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ABSTRACT: Achieving high energy density in lithium−sulfur
(Li−S) batteries necessitates thick cathodes with high sulfur
loadings and a lean electrolyte. However, these configurations
introduce critical challenges, including low conductivity, poly-
sulfide shuttling, volume expansion, and mechanical instability,
which significantly impede battery performance. In this study, we
present a regulated electronic and ionic conductive framework that
integrates carbon nanotubes (CNTs) and sulfur onto the surface of
air plasma-treated aramid fibers (APAF) in a layer-by-layer fashion
(denoted as CNT/S/APAF). This composite framework is then
incorporated into a CNT network to form free-standing sulfur
cathodes for high energy density Li−S batteries. The resulting
structure promotes efficient electron transport, improves electro-
lyte wettability, suppresses polysulfide diffusion, and mitigates volume expansion. These synergistic effects lead to superior sulfur
utilization and cycling stability. The Li−S cells with CNT/S/APAF cathodes exhibit an impressive initial specific capacity of 1437.6
mAh g−1 and areal capacity of 11.3 mAh cm−2, with a sulfur loading of 7.83 mg cm−2 and an electrolyte-to-sulfur (E/S) ratio of 5 μL
mg−1. Furthermore, they achieve a high energy density of 468.6 Wh kg−1 and maintain excellent cycling stability, retaining a capacity
of 6.5 mAh cm−2 after 100 cycles. This scalable approach provides a practical, high-performance solution for next-generation
batteries.

■ INTRODUCTION
Lithium−sulfur (Li−S) batteries with their high energy density
of 2600 Wh kg−1 and low cost are regarded as a promising next-
generation energy storage system.1−3 However, challenges such
as the insulating nature of sulfur, the shuttle effect of soluble
lithium polysulfides (LiPSs), and significant volume expansion
limit their commercial viability.4,5 Recent strategies have focused
on encapsulating sulfur in suitable host materials with optimized
structures to address these issues by physically and/or
chemically immobilizing sulfur and LiPSs.6−9 However, most
of the performance improvements have been demonstrated at
the laboratory scale, often with an insufficient sulfur content, low
sulfur loading, and excess electrolyte, making it challenging to
meet the high energy demands required for practical
applications (energy density >400 Wh kg−1 or cycling number
>100).10,11

To achieve high energy density in Li−S batteries, thick
cathodes with high sulfur loadings (>4 mg cm−2) and lean
electrolyte conditions (electrolyte-to-sulfur (E/S) ratio ≤ 5 μL
mg−1) are essential.12−14 However, several critical challenges
become more pronounced under these conditions, including
insulating active materials, polysulfide shuttle, and volume
expansion (Figure S1). Additional kinetic barriers to the sulfur
redox reactions emerge due to the low ionic conductivity caused
by concentrated LiPSs.15 Moreover, conventional thick

cathodes are prone to cracking and delamination during the
drying process due to the high shrinkage stress of the slurry,
leading to mechanical instability (Figure S1).

A flexible, free-standing cathode with highly porous and
conductive carbon networks has been shown to facilitate
electron and ion transport, while the introduction of polar
carbon hosts (e.g., heteroatom-doped carbon or hybrids with
transition metal compounds) can chemically anchor LiPSs to
suppress the shuttle effect.16−18 However, these strategies often
require complex functionalization and structural design of the
cathode materials, limiting their practical application. Further-
more, electrolyte wettability is often overlooked in these designs,
leading to insufficient ion conduction pathways and low sulfur
utilization. Therefore, there is an urgent need to develop high-
sulfur-loaded, flexible, free-standing cathodes with scalable
production, high conductivity, and enhanced electrolyte
wettability to achieve energy-dense Li−S batteries.
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In this work, we present a free-standing, flexible sulfur cathode
with a regulated electronic and ionic conductive framework
designed for high energy density Li−S batteries. The framework
is fabricated through a layer-by-layer coating of carbon
nanotubes (CNTs) and sulfur onto air plasma-treated aramid
fibers (APAF), followed by fiber chopping and vacuum
infiltration to form robust cathode networks (Figure S2 and
Figure 1). Specifically, CNTs and sulfur are integrated onto the
surface of APAF in a layer-by-layer manner, resulting in a unique
composite fiber termed CNT/S/APAF. The composite fibers
are chopped and mixed with a CNT dispersion to create a
continuous conducting CNT network, resulting in free-standing
sulfur cathodes.

Unlike traditional three-dimensional frameworks, such as
carbon nanofibers,19 which often face challenges like poor
interfacial contact, limited ion diffusion, or complex synthesis
procedures, the CNT/APAF composite system offers a unique
combination of fast electron conduction through CNTs and
efficient ion transport via the APAF structure.20,21 The CNT
network provides physical confinement for polysulfides, while
the plasma treatment and chemical interactions within the
aramid fibers offer additional chemical anchoring, enhancing
overall polysulfide retention. Additionally, the mechanical
resilience of the aramid fibers and the flexibility of the CNTs
help buffer structural stress, mitigating volume expansion during
cycling. This cathode design not only regulates electronic and
ionic conductivity but also ensures intimate contact among the
insulating sulfur, electrons, and lithium ions, thereby improving
Li−S conversion kinetics and enhancing sulfur utilization. As a
result, the Li−S cells with the CNT/S/APAF cathodes achieve
an impressive specific capacity of 1437.6 mAh g−1 and an areal
capacity of 11.3 mAh cm−2, with a sulfur loading of 7.83 mg cm−2

and a low E/S ratio of 5 μL mg−1. In contrast, thick cathodes
fabricated by using traditional slurry methods exhibit signifi-
cantly lower performance (specific capacity: 277.4 mAh g−1;
areal capacity: 1.22 mAh cm−2). Furthermore, these cells

demonstrate a high cell-level specific energy of 468.6 Wh kg−1,
achieved by integrating the CNT/S/APAF cathode with an
ether-based electrolyte and a lithium metal anode, surpassing
previously reported high-loading sulfur cathodes. The cells with
CNT/S/APAF cathodes also exhibit superior cycling stability,
with an average Coulombic efficiency (CE) of 98.99% over 100
cycles, along with excellent rate capability, owing to the
synergistic effects of the CNT network, the active functional
groups in APAF, and the unique encapsulation structure.

■ RESULTS AND DISCUSSION
Characterization of CNT/S/APAF Cathodes. First, the

CNT/S/APAF was fabricated through a layer-by-layer coating
process and can be directly obtained at high production rates
exceeding 120 m h−1 (Figure 2a). The aramid fibers (AF) were
treated with air plasma to activate their surface, after which sulfur
and CNT were integrated onto the surface of APAF in a layer-
by-layer manner. X-ray photoelectron spectroscopy (XPS)
surface element analysis of AF and APAF (Table S1) shows
that after air plasma treatment, the carbon (C) concentration
decreases, while the oxygen (O) and nitrogen (N) concen-
trations increase, leading to higher O/C and N/C ratios. This
indicates the formation of new polar groups containing O and N.
Compared to untreated fibers, higher concentrations of O�
C�O and C−O groups and low concentrations of C−C are
observed after treatment (Figure S3), revealing changes in the
chemical composition of the AF surface.22 Furthermore, the
increased intensity of the C�O stretching vibration (1641
cm−1) and the decreased intensity of N−H bending (1543
cm−1) and C−N stretching (1319 cm−1) in the reflectance
Fourier transform infrared (ATR-FTIR) spectra further confirm
the increase in C�O (and O�C�O) groups following
treatment (Figure S4).22 These results indicate the formation of
reactive functional groups on the AF after air plasma treatment,
which facilitate electrolyte penetration, fast lithium-ion transfer,
and the chemical anchoring of soluble LiPSs. In contrast to the

Figure 1. Preparation and design principle on CNT/S/APAF cathodes. (a) Schematic illustration showing the setup for producing CNT/S/APAF
cathodes. (b) Schematic illustration of the facilitated electron and ion transport in the CNT/S/APAF cathodes. Air plasma-treated aramid fibers
enhance electrolyte permeability and lithium-ion diffusion, while the conductive CNT network enhances electron transport, ensuring efficient
electrochemical reactions. (c) Schematic illustration of the polysulfide shuttle confinement. Air plasma-treated aramid fibers with reactive functional
groups and constructed CNT networks effectively immobilize polysulfides, reducing shuttle effects and enhancing Coulombic efficiency. (d)
Schematic of morphological evolution during electrochemical cycling. Conventional S cathodes tend to pulverize during cycling, hindering sulfur redox
reactions and stability. In contrast, the mechanical resilience of the aramid fibers and the flexibility of the CNTs accommodate structural stress.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.5c07454
J. Am. Chem. Soc. 2025, 147, 30042−30049

30043

https://pubs.acs.org/doi/suppl/10.1021/jacs.5c07454/suppl_file/ja5c07454_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c07454/suppl_file/ja5c07454_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c07454/suppl_file/ja5c07454_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c07454/suppl_file/ja5c07454_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.5c07454?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c07454?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c07454?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c07454?fig=fig1&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.5c07454?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


smooth surface of AF, the APAF exhibits an uneven surface with
noticeable ruts and bulges (Figure S5), which enhances
interfacial adhesion between the fiber and sulfur through
physical interactions. After five sulfur and CNT alternating
coating treatments, the surface of CNT/S/APAF becomes
rough and is coated with a cross-linked CNT network (Figure
2b,c). The continuous CNT network not only provides
electrical interconnectivity throughout the entire network but
also helps anchor the LiPSs. The total diameter of the fiber is
13.8 μm (Figure 2b and Figure S5). To further verify the
successful construction of the CNT/S/APAF architecture and
elucidate the spatial distribution of sulfur, cross-sectional
energy-dispersive X-ray spectroscopy (EDX) line-scan analysis
was conducted on the CNT/S/APAF cathodes. As shown in
Figure S6, a strong sulfur signal is observed near the surface of
the APAF and is continuously detected across the interfaces
between APAF and CNT layers as well as between adjacent
CNT layers. These results confirm the effective formation of a
well-defined layer-by-layer encapsulation architecture, which is

critical for achieving high sulfur utilization and suppressing the
polysulfide shuttle effect in Li−S batteries. The axial cross-
sectional scanning electron microscopy (SEM) image of the
fiber coated with sulfur and CNT shows a uniform and tight
coating of sulfur and CNT on the fiber surface, with a thickness
of 217 nm (Figure 2d). EDX mapping reveals that the O and N
elements are uniformly distributed throughout the fiber, while
the sulfur element is localized on the fiber surface, and carbon is
distributed across the fiber (Figure 2e). These results confirm
the uniform coating of sulfur and CNT on the fiber surface.
Additionally, the sulfur content can be precisely controlled by
adjusting the sulfur concentration, with the concentration and
content being linearly correlated (Figure S7).

The prepared CNT/S/APAF is chopped, mixed with CNT
dispersion, and filtered to construct a continuous conductive
CNT network, yielding CNT/S/APAF cathodes. By adjusting
the capacity of the filtration flask and the amount of fiber used,
cathodes with varying diameters and sulfur loadings can be
tailored for different applications (Figure 2f). As shown in

Figure 2.Morphology and properties of the CNT/S/APAF and CNT/S/APAF cathodes.(a) Digital image of continuous CNT/S/APAF. (b, c) SEM
images of CNT/S/APAF. (d) Cross-sectional SEM image of CNT/S/APAF. (e) Cross-sectional scanning transmission electron microscopy (STEM)
image and corresponding EDX elemental mapping of the CNT/S/APAF cathodes after one cycle of sulfur and a CNT coating. (f) Large-area CNT/S/
APAF cathodes. (g) Digital images of the CNT/S/APAF cathode bending test. (h, i) Cross-sectional SEM images of CNT/S/APAF cathodes. Some
fibers are indicated by the red dotted circles. (j) Contact angle of the electrolyte on the CNT/S/APAF cathodes and conventional cathodes. (k)
Electrolyte wettability of AF and APAF. (l) Electrical conductivity of the CNT with different dipping times.
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Figure 2g, the CNT/S/APAF cathodes remain intact after being
bent, demonstrating excellent mechanical properties. The cross-
sectional SEM image of the CNT/S/APAF cathode reveals the
densely packed and layered structure of the self-supporting
cathode obtained through vacuum filtration (Figure 2h). The
magnified area highlights the interconnected framework with
hierarchical pores (Figure 2i), which effectively facilitates
electrolyte infiltration and ion transport while accommodating
volume expansion during battery cycling. The sulfur content in
the CNT/S/APAF cathode is 60.6% (Figure S8), and the
uniform distribution of sulfur throughout the cathode is clearly
shown in Figure S9. In contrast, the conventional S cathode
contains an effective sulfur content of 60.0%, which decreases to
36.2% when the weight of the carbon-coated aluminum current
collector is included. The bottom of the CNT/S/APAF cathode
is a CNT film, which is composed of a continuous CNT network
(Figure S10). Moreover, this free-standing and flexible
composite sulfur cathode can be used directly without the
need for an additional current collector and any conductive
additives or binders. The as-prepared cathodes exhibited
excellent electrolyte wettability and electrical conductivity. As
shown in Figure 2j and Video S1, the electrolyte displays a 0°
contact angle on the CNT/S/APAF cathodes and is quickly
absorbed upon contact, indicating excellent electrolyte wett-
ability. In contrast, the conventional cathodes show a much
larger contact angle of 44.5°. The electrolyte uptake of APAF

(363.7%) is higher than that of AP (312.4%), further
demonstrating its superior wettability with the electrolyte
(Figure 2k). The electrical conductivities of CNT, impregnated
once and twice, are 818.7 and 1612 S m−1, respectively, enabling
efficient charge transport (Figure 2l).

The improved electrolyte wettability and electrical con-
ductivity in the cathodes are crucial for efficient ion-to-electron
conduction and high sulfur utilization under low E/S ratio
conditions. At high sulfur loadings, the Li−S reaction kinetics
become extremely slow, as the ion and electron transport
distances increase proportionally with sulfur loading. Moreover,
under lean electrolyte conditions, concentrated LiPSs can
significantly reduce the ionic conductivity, further hindering
the reaction kinetics. These factors significantly affect the overall
cell energy density and sulfur utilization.

Evaluation of Sulfur Conversion Kinetics and LiPS
Behavior in the Cathodes. We evaluated the electrochemical
kinetics in the high-loading cathodes using cyclic voltammetry
(CV), galvanostatic intermittent titration technique (GITT),
and electrochemical impedance spectroscopy (EIS) measure-
ments. Figure 3a shows the CV test results of the Li−S cells at a
scan rate of 0.05 mV s−1. Two reduction peaks at 2.29 and 1.96 V
are attributed to the two-step reduction from sulfur to long-
chain LiPSs and then to the final product, lithium sulfide (Li2S).
The smaller polarization and larger peak current of the CNT/S/
APAF cathodes compared to conventional cathodes indicate

Figure 3. Electrochemical kinetics characterizations. (a) CV curves of CNT/S/APAF and conventional cathodes at 0.1 mV s−1. (b) Tafel plots were
calculated from reduction peak A in panel (a). (c) Koutecky−Levich (K-L) plots of CNT/S/APAF cathodes and conventional cathodes. The GITT
plots of (d) CNT/S/APAF cathodes (S: 9.40 mg cm−2) and (e) conventional cathodes (S: 4.00 mg cm−2) at a current density of 0.05 C. (f) Calculated
reaction resistances of CNT/S/APAF cathodes and conventional cathodes concerning normalized discharge−charge time. (g) Schematic illustration
of the H cell for evaluating LiPS shuttling. (h) Galvanostatic discharge profiles at 0.18 mA cm−2 for CNT/S/APAF cathodes (S: 3.00 mg cm−2) and
digital photos of H cells. (i) Galvanostatic discharge profiles at 0.18 mA cm−2 for conventional cathodes (S: 3.00 mg cm−2) and digital photos of H cells.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.5c07454
J. Am. Chem. Soc. 2025, 147, 30042−30049

30045

https://pubs.acs.org/doi/suppl/10.1021/jacs.5c07454/suppl_file/ja5c07454_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c07454/suppl_file/ja5c07454_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c07454/suppl_file/ja5c07454_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c07454/suppl_file/ja5c07454_si_002.mp4
https://pubs.acs.org/doi/10.1021/jacs.5c07454?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c07454?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c07454?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c07454?fig=fig3&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.5c07454?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


accelerated redox kinetics. The absence of the reduction peak in
conventional cathodes is associated with Li2S formation, which
further shows their sluggish redox kinetics. The corresponding
Tafel plots of the reduction (peak A) and oxidation (peak B)
peaks were calculated (Figure 3b and Figure S11). The low Tafel
slopes of CNT/S/APAF cathodes verify their bidirectional
catalytic activity, enabling rapid Li−S conversion. The lithium-
ion (Li+) diffusion coefficient (DLi) was evaluated by CV curves
at different scan rates based on the Randles−Ševcǐḱ equation.23

The DLi is related to the slope between the peak current and the
square root of the sweeping rate (v0.5). It can be observed that
the slope for CNT/S/APAF cathodes is higher, which benefits
the sulfur reaction kinetics (Figure 3c and Figure S12).

Improved electrochemical kinetics were also determined by
the galvanostatic intermittent titration technique (GITT) and
electrochemical impedance spectroscopy measurements. As
shown in Figure 3d,e, the CNT/S/APAF cathodes show lower
polarization compared to conventional cathodes. The internal
resistance, used to quantify the polarization,24 reveals that
CNT/S/APAF cathodes exhibit significantly lower internal
resistance during the entire discharge process (Figure 3f). The
lower charge transfer resistance (Rct) of the CNT/S/APAF
cathodes indicates superior charge transfer kinetics (Figure
S13). These results demonstrate that CNT/S/APAF cathodes
significantly enhance the electrochemical conversion of sulfur.

The Li−S H cell setup25 was further employed to study LiPS
shuttling in the Li−S cells using designed cathodes and the

Figure 4. Electrochemical performance of CNT/S/APAF cathodes. (a) Galvanostatic discharge/charge profiles of the CNT/S/APAF, S-CNT, and
conventional cathodes at 0.05 C. (b) Long-cycling performance of CNT/S/APAF cathodes under different sulfur loadings at 0.1 C. (c) Cycling
performance of CNT/S/APAF cathodes with a high sulfur loading of 10.10 mg cm−2 at 0.1 C. (d) Rate performance of CNT/S/APAF cathodes. (e)
Comparison of the recently reported electrochemical performances of a Li−S coin cell. (f) Cross-sectional SEM image of CNT/S/APAF cathodes
after 10 cycles at 0.1 C. (g) Galvanostatic discharge/charge profiles at 0.05 C of CNT/S/APAF cathodes (inset: a photograph of the as-fabricated
CNT/S/APAF cathode-based Li−S pouch cell). (h) Comparison of the recently reported electrochemical performances of Li−S pouch cells.
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conventional cathodes (Figure 3g). After discharge, the CNT/
S/APAF cathodes exhibited minimal LiPS shuttling, as
evidenced by the negligible color change in the electrolyte
(Figure 3h). In contrast, conventional cathodes induced
significant LiPS shuttling, resulting in a visible color change
(Figure 3i). While a slight color change was observed for the
CNT/S/APAF cathodes, this likely originates from surface-
localized solvation of polysulfides, which is known to facilitate
sulfur redox kinetics and improve reaction reversibility rather
than bulk dissolution. Such surface-confined solvation phenom-
ena have been previously reported to benefit electrochemical
performance.26 To further quantify the extent of polysulfide
diffusion, ultraviolet−visible (UV−vis) absorption spectroscopy
was employed to determine the concentrations of LiPSs in the
electrolyte from different cathodes after discharge. A standard
calibration curve for Li2S6 at 290 nm was established (Figure
S14a,b). Based on this calibration, the electrolyte from the
CNT/S/APAF cathodes showed a Li2S6 concentration approx-
imately 12.6 times lower than that of the conventional cathode
(Figure S14c,d), confirming the strong polysulfide confinement
capability of the CNT/S/APAF framework. This suppression is
further supported by the lower polarization observed on the
second discharge plateau compared with conventional cathodes.
In addition, direct adsorption experiments using Li2S6 solution
demonstrated that APAF exhibits a significantly enhanced
polysulfide adsorption capacity27 (3.8 times higher than that of
untreated aramid fibers) due to the introduction of functional
groups via plasma treatment (Figure S15a,b). These results
collectively demonstrate the strong polysulfide anchoring ability
of the CNT/S/APAF structure. To further verify the chemical
interactions between LiPSs and APAF, XPS analysis was
performed on APAF after Li2S6 adsorption. As shown in Figure
S16, the S 2p spectrum was deconvoluted into peaks
corresponding to sulfide (162.2 eV), S−S/S−C (163.7 and
164.9 eV), S−O (164.7 and 165.9 eV), and sulfate species,
indicating the formation of chemical bonds between LiPSs and
the APAF surface. Furthermore, density functional theory
(DFT) calculations were carried out to compare the interaction
strength of Li2S6 with those of AF and APAF. As shown in Figure
S17, the calculated binding energy of Li2S6 on APAF is
significantly higher than that on AF, confirming the enhanced
chemical affinity of the functionalized surface. Collectively, these
results demonstrate that the plasma-induced surface function-
alization of aramid fibers significantly improves their ability to
chemically anchor LiPSs, thereby effectively mitigating the
shuttle effect.

Li−S Cell Performance. We paired the designed cathodes
with ether-based electrolytes (DOL/DME with LiTFSI and
LiNO3) and lithium metal anodes to formulate high-perform-
ance Li−S cells. A low E/S ratio of 5 μL mg−1 was utilized to
enhance energy density while minimizing electrolyte con-
sumption. The galvanostatic charge−discharge process was
employed to evaluate the cell performance. As shown in Figure
4a, the CNT/S/APAF cathodes show two well-defined
discharge plateaus at approximately 2.4 and 2.1 V, correspond-
ing to the reduction of S to high-order LiPSs and further
conversion to the final product Li2S, respectively.28 The higher
initial discharge specific capacity of 1437.6 mAh g−1 and areal
capacity of 11.3 mAh cm−2 with an S loading of 7.83 mg cm−2

indicate enhanced S utilization and efficient reaction kinetics
facilitated by the CNT/S/APAF cathodes. In contrast, cathodes
fabricated using the conventional blade-coating method with a
slurry (denoted as conventional cathodes) exhibit a significantly

lower discharge specific capacity of 277.4 mAh g−1, accom-
panied by pronounced polarization on the second discharge
plateau. To provide a more appropriate baseline for comparison,
a sulfur−carbon nanotube (S-CNT) cathode was prepared (see
preparation details in the Supporting Information), and its
electrochemical performance was evaluated under comparable
conditions. The S-CNT cathodes delivered a significantly lower
specific discharge capacity of 776.6 mAh g−1 at a sulfur loading of
4.51 mg cm−2 (Figure 4a), highlighting the enhanced sulfur
utilization and polysulfide confinement capability of the
designed CNT/S/APAF architecture. Additionally, the long-
cycle performance of CNT/S/APAF cathodes was evaluated.
The discharge capacities of 6.51, 6.38, and 2.82 mAh cm−2 are
maintained after 100 cycles with average CEs of 98.99, 99.24,
and 99.72% at S loadings of 7.83, 6.56, and 2.81 mg cm−2,
respectively, whereas the S-CNT cathodes exhibited a
significantly lower areal capacity of only 1.93 mAh cm−2 after
100 cycles (Figure S18). A discharge areal capacity of 9.17 mAh
cm−2 was retained after 44 cycles at a high sulfur loading of 10.10
mg cm−2 (Figure 4c). The excellent cycling stability is attributed
to the well-designed encapsulation structure and the flexibility of
CNT and AF. The rate performance of CNT/S/APAF cathodes
was evaluated from 0.1 to 0.5 C at a sulfur loading of 9.40 mg
cm−2. The discharge capacities are 1219.4, 1039.2, 973.8, 871.2,
and 691.2 mAh g−1, and areal capacities are 11.46, 9.77, 9.15,
8.19, and 6.50 mAh cm−2 at current densities of 0.1, 0.2, 0.3, 0.4,
and 0.5 C, respectively, and recovers to 1126.5 mAh g−1 (10.60
mAh cm−2) when returning to 0.1 C (Figure 4d), indicating
excellent rate reversibility. To further evaluate the rate capability
under a broader range of operating conditions, the CNT/S/
APAF cathodes were tested at current densities ranging from 0.1
to 2.5 C with a sulfur loading of 5.50 mg cm−2. As shown in
Figure S19, the cathodes deliver discharge capacities of 1625.7,
1280.1, 1027.8, 608.9, 524.5, and 465.8 mAh g−1 at 0.1, 0.5, 1.0,
1.5, 2, and 2.5 C, respectively. When the current density was
returned to 0.5 C, the discharge capacity recovered to 1126.5
mAh g−1, further confirming the good rate performance and
structural integrity of the CNT/S/APAF cathodes. Moreover, a
high energy density of 468.6 Wh kg−1 (based on the weight of
the cathode including the current collector, electrolyte,
separator, and Li; Table S2) was achieved at a sulfur loading
of 9.40 mg cm−2, surpassing most reported works (Figure 4e and
Table S3).16,29−35 Cross-sectional SEM images (Figure 4f)
reveal that CNT/S/APAF cathodes effectively accommodate
large volume changes while maintaining a consistent electrode
thickness. In contrast, conventional cathodes experience
substantial volume changes during cycling (Figure S20).

We fabricated a pouch cell using a single-piece CNT/S/APAF
cathode (3.5 × 3.5 cm) with a sulfur loading of 6.74 mg cm−2.
The as-prepared pouch cell was activated at a current density of
0.05 C and cycled at a current density of 0.1 C with an E/S ratio
of 3 μL mg−1. It delivers an initial discharge specific capacity of
1658.7 mAh g−1 with a capacity loss per cycle of 0.57% and high
CE of 99.03% for 19 cycles (Figure 4g and Figure S21). The Li−
S pouch cell delivers 436.9 Wh kg−1 cell-level energy density
(based on the weight of the cathode including the current
collector, electrolyte, separator, and Li), demonstrating the
practical value of the CNT/S/APAF cathode (Table S4).
Compared with previously reported results from other Li−S
pouch cells based on cell configuration optimization, our
designed CNT/S/APAF cathodes demonstrate a remarkable
enhancement in energy density and cycle life (Figure 4h and
Table S5).7,33,36−40 We also evaluated the volumetric perform-
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ance of the CNT/S/APAF cathode by investigating its
compressibility. Owing to the mechanical resilience of the
APAF scaffold and the conformal CNT/S coating, the cathode
thickness can be reduced from ∼500 to ∼53 μm under moderate
mechanical pressure, corresponding to a compression ratio of
89.4% (Figure S22). Importantly, this compression does not
compromise the structural integrity or electrochemical perform-
ance. Upon release of the applied pressure, the thickness
recovers to ∼438 μm, confirming its reversible compressibility.
This compressible feature allows electrode densification without
performance degradation, offering a promising strategy to
enhance the volumetric energy density of practical Li−S
batteries. Furthermore, extended cycling tests were conducted
at an elevated current density of 0.6 C. At a sulfur loading of 5.10
mg cm−2, the CNT/S/APAF cathodes maintained a discharge
capacity of 591.8 mAh g−1 after 130 cycles (Figure S23),
demonstrating good electrochemical cycling stability.

These findings demonstrate that the synergistic effect of the
CNT network, the active functional groups in APAF, and the
unique encapsulation structure effectively promote efficient
electron transport, improve electrolyte wettability, inhibit LiPS
shuttling, and mitigate volume expansion, thereby enhancing
energy density and cycling stability.

■ CONCLUSIONS
In summary, we successfully fabricated a free-standing, flexible
sulfur cathode by integrating a regulated electronic and ionic
conductive framework into a CNT network, where the
framework was constructed by CNT and sulfur onto air
plasma-treated aramid fibers in a layer-by-layer fashion. This
innovative structure effectively enhances electron transport,
improves electrolyte wettability, suppresses polysulfide diffu-
sion, and mitigates volume expansion, addressing key challenges
in high energy density Li−S batteries. As a result, these cathodes
demonstrate exceptional electrochemical performance and
remarkable cycling stability even under lean electrolyte
conditions. Furthermore, their compatibility with scalable,
continuous production offers a practical pathway for advancing
Li−S battery technology, enabling next-generation energy
storage systems with high energy density and long-term
reliability.
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