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Abstract
Lithium–sulfur (Li–S) batteries are attractive for lightweight structural energy-storage systems because of their high theo-
retical energy density, but their integration into non-planar components is hindered by sulfur-cathode cracking, interfacial 
delamination, and contact loss under retained curvature and external loading. Here, we report a monolithically integrated 
NiCo₂Se₄ nanowire/carbon-cloth cathode scaffold (NCSe@CC) for curvature-retained Li–S pouch-cell integration. Direct 
growth and selenization of Ni–Co precursor nanowires on woven carbon cloth produce a binder-free, interconnected 
polar host that combines polysulfide-affinitive NiCo₂Se₄ surfaces with continuous electron-transport pathways along the 
carbon-fiber network. Compared with sulfur-loaded carbon cloth and precursor-coated carbon cloth, S/NCSe@CC exhibits 
enhanced polysulfide adsorption, reduced charge-transfer resistance, accelerated sulfur-redox kinetics, and improved elec-
trochemical performance, delivering 1,544 mAh g− 1 at 0.1 C with a polarization of 0.13 V. The cathode scaffold retains 
nanowire–fiber integration after 1,000 curvature-conditioning cycles at a radius of 2.5  mm, and pouch cells assembled 
with conditioned electrodes show discharge behavior comparable to pristine cells. Under cylindrical curvature, the pouch 
cell retains 94.0% of its flat-state capacity. Integration into cylindrical, oval, square, and drone-leg geometries further 
verifies electrical operability after geometric insertion and fixation. This work presents a materials-to-architecture strategy 
for interface-stable Li–S cathode scaffolds in non-planar structural energy-storage components.

Keywords  Nickel cobalt selenide nanowires · Lithium-sulfur batteries · Carbon cloth · Curvature-retained cathode · Li-
S structural battery integration
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Monolithically integrated NiCo2Se4 nanowire–carbon cloth cathode 
scaffolds for non-planar lithium-sulfur structural-battery integration
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Manmatha Mahato1,4 · Hyun You Kim2 · Leif E. Asp5 · Il-Kwon Oh1,3

1  Introduction

Lightweight autonomous systems, such as drones and 
robotic platforms, demand efficient utilization of both mass 
and volume, yet structural components and electrochemi-
cal energy-storage units are typically designed as separate 
entities, leading to increased packaging overhead and unde-
rutilized device space. To address this limitation, structural 
battery concepts have emerged to integrate mechanical and 
electrochemical functions within a single system, either by 
enabling load-bearing components to store energy [1–5] or 
by embedding electrochemical elements into mechanically 
functional geometries [6–10]. For non-planar structural 
forms, such as curved or hollow components, the challenge 
is not only geometric accommodation but also the retention 
of electrochemical function under retained curvature and 
external loading [2, 11]. These conditions impose additional 
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design requirements beyond those required for conventional 
planar and freely deformable battery designs.

Previous studies on flexible and stretchable batteries 
have shown that integrating mechanical functionality with 
energy storage requires electrode architectures tailored to 
the specific mode of deformation [12–16]. Structural batter-
ies similarly require architecture-specific integration strate-
gies depending on the prescribed geometry and mechanical 
loading condition [11, 17, 18]. For non-planar structural 
forms, geometric conformity alone is therefore insufficient. 
The electrode architecture must not only maintain interfacial 
contact and conductive continuity under retained curvature, 
but also possess sufficient mechanical stiffness and strength 
to resist fracture, delamination, and contact loss when exter-
nal mechanical loads are transmitted through the surround-
ing structural component. To date, such curvature-retained 
and externally loaded conditions remain largely unexplored, 
particularly for Li-S cathodes.

Lithium–sulfur (Li–S) chemistry is attractive for high 
energy density structural battery architectures because 
sulfur-based conversion reactions offer high theoretical 
specific capacity and Li-S cells provide high theoretical 
energy density [19–21]. This chemistry is particularly 
appealing for lightweight platforms such as drones, where 
extended operation time must be achieved under strict 
weight constraints [22]. For weight sensitive aerial plat-
forms, gravimetric energy density is particularly important 
because the mass of the energy storage system directly 
affects payload capability and flight endurance [23, 24]. 
The high specific energy potential of Li-S chemistry there-
fore makes it a relevant candidate for such applications, 
although practical implementation additionally requires 
high sulfur loading, lean electrolyte operation, sufficient 
rate capability, and long-term cycling stability. However, 
the practical realization of Li–S batteries remains chal-
lenging due to the intrinsically low electronic conductivity 
of sulfur and Li2S, the dissolution and shuttling of lithium 
polysulfides (LiPS), and sluggish sulfur redox kinetics 
[21, 25]. Consequently, the electrochemical performance 
of Li–S cathodes is highly dependent on host architecture. 
An effective sulfur host must provide continuous elec-
tronic pathways, accommodate sulfur and its conversion 
products, and regulate LiPS intermediates, while preserv-
ing electrochemical continuity under non-planar, geome-
try-constrained conditions [20, 21, 25].

Flexible carbon architectures based on CNTs, graphene, 
and related nanocarbons provide attractive platforms for 
mechanically compliant and non-planar batteries, although 
their material costs and electrode configurations vary 
widely (Tables S1 and S2). However, geometric flexibility 
alone does not provide the load-bearing capability or load-
transfer pathway required for multifunctional structural 

composites. Carbon fibers are particularly relevant in this 
context because they are established reinforcing constituents 
in structural composites and can simultaneously provide 
continuous electronic pathways as electrode frameworks 
[26, 27]. Accordingly, woven carbon cloth was selected 
not simply as a flexible current collector, but as a carbon-
fiber framework with a direct pathway toward future struc-
tural composite integration. The direct growth of NiCo2Se4 
nanowires provides LiPS interaction and sulfur-redox func-
tionality without introducing an additional binder-mediated 
host/current-collector layer. Thus, the principal advantage 
of NCSe@CC lies in combining Li–S host functionality 
with a carbon-fiber-based architecture suitable for future 
multifunctional structural-battery integration. Carbon-based 
fibrous materials, such as carbon fibers and woven carbon 
cloths, are attractive scaffolds for structural and multifunc-
tional electrodes due to their low density, high electrical 
conductivity, and mechanical robustness [27–32]. However, 
pristine carbon substrates exhibit limited electrochemical 
activity as cathode materials and thus require incorporation 
of an active host phase to achieve effective energy-storage 
functionality [32–35]. In this context, strategies that enable 
direct growth of the active phase on the carbon fiber frame-
work are particularly advantageous, as they ensure inti-
mate interfacial contact and continuous electron pathways 
throughout the three-dimensional architecture, while main-
taining structural integrity under mechanical deformation.

For this purpose, polar and conductive transition-metal 
chalcogenides have been widely explored as sulfur-host 
materials because they can promote LiPS adsorption and sul-
fur conversion [36–43]. Among them, bimetallic selenides 
are of particular interest because they combine relatively 
high electronic conductivity with chemically active polar 
surfaces [39, 44–47]. However, catalytic activity alone is 
not sufficient for hollow or curved configurations if the host 
phase is only physically deposited on the current collector. 
Under geometric adaptation, such deposited layers cannot 
preserve continuous host-substrate contact. A nanowire 
array directly grown on a conductive fibrous scaffold is thus 
more attractive in this regard because it can provide both 
interfacial activity and structural continuity. In particular, 
a Ni–Co selenide host is relevant because the conductive 
selenide framework and bimetallic surface sites can support 
both LiPS interaction and redox conversion [48].

Here, we report a Li-S cathode scaffold for non-planar 
structural battery integration based on NiCo2Se4 nanow-
ires directly grown on the surface of woven carbon cloth 
(NCSe@CC). In this design, the carbon cloth functions as 
a continuous conductive scaffold, while the integrated NiC-
o2Se4 nanowire network provides polar, electrochemically 
active interfaces that promote LiPS interaction and acceler-
ate sulfur redox conversion. A precursor-coated carbon cloth 
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(NCPre@CC) is prepared separately as an intermediate ref-
erence to decouple the effects of precursor-derived morphol-
ogy from those of the selenized nanowire phase. The key 
advance of this work lies not in developing a new sulfur-
host material, but in establishing an electrode architecture 
that retains electrical output under mechanically constrained 
non-planar integration. To this end, we systematically evalu-
ate the structural characteristics, LiPS interaction, and planar 
electrochemical performance of NCSe@CC in comparison 
with bare carbon cloth (CC) and NCPre@CC, and further 
assess its stability under repeated curvature conditioning and 
integration into cylindrical and non-cylindrical hollow con-
figurations, including a drone-leg component.

2  Results and discussion

2.1  Design and structural characterization of 
NCSe@CC cathode scaffolds

The overall design concept of the NCSe@CC cathode scaf-
fold is illustrated in Fig. 1 and Figure S1. As illustrated in 
Fig. 1a, this cathode-level design targets non-planar struc-
tural components relevant to lightweight autonomous sys-
tems. For non-planar structural-battery integration, the 
cathode must not only accommodate sulfur species and sup-
port sulfur-redox reactions, but also preserve host–collector 
coupling and electron-transport continuity under retained 

Fig. 1  Cathode scaffold design for non-planar Li–S structural bat-
tery architectures. a Application context for cathode-level design in 
non-planar structural components. b Fabrication route of NCSe@CC 

through Ni–Co precursor growth on carbon cloth followed by seleni-
zation. c Functional design of sulfur-loaded NCSe@CC scaffold (S/
NCSe@CC) under constrained curvature and external loading
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curvature and external loading. Compared with particle/
binder-based sulfur cathodes, which can suffer from contact 
loss within the active layer under curvature, and conformal 
sulfur coatings on carbon fabrics, which provide geomet-
ric conformity but limited redox-active host interfaces, the 
directly integrated S/NCSe@CC architecture is designed to 
combine redox-active interfaces with retained host–collec-
tor coupling under constrained curvature (Fig.  1c; Figure 
S1). In this architecture, woven carbon cloth serves as the 
conductive fibrous framework, while the directly grown 
NiCo2Se4 nanowire layer provides a polar and electrochem-
ically active sulfur-host surface.

The NCSe@CC scaffold was prepared through a two-
step growth and selenization process (Fig.  1b). A Ni–Co 
precursor nanowire layer was first grown on the surface of 
carbon cloth to form NCPre@CC, followed by seleniza-
tion to produce the NiCo2Se4 nanowire-integrated carbon 
cloth scaffold. This direct-growth strategy is intended to 
avoid weakly attached active layers and to establish inti-
mate contact between the redox-active host phase and the 
conductive carbon-fiber framework. The morphology of the 
prepared hosts was first examined to verify direct forma-
tion of a nanowire-integrated scaffold on the carbon-cloth 
framework.

Bare carbon cloth consists of smooth woven fibers 
(Fig. 2a), whereas NCPre@CC shows dense nanowire cov-
erage along the carbon fibers (Fig. 2b). After selenization, 
the nanowire morphology is retained on the woven carbon 
cloth, forming a continuous three-dimensional fibrous/
nanowire architecture (Fig. 2c, d). Such a three-dimensional 
nanowire architecture can provide a host framework with 
exposed reaction interfaces.

The structural conversion of the precursor into the sel-
enide phase was then examined by X-ray diffraction. 
After selenization, the X-ray diffraction (XRD) pattern of 
NCSe@CC is consistent with the standard diffraction peaks 
of NiCo2Se4 (PDF No. 01-081-4822, indexed as NiCo2Se4), 
whereas bare carbon cloth shows no corresponding selenide 
phases (Figures S2 and S3). The nanowire structure of NiC-
o2Se4 was further confirmed by TEM analysis (Fig.  2e). 
In the HRTEM analysis, a lattice spacing of 0.535  nm is 
observed, which confirms the characteristic (001) plane 
of NiCo2Se4 (Fig.  2f). The formation of Ni-Co selenide 
phase was further ascertained by the scanning transmission 
electron microscopy energy dispersive x-ray spectroscopy 
(STEM-EDS), which shows that Ni, Co, and Se elements 
were distributed uniformly throughout the nanowire struc-
ture (Fig. 2g–i). These observations confirm direct forma-
tion of a selenized nanowire scaffold on the carbon-cloth 
framework. This architecture integrates the active host 
phase directly with the fibrous current collector, which is 

advantageous for maintaining structural continuity during 
adaptation to hollow curved configurations.

2.2  LiPS interaction and sulfur-redox behavior of 
the nanowire host

Cyclic voltammetry was first used to examine whether 
the nanowire-coated host alters sulfur-redox kinetics and 
LiPS interaction. S/NCPre@CC and S/NCSe@CC exhibit 
more clearly resolved Li–S conversion peaks than sulfur 
loaded carbon cloth (S/CC), with the most distinct behav-
ior observed for S/NCSe@CC (Fig. 3a), where R1 and R2 
correspond to the stepwise reduction from sulfur to soluble 
polysulfides and then to Li2S2/Li2S, and O1 corresponds 
to the reverse oxidation process [21, 25]. In addition, S/
NCSe@CC shows the smallest peak separation, consistent 
with reduced polarization [49].

The scan-rate-dependent CV response was then exam-
ined to determine whether this difference is accompanied by 
faster sulfur-redox kinetics. The CV curves of S/NCSe@CC 
collected at different scan rates show a systematic increase 
in peak current while retaining the overall redox profile 
(Fig. 3b). The scan-rate-dependent CV curves of S/CC and 
S/NCPre@CC (Figure S4), together with the impedance 
response of S/NCPre@CC and S/NCSe@CC (Figure S5), 
support the same trend. The Nyquist plots show a smaller 
semicircle for S/NCSe@CC than for S/NCPre@CC elec-
trode, consistent with reduced interfacial resistance and 
more favorable sulfur-redox kinetics (Figure S5). To fur-
ther examine the influence of the electrode architecture, a 
conventional particulate NiCo2Se4 control (S/NCSeP) was 
prepared by coating NiCo2Se4 powder/PVDF onto Al foil, 
followed by the same sulfur-loading procedure used for S/
NCSe@CC. The S/NCSeP electrode exhibited a characteris-
tic impedance of approximately 10 kΩ before the scan-rate-
dependent CV measurement (Figure S6). By comparison, 
S/NCSe@CC exhibited a substantially lower characteristic 
resistance of approximately 72 Ω under the electrochemical 
impedance spectroscopy (EIS) condition shown in Figure 
S5. The difference was also evident in the scan-rate-depen-
dent CV response. S/NCSeP showed poorly resolved sulfur 
oxidation and reduction features (Figure S7), whereas the 
directly grown S/NCSe@CC architecture retained distinct 
sulfur-redox peaks over the investigated scan-rate range 
(Fig. 3b). These results indicate that the directly integrated 
NiCo2Se4 nanowire architecture provides more favorable 
interfacial charge transport and sulfur-redox behavior than 
the conventional powder-coated NiCo2Se4 electrode config-
uration. For quantitative comparison, the O1 peak current 
was plotted against the square root of scan rate (Fig. 3c). 
According to the Randles–Sevcik relationship, the slope 
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is proportional to the diffusion-related electrochemical 
response under the tested conditions [50, 51]. From the 
linear fitting, S/NCSe@CC shows the highest apparent Li⁺ 
diffusion coefficient of 7.26 × 10− 8 cm2 s− 1, compared with 
6.97 × 10− 8 cm2 s− 1 for S/NCPre@CC and 1.38 × 10− 8 cm2 
s− 1 for S/CC (Figure S8).

To examine whether this electrochemical behavior is 
accompanied by different polysulfide interaction, Li2S6 
adsorption and post-exposure X-Ray photoelectron spec-
troscopy (XPS) measurements were further carried out 
(Fig.  3d–f). The Li2S6 solution treated with NCSe@CC 
shows the largest decrease in absorbance among the tested 

hosts. (Fig. 3d). Quantitative comparison at the characteris-
tic S6

2− absorption around 340 nm [52, 53] showed relative 
absorbance decreases of 26.4%, 33.6%, and 37.6% for CC, 
NCPre@CC, and NCSe@CC, respectively, further sup-
porting the enhanced LiPS uptake of NCSe@CC. The XPS 
spectra after Li2S6 exposure show binding-energy shifts of 
0.25–1.85 eV for the Ni and 0.20–2.15 eV for the Co species 
in NCSe@CC, supporting interfacial interaction between 
polysulfide species and the NiCo2Se4 surface (Fig.  3e, f). 
These results indicate that the nanowire-coated host pro-
vides stronger chemical affinity for LiPS species, helping 
to immobilize polysulfides during charge and discharge. 

Fig. 2  Morphological characterization of the NiCo2Se4nanowire-
coated carbon cloth (NCSe@CC). a–c SEM images of bare CC, 
NCPre@CC, and NCSe@CC. d High-magnification SEM image of 

NCSe nanowires grown on carbon cloth fibers. e TEM image and (f) 
HRTEM images of an individual NiCo2Se4 nanowire. g–i STEM–EDS 
elemental mapping of the Ni, Co, and Se in the NCSe nanowire
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These observations show that the NiCo2Se4 nanowire host 
provides stronger LiPS interaction and more facile sulfur-
redox behavior than the control hosts. The electrochemical 
consequences of these host-property differences were fur-
ther evaluated in coin cell configurations (Fig. 4a–e).

2.3  Electrochemical performance of the self-
supported cathode architecture

The electrochemical performance of the sulfur-loaded elec-
trodes was next examined to determine whether NCSe@CC 
functions as an effective sulfur host before evaluating its 
behavior under curved and hollow configurations. Unless 
otherwise noted, all specific capacities reported below are 
based on the active sulfur mass in the cathode. The galva-
nostatic charge-discharge profiles of S/CC, S/NCPre@CC, 
and S/NCSe@CC are compared (Fig. 4a). Among the three 
electrodes, S/NCSe@CC exhibits the highest reversible 

capacity and the smallest polarization gap. At 0.1  C, S/
NCSe@CC delivers 1544 mAh g− 1, while the polariza-
tion gap is reduced to 0.13 V, compared with 0.28 V for S/
NCPre@CC. These trends are consistent with the CV and 
LiPS-interaction results described above.

Across the tested current densities, S/NCSe@CC main-
tains higher capacities than S/CC and S/NCPre@CC, 
indicating improved rate capability in the present system 
(Fig. 4b). This behavior is consistent with a host architec-
ture in which the conductive carbon-cloth backbone and 
the redox-active nanowire surface jointly support electron 
transport and sulfur conversion. Cycling performance was 
then compared among S/CC, S/NCPre@CC, and S/NCSe@
CC, and the longer-term cycling behavior of S/NCSe@CC 
was further examined (Fig.  4c, d). S/NCSe@CC retains 
about 735 mAh g− 1 after 50 cycles at 0.5  C, whereas S/
NCPre@CC and S/CC show substantially lower capacities 
under the same conditions. In the longer-term measurement, 

Fig. 3  Sulfur-host interaction and 
redox kinetics of the S/NCSe@
CC scaffold. a CV curves of 
S/CC, S/NCPre@CC, and S/
NCSe@CC electrodes, where 
O1, R1, and R2 denote the 
characteristic anodic and cathodic 
peaks of Li–S conversion. b 
Scan-rate-dependent CV curves 
of the S/NCSe@CC electrode. c 
Corresponding O1 peak current 
plotted as a function of the square 
root of scan rate for S/CC, S/
NCPre@CC, and S/NCSe@CC. 
d UV–vis absorption spectra of 
Li2S6 solutions after adsorption 
tests with different host materials. 
e, f Ni 2p and Co 2p XPS spectra 
of NCSe@CC before and after 
Li2S6 exposure
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S/NCSe@CC also maintains stable cycling behavior over 
250 cycles. NCSe@CC therefore provides more effective 
sulfur hosting than bare CC and NCPre@CC in the present 
system.

To support the experimental observations, density func-
tional theory (DFT) calculations were carried out for LiPS 
adsorption on graphene and NiCo2Se4(001) surface (Fig. 4e; 
Figures S9 and S10). The (001) surface was selected as a 

Fig. 4  Electrochemical performance comparison of S/CC, S/NCPre@
CC, and S/NCSe@CC cathodes, with DFT analysis of LiPS binding. a 
Galvanostatic charge–discharge curves of the three electrodes, show-
ing reduced polarization for S/NCSe@CC. b Rate capability at various 

current densities. c Cycling performance comparison between S/CC, 
S/NCPre@CC, and S/NCSe@CC. d Long-term cycling stability of the 
S/NCSe@CC cathode. e DFT calculated binding strengths, defined as 
-EB, of LiPS on graphene (blue) and (001) surface of NiCo2Se4 (black)
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representative surface based on the ~ 0.535 nm lattice fringe 
observed by HRTEM, consistent with the NiCo2Se4(001) 
plane, as well as previous Li–S studies in which the (001) 
surface was explicitly considered for LiPS adsorption 
together with the (110) surface [48]. The optimized adsorp-
tion structures show that LiPS species remain only weakly 
perturbed on graphene, whereas on NiCo2Se4(001) they 
undergo more distinct structural reorientation, with Li atoms 
approaching electronegative Se sites and S atoms interact-
ing more closely with Co/Ni centers, indicating stronger 
chemical affinity with the selenide surface (Figure S9). Con-
sistent with this, the calculated binding strengths -EB are 
substantially higher on NiCo2Se4 (6.54–9.04  eV) than on 
graphene (0.48–1.34 eV), demonstrating stronger anchoring 
and stabilization of LiPS intermediates on the selenide host 
(Fig. 4e). In addition, the calculated free-energy profile for 
sulfur reduction shows a more favorable stepwise conver-
sion pathway on NiCo2Se4 than on graphene (Figure S10). 
In particular, the thermodynamic penalty for the Li2S4 → 
Li2S2 conversion decreases from 1.05  eV on graphene to 
0.61 eV on NiCo2Se4, indicating that the conversion toward 
lower-order sulfur species is more thermodynamically 
accessible on the selenide surface. These computational 
results are consistent with the experimentally observed trend 
of stronger LiPS interaction and more facile sulfur-redox 
behavior on the selenide-coated host. The results establish 
NCSe@CC as a cathode architecture in which the nanowire 
host phase is structurally integrated with the carbon-cloth 
framework while remaining electrochemically functional 
for sulfur conversion. This validation is important not as an 
end point by itself, but as the basis for testing whether the 
same architecture can preserve that function during cavity-
constrained curved integration.

2.4  Curvature-conditioned cathode integrity and 
curved pouch-cell operation

After confirming the electrochemical advantages of S/
NCSe@CC in coin cells, we next examined whether the 
cathode scaffold could retain its structural and electrical 
operability after repeated curvature conditioning. The S/
NCSe@CC electrode was subjected to 1,000 repeated cur-
vature cycles at a bending radius of 2.5 mm (Fig. 5a; Video 
S1). The different curvature radii used throughout the elec-
trode, pouch cell, and mechanical loading experiments were 
selected to represent the range of local geometries expected 
in non-planar structural components (Table S4). This test 
was designed to evaluate whether the directly integrated 
nanowire scaffold could preserve host–collector coupling 
under repeated curvature, rather than simply demonstrate 
free-standing flexibility.

After curvature conditioning, the electrode morphology 
was examined at the top, middle, and edge regions of the 
deformed electrode. SEM images show that the nanowire-
integrated surface morphology is largely retained across 
these regions, without severe active-layer detachment or 
catastrophic cracking (Fig.  5b–d). To further quantify the 
electrical stability during repeated curvature deformation, 
the two terminal in-plane resistance of NCSe@CC was 
measured at 100 cycle intervals. The resistance remained 
within approximately 3.1–5.4 Ω over 1000 cycles (Figure 
S11). The absence of a progressive resistance increase indi-
cates no systematic deterioration of the macroscopic elec-
trical conduction pathway. Together with the post-cycling 
SEM observations, these results support retained nanowire 
fiber integration after repeated curvature exposure. Consis-
tent with this structural retention, pouch cells assembled 
using the mechanically conditioned electrode show an initial 
charge-discharge profile similar to that of cells prepared with 
the pristine electrode, without severe additional polariza-
tion or immediate capacity loss (Fig. 5e). Repeated curva-
ture therefore does not cause severe structural disruption or 
immediate electrochemical failure in the NCSe@CC host.

We next examined whether the pouch-cell configuration 
remained operational after adaptation to a cylindrical curved 
geometry. Under the curved configuration, it delivered an 
average specific capacity of 1117 mAh g− 1 at 0.02 C, cor-
responding to 94.0% of the flat-state capacity of 1,188 mAh 
g− 1. At a sulfur loading of 1 mg cm-2, the flat and curved 
values correspond to areal capacities of approximately 1.19 
and 1.12 mAh cm− 2 (Fig. 5f; Table S3). These pouch-cell 
measurements were conducted under a controlled baseline 
condition (sulfur loading of ~ 1 mg cm− 2 and E/S ratio of 13 
µL mg− 1) to evaluate the effect of geometric constraint with-
out simultaneously varying practical-cell parameters. Since 
non-planar structural-battery integration involves coupled 
electrochemical and mechanical variables, including sul-
fur loading, electrolyte amount, operating rate, prescribed 
geometry, and mechanical constraint, the present study first 
establishes cathode operability under this baseline condi-
tion; higher sulfur loading, leaner electrolyte conditions, 
and higher-rate operation remain necessary for subsequent 
practical high-energy implementation. These results dem-
onstrate that the S/NCSe@CC cathode scaffold can preserve 
electrochemical function after repeated curvature condition-
ing and under cylindrical pouch-cell operation.

2.5  Voltage retention under external loading of 
cylindrical pouch assemblies

To further evaluate the relevance of the S/NCSe@CC cathode 
for non-planar structural-battery integration, we examined the 
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Fig. 5  Retention of nanowire–fiber integration and pouch-level 
electrochemical accessibility after curvature conditioning. a Curvature-
conditioning test setup using a bending radius of 2.5  mm for 1,000 
bending-release cycles. b–d SEM images collected from the top, middle, 
and edge regions of the curvature-conditioning NCSe@CC electrode. 

e Initial charge-discharge profiles of Li–S pouch cells assembled 
with pristine and curvature-conditioning S/NCSe@CC cathodes. f 
Comparison of the initial discharge capacities of pouch cells under flat 
and curved configurations
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voltage response of a cylindrical pouch-cell assembly under 
external loading. The pouch cell was placed within a cylin-
drical structural frame and supported by compliant silicone 
pads to reduce localized stress concentration during loading 
(Fig. 6a and Figure S12). Force–stroke responses measured 
with different silicone-pad configurations showed comparable 
global loading behavior, confirming that the compliant sup-
port did not substantially change the imposed external-loading 
condition (Figure S13). This configuration was designed to 
represent a cavity-constrained integration condition in which 
the cell is not freely bent, but fixed within a predefined curved 
geometry and subjected to external mechanical constraint.

A stroke-controlled loading test was then conducted 
while monitoring the cell voltage under a 44 kΩ resistor 
load (Fig. 6b, c). The force–stroke response confirmed that 
the pouch assembly experienced progressively increasing 
mechanical constraint during loading (Fig. 6b). Comparison 
with the corresponding pouch-free PLA/two-pad control in 
Figure S13 showed that the measured force at a stroke of 
15  mm increased from approximately 260 to 275  N after 
pouch-cell incorporation. This 15 N increase represents the 
pouch-associated change in the global mechanical response, 
confirming mechanical engagement of the pouch cell within 
the constrained assembly. Despite this increasing constraint 
and subsequent polylactide (PLA)-frame fracture during 
loading, the voltage remained stable without abrupt volt-
age collapse, changing only from 2.457 to 2.452  V, cor-
responding to a decrease of approximately 5 mV (Fig. 6c, 
d). The voltage retention, calculated from the average volt-
age during the 10 s hold at each loading step, was 99.96%, 
99.835%, and 99.828% at the 5, 10, and 15  mm loading 
steps, respectively (Fig.  6e and Table S5). Continuous 
electrical output under mechanical loading is essential for 
maintaining electrochemical operation. Disruption of the 
electrical pathway would lead to abrupt voltage loss. The 
nearly unchanged voltage during stepwise loading therefore 
indicates that the integrated pouch cell retained electrical 
continuity and remained electrically operable throughout 
the applied deformation. Additionally, a complementary 
qualitative demonstration using a thermoplastic polyure-
thane (TPU) cylindrical pouch-cell assembly shows con-
tinuous LED illumination without visible flickering under 
external mechanical loading (Video S2). These results indi-
cate that the S/NCSe@CC-based pouch assembly preserves 
electrical operability under external loading in a retained 
cylindrical configuration, supporting the role of the directly 
integrated nanowire–carbon cloth cathode scaffold in main-
taining host–collector coupling and electron-transport con-
tinuity under mechanically constrained curvature.

2.6  Non-cylindrical hollow-structure integration 
and drone-leg demonstration

To further demonstrate the applicability of the S/NCSe@
CC cathode beyond a simple cylindrical configuration, 
pouch cells were integrated into non-cylindrical hollow 
geometries. Figure 7a illustrates the integration concept, in 
which the S/NCSe@CC pouch cell is positioned within a 
hollow structural component while maintaining the layered 
cell configuration. Oval and square cavity geometries were 
selected as representative non-cylindrical structural forms 
to evaluate whether the pouch cell could retain electrical 
operability after geometric insertion and fixation (Fig. 7b).

The open-circuit voltage (OCV) values of the pouch cells 
were measured before and after integration into the oval and 
square cavities, while EIS measurements were additionally 
performed using the same pouch cell in the flat, oval, square, 
and drone-leg configurations. As shown in Fig. 7c and Fig-
ure S14, the OCV values remained stable after integration 
into the oval and square cavities, while the Nyquist plots 
remained closely comparable among the flat, oval, square, 
and drone-leg configurations. These results indicate that 
geometric insertion and fixation did not induce substantial 
electrical failure or additional cell impedance. This demon-
stration shows that the non-planar pouch-cell architecture 
can be inserted and fixed within predefined structural cavi-
ties, rather than remaining limited to a planar or freely bend-
able format.

Finally, component-level applicability was demonstrated 
using a drone-leg configuration, where the integrated pouch-
cell maintained LED operation after fixation (Fig.  7d-e, 
Figures S15 and S16, and Video S3). This demonstration 
verifies that the S/NCSe@CC-based pouch cell can main-
tain device-level electrical output after insertion, fixation, 
and operation within a non-planar structural component. 
These results demonstrate the feasibility of using directly 
integrated S/NCSe@CC cathode scaffolds for non-planar 
Li–S structural-battery integration in lightweight autono-
mous platforms.

Fig. 6  Electrical response of the cylindrical PLA/pouch assembly 
under external loading. a Schematic illustration of the PLA/pouch 
assembly connected to a 44 kΩ external resistor for voltage moni-
toring. b Force–stroke response of the PLA/pouch assembly during 
stepwise stroke-controlled loading with 10 s hold periods. c Voltage 
response of the pouch demonstrator during OCV, resistor-loaded, 
external-loading, and post-PLA-fracture states. d Enlarged voltage 
profile during external loading. e Voltage retention calculated from the 
mean resistor-loaded voltage during each 10 s hold period using the 
pre-loading resistor-loaded voltage as the reference
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3  Conclusion

In this work, we present a directly integrated NiCo2Se4 
nanowire-carbon cloth cathode scaffold for non-planar Li-S 
structural battery integration. While the NiCo2Se4 phase 
contributes to enhanced polysulfide regulation and accel-
erated sulfur-redox kinetics, the central advance lies in the 
architectural integration achieved through direct nanow-
ire growth, which ensures robust interfacial coupling and 
continuous electron transport within a mechanically robust 
fibrous framework. This design enables the preservation 
of electrical operability under external loading in cavity-
constrained, non-planar geometries, addressing a key limi-
tation in extending energy-storage systems beyond planar 
configurations. The directly grown scaffold maintains struc-
tural integrity and electrochemical operability after repeated 
curvature conditioning and during fixation within diverse 
hollow geometries, including cylindrical, oval, and square 
configurations. The successful integration of the pouch 
cell into a drone-leg component further demonstrates that 

the internal volume of lightweight structural elements can 
be actively utilized for distributed energy storage without 
compromising device functionality. More broadly, this work 
presents a material-to-architecture design strategy for non-
planar Li-S structural battery integration, in which active 
materials are directly integrated with conductive scaffolds 
to ensure functional stability under geometric constraints. 
This approach provides a viable pathway toward structur-
ally integrated energy storage by enabling the utilization of 
otherwise inactive structural volume in lightweight autono-
mous systems.

Supplementary Information  The online version contains supplementary 
material available at ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​0​7​/​s​4​2​1​1​4​-​0​2​6​-​0​2​0​9​3​-​y​​​​​.​​

Acknowledgements  This work was supported by the National 
Research Foundation of Korea (NRF) grant funded by the Korea 
government (MSIT) (RS-2024-00345241, 15%; RS-2023-00302525, 
15%). This work was also supported by the Nano & Material Technol-
ogy Development Program through the National Research Foundation 
of Korea (NRF), funded by the Ministry of Science and ICT (RS-2024-
00450477, 50%), and by the Korean Institute for Advancement of 

Fig. 7  Proof-of-concept 
geometry-constrained fixation 
in diverse hollow structural 
components with different geom-
etries. a Schematic illustration of 
foam-assisted conformal fixation 
of an S/NCSe@CC-based pouch 
demonstrator in a hollow struc-
tural component. b Photographs 
of oval and square hollow-com-
ponent configurations. c Nyquist 
plots of the same S/NCSe@CC 
pouch cell measured in flat, oval, 
square, and drone-leg configura-
tions. d Sequential photographs 
showing the empty cylindrical 
component, pouch insertion, 
and foam-assisted fixation. e 
Drone-leg demonstrator with an 
integrated S/NCSe@CC-based 
Li-S pouch cell

 

https://doi.org/10.1007/s42114-026-02093-y


1 3

Page 13 of 14    414 Advanced Composites and Hybrid Materials           (2026) 9:414 

Technology (KIAT) grant funded by the Korea government (MOTIE) 
(RS-2024-00435502, Human Resource Development Program for 
Industrial Innovation (Global), 10%). Z.U. acknowledges support 
from the Brain Pool Program funded by the National Research Foun-
dation of Korea (RS-2025-25437516, 10%).

Authors’ contributions  J.H. designed the overall experiment plan. 
M.G. assisted with material synthesis. M.G., R.E.A.A., C.K., and A.K. 
assisted with the demonstration experiments. M.G., M.M., R.E.A.A., 
and L.A. discussed the data and revised the manuscript. Z.U. and 
H.Y.K performed the DFT simulations. L.A supervised the research. I-
K.O. supervised the research at all stages, led all groups, and wrote the 
paper. All authors discussed the results and commented on the paper.

Funding  This work was supported by the National Research Founda-
tion of Korea (NRF) grant funded by the Korea government (MSIT) 
(RS-2024-00345241, 15%; RS-2023-00302525, 15%). This work was 
also supported by the Nano & Material Technology Development 
Program through the National Research Foundation of Korea (NRF), 
funded by the Ministry of Science and ICT (RS-2024-00450477, 
50%), and by the Korean Institute for Advancement of Technology 
(KIAT) grant funded by the Korea government (MOTIE) (RS-2024-
00435502, Human Resource Development Program for Industrial In-
novation (Global), 10%). Z.U. acknowledges support from the Brain 
Pool Program funded by the National Research Foundation of Korea 
(RS-2025-25437516, 10%).

Data availability  The data supporting the findings of this study are 
available from the corresponding author upon reasonable request.

Declarations

Competing interests  The authors declare no competing interests.

Open Access   This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and the 
source, provide a link to the Creative Commons licence, and indicate 
if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless 
indicated otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your intended 
use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this licence, visit ​h​t​t​​p​:​/​/​​c​r​e​​a​t​i​​v​e​c​o​m​m​o​n​s​.​o​
r​g​/​l​i​c​e​n​s​e​s​/​b​y​/​4​.​0​/​​​​​.​​

References

1.	 Chaudhary R, Xu J, Xia Z, Asp LE (2024) Unveiling the 
Multifunctional Carbon Fiber Structural Battery. Adv Mater 
36:2409725. https:/​/doi.or​g/10.10​02/AD​MA.202409725

2.	 Wang M, Vecchio D, Wang C et al (2020) Biomorphic structural 
batteries for robotics. Sci Robot 5:1912. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​1​2​6​/​s​
c​i​r​o​b​o​t​i​c​s​.​a​b​a​1​9​1​2​​​​​​​

3.	 Tian L, Ji X, Feng Z et al (2026) Desert beetle-inspired MWCNT-
engineered prepregs achieving coupled electrochemical and 
mechanical enhancement in structural battery composites. Adv Com-
pos Hybrid Mater. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​0​7​/​s​4​2​1​1​4​-​0​2​6​-​0​1​8​7​6​-​7​​​​​​​

4.	 Zhang Z, Shen L, Xu X et al (2024) Graphene oxide/carbon fiber 
composite structural supercapacitor with stable electrochemical 

performance under surface load bearing. Adv Compos Hybrid 
Mater 8:13. https:/​/doi.or​g/10.10​07/s4​2114-024-01085-0

5.	 Dong G, Mao Y, Wang D et al (2022) Lithium metal structural 
battery developed with vacuum bagging. J Mater Chem C 1887–
1895. https:/​/doi.or​g/10.10​39/d1​tc05601h

6.	 Haris A, Lee HP (2022) Finite element analysis and experimen-
tal investigation on the mechanical behaviours of multifunctional 
sandwich structures embedded with batteries. Adv Compo Mater 
31:86–101. https:/​/doi.or​g/10.10​80/09​243046.2021.1917052

7.	 Zhou H, Zhang R, Peng Y et al (2026) Failure behavior of hon-
eycomb sandwich structural batteries under three-point bending. 
Compo Struct 383:120117. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​1​6​/​j​.​c​o​m​p​s​t​r​u​c​t​.​
2​0​2​6​.​1​2​0​1​1​7​​​​​​​

8.	 Li H, Zhou D, Cao J et al (2023) On the damage and performance 
degradation of multifunctional sandwich structure embedded 
with lithium-ion batteries under impact loading. J Power Sources 
581:233509. https:/​/doi.or​g/10.10​16/j.​jpowsour.2023.233509

9.	 Um HJ, Jeon NH, Shin JH, Kim HS (2023) High-performance 
multifunctional energy storage-corrugated lattice core sandwich 
structure via continuous carbon fiber (CCF)/polyamide 6 (PA6) 
3D printing. Adv Compos Hybrid Mater 6:182. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​
.​1​0​0​7​/​s​4​2​1​1​4​-​0​2​3​-​0​0​7​6​1​-​x​​​​​​​

10.	 Xu J, Geng Z, Johansen M et al (2022) A multicell structural bat-
tery composite laminate. EcoMat 4:e12180. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​
0​2​/​e​o​m​2​.​1​2​1​8​0​​​​​​​

11.	 Hollinger AS, McAnallen DR, Brockett MT et al (2020) Cylindri-
cal lithium-ion structural batteries for drones. Int J Energy Res 
44:560–566. https:/​/doi.or​g/10.10​02/er​.4937

12.	 Xia X, Yang J, Liu Y et al (2023) Material Choice and Struc-
ture Design of Flexible Battery Electrode. Adv Sci 10:2204875. 
https:/​/doi.or​g/10.10​02/AD​VS.202204875

13.	 Xiao BH, Xiao K, Li JX et al (2024) Flexible electrochemical 
energy storage devices and related applications: recent progress 
and challenges. Chem Sci 15:11229–11266. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​
3​9​/​D​4​S​C​0​2​1​3​9​H​​​​​​​

14.	 Zhou M, Han D, Cui X et al (2024) Recent Progress on Advanced 
Flexible Lithium Battery Materials and Fabrication Process. 
Nanomaterials 14:1856. https:/​/doi.or​g/10.33​90/NA​NO14221856

15.	 Shi C, Yu M (2023) Flexible solid-state lithium-sulfur batteries 
based on structural designs. Energy Storage Mater 57:429–459. 
https:/​/doi.or​g/10.10​16/J.​ENSM.2023.02.031

16.	 Shi C, Wang T, Liao X et al (2019) Accordion-like stretchable 
Li-ion batteries with high energy density. Energy Storage Mater 
17:136–142. https:/​/doi.or​g/10.10​16/J.​ENSM.2018.11.019

17.	 Silva G, Assis Dutra T, Nunes-Pereira J, Silva AP (2024) Cou-
pled and decoupled structural batteries: A comparative analysis. 
J Power Sources 604:234392. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​1​6​/​J​.​J​P​O​W​S​O​
U​R​.​2​0​2​4​.​2​3​4​3​9​2​​​​​​​

18.	 Liu X, Zhou L (2024) Curved surface coupled structural bat-
tery composites manufactured by resin transfer molding process: 
Microstructure and multifunctional performance. Compos Com-
mun 51:102111. https:/​/doi.or​g/10.10​16/J.​COCO.2024.102111

19.	 Li T, Bai X, Gulzar U et al (2019) A Comprehensive Understand-
ing of Lithium–Sulfur Battery Technology. Adv Funct Mater 
29:1901730. https:/​/doi.or​g/10.10​02/AD​FM.201901730

20.	 Huang Y, Lin L, Zhang C et al (2022) Recent Advances and 
Strategies toward Polysulfides Shuttle Inhibition for High-Perfor-
mance Li–S Batteries. Adv Sci 9:2106004. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​0​
2​/​A​D​V​S​.​2​0​2​1​0​6​0​0​4​​​​​​​

21.	 Zhou L, Danilov DL, Eichel RA, Notten PHL (2021) Host Materials 
Anchoring Polysulfides in Li–S Batteries Reviewed. Adv Energy 
Mater 11:2001304. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​0​2​/​A​E​N​M​.​2​0​2​0​0​1​3​0​4​​​​​​​

22.	 Wang G, Luo X, Sun W, Cai J (2025) Assessing the practical 
feasibility of solid-state lithium–sulfur batteries. Commun Mater 
6:211–. https:/​/doi.or​g/10.10​38/s4​3246-025-00918-9

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/ADMA.202409725
https://doi.org/10.1126/scirobotics.aba1912
https://doi.org/10.1126/scirobotics.aba1912
https://doi.org/10.1007/s42114-026-01876-7
https://doi.org/10.1007/s42114-024-01085-0
https://doi.org/10.1039/d1tc05601h
https://doi.org/10.1080/09243046.2021.1917052
https://doi.org/10.1016/j.compstruct.2026.120117
https://doi.org/10.1016/j.compstruct.2026.120117
https://doi.org/10.1016/j.jpowsour.2023.233509
https://doi.org/10.1007/s42114-023-00761-x
https://doi.org/10.1007/s42114-023-00761-x
https://doi.org/10.1002/eom2.12180
https://doi.org/10.1002/eom2.12180
https://doi.org/10.1002/er.4937
https://doi.org/10.1002/ADVS.202204875
https://doi.org/10.1039/D4SC02139H
https://doi.org/10.1039/D4SC02139H
https://doi.org/10.3390/NANO14221856
https://doi.org/10.1016/J.ENSM.2023.02.031
https://doi.org/10.1016/J.ENSM.2018.11.019
https://doi.org/10.1016/J.JPOWSOUR.2024.234392
https://doi.org/10.1016/J.JPOWSOUR.2024.234392
https://doi.org/10.1016/J.COCO.2024.102111
https://doi.org/10.1002/ADFM.201901730
https://doi.org/10.1002/ADVS.202106004
https://doi.org/10.1002/ADVS.202106004
https://doi.org/10.1002/AENM.202001304
https://doi.org/10.1038/s43246-025-00918-9


1 3

  414   Page 14 of 14 Advanced Composites and Hybrid Materials           (2026) 9:414 

23.	 Viswanathan V, Epstein AH, Chiang YM et al (2022) The chal-
lenges and opportunities of battery-powered flight. Nat 2022 
601:7894. https:/​/doi.or​g/10.10​38/s4​1586-021-04139-1

24.	 Crittenden M (2020) Ultralight batteries for electric airplanes. 
IEEE Spectr 57:44–49. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​1​0​9​/​M​S​P​E​C​.​2​0​2​0​.​9​1​
7​3​9​0​3​​​​​​​

25.	 Fan K, Huang H (2022) Two-dimensional host materials for lith-
ium-sulfur batteries: A review and perspective. Energy Storage 
Mater 50:696–717. https:/​/doi.or​g/10.10​16/J.​ENSM.2022.06.009

26.	 Chaudhary R, Xu J, Chaudhary V, Asp LE (2026) Structural bat-
teries from concept to deployment. Joule 10:102572. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​
r​g​/​1​0​.​1​0​1​6​/​j​.​j​o​u​l​e​.​2​0​2​6​.​1​0​2​5​7​2​​​​​​​

27.	 Greenhalgh ES, Nguyen S, Asp LE et al (2025) Characterization 
and reporting protocols for structural power composites: a per-
spective. Adv Energy Mater 15:e04702. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​0​2​/​
a​e​n​m​.​2​0​2​4​0​4​7​0​2​​​​​​​

28.	 Liu X, Peng Y, Zhou L (2025) Coupled carbon fiber structural 
battery composites with reinforced interfaces to improve multi-
functional performance. Chem Eng J 505:159327. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​
/​1​0​.​1​0​1​6​/​J​.​C​E​J​.​2​0​2​5​.​1​5​9​3​2​7​​​​​​​

29.	 Ye J, Ji X, Liu Z et al (2024) Carbon fiber reinforced structural 
battery composites: Progress and challenges toward industrial 
application. Compos B Eng 277:111411. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​1​6​/​
J​.​C​O​M​P​O​S​I​T​E​S​B​.​2​0​2​4​.​1​1​1​4​1​1​​​​​​​

30.	 Moyer K, Meng C, Marshall B et al (2020) Carbon fiber rein-
forced structural lithium-ion battery composite: Multifunctional 
power integration for CubeSats. Energy Storage Mater 24:676–
681. https:/​/doi.or​g/10.10​16/J.​ENSM.2019.08.003

31.	 Yu Y, Zhang B, Feng M et al (2017) Multifunctional structural 
lithium ion batteries based on carbon fiber reinforced plastic com-
posites. Compos Sci Technol 147:62–70. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​1​6​/​
j​.​c​o​m​p​s​c​i​t​e​c​h​.​2​0​1​7​.​0​4​.​0​3​1​​​​​​​

32.	 Chen J, Zhou Y, Islam MS et al (2021) Carbon fiber reinforced 
Zn–MnO2 structural composite batteries. Compos Sci Technol 
209:108787. https:/​/doi.or​g/10.10​16/j.​compscitech.2021.108787

33.	 Li J, Liu X, Hu Z et al (2024) Interface reinforced by polymer 
binder for expandable carbon fiber structural lithium-ion battery 
composites. Compos Sci Technol 258:110873. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​
1​0​1​6​/​j​.​c​o​m​p​s​c​i​t​e​c​h​.​2​0​2​4​.​1​1​0​8​7​3​​​​​​​

34.	 Sanchez JS, Xu J, Xia Z et al (2021) Electrophoretic coating 
of LiFePO4/Graphene oxide on carbon fibers as cathode elec-
trodes for structural lithium ion batteries. Compos Sci Technol 
208:108768. https:/​/doi.or​g/10.10​16/j.​compscitech.2021.108768

35.	 Hagberg J, Maples HA, Alvim KSP et al (2018) Lithium iron 
phosphate coated carbon fiber electrodes for structural lithium ion 
batteries. Compos Sci Technol 162:235–243. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​
0​1​6​/​j​.​c​o​m​p​s​c​i​t​e​c​h​.​2​0​1​8​.​0​4​.​0​4​1​​​​​​​

36.	 Luo D, Li G, Deng YP et al (2019) Synergistic Engineering of 
Defects and Architecture in Binary Metal Chalcogenide toward 
Fast and Reliable Lithium–Sulfur Batteries. Adv Energy Mater 
9:1900228. https:/​/doi.or​g/10.10​02/AE​NM.201900228

37.	 Chen J, Sun T, Liu J et al (2025) Recent Advances on Transition 
Metal Sulfides for Key Components of Lithium–Sulfur Batteries. 
Adv Sci 12:e12191. https:/​/doi.or​g/10.10​02/AD​VS.202512191

38.	 Wang H, Deng N, Wang S et al (2022) Advanced preparation and 
application of transition metal selenides in lithium–sulfur batter-
ies: a review. J Mater Chem A 10:23433–23466. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​
0​.​1​0​3​9​/​D​2​T​A​0​5​5​7​6​G​​​​​​​

39.	 Huang C, Yu J, Yue Zhang C et al (2025) Anionic Doping in Lay-
ered Transition Metal Chalcogenides for Robust Lithium-Sulfur 
Batteries. Angew Chem Int Ed 64:e202420488. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​
.​1​0​0​2​/​A​N​I​E​.​2​0​2​4​2​0​4​8​8​​​​​​​

40.	 Mori R (2023) Cathode materials for lithium-sulfur battery: a 
review. J Solid State Electrochem 27:813–839. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​
0​.​1​0​0​7​/​S​1​0​0​0​8​-​0​2​3​-​0​5​3​8​7​-​Z​​​​​​​

41.	 Ye Z, Jiang Y, Li L et al (2022) Synergetic Anion Vacancies and 
Dense Heterointerfaces into Bimetal Chalcogenide Nanosheet 
Arrays for Boosting Electrocatalysis Sulfur Conversion. Adv 
Mater 34:2109552. https:/​/doi.or​g/10.10​02/AD​MA.202109552

42.	 Lu X, Zhang Q, Wang J et al (2019) High performance bimetal 
sulfides for lithium-sulfur batteries. Chem Eng J 358:955–961. 
https:/​/doi.or​g/10.10​16/J.​CEJ.2018.10.104

43.	 Wu X, Xie R, Cai D et al (2024) Engineering Defect-Rich Bime-
tallic Telluride with Dense Heterointerfaces for High-Perfor-
mance Lithium–Sulfur Batteries. Adv Funct Mater 34:2315012. 
https:/​/doi.or​g/10.10​02/AD​FM.202315012

44.	 Cai X, Pan H, Zhang J et al (2024) Carbon Nanotube Modified 
Zn–Co Bimetallic Selenide Composites for Lithium–Sulfur Bat-
teries. Energy Fuels 38:6478–6488. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​2​1​/​A​C​S​.​
E​N​E​R​G​Y​F​U​E​L​S​.​4​C​0​0​1​8​0​​​​​​​

45.	 Zhen M, Yang Q, Wang X et al (2024) Coupling bimetallic sel-
enides with homogeneous mediators synergistically accelerating 
overall sulfur redox kinetics for high-performances lithium–sul-
fur batteries. Chem Eng J 496:153650. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​1​6​/​J​.​
C​E​J​.​2​0​2​4​.​1​5​3​6​5​0​​​​​​​

46.	 Wang W, Yu Z, Yue L et al (2025) Regulating Electronic Struc-
ture and Coordination Environment of Transition Metal Selenides 
through the High-Entropy Strategy for Expedited Lithium–Sulfur 
Chemistry. ACS Nano 19:27440–27454. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​2​1​/​
A​C​S​N​A​N​O​.​5​C​0​5​7​2​0​​​​​​​

47.	 Dong H, Ji Y, Wang L et al (2024) Bimetallic Coupling Strategy 
Modulating Electronic Construction to Accelerate Sulfur Redox 
Reaction Kinetics for High-Energy Flexible Li-S Batteries. Small 
20:2406565. https:/​/doi.or​g/10.10​02/SM​LL.202406565

48.	 Zhang C, Biendicho JJ, Zhang T et al (2019) Combined high cata-
lytic activity and efficient polar tubular nanostructure in urchin-
like metallic NiCo2Se4 for high-performance lithium–sulfur 
batteries. Adv Funct Mater 29:1903842. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​0​2​
/​a​d​f​m​.​2​0​1​9​0​3​8​4​2​​​​​​​

49.	 Luo L, Chung S-H, Yaghoobnejad Asl H et al (2018) Long-Life 
Lithium–Sulfur Batteries with a Bifunctional Cathode Sub-
strate Configured with Boron Carbide Nanowires. Adv Mater 
30:1804149. https:/​/doi.or​g/10.10​02/AD​MA.201804149

50.	 Xu Y, Jiang Y, Yu X et al (2025) Synergistic Ni-Co Metal Nodes 
in a Conjugated MOF-Modified Separator for High-Performance 
Lithium-Sulfur Batteries. Adv Sci 12:e13282. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​
0​0​2​/​A​D​V​S​.​2​0​2​5​1​3​2​8​2​​​​​​​

51.	 Deng Y, Yang JL, Qiu Z et al (2024) NiS/NiCo2O4 Cooperative 
Interfaces Enable Fast Sulfur Redox Kinetics for Lithium–Sulfur 
Battery. Small Methods 8:2301316. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​0​2​/​S​M​T​
D​.​2​0​2​3​0​1​3​1​6​​​​​​​

52.	 Zhou G, Paek E, Hwang GS, Manthiram A (2015) Long-life Li/
polysulphide batteries with high sulphur loading enabled by light-
weight three-dimensional nitrogen/sulphur-codoped graphene 
sponge. Nature Communications 2015 6:1 6:7760-. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​
g​/​1​0​.​1​0​3​8​/​n​c​o​m​m​s​8​7​6​0​​​​​​​

53.	 Li W, Qian J, Zhao T et al (2019) Boosting High-Rate Li–S Bat-
teries by an MOF-Derived Catalytic Electrode with a Layer-by-
Layer Structure. Adv Sci 6:1802362. ​h​t​t​​​​p​​s​:​​/​​/​d​​o​i​​​.​o​r​g​/​1​0​.​1​0​0​2​/​A​D​
V​S​.​2​0​1​8​0​2​3​6​2​​​​​​​

Publisher’s note  Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

https://doi.org/10.1038/s41586-021-04139-1
https://doi.org/10.1109/MSPEC.2020.9173903
https://doi.org/10.1109/MSPEC.2020.9173903
https://doi.org/10.1016/J.ENSM.2022.06.009
https://doi.org/10.1016/j.joule.2026.102572
https://doi.org/10.1016/j.joule.2026.102572
https://doi.org/10.1002/aenm.202404702
https://doi.org/10.1002/aenm.202404702
https://doi.org/10.1016/J.CEJ.2025.159327
https://doi.org/10.1016/J.CEJ.2025.159327
https://doi.org/10.1016/J.COMPOSITESB.2024.111411
https://doi.org/10.1016/J.COMPOSITESB.2024.111411
https://doi.org/10.1016/J.ENSM.2019.08.003
https://doi.org/10.1016/j.compscitech.2017.04.031
https://doi.org/10.1016/j.compscitech.2017.04.031
https://doi.org/10.1016/j.compscitech.2021.108787
https://doi.org/10.1016/j.compscitech.2024.110873
https://doi.org/10.1016/j.compscitech.2024.110873
https://doi.org/10.1016/j.compscitech.2021.108768
https://doi.org/10.1016/j.compscitech.2018.04.041
https://doi.org/10.1016/j.compscitech.2018.04.041
https://doi.org/10.1002/AENM.201900228
https://doi.org/10.1002/ADVS.202512191
https://doi.org/10.1039/D2TA05576G
https://doi.org/10.1039/D2TA05576G
https://doi.org/10.1002/ANIE.202420488
https://doi.org/10.1002/ANIE.202420488
https://doi.org/10.1007/S10008-023-05387-Z
https://doi.org/10.1007/S10008-023-05387-Z
https://doi.org/10.1002/ADMA.202109552
https://doi.org/10.1016/J.CEJ.2018.10.104
https://doi.org/10.1002/ADFM.202315012
https://doi.org/10.1021/ACS.ENERGYFUELS.4C00180
https://doi.org/10.1021/ACS.ENERGYFUELS.4C00180
https://doi.org/10.1016/J.CEJ.2024.153650
https://doi.org/10.1016/J.CEJ.2024.153650
https://doi.org/10.1021/ACSNANO.5C05720
https://doi.org/10.1021/ACSNANO.5C05720
https://doi.org/10.1002/SMLL.202406565
https://doi.org/10.1002/adfm.201903842
https://doi.org/10.1002/adfm.201903842
https://doi.org/10.1002/ADMA.201804149
https://doi.org/10.1002/ADVS.202513282
https://doi.org/10.1002/ADVS.202513282
https://doi.org/10.1002/SMTD.202301316
https://doi.org/10.1002/SMTD.202301316
https://doi.org/10.1038/ncomms8760
https://doi.org/10.1038/ncomms8760
https://doi.org/10.1002/ADVS.201802362
https://doi.org/10.1002/ADVS.201802362

	﻿Monolithically integrated NiCo﻿2﻿Se﻿4﻿ nanowire–carbon cloth cathode scaffolds for non-planar lithium-sulfur structural-battery integration
	﻿Abstract
	﻿1﻿ ﻿Introduction
	﻿2﻿ ﻿Results and discussion
	﻿2.1﻿ ﻿Design and structural characterization of NCSe@CC cathode scaffolds
	﻿2.2﻿ ﻿LiPS interaction and sulfur-redox behavior of the nanowire host
	﻿2.3﻿ ﻿Electrochemical performance of the self-supported cathode architecture
	﻿2.4﻿ ﻿Curvature-conditioned cathode integrity and curved pouch-cell operation
	﻿2.5﻿ ﻿Voltage retention under external loading of cylindrical pouch assemblies
	﻿2.6﻿ ﻿Non-cylindrical hollow-structure integration and drone-leg demonstration

	﻿3﻿ ﻿Conclusion
	﻿References


