured MLSC electrodes, thereby
serving as a foundation for the development of foldable and
wearable devices.

2. Experimental
2.1. Preparation of freestanding SLSC and MLSC electrode

CNTs (Multiwall type, Diameter: 20 nm, length: ~5 um, Carbon
Nano—material Technology Co., LTD) were used to prepare the CNT
film with a simple vacuum filtration method. To prepare the film,
the CNTs were dispersed in isopropanol (99.5%, Samchun chemical,
Korea) via ultrasonication for 30 min. Then, the CNT solution was
vacuum—filtered through filter paper (Advantec no. 2, Advantec)
using an aspirator (A—1000S, EYELA). After filtration, the CNT film
was dried in a vacuum at 60 °C for 12 h. Finally, the film was peeled
off the filter paper to obtain a flexible CNT film. Three CNT films
(approximately 40 um thick) were prepared using this method, one
of which was used to prepare an S—CNT film. To prepare the S—CNT
film, sulfur powder (99.5%, Alfa Aesar) was dissolved in carbon
disulfide (CS;, anhydrous, >99%, Sigma—Aldrich), which became a
clear, colorless liquid that was then dropped onto a CNT film. After
drying at 70 °C for 1 h, the CS; solution was sprinkled on the S—CNT
film again, which was then placed between the two CNT films as an
interlayer. The multilayered S—CNT electrode (MLSC) was dried at
70 °C for 1 h to remove the CS; solution. After drying, the MLSC
electrode was compressed to a thickness of 100 um by a thermal
roll press to reduce the contact resistance between the films. A
schematic for the preparation of MLSC is presented in Scheme 1. A
single layer S—CNT electrode (SLSC) was prepared in the same way,
with the same thickness as the MLSC electrode, but without the
outer CNT films. The sulfur content of the SLSC and MLSC electrodes
was maintained at 60 wt%.

2.2. Coin cell assembly

For the CR2032 coin cell assembly, two as—prepared electrodes
were punched into 1.6 cm diameter circles (effective area of 2 cm?)
to be used as cathodes. It should be emphasized that the cathodes
did not contain any binders or collectors, such as Al or Cu foil. This is
the primary difference between our electrodes and conventional
electrode preparation methods. The cells were assembled in an
argon—filled glove box with an oxygen and moisture level of less
than 1 ppm. Lithium foil and polypropylene (PP, Celgard 2400,
Celgard) were used as the counter electrode and separator,
respectively. The electrolyte, 1 M bis(trifluoromethane) sulfon-
amide lithium salt (LiTFSI, LiN(SO,CF3),, Sigma—Aldrich) in a sol-
vent mixture consisting of 1,3—dioxolane (DOL, Sigma—Aldrich)
and 1,2—dimethoxyethane (DME, Sigma—Aldrich) (1:1, v/v)
including the 0.1 M LiNOs3, was introduced into the Li—S batteries.
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Scheme 1. Steps for preparing the SLSC and MLSC electrodes using a simple filtration method, subsequent recrystallization of the sulfur, and a press step.

For electrochemical tests, the manufactured coin cells were stabi-
lized for 12 h.

2.3. Pouch cell assembly

The pouch cell was assembled in an argon—filled glove box with
an oxygen and moisture level less than 1 ppm. The same counter
electrode, separator, and electrolyte were used as in the coin cell.
The active area of the MLSC electrode in the pouch cell was
1.6 x 4 cm. Lithium foil was cut to the same size as the MLSC
electrodes. The MLSC electrodes and lithium foil were connected
with aluminum and nickel tabs, respectively. The separator was
placed in between the MLSC electrode and lithium foil as a sand-
wich, and then they were all sealed together using a pouch cell
vacuum seal machine (VS—120J, J-Innotech, Korea).

2.4. Characteristic and measurements

The crystal structure was determined by X—ray diffraction (XRD,
D8 Discover with GADDS) and field emission scanning electron
microscopy (FE—SEM, Carl Zeiss, LEO—1530), and energy dispersive
X—ray spectroscopy (EDS) was performed to examine the mor-
phologies of the MLSC and SLSC electrodes. Cyclic voltammetry
(CV), galvanostatic charge—discharge cycles (WonATech,
WBCS3000L), and electrochemical impedance spectroscopy (EIS,
Metrohm Autolab B.V., PGSTAT302N) were conducted to investi-
gate the electrochemical properties of the battery. CV was carried
out at a scanning rate of 0.1 mV s~! within the voltage range of
1.7-2.8 V, and galvanostatic charge—discharge cycles were per-
formed at 0.2C with a cut—off voltage of 1.7—2.8 V. EIS was per-
formed in the frequency range of 0.01 Hz—100 kHz at an amplitude
of 5 mV. All electrochemical measurements were acquired at 25 °C.

3. Results and discussion

To confirm the formation of sulfur in the CNT film, the XRD
pattern of the S—CNT film was investigated and is shown in Fig. 1.
The XRD pattern of the CNT film shows a broad peak at approxi-
mately 26°, which is attributed to amorphous carbon [43,44]. The
characteristic sulfur peak can be easily seen in the XRD pattern of
the S—CNT electrode after comparison with the JCPDS card no.
08—0247 (sulfur), indicating that the sublimed sulfur successfully
recrystallized on the surface of or within the CNT film after the
evaporation of CS,.

The morphologies of the prepared SLSC and MLSC electrodes

S-CNT film
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Fig. 1. XRD patterns of the S—CNT film.

were determined by FE—SEM images, as shown in Fig. 2. As shown
in the cross—section images of the SLSC (Fig. 2a) and MLSC (Fig. 2b)
electrodes, both electrodes have a uniform thickness of approxi-
mately 100 pm and no cracks, which indicates good contact be-
tween the CNT and S—CNT films. This implies that the preparation
of the electrode was highly successful. In addition, the as—prepared
SLSC electrode (Fig. 2a) shows a dense and uniform surface, indi-
cating that the sulfur uniformly recrystallized on the surface and in
the pores of the CNT film. The uniform distribution of sulfur in the
CNT film should lead to good electron transport and excellent
electrochemical properties. The MLSC electrode shows a scrim CNT
structure, which easily absorbs the electrolyte into the internal
S—CNT layer and prevents the lithium polysulfide from dissolving
in the electrolyte, thereby suppressing anode (Li foil) corrosion and
irreversible loss of active material. To determine a more accurate
sulfur distribution and electrode structure, the MLSC electrode was
stripped and subjected to an FE—SEM analysis along with C and S
element mapping. Fig. 2c shows an FE—SEM image of the
CNT—stripped MLSC electrode; the corresponding EDS mapping in
Fig. 2d confirms the uniform distribution of sulfur in the S—CNT
film and that both sides of the S—CNT film are completely
covered by the CNT films. Because of this structure, the MLSC
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Fig. 2. FE-SEM images of the (a) SLSC electrode, (b) MLSC electrode, and (c) MLSC electrode with the CNT layer stripped off. (d) C and S element mapping image of the MLSC

electrode.

electrode enables faster electron transport during the
charge—discharge process and suppresses the dissolution of
lithium polysulfides in the electrolyte. Smooth surfaces are
apparent on the SLSC and MLSC electrodes.

To stabilize the batteries, the electrochemical performance of all
batteries was tested after one charge and discharge cycle. The
electrochemical properties of the different SLSC and MLSC elec-
trodes for Li—S batteries were investigated by CV at 0.1 mV s, as
shown in Fig. 3a and b. In each cathodic scan, the SLSC and MLSC
electrodes presented two prominent peaks at approximately 2.30
and 2.00 V, which correspond to the two discharge plateaus. The
first peak at 2.30 V is related to the conversion of cyclo—Sg to sol-
uble long—chain lithium polysulfides (Li»Sx, 4 < x < 8), and the
second reduction peak at 2.00 V is related to the conversion of
long—chain lithium polysulfides to insoluble Li,S, and Li,S [45]. In
the subsequent anodic scan, two distinct peaks were observed at
2.33 and 2.43 V, corresponding to the first conversion of insoluble
reduction products into soluble long—chain lithium polysulfides
and the final oxidation to elemental S, respectively [46]. In addition,
the CV curves shifted slightly in the second cycle because of the
transition of «—Sg to §—Sg at the end of the first cycle [47]. An
almost identical curve track during the latter cycles indicates that
the electrochemical process for the MLSC electrode is stable. To
understand the interface charge transfer resistance of Li—S batte-
ries with SLSC and MLSC electrodes, EIS Nyquist plots were ob-
tained from 0.01 Hz to 100 kHz before cycling and after 100 cycles,
as shown in Fig. 3c and d, respectively. The Nyquist plots were fitted
with an equivalent circuit (inset of Fig. 3c and d) using the NOVA
program (Version 1.10.4, Metrohm Autolab B.V.). Herein, R; in the
high—frequency region is the bulk resistance, Rsg; in the semicircle

from high to medium frequency refers to the solid electrolyte
interphase (SEI) (Li»S; or LizS), R in the semicircle at medium
frequency is the charge transfer resistance at the cathode, and W is
the Warburg impedance, which represents the impedance of
lithium—ion diffusion in the electrodes [48]. CPE1 and CPE2 refer to
the constant phase elements of the SEI and the electrode surface of
the cathode, respectively [49]. As shown in Fig. 3¢, both the elec-
trodes display a single semicircle at high frequencies, which cor-
responds to the charge transfer resistance of the electrodes [50,51].
After 100 cycles, two semicircles are observed, which indicates the
formation of the SEI film. The MLSC electrode shows smaller
semicircles than the SLSC electrode both before cycling and after
100 cycles, which implies that the electrode resistance of the MLSC
is lower than that of the SLSC electrode. The fitted EIS parameters
are listed in Table 1. Rgg and R of the MLSC electrode have rela-
tively low values of 9.4 and 16.5 Q, respectively, after 100 cycles,
suggesting that the MLSC electrode features superior electro-
chemical properties and rapid electron transport during the elec-
trochemical Li* insertion/extraction reaction.

Fig. 4a and b shows typical charge—discharge profiles for Li—S
batteries with SLSC and MLSC electrodes. Charge—discharge tests
were performed at voltages ranging from 1.7 to 2.8 V and a rate of
0.2C. The two charge—discharge potential plateaus can be observed
in the charge—discharge profiles; these correspond to the two—step
reaction of sulfur during the discharge process, as demonstrated in
the CV measurements. In the discharge process, the first potential
plateau (at approximately 2.3 V) is related to the conversion of
cyclo-Sg into soluble long-chain lithium polysulfides (LiSx,
4 < x < 8), corresponding to a low theoretical capacity (418 mAh
¢71,0.5e S 1). This process shows fast reaction rates due to the high
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Fig. 3. CV of the (a) SLSC and (b) MLSC electrodes at different cycles, and Nyquist plot (c) before and (d) after 100 cycles.

Table 1
Fitted EIS parameters for Li—S batteries with SLSC and MLSC electrodes.
Electrodes Cycle no. Rs (Q) Rsgr (Q) Ret (Q)
SLSC Before 24 (+0.1) — 315.0 (+3)
100th 3.4 (£0.1) 12.0 (+0.5) 36.0 (+0.5)
MLSC Before 2.3 (+0.1) - 155.0 (+3)
100th 4.9 (+0.1) 9.4 (+0.1) 16.5 (+0.5)

solubility of long—chain lithium polysulfides. The second potential
plateau (at approximately 2.0 V) is related to the conversion of the
long-chain lithium polysulfides into insoluble LiyS; and Li,S, cor-
responding to a high theoretical capacity (1254 mAh g1, 1.5eS™1)
[52]. Due to the conversion reaction between solids Li»S, and Li5S,
the reactivity at this stage is much lower than that of the previous
discharge plateau. Because this process is responsible for the
overall capacity of the electrode, the discharge curves of the MLSC
electrodes having long sections show a higher capacity compared
to the SLSC electrodes. In the charge curve, the insoluble Li,S, and
Li>S are reconverted into elemental S by the formation of inter-
mediate lithium polysulfides [53]. Compared with the SLSC elec-
trode, the MLSC electrode showed a higher initial charge and
discharge capacity of 1124 and 913 mAh g1, respectively, with a
first coulombic efficiency of 81%, and a capacity of 736 mAh g~!
after 100 cycles (a capacity retention of 81%). As shown in the
cycling performance of the MLSC and SLSC electrodes (Fig. 4c), the
MLSC has more stable cycling performance. However, the initial
discharge capacity of the SLSC electrodes was relatively low,
808 mAh g~ !, and was 516 mAh g~! after 100 cycles (a capacity
retention of 64%). This confirms that the MLSC electrodes have

better cycle stability than the SLSC electrodes, and it has been
verified that the MLSC electrodes prevent the dissolution of some
lithium polysulfides. Fig. 4d shows the rate performance of both
cells at current densities of 0.2—2C. Again, the MLSC electrode ex-
hibits a higher discharge capacity for all rate conditions than that
the SLSC electrode. The reversible capacities of the MLSC electrode
are 951, 812, 758, and 642 mAh g*1 at constant current rates of 0.2,
0.5, 1.0, and 2.0C, respectively, with 68% rate capability (2C/0.2C).
To verify the improved performance of the MLSC electrodes, a
cycle test was conducted with an increase in sulfur loading. Fig. 4e
shows the cycle performance as the sulfur loading increased from
2.00 to 3.85 mg cm 2. For sulfur loading capacities of 2.00, 2.65, and
3.85 mg cm 2, the electrodes had initial discharge capacities of 913,
880, and 837 mAh g~ at 0.2C, and maintained discharge capacities
of 736, 655, and 643 mAh g~! after 100 cycles, respectively. Addi-
tionally, as shown in Fig. 4f, the area capacitance increases
considerably as the amount of sulfur loading increases. They had
high initial areal capacities of 1.83, 2.33, and 3.22 mAh cm 2 and
maintained cycle performances of 1.47, 1.74, and 2.47 mAh cm 2
after 100 cycles, respectively. These values are shown in Table 2.
To confirm that the MLSC electrode can effectively prevent the
dissolution of lithium polysulfides during the cycling, the
morphology and elemental distribution of the MLSC electrode after
100 cycles was analyzed by FE-SEM and EDS mapping. As shown in
the surface morphology mapping images of the SLSC electrode
(Fig. 5a), the shape of the polysulfides on the surface after cycling is
different than that before cycling (Fig. 2a). This is caused by the
formation of polysulfides due to the reaction between sulfur and
lithium on the surface [54]. This result proves that the capacity of
the cycle is reduced because polysulfides dissolved in the



6 W.Y. Lee et al. / Energy 212 (2020) 118779

(a)

Voltage (V)
NN
[T

o

-
(-]

I 0.2 C rate

0 200 400 600 800 1000 1200

Specific capacity (mAh g™)

~ 1600
o 1400f
1200 [T

1000
800
600 |
400
200

0.2 C rate . ® MLSC 1
[ Sulfur loading: 200 mgcm? g gsLsc

Specific capacity (mAh g

0 20 40 60

Cycle Number

80 100

120

. {100
1200 .- &is)

Specific capacity (mAh g™)

[ 0.2 C rate

40 60
Cycle Number

0 20

28

(b)

N
o

N
>

Voltage (V)
N
N

g
(=)

1.8 } 0.2C rate

0 200 400 600 800 1000 1200
Specific capacity (mAh g)

~— 1600
£ 1400} (d)
o<
[2) L
§E1200t0,¢ o2c
$ > 1000 0.5C .
E = 1C
) § 800
(2]
2§ 600
§¢ 40
-
g™ 0 muse

0 10 20 30 40 50
Cycle Number
. 5
S ® 2.00 mg cm? (f)
a © 4} m 265mgcem?
g < 3.85 mg cm?
s E3
T 2
1) Q
S 24
3 >
8 & . 02Crate . .
0 20 40 60 80 100

Cycle Number

Fig. 4. Electrochemical performance of SLSC and MLSC electrode—based Li—S batteries; charge—discharge curves of (a) SLSC and (b) MLSC at different cycles; (c) cycling perfor-
mance; (d) rate capability; (e) specific capacity with amount of sulfur loading; and (f) areal capacity with amount of sulfur loading.

Table 2

Discharge capacity, areal capacity, and cycle retention for Li—S batteries with SLSC and MLSC electrodes with amount of sulfur loading.

Electrodes Sulfur loading (mg cm—2) Discharge capacity at Areal capacity at 0.2C Capacity retention (%, 1-100th cycle)
0.2C (mAh g ") (mAh cm—2)
1st 100th 1st 100th
MLSC 2.00 913 736 1.83 1.47 81
2.65 880 655 2.33 1.74 74
3.85 837 643 3.22 2.47 77
SLSC 2.00 808 516 1.62 1.03 64

electrolyte, which resulted in loss of active material. On the other
hand, the surface of the MLSC electrode (Fig. 5b) does not show the
shape of polysulfides. To observe the sulfur distribution on the
electrode after 100th cycling, the cross—sectional EDS mapping was
conducted. As shown in the mapping results, sulfur was mainly
observed outside the SLSC electrode (Fig. 5a) due to diffusion by
dissolution of lithium polysulfides, whereas sulfur (blue) of MLSC
was evenly distributed between both sides of CNT layer even after
100th cycling (Fig. 5b). This indicates that the multilayer structure

of electrode effectively prevents the dissolution of lithium poly-
sulfides during the cycling. In addition, the solubility of lithium
polysulfide was verified by visual inspection through a beaker cell
test as shown in Fig. 5¢ and d. For the visual inspection, beaker cell
was discharged at voltages ranging from 1.7 to 2.8 V with 0.1C for
different period of time. As the discharging time increases, the color
of the electrolyte tested with SLSC gradually turns dark yellow due
to the dissolution of lithium polysulfides. The electrolyte with MLSC
remained transparent, except around the electrode even after
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Fig. 5. Surface and cross-sectional FE—SEM and EDS (C and S elements) mapping images of the (a) SLSC and (b) MLSC electrodes after 100 cycles; images of the electrode lithium

polysulfides dissolution of the (c) SLSC and (d) MLSC electrodes using beaker cells.

discharging for 2 h. This clearly demonstrates that the CNT layers
on both sides of the active material effectively inhibited the
dissolution of polysulfides.

A pouch cell was manufactured to confirm the flexibility and
bending ability of the electrodes, as shown in Fig. 6. The highly
flexible MLSC electrodes (Fig. 6a) were used to manufacture pouch
cells with the structure shown in Fig. 6b. The charge—discharge test
was conducted at voltages ranging from 1.7 to 2.8 V and a rate of
0.2C after folding the electrode 1 and 10 times. Discharge capacities
0f930, 851, and 835 mAh g~ ! were measured (Fig. 6¢). Moreover, an

LED was connected to the pouch cell to compare brightness in its
original state, 90° folded, 180° folded, and recovered state after
folding (Fig. 6d—g). Despite bending and unfolding the pouch cell,
the LED lighting was bright enough to confirm that the flexible
battery was well manufactured and that the MLSC electrodes are
flexible and robust.

4. Conclusion

A freestanding, flexible, multilayered sulfur—carbon nanotube
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Fig. 6. (a) Photograph of a bent MLSC electrode, (b) pouch cell structure representation, (c) cycling performance of the MLSC electrode and after it was folded 1 and 10 times, and
photographs of the flexible Li—S pouch cell (d) unfolded, (e) in a 90° fold, (f) in a 180° fold, and (g) after folding.

film (MLSC) used as electrode for Li—S batteries was successfully
prepared using a simple vacuum filtration method. To prepare the
MLSC electrode, three pieces of CNT film were prepared, and 60 wt
% of sulfur was loaded into one of the CNT films. The freestanding,
flexible MLSC exhibited excellent electrochemical properties
compared with SLSC electrodes, such as a high initial reversible
discharge capacity of 913 mAh g, high rate capability (2C/0.2C,
68%), over 92% coulombic efficiency, and 81% capacity retention.
The MLSC electrode before the cycle also had 155.0 Q of R, which is
lesser than the 315.0 Q R of the SLSC electrode, and 16.5 Q less
than 36.0 Q R of the SLSC electrode after 100 cycles. Thus, the
interfacial charge transfer of MLSC was improved. The
charge—discharge of the pouch cell showed discharge capacities of
930, 851, and 835 mAh g~ in its original state, after 1 fold, and after
10 folds, respectively. This indicates that the MLSC electrode was
flexible and stable.
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