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Abstract
To obtain soft electronics, it is essential to develop high-performance and mechanically flexible energy storage at the
industry level. Herein, we report flexible high-energy-density lithium-sulfur (Li–S) batteries based on all-fibrous sulfur
cathodes and separators. To implement free-standing and flexible sulfur cathodes, electrically conductive single-walled
carbon nanotubes (CNTs) are impregnated with cellulose nanofibers. This fibrous structure forms a 3D porous
electrode with a large surface area to improve redox kinetics and achieve a high sulfur loading content without the
use of a metal collector, which can then be applied in high-energy-density batteries. These flexible sulfur cathodes are
combined with a commercial glass fiber separator coated with a CNT layer through a cost-effective solution process to
suppress the shuttle effects of lithium–polysulfide, thereby exhibiting robust cycling stability. The prepared Li–S
batteries exhibit high capacities of 940 mAh g−1 at a charge current density of 1.57 mA cm−2 and at 25 °C, and the
Coulombic efficiency exceeds 90% even after 50 charge/discharge cycles. Moreover, Li-S batteries with a high
gravimetric energy density of 443 Wh kg−1 per cell is achieved, and these batteries demonstrate excellent reliability in
regard to electrochemical performance even under severe mechanical stress conditions for over 100 cycles.

Introduction
Recently, some pioneering companies have launched

innovative mobile smart devices, such as the Samsung
Galaxy Z Flip and Huawei Mate X, which are foldable
5 G smartphones. Although these foldable phones are
not mainstream devices, this technological trend will be
maintained further and is also expected to be acceler-
ated by the development of new materials and compo-
nents. Wearable smart devices have also received
considerable attention from researchers, stimulating

increasing research for a variety of applications, such as
real-time healthcare monitoring, wearable-assistive
robotics or exoskeletons, augmented reality, and
entertainment for humans1,2. Given the increasing
demands for flexible and wearable electronics, it is
necessary to develop corresponding energy storage
devices that are mechanically flexible, namely, that
these developed materials are foldable and even
stretchable3. These emerging energy storage devices
also need to be lightweight and have high electro-
chemical performance with a high energy density, high
rate capability, and long cycling life4–7. In comparison
with remarkable progress in regard to the other critical
components in next-generation smart devices, such as
flexible printed circuit boards and flexible or foldable
displays8,9, the development of rechargeable batteries
with mechanical flexibility and high performance has
been considerably slower.
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To date, lithium-ion batteries (LIBs) have been widely
used for portable electronic devices and electric vehicles
owing to their high energy density (~300Wh kg−1), high
operating voltage, and long cycling lifetime. However, the
widespread adoption of LIBs in flexible electronics is limited
by their unstable electrochemical functions under
mechanical deformation conditions10. Among the various
battery systems being discussed for next-generation elec-
tronics or electrical applications, lithium-sulfur (Li-S) bat-
teries have been considered a promising alternative to LIBs
in terms of their low cost, nontoxicity, and natural abun-
dance of available cathode active materials11. The theore-
tical capacity of sulfur cathodes is ~10 times larger than that
of conventional cathode materials used in LIBs, such as
lithium nickel cobalt manganese (LiNi1-x-yCoxMnyO2, layer-
structured), nickel cobalt aluminum (LiNi1-x-yCoxAlyO2,
layer-structured) and lithium iron phosphate (LiFePO4,
olivine structured)12. The high capacity and charge/dis-
charge cycling performance of these materials results from
their two-electron system during the electrochemical reac-
tion. During the discharge process, every sulfur atom can
transfer two electrons by breaking the S–S bonds in the
crown-like S8 structure. Therefore, Li-S batteries can exhi-
bit a specific energy density of ~ 2500Wh kg−1, which is
five- to tenfold higher than that of LIBs7,13–16.
Owing to their many advantageous properties, Li-S bat-

teries have been explored as replacements for conventional
LIBs in flexible electronics. Despite their high theoretical
specific capacity and energy density, current Li–S batteries
are still limited by the low electrical and ionic conductivities
of elemental sulfur, large volume changes between sulfur
and Li2S, structural instability with conventional polymeric
binders, deterioration of lithium anodes with dendrite
growth and surface passivation, and shuttle phenomena of
dissolved lithium polysulfides (Li2Sx) in the electrolyte17. In
general, a Li-S battery consists of several components, such
as a sulfur cathode, binder, separator, electrolyte, anode, and
collector. Among them, elemental sulfur and its cathode are
the most crucial materials because they are strongly related
to the structures of the cells and determine their appreciable
electrochemical performance. Typically, a mixture of sulfur
and carbon-based conductive additives is deposited on the
metallic current collector by a slurry-based casting
method4,18,19. However, with this casting process, it is
challenging to achieve high energy density because the
metallic foil is an inactive component, resulting in a decrease
in the gravimetric energy density of batteries20–24. Moreover,
active materials also easily detach from the metallic current
collector under mechanical stress conditions.
Regarding the materials of flexible Li–S batteries,

carbon-based nanomaterials are the primary choice owing
to their excellent electrical and mechanical properties,
large surface area, high chemical stability, and unique
structural features that can provide efficient pathways for

both electrons and lithium ions. They also enable fast
redox kinetics and the presence of active sites, leading to
high energy and power densities, charge/discharge cycling
life, and rate capabilities. In this regard, many research
groups have reported developments based on nanos-
tructured carbon-based sulfur cathodes for Li-S batteries,
such as the formation of highly ordered interwoven
composites6, impregnated sulfur in the micropores of
activated carbon fibers25, a high sulfur-loaded film elec-
trode based on carbon nanotube (CNT)-coated con-
ductive carbon fibers26, a flexible all-carbon structure of
interlinked nanotubes27, an integrated structure of sulfur
and a graphene-coated commercial separator5, and all
fibrous cathode-separator assemblies4. These approaches
can contain more active materials inside the nanos-
tructured electrodes and alleviate the capacity attenuation
problem of Li-S cells during the cycling process by
addressing the “shuttle effect” of Li2Sx. Despite the fact
that tremendous efforts have been devoted to overcoming
the problems mentioned above, the exploitation of
nanomaterials in flexible Li–S batteries remains a for-
midable task due to limitations on their mechanical
flexibility, electrochemical performance, and capacity
retention during charge/discharge cycles.
Here, we propose flexible Li–S batteries based on the

fibrous composition of sulfur cathodes that consist of a
cellulose nanofiber (CNF) framework and electronically
conductive CNT additives. Instead of slurry casting sulfur-
carbon composites on a metallic current collector with a
polymeric binder, we apply CNT-impregnated CNFs
directly to create a free-standing electrode. Combined with
sulfur-encapsulated multiwalled carbon nanotubes
(MWCNTs), they form a unique three-dimensional cath-
ode structure without a metallic current collector and a
polymeric binder28,29. Nanocarbon-based fibrous sulfur
cathodes are assembled into a Li–S battery with a CNT-
coated GA55 commercial separator, in which the cell
exhibits a very high energy density (443Wh kgcell

−1) and
stable charge retention characteristics. Since the Li–S
battery exhibits stable electrochemical performance with-
out a short circuit even when crumbled or rolled, the
material design and manufacturing approaches described
herein can realize low-cost, flexible, and high-energy-
density Li–S batteries for future flexible electronic
applications.

Materials and methods
Fabrication of the CNF-based sulfur cathodes and CNT-
coated GA55 separator
Sulfur powder (<98%, Wako Chemical, Japan) was

mixed with MWCNTs (diameter = 9.5 nm, Nanocyl,
Belgium) (Sulfur:MWCNT= 7:3) in ethanol through ball
milling (450 rpm, 30min, 10 cycles). Ethanol was removed
after the vacuum infiltration process. The obtained
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MWCNT@S mixture was subsequently heated at 70 °C
for 24 h to remove any trapped ethanol, followed by
heating at 155 °C for 6 h to achieve melt diffusion. The as-
prepared MWCNT@S was combined with the CNF and
CNT composite (CNT@CNF) (diameter = 45 µm, KC
Flock, Nippon Paper Group, Japan) and SWCNT powder
(diameter = 80 nm, Nepes Co., South Korea) through ball
milling for 10 min followed by vacuum infiltration and
drying at 60 °C for 24 h in a vacuum oven. The CNF-based
flexible sulfur cathode was obtained with a controlled
thickness (250–600 µm, depending on the loading value).
The CNT-coated separator was fabricated by a simple
solution-casting method. First, a CNT-dispersed solution
(SWCNTs, 0.4 wt% in NMP, Nepes Corp., Korea) was
blended with a polyvinylidene fluoride (PVDF) binder
(Solvay Corp., Belgium) at a composition of CNT:PVDF=
9:1. The CNT solution was cast onto a dried commercial
glass fiber membrane GA55 (Advantec, Ehime, Japan) to a
thickness exceeding 30 µm and then vacuum dried at
60 °C for 24 h.

Fabrication of the conventional sulfur cathodes
A conventional sulfur cathode (S/C composite = 7/3

(w/w))/polyvinylidene fluoride (PVDF) binder/super-P
carbon black (SPB, Alfa Aesar, USA) carbon additive =
70/10/20 (w/w/w) on an Al foil current collector, areal
sulfur loading = 1.50 mg cm−2 was prepared using a
typical slurry casting method. A commercial polyethylene
(PE) separator (thickness = 16 μm, Celgard, USA) and Li-
metal anode (thickness = 100 µm) were used for the
fabrication of conventional Li-S cells.

Fabrication of the Li-S pouch cells
The cathode, anode, and separator of the pouch-type

cells were 30 × 50, 32 × 52, and 35 × 55mm×mm in sizes,
respectively, and Li metal (thickness: 100 μm) was used as
the anode. Aluminum foil was attached to the side of the
cathode by carbon paste, and a copper foil was attached to
the side of the anode by a roll-press machine. These
materials provided the lead tabs. A liquid electrolyte (LE)
of 1M lithium bis(trifluoromethylsulfonyl)imide (LiTFSI)
in DOL/DME= 1/1 (v/v) with 1 wt% LiNO3 additive was
used. The ratio of the electrolyte volume to sulfur weight
is denoted as the E/S ratio in units of mL g−1. The E/S
ratio for all cells examined herein was fixed at 15 mL g−1.
The energy densities of the Li-S cells were obtained by
using the formula mAh g�1

cell ´ 2:1 V , where gcell is the
total mass of the cell, as listed in Table S1 and Fig. S1 in
the Supporting Information.

Characterization
CR2032-type coin and pouch-type Li–S cells were used to

analyze the electrochemical characteristics. We employed a
liquid electrolyte of 1M lithium bis(trifluoromethyl

sulfonyl)imide (LiTFSI) in 1,3-dioxolane [DOL]/1,2-dime-
thoxyethane [DME]= 1/1 [v/v] with 1 wt.% lithium nitrate
(LiNO3) additive. The cell performance was investigated
using a cycle tester (Won-A Tech) at 25 °C under various
charge/discharge conditions in the potential range of
1.5–3.3 V. The structure and physicochemical character-
istics of the multi-walled carbon nanotubes and sulfur
composite (MWCNT@S) were obtained by X-ray diffrac-
tion (XRD, X’Pert PRO MPD, Panalytical) and thermo-
gravimetric analysis (TGA, SDT Q600, TA Instruments).
The surface and cross-sectional morphologies of the elec-
trodes were characterized by field-emission scanning elec-
tron microscopy (FE-SEM, S-4800, Hitachi) in conjunction
with energy-dispersive X-ray spectroscopy (EDS). Post-
mortem analysis of Li-S cells after the charge/discharge
cycling tests was performed using X-ray diffraction (XRD,
X’Pert PRO MPD, Panalytical) and X-ray photoelectron
spectroscopy (XPS, Escalab250, VGScientific) with non-
monochromatic Al Kα X-ray radiation (hν= 14868) as the
excitation source and a pass (resolution) energy of 50.0 eV.

Results and discussion
Investigation of the fibrous sulfur cathodes
Because sulfur has an excellent theoretical specific

capacity (1675mA h g−1) and energy density (2500Wh
kg−1), it is the primary active material in Li-S batteries.
However, pristine sulfur is an insulator in regard to
electrical and ionic conductivity, which causes electrodes
with pristine sulfur to have low conductivity and a large
charge transfer resistance. Therefore, conductive nano-
materials have to be incorporated in sulfur cathodes to
obtain high electrical conductivity to achieve Li-S bat-
teries with high electrochemical performance. In this
study, we attempted to create a fibrous nonwoven net-
work of sulfur cathodes by combining melt-diffused sulfur
in conductive CNTs with CNF supports. Figure 1 shows
the stepwise process for fabricating flexible Li-S batteries
based on the CNT@CNF-based sulfur cathodes and
CNT-coated GA55 glass fiber separators. Briefly, an
aqueous suspension of CNFs and single-walled CNTs
(SWCNTs) was mechanically mixed to prepare
CNT@CNF as a flexible binder. Separately, MWCNT@S
was prepared by mixing sulfur powder with MWCNTs by
high-energy ball milling and heating at 155 °C for 6 h to
achieve melt diffusion19,30. During the melting process, a
sulfur layer with a nanoscale thickness conformably
formed on the surface of the one-dimensional structure of
the MWCNTs. The formation of MWCNT@S was ver-
ified by XRD. In the powder-XRD measurement in Fig. 2a,
pure sulfur shows an α-sulfur crystal with an orthor-
hombic structure from the cyclooctasulfur (S8) mole-
cules31. These XRD peaks were well integrated with those
patterns by MWCNTs. This result reveals that elemental
sulfur was successfully impregnated in the CNT networks
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after the melt infiltration process without the agglom-
eration of sulfur particles. To investigate the sulfur con-
tent in the MWCNT@S composites, TGA was carried out
under oxidative conditions. Figure 2b shows that a sig-
nificant mass loss was observed in the range of
190–310 °C, which is attributed to the desorption of sulfur
and its chemical reaction to SO2

27. Therefore, we
obtained a relatively high total sulfur content of
approximately 65 wt.% in the MWCNT@S powder.
CNF-based sulfur cathodes were finally fabricated by

mixing the as-prepared MWCNT@S with CNT@CNF
and SWCNT powder through ball milling and ultra-
sonication, followed by vacuum infiltration and drying at

60 °C for 24 h in a vacuum oven28,32,33. The thickness of
the sulfur cathodes could be controlled to 250–600 µm by
changing the loading contents during the vacuum filtra-
tion process. The scanning electron microscopy (SEM)
and energy-dispersive X-ray spectroscopy (SEM-EDS)
images (Fig. 2e, f) show that the CNT@CNF, SWCNTs,
and MWCNT@S materials of the composite electrodes
were well mixed and uniformly distributed. The weight-
based composition ratios in the CNF-based sulfur cath-
odes were 51.80, 27.0, 8.4, and 12.8 wt.% for elemental
sulfur, MWCNTs, CNT@CNF, and SWCNTs, respec-
tively. Notably, our all-fibrous sulfur cathode did not
require a current collector owing to the high electrical

Fig. 1 Fabrication process of flexible Li-S cells. a Fabrication processes of CNT@CNF, synthesis of the MWCNT@S powders, and stepwise
fabrication flow of the flexible sulfur cathodes. b Schematics showing the preparation and fabrication method of the functional carbon nanotube
(CNT)-coated GA55 separator. This component material advantageously mitigates the shuttle effect of lithium polysulfides (Li2Sx). c Schematics of the
structure of the flexible Li–S battery, wherein the cell is structurally unique with high mechanical flexibility.
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conductivity of the SWCNTs. The CNT@CNF-based
sulfur cathodes showed an approximately 100 times lower
sheet resistance (106 S sq−1) than that of a conventional
sulfur cathode (0.7 S sq−1). The conductive SWCNT
network in the sulfur cathodes acted as rapid pathways for
electron transfer and conduction through extended π-
conjugated frameworks, consequently enabling the fabri-
cation of current collector-free devices. This mechanism
is critical to achieve Li-S batteries with a high energy
density because a large amount of sulfur is available
within the same electrode thickness in contrast to con-
ventional Li-S battery cells with collectors. Moreover, this
thin structural design can offer excellent mechanical
flexibility and reliable electrochemical performance when
repeatedly bent or folded. To approve the mechanical
flexibility of the sulfur cathode, an R20 bending test was
implemented for thousands of cycles. As seen in the
digital and FE-SEM images in Fig. 2e, f, the fibrous
composite electrodes show no noticeable cracks or defects
even after the 1000th bending cycle. In addition, the
characteristic features of the nonwoven CNF-based sulfur
cathode materials with well-developed pores and different
diameters induced capillary action to promote the infil-
tration of liquid electrolytes (LEs) into the electrode. To
verify the wettability of the CNF-based sulfur cathode,
contact angle measurements were carried out by dropping
the LEs on the electrode surface (Fig. 2). The fibrous

CNT@CNF-based sulfur cathode showed a lower contact
angle than a conventional cathode used with spherical
materials, such as SPB. This result allows the electrolyte to
efficiently penetrate mesoporous cathodes that have high
loading values or thick films, forming an ion pathway that
contributes to the redox kinetics4,34.

CNT-coated GA55 separators
For the fabrication of the CNT-coated GA55

(CNT@GA55) separator, a CNT-dispersed solution in n-
methyl-2-pyrrolidone (NMP) was blended with PVDF
binder at a composition of CNT:PVDF= 9:1 by weight.
Subsequently, CNT and PVDF blend solutions were uni-
formly coated on a dried glass fiber-based commercial
separator (GA55) with a controllable thickness of
20–40 µm using a cast machine, followed by vacuum
drying at 60 °C for 24 h. Figure 3a shows the cross-
sectional SEM images of the assembly of a separator
with the SWCNT nonwoven network, in which the con-
ductive CNT layer has a thickness of ~30 μm. The
CNT@GA55 separator had two different faces: a black
(front) side with CNTs and a white (back) side, which was
the pristine separator without CNTs. As shown in Fig. 3b
and 3c, many small pores with pore sizes ranging from
550 to 750 nm are found on the SWCNT-coated face,
which are much smaller than those on the as-received
GA55 (5.5–10 μm). While these porous network

Fig. 2 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 µm). 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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structures play a role in conducting ionic species after
being filled with LEs, small submicron pores in the CNT-
coated layer are expected to suppress the migration of
Li2Sx to the anode35–38. To verify the effect of the CNT-
coated separator on preventing the “shuttle effect”, the
permeation behavior of Li2Sx in LEs through various
separators (i.e., CNT@GA55, commercial polyethylene
(PE) with a thickness of 20 μm, and the as-received GA55
without a CNT coating) was monitored as a function of
time. Figure 3f shows a simple experimental setup for easy
visualization. The separators were placed between a
polysulfide solution (upper side, 0.1M Li2S8 solution in
DOL/DME= 1/1 [v/v]) and a solvent mixture (bottom
side, DOL/DME= 1/1 [v/v]). No appreciable color change
was observed for the CNT-coated GA55 separator even

after 12 h, whereas a solution were colored reddish-brown
with respect to time for the pristine GA55 and conven-
tional PE separators. This result demonstrated that the
CNT@GA55 separator effectively suppressed Li2Sx
migration. The polysulfides that were dissolved in the
electrolytes were effectively trapped by the submicron
pores of the CNT networks as well as the Coulombic
interaction with a negative surface charge on the
SWCNTs4,28,29,35,36. Notably, as compared with a PE
separator, the pristine GA55 showed more permeation of
polysulfides, presumably due to a relatively large pore size
of GA55. However, the permeation behavior inside the Li-
S battery cell was clearly different from those under
extreme situations. Moreover, when the PE separator was
used, peeling or defects occurred due to the low physical

Fig. 3 Structures and permeation behavior of CNT-coated glass fiber membrane. a SEM images of a cross-section (scale bars = 100 μm) 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 GA55 (scale bars = 50 μm and 10 μm 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@GA55, commercial polyethylene
(PE), and pristine GA55 separators.
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bonding strength between the coating materials and PE.
On the other hand, GA55 maintained strong physical
bonding with the coating materials, thereby enabling the
high mechanical flexibility of our Li-S cells.
For applying to flexible Li-S batteries, the CNT inter-

layer coated on the separator must exhibit robust per-
formance for inhibiting the migration of dissolved Li2Sx in
the electrolyte even under mechanical stress conditions.
In this regard, the surfaces of the separator and anode

sides were analyzed after disassembling the fabricated Li-S
cells after 20 charge/discharge cycles. Figure 4a, b shows
photographs of the disassembled Li-S cells after 20 cycles
based on the pristine GA55 and CNT-coated
GA55 separators, respectively. The GA55 separator
without the CNT coating showed a significant color
change from white to reddish-brown due to the infusion
of Li2Sx through the GA55 membrane, while that of the
Li-S cell containing the CNT@GA55 separator exhibited

Fig. 4 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@GA55 separator sides after 50 charge/
discharge cycles: (c) 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 GA55 separator (facing the Li-metal anode) after 50 cycles and (k) of the GA55 separator with an SWCNT coating (facing the Li-metal anode)
after 50 cycles.
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clean Li metal and a separator with no Li2Sx contamina-
tion. From the FE-SEM images of the Li anode and
separator side facing the Li-metal anode after 50 charge/
discharge cycles (Fig. 4c–f), it was also confirmed that the
surfaces of both the electrode and separator sides without
the CNT interlayer were significantly roughened by the
surface deposition of low-valence state lithium sulfides,
such as Li2S2 or Li2S; in contrast, this phenomenon was
not observed with the CNT-coated GA55 cells. The
intermediate redox products Li2Sx in a high-valence state
were readily soluble in the LEs, and these polysulfide ions
migrated toward the Li anode. After the reaction of
polysulfide ions with Li metal and the deposition of solid-
phase Li2S2 or Li2S, the active sulfur materials were
reduced, causing a decrease in the Coulombic efficiencies
of the battery cells. Therefore, it was revealed that the
CNT interlayer was very effective in suppressing the
migration of polysulfides toward Li-metal anodes to pre-
vent shuttle phenomena.
A series of electrochemical measurements were carried

out for half cells after the first discharge and after 100
discharge cycles. For comparison, CNT@CNF-based sul-
fur cathodes with SWCNT-coated GA55 membranes,
commercial PE, and pristine GA55 separators were tested
with electrochemical impedance spectroscopy (EIS)
measurements to characterize the internal resistance and
charge transfer process5. Figure S2 and Table S2 in the
Supporting Information show the equivalent circuit
model and corresponding results to determine the resis-
tance components. It should be noted that after the first
discharge, the cells based on SWCNT-coated separators
showed much smaller charge transfer resistance (Rct)
values than those based on the pristine GA55 and PE
separators (Fig. 4g). This result indicated the improved
charge transfer properties of the electrodes, attributable to
the conductive CNT networks that provided rapid path-
ways for electron transport. Moreover, the EIS spectra
also showed that the SWCNT-coated GA55 separator
maintained a low Rct after 100 cycles. In comparison, the
PE and GA55 separators exhibited a significant increase in
Rct after 100 discharge cycles due to the deposition of
insulating solid phases after reactions with Li metal
(Fig. 4h). These results confirmed that the SWCNT
interlayer efficiently suppressed the migration of lithium
polysulfides39. The surface of the separator facing the
Li-metal anode was analyzed by XRD. Figure 4i shows the
XRD patterns of the pristine Li-metal anode and those
with GA55 without CNT and CNT@GA55 separators
after 20 discharge cycles. While the Li2Sx peaks at
2θ= 43°, 44°, and 51° were hardly detected at the anode of
the cell with the CNT interlayer, those peaks appeared
when the CNT interlayer was absent in the separator40–42.
For the analysis of chemical species on the surface of the
GA55 separator, the membrane facing the side with the

Li-metal anode was measured using X-ray photoelectron
spectroscopy (XPS), as shown in Fig. 4j, f. In the XPS
spectra, the S 2p3/2 peaks at 162.6 and 163.7 eV corre-
sponded to lower-order polysulfides Li2Sx(II) and higher-
order polysulfides Li2Sx(I), respectively

24. In addition, the
S 2p3/2 peak at 168.4 eV is known to represent the poly-
thionate complex43. The CNT@GA55 samples exhibited
much smaller lithium polysulfide peaks than the pristine
GA55 membrane, suggesting that the CNT interlayer
could suppress the migration of polysulfide by trapping it
in small submicrometer pores and, partially, by the Gibbs-
Donnan effect due to the surface charges on the CNT
networks.

Electrochemical performance of the flexible Li-S cells
The combination of the CNT@CNF-based sulfur cathode

and CNT-coated GA55 separator enabled a cell with sig-
nificantly improved electrochemical performance compared
to that with conventional sulfur cathodes and separators.
Figure 5a shows the cycling performance profiles in regard
to the discharge capacity and Coulombic efficiency (at a
charge/discharge current density of 1.57 mAh cm−2) of the
flexible Li-S cells with the CNT@CNF-based sulfur cathode
and GA55 separator before and after its functionalization
with the SWCNT interlayer. The Li-S battery containing the
CNT interlayer on the GA55 separator showed excellent 50-
cycle stability compared to a typical GA55 separator at the
same C-rate (0.1 C). The high discharge capacity of more
than 800mAh g−1 mainly resulted from fast redox kinetics
stemming from the nanoscale fibrous network for electron
transfer, conduction pathways formed by the SWCNTs and
MWCNTs, and easy access to Li ions in the LEs. At
C-rates of 0.5 C and 1.0 C, our Li-S cells also showed good
cycling stabilities. Notably, the Li-S battery based on the
CNT@CNF cathode and CNT@GA55 separator with an
initial specific capacity of approximately 667 mAh g−1 at
0.5 C exhibited a slow decay rate of <1% per cycle after 100
cycles (Fig. 5b). The superior cycling retention character-
istics of the CNT@GA55 cells are primarily attributed to the
effective suppression of the shuttle phenomena of dissolved
Li2Sx. It can be verified that the CNT-coated separator
mitigated the crossover of polysulfides, subsequently
improving the capacity retention during cycling processes.
Because CNT-coated GA55 decreased the pore size of the
separator from 5 μm to 900 nm and the electrostatic inter-
actions with the CNT networks, the migration of Li2Sx
during ion transport ensured cycling stability.
Figure 5c shows the charge and discharge rate cap-

abilities of Li-S cells assembled with the flexible sulfur
cathode and CNT-functionalized GA55 membrane. The
cycling performance of the cells was examined at different
discharge current densities of 1.57, 7.87, 15.74, and
31.48 mAh cm−2, which demonstrated discharge capa-
cities of 940, 656, 592, and 457 mAh g−1, respectively. The
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discharge capabilities of the cells were also confirmed at
different C-rates (Fig. 5b), where the discharge density
was varied from 7.87 to 15.74 mAh cm−2 at a fixed charge
current density of 1.57 mAh cm−2. Notably, during 100
cycles, the discharge capacities were maintained stably at
659 and 571 mAh g−1 at current densities of 7.87 and
15.74 mAh cm−2, respectively. As shown in Fig. 5d, even
at a high C-rate, the Li-S cells based on the CNT@CNF-
based sulfur cathodes and CNT interlayer-coated GA55
separator-assembled cells worked well owing to their high
sulfur-loading value of 8.5 mg cm−2. As the fibrous com-
posite electrodes contained no traditional massive
metallic current collector, their total areal weight was
considerably lower than that of a sulfur cathode with the
same area in a conventional Li-S cell. Consequently, the
CNT@CNF-based sulfur cathode showed a remarkably

higher sulfur loading per cell weight than a sulfur cathode
in a conventional Li–S cell.

Mechanical flexibility of Li-S batteries
For the mechanical flexibility tests, we fabricated 30 × 50

pouch-type Li-S cells based on a CNT@CNF-based sulfur
cathode and CNT-coated GA55 separator. A test kit using
46 light-emitting diodes was assembled to visually confirm
the stable operation of the flexible battery under various
deformation conditions (e.g., bending by 90°, folding by
180°, rolling, and crumpling). As shown in Fig. 6a, our
flexible Li-S battery successfully powered the LED module,
even under severely deformed (crumpled) states. Figure 6b
shows the electrochemical performance of the flexible
battery under repeated deformation conditions with an R20
bending tester. An initial high discharge capacity of

Fig. 5 Electrochemical performance of Li-S cells. a Discharge capacity and Coulombic efficiency of Li-S cells based on a CNF-based sulfur cathode
and 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. c 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 GA55 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 = 8–9 mg cm−2).
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834mAh g−1 and a Coulombic efficiency at a current
density of 1.06mAh cm−2 were stably maintained (Fig. 6b).
The excellent mechanical flexibility and stable cycling
performance of our Li-S cells were primarily attributed to
the highly conductive and free-standing all-fiber-based
sulfur cathodes that could withstand mechanical stress and
enabled the intimate assembly of SWCNT interlayers and
glass fiber membranes. The CNT networks in the com-
posite electrodes played a crucial role in providing an
efficient pathway for electron transport and high electrical
conductivities as well as enabling a high sulfur loading
content, thereby achieving a high energy density. More-
over, the CNT-coated GA55 separator prevented leakage
current even in a severe mechanically bent state and
simultaneously suppressed the shuttle effect of polysulfides.
Our flexible Li-S cells based on the CNT@CNF-based

fibrous sulfur cathode and CNT-interlayer-modified
GA55 separator had many advantages over a conven-
tional Li-S battery in terms of material selection and
structural features: (i) The CNT@CNF-based sulfur cath-
ode had high electrical conductivity due to the formation
of a conductive CNT network; therefore, this cathode did
not require a current collector and could contain a large
amount of sulfur within the same thickness as a conven-
tional Li-S cathode, thereby achieving a high energy den-
sity. (ii) The CNT@GA55 separator was prepared by a
simple solution process, and the CNT interlayer coated on
the commercial membrane played an essential role in
mitigating the shuttle effect of Li2Sx, thereby ensuring
cycling stability. The negatively charged chemical species
dissolved in the organic LEs were blocked by the small
(<1 μm) CNT pores and were repelled by electrostatic
forces due to the negative charges in the CNT basal plane.

(iii) The three-dimensional fibrous structure of both the
sulfur cathode and CNT-coated membrane provided two-
channel continuous pathways for electrons and Li ions,
contributing to the fast redox kinetics of the reversible
charge and discharge electrochemical reactions4. (iv) The
hydrophilic surface of the CNFs supported conformable
CNT network formation and provided superior LE wett-
ability. (v) Finally, the CNF-based fibrous structures
maintained their mechanical flexibility and robustness
without using a polymeric binder. This result could pre-
vent unnecessary side reactions and decrease the specific
capacity caused by insulating polymer binders40,44,45. As
shown in Fig. S3 and Table S3 in the Supporting Infor-
mation, it can be confirmed that our flexible Li-S battery
based on fibrous 600 µm thick sulfur cathodes and CNT-
coated GA55 separators had the highest capacity of 8.4
mAh cm−2 at a high sulfur loading of ~10.4mg cm−2 and
a rate of 0.1 C. When the thickness of the sulfur cathodes
was reduced to 475 and 350 µm, the areal capacity was still
high at 6.68 and 4.37mAh cm−2 with sulfur loadings of 8.1
and 5.2mg cm−2 at 0.1 C, respectively. Figure S4 in the
Supporting Information shows a chart comparing the
energy densities of the prepared Li-S batteries with other
types of battery categories, and the red star shows the
electrochemical performance of our cell in this study. This
table reveals that our Li-S battery exhibited excellent
gravimetric and volumetric energy densities, which
enabled us to fabricate lightweight and compact energy
storage devices. The high discharge capacity and good
cycling endurance of our flexible Li-S batteries show that
they could be used as high-energy-density flexible energy
storage media, thereby achieving flexible electronic pro-
ducts and wearable smart devices.

Fig. 6 Characterization fo 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 cm−2).
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Conclusions
We presented flexible high-energy-density Li-S batteries

for the application of next-generation flexible and wearable
electronics. The Li-S cell was assembled with a CNF-based
sulfur cathode and a CNT-coated GA55 commercial
separator. We designed all-fibrous composite cathodes
without an insulating polymeric binder and heavy metallic
current collector and selected simple and low-cost materi-
als. The conductive CNT network provided high electrical
conductivity and a high sulfur content in the electrode,
enabling a high energy density. The SWCNT-coated GA55
membrane effectively suppressed the shuttle effect of
polysulfides due to its small pores and Li2Sx repulsion due
to functionalized nanocarbon materials. The fabricated Li-S
batteries exhibited significantly improved electrochemical
performance in terms of redox kinetics and cycling stability
compared to that of conventional Li-S cells. Our Li-S cells
showed stable capacities of 854mAh g−1 over 50 cycles and
achieved a high gravimetric energy density of 443.4Wh
kg−1 per cell. In addition to their high energy density, they
demonstrated mechanical flexibility even under severe
deformation (crumpled) conditions and stability with no
observed short circuits between the two electrodes. More-
over, the material selection and design strategies used in our
study are cost effective and utilize a simple fabrication
process, making the resulting materials good candidates for
commercialization. The proposed CNF- and CNT-based
composite electrodes and nanocarbon-modified separator
of Li-S batteries may be a promising solution for developing
advanced next-generation flexible batteries.
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