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Figure 1. Lithium sulfur battery : Discharge and charge process...

Figure 3. Schematics of the CNT—based high—S—loading cathode
preparation process, and a digital camera image of the
flexible freestanding S cathode......cccccooiieeviiiiiiiiiiiieennl. 9
Figure 4. A process flow for the P—doped carbon composite with
a polymer binder (Carbon@P@PVDF) and its solution—
based blade coating on a PE membrane .........cc............ 11
Figure 5. X—ray diffraction patterns of the elemental S, pristine
MWCNT, and MWCNT@S films......cccocovinveiieneniennens 15
Figure 6. Digital camera image of the CNT—based free—standing
S cathode, and scanning electron microscopy (SEM)
image of the CNT—based S cathode, showing that the
MWCNT@S are well—distributed in the cathode and 3D
fibrous network formed an electrical conduction
PAtWAY (oo 17
Figure 7. Structures of the flexible Li—S batteries and infiltration

behavior of the liquid electrolyte on a PE membrane.....



Figure 9. a) Cross—section SEM images of the P—doped carbon

Figure 10.

Figure 11.

Figure 12.

Figure 13.

interlayer (thickness = 30 ym). b, d) Their SEM images
and c, e) EDS mapping images for the analysis of the
distribution of elemental P in the surface and side—
SECHION, TESPECIVELY it 22
UV-vis absorption profiles of the Li2Sx solutions, inset:
digital camera image of the LiPSs (Li2Sg) solutions
before and after being maintained at room temperature
for 24 h, with the insertion of different types of carbons
(i.e., pristine YP, P—doped YP (YP@P), and P—doped
SPEYSPBQ@LEY A0 W ... TR 24
Contact angle measurement of the liquid electrolyte on

a) bare PE and b) YP@SPB@P —coated PE separators

Photographs showing the diffusion properties of the
Li2Sx solution through the various separators. a) The
P—doped carbon complex on PE (YP@SPB@P), b)
mixed activated carbon and carbon black composite
without P—doping on PE (YP@SPB), and c¢) a bare PE
separator without a carbon coating (PE) ..........c.......... 27
Photographs of the disassembled Li—S cells after 50
cycles: a) PE separator anode side with the
YP@SPB@P interlayer—coated (left) and bare PE
without a carbon coating (right), and b) Li metal anode

with the YP@SPB@P —coated separator (left) and that



with the bare PE (right). FE-SEM images of the PE
membranes (anode side) after 50 cycles: ¢) with P—
doped carbon interlayer and d) bare PE. FE—SEM
images of the Li metal anodes after 50 cycles: e) with
and f) without P—doped carbon interlayers on the PE

INCINIDTATIES ettt e e e 30

Figure 14. Nyquist plots of the Li—S cells representing the

Figure 15.

Figure 16.

characterization of the electrochemical impedance

spectra a) after the first and b) after 50 discharge

XRD patterns of the a) Li metal anodes after 50 cycles:
pristine Li and those with bare PE and a P—doped
carbon interlayer (YP@SPB@P) on the PE separator, b)
PE separator sides after 50 cycles: pristine YP and P—
doped active carbon (YP@P)—coated PE separators.
XPS profiles of ¢, d) the Li metal anodes and e, f) PE
separator anode sides c, e) without (bare PE) and d, f)

with the incorporation of the P—doped carbon interlayer

Discharge capacity and Coulombic efficiency of the Li—
S cells based on the CNT-—based freestanding S
cathode and with the assembly of different types of
separators: bare PE without carbon coating (PE) and
those with a pure active carbon (YP) coating, mixed

active carbons (YP@SPB), and P—doped active carbon



Figure 17.

Figure 18.

Figure 19.

mixture (YP@SPB@P) on PEs. A cycling test was
performed at a charge/discharge current density of
1.53 MA CIN 2 oo 36
a) Galvanostatic charge/discharge profiles of the Li-S
cells with a P—doped carbon interlayer (YP@SPB@P)
at various C-—rates (discharge current density: 1.43,
7.15, 14.33, 28.6 mA cm 2 fixed charge current
density: 1.43 mA cm % S loading: =8.2 mg cm ?). b)
Cycling performance profiles at different C—rates (0.1
C to 2.0 C) for the Li-S cells with a bare PE membrane
(PE) and carbon interlayer—coated PEs with
(YP@SPB@P) and without P—doping (YP@SPB) in
¢athon coni@RSIEESTA ... IEEEG—_—GN.G . ... 37
a) Cycling performance profiles of the Li=S cells with a
bare. PE and P-—doped carbon interlayer
(YP@SPB@P) —coated PE membrane, at a fixed 0.5 C—
rate, increasing the charge/discharge cycling numbers
by up to 100 cycles (S loading: =7.8 mg cm 9). b)
Areal capacities at a charge/discharge current density
of 0.1 C/0.1 C for different S mass loading values of the
CNT-based composite electrodes in the Li—S cells (S
loading: ~3.3, =8.1, and =~10.4 mg cm %) ....ccoco....... 38
a) Digital camera images showing the stable operation
of a red LED based on the flexible Li—S battery under

various deformation (.e., flat, curved, rolled, and



crumpled) conditions. b) Photographs and c¢) cycling
performance of the flexible Li—S battery under flat and
bent conditions (current density = 1.32 mA cm 2)...41
Figure 20. a) Volumetric energy densities (Wh Leen™ ') of the
flexible and freestanding Li—S cells as a function of the
areal S—loading (gsulfur cm ?) (denoted as red stars);
these results are compared with previously reported
flexible Li—S cells (more details are included in Table
1). b) Comparison of the volumetric (Wh Leen ! and
gravimetric (Wh kgeen ') energy densities of our
flexible Li—-S cells with different types of rechargeable
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Jrzs
Multifunctional Separator for Suppressing Lithium Polysulfide Dissolution

in Flexible High—Energy—Density Lithium—Sulfur Batteries

Jeong—Won Hong

Department of Chemical Engineering, the Graduate School,
Pukyong National University

Abstract

Lithium—sulfur (Li—S) batteries have attracted a lot of attention as a
replacement for lithium—ion batteries (LIB) because of their extraordinarily high
capacity of 1,672mAh/g. However, it remains a formidable challenge to
commercialize flexible Li—S batteries despite the numerous advantages of Li—S
batteries owing to cycle instability limitations, low S loading values, and
mechanical failure under stress conditions.

Herein, we propose high—energy—density flexible Li=S batteries based on a
freestanding and high—S=loading cathode, which show excellent long—term
cycling stability via the multimodal capture effects of Li»Sx through physical traps
and chemically functionalized carbon interlayers on a commercial separator.

The S cathode created by using a conductive fibrous carbon nanotubes provides
an efficient electrical conducting pathway for a fast electrochemical reaction,
supports high—S—loading, and achieves high wettability to liquid electrolytes
owing to the efficient absorption of their porous structure. The S cathodes were
assembled in a Li-S battery with phosphorous(P) —doped microporous and
mesoporous carbon complex interlayers. The chemically functionalized carbon
interlayer plays an essential role in preventing LioSx diffusion to the anode side
through dual—capturing effects via physical trapping and strong interaction
between LisSx and elemental P. With these features, the flexible Li-S batteries
achieved a high energy density (=387Wh/kgen), long—term cycle stability of at
least 100 cycles, and high mechanical flexibility.
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preparation process, and a digital camera image of the flexible
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Figure 6. Digital camera image of the CNT—=based free—standing S
cathode, and scanning electron microscopy (SEM) image of the CNT—
based S cathode, showing that the MWCNT@S are well—=distributed in

the cathode and 3D fibrous network formed an electrical conduction

pathway
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@ Mixed Carbon Composite @ High-loading CNT-Sulfur cathode
Efficient infiltration

@ Multimodal Trapping of LiS,

Carbon Black Activated
(SPB) Chemical Carbon
§ interaction  (YP)

i -

oy .
?;,. Li,S,

£ .PE me.mbrane:

Flexible Li-S Battery 3 Li anode

Figure 7. Structures of the flexible Li—S batteries and infiltration

behavior of the liquid electrolyte on a PE membrane
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Figure 8. The pore size distribution plot of (a) SPB and (b) YP
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Surface

30 pm

Figure 9. a) Cross—section SEM images of the P—doped carbon
interlayer (thickness = 30 um). b, d) Their SEM images and ¢, e) EDS
mapping images for the analysis of the distribution of elemental P in

the surface and side—section, respectively
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Figure 10. UV-vis absorption profiles of the Li2Sx solutions, inset:
digital camera image of the LiPSs (Li»Ss) solutions before and after
being maintained at room temperature for 24 h, with the insertion of

different types of carbons (i.e., pristine YP, P—doped YP (YP@P), and
P—doped SPB (SPB@P))

2 4



a. ' b. '

Average Contact Angle: 12.2° Average Contact Angle : 7.5°

Bare PE separator SPB@YP@P on PE separator

Figure 11. Contact angle measurement of the liquid electrolyte on a)

bare PE and b) YP@SPB@P —coated PE separators
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5 min 30 min

SPB@YP@P

Figure 12. Photographs showing the diffusion properties of the Li2Sx
solution through the various separators. a) The P—doped carbon
complex on PE (YP@SPB@P), b) mixed activated carbon and carbon
black composite without P—doping on PE (YP@SPB), and c) a bare

PE separator without a carbon coating (PE)
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a. c YP@SPB@P Bare PE
*  separator anode side 2 separator anode side
YP@SPB@P Bare PE L : RN 5 P ?
Separator anode side E '
YP@SPB@P Bare PE
b YP@SPB@P PRSI ~* v Libmetalanode e | metabariode
3 s 3 QR 528 LT R PR

:l" S

Li-metal anode

Figure 13. Photographs of the disassembled Li=S cells after 50
cycles: a) PE separator anode side with the YP@SPB@P interlayer—
coated (left) and bare PE without a carbon coating (right), and b) Li
metal anode with the YP@SPB@P —coated separator (left) and that

with the bare PE (right). FE=SEM images of the PE membranes
(anode side) after 50 cycles: c¢) with P—doped carbon interlayer and d)
bare PE. FE-SEM images of the Li metal anodes after 50 cycles: e)

with and f) without P—doped carbon interlayers on the PE membranes
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Figure 14. Nyquist plots of the Li=S cells representing the

characterization of the electrochemical impedance spectra a) after the

first and b) after 50 discharge cycles
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Figure 15. XRD patterns of the a) Li metal anodes after 50 cycles:
pristine Li and those with bare PE and a P—doped carbon interlayer
(YP@SPB@P) on the PE separator, b) PE separator sides after 50
cycles: pristine YP and P—doped active carbon (YP@P)—coated PE
separators. XPS profiles of ¢, d) the Li metal anodes and e, f) PE
separator anode sides ¢, e) without (bare PE) and d, f) with the

incorporation of the P—doped carbon interlayer on PE
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Figure 16. Discharge capacity and Coulombic efficiency of the Li—-S
cells based on the CNT—based freestanding S cathode and with the
assembly of different types of separators: bare PE without carbon
coating (PE) and those with a pure active carbon (YP) coating, mixed
active carbons (YP@SPB), and P—doped active carbon mixture
(YP@SPB@P) on PEs. A cycling test was performed at a

charge/discharge current density of 1.53 mA cm 2
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Figure 17. a) Galvanostatic charge/discharge profiles of the Li-S

Capacity (mAh/g)

-o-PE - YP@SPB@P -+ YP@SPB

qg

20 30 40
Cycle number (n)

Coulombic efficiency (CE) [%]

cells with a P—doped carbon interlayer (YP@SPB@P) at various C—

rates (discharge current density: 1.43, 7.15, 14.33, 28.6 mA cm 2;

fixed charge current density: 1.43 mA cm 2; S loading: =8.2 mg

cm 2). b) Cycling performance profiles at different C—rates (0.1 C to

2.0 C) for the Li-S cells with a bare PE membrane (PE) and carbon
interlayer—coated PEs with (YP@SPB@P) and without P—doping

(YP@SPB) in carbon composites
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Figure 18. a) Cycling performance profiles of the Li-S cells with a
bare PE and P—doped carbon interlayer (YP@SPB@P)—coated PE
membrane, at a fixed 0.5 C—rate, increasing the charge/discharge

cycling numbers by up to 100 cycles (S loading: =~7.8 mg cm 2). b)
Areal capacities at a charge/discharge current density of 0.1 C/0.1 C
for different S mass loading values of the CNT—based composite
electrodes in the Li-S cells (S loading: =3.3, =8.1, and =10.4 mg

cm ?)
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Figure 19. a) Digital camera images showing the stable operation of

Capacity (
[}
8
&
{

Coulombic efficiency (CE) [%]

a red LED based on the flexible Li=S battery under various deformation
(i.e., flat, curved, rolled, and crumpled) conditions. b) Photographs
and c) cycling performance of the flexible Li—-S battery under flat and

bent conditions (current density = 1.32 mA cm 2
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Figure 20. a) Volumetric energy densities (Wh Leer ') of the flexible

and freestanding Li-S cells as a function of the areal S—loading (QGsuifur
cm ?) (denoted as red stars); these results are compared with

previously reported flexible Li-S cells. b) Comparison of the volumetric

(Wh Leen ' and gravimetric (Wh kgeer ') energy densities of our flexible

Li—S cells with different types of rechargeable power sources
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