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High energy density flexible Li-S battery with nano carbon free standing sulfur cathode and

functioinal membrane
Jo Seong-Chan
Department of Smart Green Technology Engineering

Pukyong National University

Abstract

For the realization of next—generation foldable and wearable electronic products, it is essential to
develop high—performance and mechanically flexible batteries at the industry level. Lithium—sulfur (Li—
S) batteries are a promising alternative to conventional lithium—ion batteries owing to their high
theoretical capacity (1675 mAh g ') and natural abundance. However, their widespread adoption is
hampered by practical concerns such as their rigid form factor, limited cycle stability, and flammability
under mechanical failure. Herein, we report flexible and high—energy density Li—-S batteries based on

fibrous flexible sulfur cathodes and separators functionalized by carbon nanotubes (CNT). (1.3]

The cellulose nanofiber (CNF)—based sulfur cathodes were fabricated by deposing sulfur on the
surface of multi—walled CNTs and mixing with single—walled CNTs to increase the electrical
conductivity of sulfur electrode and to form a three—dimensional porous structure to conduct ions
electrode without the use of a metal collector.”?”*"! Glass fiber separator was coated with CNTs via a
cost—effective method to suppress the shuttle effects by adsorbing Lithium—polysulfide in carbon

materials with the small pores, thereby improving the redox kinetics and cycle stability.

The fabricated Li-S batteries showed the high capacities ranging from 940 to 597mAh g ! as the
charge current density ranged from 1.57 to 15.74 mAh cm 2 at 25 C, and the coulombic efficiency
exceeding 90 % even after 50 charge/discharge cycles. With its structural uniqueness and chemical

functionality, the Li—S batteries are mechanically flexible and rollable without any damage. Under

Vi



' and maintained a

bending states, those cells exhibited a high first discharge capacity of 834 mAh g~
remarkable capacity of 754 mAh g ! at a current density of 1.06 mAh cm 2 over 100 charge/discharge

cycles.
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Figure. 14 Characterization of fibrous sulfur cathodes. (a) XRD pattern of

MWCNT@S and (b) TGA profiles for quantifying the sulfur content on

MWCNT@S, forming the active material. Contact angle measurement of (c)

the conventional sulfur cathodes and (d) CNF-—based sulfur cathodes. (e)

Scanning electron microscopy (SEM) and digital camera images of the

cellulose nanofiber (CNF)—based sulfur cathode (scale bar = 100 gm). The
CNFs are well coated with CNTs, and MWCNT@S is well distributed on the

cathode. (f)SEM and EDS images of the prepared cathodes after 1000 cycles

of the R20 bending test.
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50 Urm

5 min 30 min 1h 6h 12 h 24 h

Figure. 15 Structures and permeation behavior of CNT—coated glass fiber
membrane. (a) SEM images of a cross—section (scale bars = 100 gm) and the
surfaces of the (b) CNT—-coated GA55 and (c¢) pristine GA55 separation
membranes. The pores are denser on the CNT—coated surface than on pristine
GAS55 (scale bars = 50 gm and 10 g#m in surface images). (d), (e) Photographs
of the CNT—coated front side and back side of the pristine separator. (f)
Photographs show the permeation behavior of polysulfides through various
separators, such as the CNT@GAS55, commercial polyethylene (PE), and pristine
GADDS separators
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3. Electrochemical performance of the flexible Li—S cells
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Fig. 16 Electrochemical performance of Li—S cells. (a) Discharge capacity and
Coulombic efficiency of Li—S cells based on a CNF —based sulfur cathode and
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a commercial GA55 separator with and without a CNT—interlayer coating.

The cycling test was performed at a charge/discharge current density of 1.57

mAh cm 2 (b) Cycling performance profiles of the Li—S cells at various C—
rates and at 7.87 and 15.74 mAh cm 2 (¢) Galvanostatic charge/discharge

profiles and (d) discharge rate capabilities of the Li-S cells with a CNF—

based sulfur cathode and a CNT-—interlayer coated GAS5 separator over a

wide range of discharge current densities (1.57-31.48 mAh cm 2) at a fixed
charge current density (1.57 mAh cm 2) and a voltage range of 1.5-3.3 V

(sulfur loading = 8-9mg cm ?).
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Fig. 17 Cycling stability of Li—S cells. (a), (b) Photographs of the disassembled
Li—S cells after 20 charge/discharge cycles. (a) The pristine GA55 separator
without the CNT coating changes to a reddish—brown color after the infusion of
lithium—polysulfide through the GA55 membrane; in contrast, (b) the cell with the
CNT interlayer exhibits no appreciable color change. c—f FE—SEM images of the
anode and CNT@GASL5 separator sides after 50 charge/discharge cycles: (¢) Li—
metal without the CNT interlayer and (d) Li—metal with the CNT interlayer and (e)
separator without the CNT interlayer and (f)separator with the CNT interlayer. (g)
EIS Nyquist plots after the 1st discharge and (h) after the 100th discharge. i XRD
patterns of pristine Li—metal and GA55 separators with and without the CNT
interlayer after 50 charge/discharge cycles. The Li2Sx peaks are labeled. S 2p
XPS spectrum (j) of the pristine GAS5 separator (facing the Li—metal anode)
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after 50 cycles and (k) of the GAS5 separator with an SWCNT coating (facing the

Li—metal anode) after 50 cycles.

Mechanical flexibility of Li—S batteries
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a. Flexible Li-S Cells
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Fig. 18 Characterization for Flexible Li—S battery. Digital camera images showing
a red light—emitting diode (LED) logo lit by (a) a flat and bent Li-S battery (bent
states: folded (180° ), rolled, and crumpled) and (b) cycling performance of the

flexible Li—S battery under flat and bent conditions (current density = 1.06 mAh
—2
cm 9).

33



RS ARt

CNT @ CNF 7]wk

oA 7]& Li—S

al7)

B

3} oS HALA CNT

Els

e gl vl8)] 2 A4S 7HxsuUth () CNT @ CNF 7]

1=

A %

o) Ay e)
O]:'IT: ;lgx

w48 AT wep ol

o Li-S %33t 59

P g e

Iew 5

mw

!

3]

7] LE o] &

ek &

s}
o}

o] etz CNT

of 9

3
[€)

o #2 (K1luym) CNT 7]

a}e}

3

il

ojn

¥} CNT

hin

=0

o

2

Aot (i)

xR 2l ool o

f+ T

S|
=

4

29 el 3 4

i

sttt (iv) CNF ¢

gtell 714

ol

70O
of
<Jz

%

or
Br

cl

Arsl g

A7)

: S

0

iy

:AU

A

]

=

<

9

1=

o)

3}A]

A

f FxEE 124 WIS

A
=i

Els

-

gk (v) wpAERe.E, CNF 7

714

¥ GA55

NT

F€]

215e] 600um

194 & 4

22!

19

WAy

= 8.4mAh cm ™2 9 =&

938k Li—S HiE g

9

al7)

34



10

//’_/" * //,

— 8 - ’/" /
< 6 - Ai™ s i
é This work
= *e
3
& 4 -
O .................................
= T~ TiI37 T - — T —— -
) < 7 Li-ion

@
< 21 A &

Y
o
0 T T T T
0 8 6 9 12 15

Areal Sulfur loading (mg cm)
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Areal sulfur loading Areal capacity Thickness

References C—Rate .
[mg cm™?] [mAh cm™?] [um]
This Work 0.1C 10.4 8.4 600
0.1C 8.1 6.68 475
0.1C 5.2 4.37 350
S1 0.2 2.5 2.2 140
S2 0.1 7.0 5.2 200
S3 0.5 6.8 4.8 80
S4 0.1 6.3 5.0 250
SO 0.9 L25 0.71 50
S6 0.1 3.25 2.6 40
S7 0.18 2.45 2.57 50
S8 0.1 1.53 0.95 50
S9 1 g2l 1.9 50
S10 0.1 6.5 6.0 600
S11 0.5 2.0 2.2 90
S12 0.06 0.63 0.63 50
S13 0.2 3.9 3.86 120
S14 0.2 2.1 2.3 100
S15 0.9 1.8 1.53 70
S16 0.2 3.2 3.84 60
S17 0.25 1.6 1.84 70
S18 0.5 3 2.55 150
S19 0.2 4.5 3.74 65
S20 0.2 0.83 0.91 50
S21 0.2 5.1 3.57 100
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Table 1. Comparison of electrochemical performance of flexible Li—S battery

cells based on the free—standing and flexible sulfur cathodes. >4

AT 3 = A 475 9 350 pm 2 HARS W WA &FE o]Hdg)

6.68 W 4.37 mAh cm™? % =74 FAsgom 3 29 8.1 mg cm %, 5.2 mg cm”
2 oJt}h. Fig. 20 & wHlE Li-S wigg 9 oA d=g & §39 mgz Ywast
Hlw 3 AFEE Ho] Fw, WA M e o] Aol el7F Azsk gE - dA 9
A7) sted Ades RoFEth o] ¥ Li-S wiHE I 5% % 2 A4 A9y

AYE 3 oyA] AZ FAE AZAE F dss BT &
Aol AAE FATE Li—-S wiElg e &2 B %3 58 AlolEd WA
ooy A WEe FAF ouyA A wAlR AEE F Qo] FAT AR AEE

.
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dold L ~nte 4NE TAE 5 ASS wol
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Figure 20. A comparison chart of volumetric energy density as a function of
gravimetric energy density illustrates the volumetric (i.e., energy density) and
specific energy densities are showing smaller sizes and lighter weight cell. Star
indicates the performance result of the flexible Li—S battery in this work.
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