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Phase-change materials (PCMs) demonstrate transformative potential for
wearable thermal management systems; however, their practical imple-
mentation faces challenges due to trade-offs among energy storage density,
mechanical robustness, and phase-change stability. Here, we present a
nanotechnology-directed strategy that integrates ultralow carbon nanotubes
(CNT, 0.1 wt.%) scaffolds with three-dimensional (3D) interpenetrating poly-
mer networks (IPNs), achieving remarkable synergy between crystallinity
control and thermal regulation. The resultant phase-change fibers (PCFs)
demonstrate dual-functional optimization. Firstly, they exhibit excellent latent
heat storage (AH,,=139.0)-g", AH.=138.0J-g") with remarkable thermal sta-
bility, enabled by CNT-induced heterogeneous nucleation. Secondly, the PCFs
show high mechanical robustness (¢ = 1530%, o = 6.32 MPa) and photothermal
energy harvesting efficiency (n = 90.5%, at 120 mW-cm™?). These enhancements
are attributed to CNT network-enhanced interfacial thermal coupling. Fur-
thermore, the fibrous architectures enable high-fidelity (>98%) cutting/sewing
during textile manufacturing, facilitating scalable production of energy-
efficient thermal-regulating fabrics. This establishes a universal framework for
scalable smart textiles and bridges the gap between laboratory-level phase-
change engineering and industrial-scale wearable thermal systems. This
strategy advances the development of self-regulating textiles with on-demand
thermal responsiveness, paving the way for next-generation smart fabrics for
energy-efficient personal thermal management.

Global thermal management systems are at a critical inflection point:
the building sector consumes 40% of global energy and contribute 36%
of anthropogenic CO, emmiissions'. Conventional heating, ventilation,
and air conditioning (HVAC) systems are highly inefficient, achieving
thermal efficiencies of below 40%. This inefficiency stems from strin-
gent requirements for temperature uniformity’. A promising solution
lies in the utilization of textiles and innovative fibers to shift thermal

regulation from the built environment to the microclimate surround-
ing the human body’. This approach enables the development
of wearable personal thermal comfort systems (PTCS) that provide
personalized thermal comfort and energy efficiency. Intelligent
and functional fibers have shown great potential for a wide range
of applications, including wearable devices and other high-tech
fields*®.
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Specifically, phase-change textiles (PTCs) have the potential to
decouple human comfort from environmental conditioning by
enabling localized microclimate regulation’. Phase-change materials
(PCMs) can release and store heat at nearly constant temperatures,
contributing to mitigating the issue of mismatch between constant
temperature and thermal energy supply and demand®’. Currently,
organic PCMs such as paraffin wax, offer latent heat storage capacities
of 200-300J-g™ while maintaining nontoxicity and commercial
scalability”'®. Phase-change fibers (PCFs) are developed to absorb,
store, and release heat in response to ambient temperature change'.
This inherent property provides excellent temperature control and
regulation capabilities, forming the foundation for the development of
PTCs’. Smart clothing based on PTCs enhances human adaptability to
external environmental conditions through effective energy storage
and release”. However, despite their promising potential, several
challenges hinder the industrial deployment of PCTs. Firstly, the low
thermal conductivity less than 0.2 W-m™K™ results in significant heat
loss (40-60%) during phase transitions. Secondly, unconfined solid-
liquid morphology instability leads to a 30-40% reduction in latent
heat storage capacity. Moreover, poor solar absorptivity (<20%) limits
their passive energy harvesting efficiency.

To address the problem of low thermal conductivity, high thermal
conductivity fillers such as carbon fibers”, carbon nanotubes
(CNTs)"*%, graphene'®”, and nanoparticles are commonly used as
additives to improve the thermal conductivity and promote the con-
version of light/electricity to heat'". Additionally, nanoconfinement,
chemical crosslinking, and polymer molding techniques have proven
effective in mitigating solid-liquid phase transition leakage®. In parti-
cular, Jing et al” reported a simple and cost-effective chemical
crosslinking strategy to synthesize leak-proof, ultra-flexible, and ther-
mally insulating polymer-based phase-change composites. This com-
posite material features a unique dual three-dimensional (3D) cross-
linked network of olefin block copolymer (OBC) and styrene-butylene-
styrene (SEBS) in paraffin (PW). This innovative interaction enhances
the brittleness and elasticity of material, leading to significantly
improved flexibility. Specifically, the fracture strain increases from 23%
to 560% while maintaining high latent enthalpy values®. This molecular
chain network plays a crucial role in the efficiently encapsulating solid-
liquid phase change materials, offering a promising pathway for green
production of advanced composites with enhanced mechanical and
thermal properties® 2,

The common preparation methods for PCFs can be categorized
into fiber filling, electrostatic spinning®, wet spinning”, and melt
spinning?®. Fiber filling is a simple and convenient method, involving
the infiltration of PCMs into the pores of continuous hollow or aerogel
fibers to endow them with a temperature-regulation function. How-
ever, sealing the end of the fiber remains challenging, and PCMs that
infiltrate the pores are prone to being washed off during application,
resulting in poor durability over cycles. Currently, the PCF technolo-
gies used in the market mainly focus on the microcapsule route with
coatings or matrix immersion coatings, in which the enthalpy values of
the obtained PCFs are limited, and the cycling durability is unsa-
tisfactory. Electrospinning technology typically produces disordered
fiber membranes and struggles to produce single continuous PCFs on
a large scale”. Wet spinning, while scalable for industrialization, poses
environmental concerns due to solvent evaporation during the
process™. In contract, melt spinning is a clean method that does not
require solvents and offers economic scalability for industrial
products®. It is considered the most critical step in preparing con-
tinuous PCFs. Notably, the physical mechanism of melt spinning
involves rapid cooling process of the molten polymer solution to
induce solidification. The orientation of the molecular chains in the
molten polymers contributes to the formation of more-ordered and
stable solid-phase features. However, current approaches fail to
achieve a balance between structural order and thermal regulation

performance — a critical limitation given that 68% of wearable thermal
failures are attributed to the microstructural instability of PCMs.

Here, we introduce a nanotechnology-inspired strategy that
combines ultralow-CNT (0.1wt.%) heterostructures with gradient
crystallinity engineering to produce scalable PCFs. These fibers exhibit
prominent synergy between thermal storage density (AH,,=139.0J-g7,
AH.=138.0)-g™") and adaptive thermal regulation capabilities. This
strategy involves the creation of hierarchical three-dimensional inter-
penetrating polymer networks (3D-IPNs) using styrene-ethylene-
butylene-styrene (SEBS) and high-density polyethylene (HDPE).
These networks effectively confine n-docosane in a multidimensional
nanostructure. The incorporation of CNTs (0.1wt.%) serves as het-
erogeneous nucleation sites, enhancing both the orientation and
mechanical properties through m-m stacking interactions. Molecular
dynamics (MD) simulations validate these improvements (Supple-
mentary Figs. 1-9). Compared with other chemical crosslinking and
microcapsule methods, our dual-component melt-spun fibers
demonstrate a significantly higher storage heat capacity (Supple-
mentary Fig. 10). The fibrous architectures ensure defect-free textile
processing, achieving cutting and sewing fidelity greater than 98%.
Furthermore, the semi-automatic weaving of phase-change fabrics
with an enthalpy of 87.6]J-g™ enables smart garments to regulate body
temperature by approximately 5°C. This capability highlights sig-
nificant potential for managing human thermal comfort in extreme
environmental conditions.

Result

Fabrication strategy of PCFs and fabric

Figure 1 illustrates the manufacturing process with schematic repre-
sentation and photographs of carbon-based phase change composites
(referred to as C22/CNT@HDPE-SEBS) (Fig. 1a), carbon-based PCFs
(referred to as C22/CNT fibers) (Fig. 1b, d, e), and PCM-based fabrics
(referred to as CNT-PCTREFs) (Fig. 1c, f, and Supplementary Fig. 11).
Additionally, it shows a smart thermoregulated phase-change garment
(Fig. 1g). The multi-scale confined phase change composite, C22/
CNT@HDPE-SEBS, incorporates a polystyrene-grafted ethylene-
butene copolymer network (SEBS, Mw=16.1k) and high-density
polyethylene (HDPE, Mw=20 k), which form interpenetrating poly-
mer networks (IPNs). This IPNs structurally stabilize n-docosane (C22)
within a carbon nanotubes (CNTs)-reinforced matrix. The composites
exhibit rapidly absorb heat in high-temperature environments, release
heat in low-temperature environments, and maintain a stable shape
without leakage. The C22/CNT fibers were fabricated from C22/
CNT@HDPE-SEBS precursor using melt-spinning technology. PCM-
based fibers with varying amounts of CNTs (0.05, 0.1, 0.5, and 1.0 wt.%)
designated as C22/CNTI1, C22/CNT2, C22/CNT3, and C22/CNT4 fibers,
respectively, were utilized in the fabrication of PTCs using semi-
automatic weaving machines. Phase-change garments were fabricated
through the utilization of commercially available cutting and sewing
machinery to process PTCs. The manufacturing process involves the
precise cutting of phase-change fabric panels, which are subsequently
assembled into garments using standard commercial sewing techni-
ques. The manufacturing process begins with the uniform dispersion
of CNTs in the liquid phase of n-docosane through ultrasonic cavita-
tion. Leveraging the strong compatibility between SEBS and n-doc-
osane, a sequential melt-blending approach was employed to disperse
SEBS in the C22/CNT composite liquid phase, yielding the C22/CNT-
SEBS gel. To form the C22/CNT@HDPE-SEBS composite, HDPE was
mixed with the C22/CNT-SEBS gel. This mixing step was conducted in
an internal mixer at 175 °C for 45 minutes under atmospheric pressure.
The resulting mixture was cooled and mechanically crushed into small
particles, which were then processed via twin-screw melt spinning. The
primary PCFs underwent uniform multistage stretching to obtain the
final C22/CNT fibers. In this process, HDPE and SEBS polymer chains
intertwine after two high-temperature mixing process, forming an IPNs
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Fig. 1| Illustration of the procedure for fabricating C22/CNT@HDPE-SEBS, C22/
CNT fibers and PCM-based fabric. a The preparation flowchart of C22/
CNT@HDPE-SEBS composite, (b) the production of C22/CNT fibers through bi-
component melt-spinning, phase-change fabric and garments, (c) the influence of
CNT on the orientation of phase change fibers, (d) a photograph of spooled CNT-
reinforced PCFs produced by continuous spinning (e) crystallization enthalpy

Streching leads to ordered arrangement

values and melting enthalpy values for the cooling and heating process curves of
C22/CNT2 fibers, respectively. Similarly, crystallization enthalpy values and melt-
ing enthalpy values corresponding to the cooling and heating process curves of
CNT-reinforced phase-change fabric, respectively, (f) a photograph of the CNT-
reinforced phase change fabric with scale bar of 20 cm, and (g) a photograph of
thermoregulated phase-change garments.

structure that tightly encapsulates the small molecules of the C22/
CNTs liquid phase.

Specifically, the construction process of the multi-stage nano-
confinement of the n-docosane-based composite fiber consisted of
three steps. The first step is the nanoconfined encapsulation, where
CNTs were uniformly dispersed in liquid n-docosane. And then, it
involves 3D-IPNs reinforcement. At this stage, through sequential
thermal blending at 175 °C for 45 min, dual polymer frameworks are
formed. These frameworks crosslink physically via bi-continuous IPNs
structures, enhancing the material’s stability. Finally, it is melt-
spinning-induced crystallization combined with twin-screw extrusion
and multi-stage drawing (100-160 °C). This process aligns polymer
chains and further nanoconfinements, crucial for achieving the desired
material properties. After crosslinking, the molecular chains undergo

cooling and multistage stretching, leading to nanoconfined encapsu-
lation and traction shaping. The cavitation effect caused by the mul-
tiple stretching orientations of molecular chains, helps consolidate
and stabilize n-docosane within the composite structure. The resulting
stable IPNs architecture is characterized by the production of con-
tinuous PCFs.

To further investigate the influence of stretching cycling on the
mechanical properties of the fibers, we designed and conducted a
series of controlled experiments to isolate each processing stage and
characterize its stage-specific crystallization behavior. DSC analysis
unambiguously demonstrates a progressive enhancement in crystal
perfection and crystal size from the masterbatch to the final fiber
(Supplementary Fig. 12 and Supplementary Table 1). Furthermore, the
XRD results indicate that the diffraction intensity systematically
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increases with successive stretching steps, providing direct evidence
of the structural evolution (Supplementary Fig. 13b). This demon-
strates that the multi-stage stretching process is the dominant factor in
achieving high molecular orientation, with an effect that substantially
exceeds the preliminary alignment achieved by melt-spinning alone.
This strongly demonstrates the dominant role of the stretching pro-
cess in promoting further chain orientation, slip, and rearrangement,
thereby facilitating the formation of a more perfected and stable
crystalline structure. Moreover, compared to the as-spun fibers, the
multi-stage stretching fibers exhibit remarkable increases in tensile
strength and modulus of approximately 106.5% and 331.8%, respec-
tively (Supplementary Fig. 14). These results collectively demonstrate
that multi-stage stretching process promotes chain alignment and
crystal perfection, thereby substantially enhancing mechanical
performance.

However, initial stretching stage can effectively enhance CNT
alignment and fiber densification, causing enhancement in mechanical
strength (Supplementary Fig. 14b). But excessive stretching cycles may
lead to CNT fracture and interface damage, ultimately degrading
performance (Supplementary Fig. 14c). Thus, three stretching cycles
determined are an optimal balance point for continuous collection
between performance improvement and damage risk in our system.

In terms of material composition, n-docosane serves as the host
material, retaining the high latent heat enthalpy of the composites.
SEBS and HDPE, on the other hand, provide the composite with
leakage-proof properties and mechanical strength. To determine the
optimal proportions of the three components, a series of experiments

was conducted to assess their impact on enthalpy and shape stability
(Supplementary Fig. 15). The final mass ratio determined was 62.5 wt.%
n-docosane: 11.25 wt.% SEBS: 26.25 wt.% HDPE (as detailed in Supple-
mentary Fig. 15 and Supplementary Table 2). The developed phase-
change composites demonstrate excellent structural stability and
leakage-free performance, rendering them highly suitable for diverse
applications. Leveraging the advantages of easy orientation induction,
CNTs prove effective as reinforcing agents in fiber-reinforced com-
posites (Fig. 1c).

To evaluate the influence of incorporating CNTs on PCFs prop-
erties, further experiments were conducted. The resulting CNT-
reinforced PCFs demonstrate significant toughness, enabling their
processing with commercial sewing equipment for stitching applica-
tions (Fig. 1f, g and Supplementary Fig. 11). This compatibility with
existing textile manufacturing techniques facilitates the seamless
integration of thermoregulatory CNT-reinforced PCFs into various
garment architectures and woven configurations. Given these versatile
properties, CNT-reinforced PCFs hold great promise for a wide range
of clothing and textile designs.

Microstructure of C22/CNT fibers

C22/CNT fibers with varying CNTs contents were produced via con-
tinuous melt spinning. To examine the microstructures of the carbon-
based PCFs, scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) were employed. As illustrated in Fig. 2, the
appearance, microstructure, and morphology of the scalable single-
roll C22/CNT3 fibers spools (outer diameter 200 mm, and inner width

0.5 wt% CNT

Fig. 2 | Structural characterization of C22/CNT3 fiber. a; C22/CNT3 fiber images,
(a,) and (a3) SEM cross-sectional images of C22/CNT3 fiber, (a4) SEM images of C22/
CNTS3 fiber. by and (b4) CNTs lattice fringes in the TEM image of the axial cross-

section inside the C22/CNT3 fiber. b, Lattice fringe and (bs) cross-section of CNTs

BAERERDNR LAt
e

inside the C22/CNT3 fiber. ¢; and (c,) Lattice fringes of HDPE inside C22/CNT3 fiber.
d, and (d,) Lattice fringe of C22 inside C22/CNT3 fiber. e, f Images of primary C22/
CNT3 fiber and CNT-PCTRFs (5 x 5cm).
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56 mm), primary C22/CNT3 fibers, and phase-change fabrics are clearly
demonstrated. Detailed morphologies include cross-sectional, inter-
facial, local, and fiber surface morphologies (Fig. 2a,-a,), respectively.
The micro- and cross-sectional surfaces of the C22 fibers exhibit a flat
texture, indicating that n-docosane was effectively encapsulated
within the polymer molecular chains (Supplementary Figs. 16-17). The
incorporation of CNT caused a noticeable change in fiber color
(Fig. 2a;, Supplementary Fig. 18). The average diameter of the C22/
CNT3 fibers was 320 um, while the primary fibers have a diameter of
1 mm (Fig. 2e). The C22/CNT fibers originated from primary fibers that
underwent multistage stretching. During this process, polymer mole-
cular chains gradually aligned along the axial direction of the fibers,
leading to a reduction in fiber diameter. Additionally, the cavitation
effect induced by the stretching orientation further confined
n-docosane and prevented leakage.

To investigate the structural characteristics of the fibers with
CNTs, the fibers were sliced along the axial direction at a temperature
of =340 °C. The ultra-thin sections obtained from the axially cut C22/
CNT3 fiber exhibited a thickness range of 40-50 nm. Subsequently, the
resulting samples were analyzed using high-power transmission elec-
tron microscopy (TEM) to examine the distribution of CNTs and their
lattice structure. The CNT within the fibers could align along the axis
direction as shown in Fig. 2b;, b,. The size of the CNT was determined
to be 20 nm based on the electron diffraction pattern (Fig. 2bs), with an
interplanar spacing of a single lattice of 0.34 nm (Fig. 2b,, and Sup-
plementary Fig. 19). This provides strong evidence that the CNTs
maintain their structural integrity within the composite. Furthermore,
this finding is expected to have a favorable effect on both the thermal
conductivity and mechanical properties of carbon-based PCFs. To
further verify the crystalline structure of HDPE, we performed FFT
analysis via GMS2 software on HRTEM images of the polymer matrix
regions. The LiveFFT diffraction pattern clearly revealed two distinct
diffraction spots corresponding to lattice spacing of 0.41nm and
0.37 nm, with measured interplanar distance of 0.413 nm (Fig. 2¢;, ¢;).
These values show excellent agreement with the (110) and (200) planes
of orthorhombic polyethylene, respectively, as established in
literature?®. This confirms unequivocally that the observed lattice
fringes in this region originate from the crystalline phase of HDPE
rather than other components. A monoclinic crystal system structure
was attributed to the n-docosane component with a lattice spacing of
0.41nm (Fig. 2d;, dy). Finally, as demonstrated in Fig. 2f, the manual
weaving of carbon-based phase-change fabrics is a viable approach for
fabricating these materials.

Thermophysical properties of C22/CNT fibers and their crystal-
lization mechanism with minimal CNT loading

The phase change enthalpy of composite materials plays a significant
role in energy density within thermal storage systems. Different
scanning calorimetry (DSC) analysis revealed that phase transition
stability of C22/CNT fibers is up to 62.5wt% n-docosane loading
without leakage, with enthalpy values (AH,=139.0J)-g7,
AH.=138.0J-g" at 0.1wt.% CNT), surpassing conventional melt-spun
fibers (Fig. 3a-d and Supplementary Fig. 20 and Supplementary
Table 3). This enhancement attributed to the regular arrangement of
the molecular chains and the induced crystal growth. The introduction
of CNTs increased the thickness and size of n-docosane crystals,
thereby elevating both enthalpy and phase transition temperature in
the C22/CNT fibers. The incorporation of a small amount of CNTs
acted as a nucleating agent, facilitating the nucleation and crystal-
lization of n-docosane. However, excessive CNTs can lead to entan-
glement and aggregation, disrupting the crystal structure of
n-docosane and reducing the enthalpy value of the C22/CNT fibers.
To evaluate the thermal storage capability of the C22/CNT fiber, we use
Eq. (4) (Supplementary Table 3). All samples exhibited value of C%
exceeding 99%, indicating effective encapsulation and reliable phase

transition for latent heat storage and release. Thermal reliability was
further validated through accelerated cycling tests (Fig. 3b, Supple-
mentary Figs. 21-22, and Supplementary Table 3) and thermo-
gravimetry measurement (Supplementary Fig. 23). The onset
decomposition temperature increased by 10 °C to 222.0 °C (Supple-
mentary Fig. 23), confirming PCFs stability. The addition of CNTs sig-
nificantly enhanced PCFs thermal conductivity by 715%, from
0.13W-m™K? to 1.06W-m™K' (Supplementary Fig. 24). This
improvement enables rapid heat transfer via axial CNT networks,
ensuring efficient energy exchange.

The crystallization properties of the C22/CNT fibers were char-
acterized using a wide-angle X-ray scattering (WAXS) structure analy-
zer. The diffraction patterns of pure n-docosane and HDPE were fully
replicated in the C22/CNT2 fibers, indicating no chemical interaction
within the composite system (Fig. 3c). Furthermore, in-situ XRD stu-
dies (Supplementary Figs. 25, 26) and polarization optical microscopy
(POM) studies (Supplementary Figs. 27, 28) revealed confined
n-docosane crystallization within the 3D-IPNs, effectively suppressing
liquid leakage during phase transitions. Furthermore, the integration
of CNTs was found to reduce both melting and crystallization tem-
perature, which is advantageous for accelerating crystal nucleation
kinetics (Supplementary Fig. 28). A comparative analysis of PCFs fab-
ricated via melt spinning, wet spinning, and electrospinning methods,
based on an extensive literature review, demonstrated that the carbon-
based PCFs developed in this study exhibited excellent enthalpy
properties with the phase change efficiency exceeding 99% (C% >99,
Supplementary Table 3) (Fig. 3d). This hierarchical confinement
strategy represents a significant advancement for wearable thermo-
regulation textiles by integrating high-energy-density PCMs with
nanotechnology-enabled thermal conductivity.

Full molecular dynamics (MD) simulations were performed to
investigate the effects of CNT incorporation on the crystallization
behavior of n-docosane. The MD simulations revealed a concentration-
dependent regulation mechanism of n-docosane crystallization by
CNTs (Fig. 3e-g): at low CNT loadings (0.1 wt%), surface interactions
facilitated heterogeneous nucleation, significantly accelerating crys-
tallization kinetics— from 50 ps in the composite system compared to
100 ps for pristine n-docosane — while maintaining large crystalline
domains (Fig. 3f and Supplementary Fig. 29). In contract, a higher CNT
concentrations (>0.5wt.%), the formation of percolating networks
restricted molecular mobility, leading to a reduction in overall crys-
tallinity (Fig. 3g). These findings highlight a dual-mode concentration
dependence of CNTs, underscoring the pivotal role of tunable per-
formance under varying conditions.

During crystallization, molecular chains undergo sequential
movements and conformational changes to achieve ordered arrange-
ment. These transformations are essential for the crystallization pro-
cess. As shown by the two-stage mean square displacement (MSD)
dynamics (Fig. 3h), the crystallization mechanisms are controlled by
CNT concentrations. In the initial stage of crystallization, MSD
increases with time, indicating enhanced molecular mobility and
conformational dynamics. The steep growth slope suggests that
molecular chains exhibit high mobility, undergoing numerous struc-
tural rearrangements to extend their lengths and form locally ordered
domains. Subsequently, MSD growth slows down until it approached a
plateau, reflecting reduced chain mobility as the system transitions
toward long-term ordering. High-CNT systems (>0.5 wt.%) exhibited 3x
faster MSD growth rates in the initial stage (0-20 ps) compared to low-
CNT system (0.1wt.%). This acceleration is attributed to increased
interfacial interactions between CNTs and polymer chains, which
enhances chain mobility and alignment (Supplementary Fig. 29). The
formation of crystal nuclei is facilitated by these enhanced interfacial
interactions, with molecular chain extension becoming more pro-
nounced. However, at higher CNT concentrations (>0.5wt.%), the
interconnected CNT networks restrict segmental motion in the later
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storage capacity'>***?""%, MD snapshots of the crystallization process of: (e) n-
docosane, (f) n-docosane with one CNT (denoted as C22/CNT1, 0.1 wt.%), and (g)
n-docosane with six CNTs (denoted as C22/CNT2, > 0.5wt.%) at O ps, 10 ps, 30 ps,
50 ps, 80 ps, and 100 ps, respectively. h Mean square displacement of the system
during crystallization. Variations in potential energy (i), bond energy (j), and angle
energy (k) of the phase-change composite system over time during the cooling
process.

stage (20-80 ps), as evidenced by slower MSD growth rates compared
to low-CNT systems (Supplementary Fig. 29). This restriction arises
from the increasing hindrance imposed by the filler network, which
slows down chain mobility and ultimately affects crystal nucleation, as
well as the overall crystal structure and region size of the system.
The total potential energy of each microscopic particle in the
system is determined by its spatial position and describes the macro-
scopic thermophysical properties of the material. In MD simulations,
changes in free energy are typically derived from variations in mole-
cular potential energy. A statistical analysis of the potential energy
composition of the composite system was conducted during the
crystallization process (Fig. 3i-k and Supplementary Fig. 30). The total
potential energy (Eiowa), bond stretching energy (Epong), bond angle
bending energy (Eangie), dihedral torsional potential energy (Ecorison),

and interfacial interaction energy (Einer) Which characterize inter-
molecular interaction in the composite phase transition system, exhi-
biting a linear decreasing trend as crystallization processed.

contrast, nonbonding interaction energy (Eygqw) remained relatively
constant. The system with low CNT loading achieves a markedly lower
interfacial energy during crystallization, as evidenced by its rapid
decrease in Supplementary Fig. 31a. This suggests that a small amount
of CNT provides a low-energy interface for n-docosane. At this
moment, the nucleation barrier for heterogeneous crystallization,
whichis governed by the interfacial energy term, becomes significantly
lower than that for homogeneous nucleation according to the het-
erogeneous nucleation theory”. Furthermore, the synergistic decline
in both E 4ngle and £ orsion (Supplementary Fig. 31b) indicates that the
molecular segments integrate into the crystal lattice with minimal
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conformational adjustment in low-CNT loading system. MD snapshots
visually confirm this phenomenon: in the low-CNT loading system,
n-docosane molecules adsorbed on the CNT surface undergo only
subtle conformational adjustment (Fig. 3e,f and Supplementary
Fig. 32ab). A small lattice mismatch exists between the CNT and the
crystal, thereby suppressing lattice distortion during the growth of the
nucleus and facilitating the formation of a low-strain nucleus. This
strain energy relief facilitates a rapid nucleation rate by lowering the
energy barrier for stable nucleus formation. In contrast, the system
with excessive CNT loading induces significant conformational rear-
rangement of n-docosane at the interface due to stronger interfacial
interactions (Fig. 3g and Supplementary Fig. 32c). Thus, a small
amount of CNTs functions as heterogeneous nucleating agents by
progressively lowering the interfacial energy and inducing a pre-
ordered structure (which reduces strain energy), thereby mitigating
molecular-level energy barriers. Thus, free energy analysis revealed
that CNT-induced nucleation barrier reductions in nucleation barriers
were attributed to decreases in interfacial energy and strain energy
minimization.

The incorporation of CNTs caused the formation of an additional
phase interface, which reduced the surface tension and energy barrier
necessary for nucleation (i.e., the critical nucleation-free energy). The
phase transition from the liquid to solid state was accompanied by a

reduction in the intermolecular distance, a linearly decreased in bond-
stretching energy, and an increase in the compactness of the mole-
cular structure within the system. The hierarchical 3D-IPNs confine-
ment regulated the CNT network formation, balancing nucleation
enhancement at low CNT concentrations and mobility restriction at
high CNT concentrations. This dual-mode dependence on CNT con-
centration aligns with the industrial requirements for adjustable crys-
tallization kinetics in thermoregulation textiles.

To further investigate the crystallization process in the realistic
sample situation, three comprehensive full-component systems mod-
els including SEBS-HDPE-C22, SEBS-HDPE-C22-3CNT (0.1wt% CNT
loading), SEBS-HDPE-C22-18CNT (> 0.5 wt.% loading) were constructed
for simulation. Across all three full-component systems, MD snapshots
and corresponding local areas showed no emergence of ordered
n-docosane arrangements during crystallization (Fig. 4a;a;bb,cicy),
confirming that SEBS and HDPE spatially confine n-docosane. Fur-
thermore, while serving as a structural scaffold, these polymers
effectively prevent n-docosane leakage - behavior fully consistent with
the morphological stability observed in our experiments. Despite this
confinement, we clearly observed that in the presence of CNTs, both
the molecular chains of polymer and n-docosane are co-adsorbed onto
the CNT surface (Fig. 4b;b,c;cy). Initially characterized by a disordered
atomic arrangement, the interface of molecular chain and CNT
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exhibits high interfacial energy and considerable local strain (Supple-
mentary Fig. 33). As crystallization proceeds, crystalline nucleus
emerges on the CNT surface, displaying a well-defined epitaxial match
with the CNT lattice in the low-CNT loading systems, which is different
from the initial state.

This indicates that molecular chains are rapidly adsorbed onto the
CNT surface with only subtle conformational adjustment, forming a
pre-oriented layer in the low-CNT loading system (Fig. 4b;b,). In con-
trast, the system with excessive CNT loading induces significant con-
formational rearrangement of molecular chains at the interface due to
strong interfacial interactions (see Fig. 4c;c,). This finding demon-
strates that a small amount of CNTs remain potent heterogeneous
nucleating agents even within complex multicomponent environ-
ments, thereby validating the universality and reliability of the core
mechanism identified by our initial model.

Compared to the initial model, analysis of the mean squared dis-
placement (MSD) curves for different components across the three
full-component systems reveals that although n-docosane, HDPE, SEBS
exhibit relatively high initial diffusion rates, their overall dynamics are
ultimately compromised used to constraints imposed by the cross-
linking network of polymer molecular chains (Fig. 4d and Supple-
mentary Fig.34). Furthermore, in higher CNT loading system, the for-
mation of percolating network restricted molecular mobility, leading
to a reduction in overall crystallinity. In contrast, in low-CNT loading
system, the diffusion rates of SEBS and HDPE remained comparable to
those in the pure C22 system, while the MSD curves of n-docosane
molecules indicated rapid condensation (crystallization) induced by
CNTs. This kinetically confirms that a low CNT concentration can
efficiently guide the ordering of n-docosane molecules.

Furthermore, we performed a comprehensive analysis of the total
potential energy, bond energy, non-bonded interaction energy, and
interfacial interaction energy of three full-component systems during
the crystallization process (Fig. 4e-h, and Supplementary Fig. 33). The
results demonstrated that the system with low-CNT loading exhibits
the most rapid decrease in energy (including E o, £ bonds E angles
E torsion, E inter) and achieves the lowest final energy state, indicating the
most stable configuration (Fig. 4e-h, and Supplementary Fig. 33). This
provides compelling thermodynamic evidence that this system forms
a more stable crystalline structure, unequivocally highlighting the
significant advantage of a small amount of CNT as a heterogeneous
nucleating agent in reducing the nucleation barrier and promoting
overall system stability.

These MD simulation results of comprehensive full-component
models are fully consistent with the conclusions from our initial sim-
plified model. The simplified model successfully isolated and revealed
the heterogeneous nucleation mechanism induced by a small amount
of CNT, while the full-component model validates the effectiveness of
this mechanism under realistic conditions, while additionally revealing
the confinement effects imposed by the polymer components.

Mechanical properties of C22/CNT fibers and orientation
enhancement mechanism of CNTs

The mechanical behavior of PCFs is critical for their performance in
thermal energy storage systems, requiring a delicate balance between
strength and ductility. Conventional polyolefin-based PCFs exhibit
inherent brittleness due to n-docosane chain immobilization (Sup-
plementary Fig. 35), with tensile strength to 5.6 MPa and fracture
toughness of 28 +10MJ-m™ constrained by polymer chain disen-
tanglement. In contrast, our CNT-engineered C22/CNT fibers demon-
strated a concentration-dependent reinforcement regime (Fig. 5a, b),
achieving significant synergy between ductility and strength through
hierarchical microstructural control. The tensile strength of the C22/
CNT fibers reached a maximum value of 8 MPa with the incorporation
of 1.0wt.% CNTs, representing a significant improvement over the
5.6 MPa tensile strength of pure C22 fiber. Additionally, the elastic

modulus of C22/CNT fibers (780 MPa at 1.0 wt.% CNT) exhibited a
slight increase compared to pure C22 fibers (700 MPa) (Fig. 5a). The
elongation at break of the C22/CNT fibers reached a maximum value of
1652% when 0.05 wt.% CNTs were added, representing a 147% increase
compared to C22 fibers (669 %). However, further increases in CNT
content led to a decrease in elongation at break, which eventually
became lower than that of pure C22 fibers when the CNT content
exceeded 0.5wt.%. Furthermore, the work of fracture of C22/CNT
fibers initially increased with CNT addition, reaching a maximum value
0f 130 + 10 MJ-m at 0.5 wt.% CNTs—a 365% improvement compared to
pure C22 fiber (28 +10 MJ-m™) (Fig. 5b). These observations suggest
that the addition of a small amount of CNTs can significantly enhance
the mechanical properties of PCFs. The n-docosane in the composite
plays a critical role in improving CNT dispersion via infiltration effects,
facilitated by its high affinity for carbon nanotubes. This interaction
promotes effective stress transfer between the CNTs and polymer
chains, resulting in excellent dispersion and improved mechanical
performance. However, as the CNT content increases beyond optimal
levels, the likelihood of defect formation within the fibers becomes
significant. This inhibitory effect on reinforcement outweighs the
beneficial effects of CNT addition at higher concentrations, ultimately
limiting further improvements in mechanical properties. The ultra-
high efficiency of CNTs in enhancing fiber toughness demonstrated by
a minimal addition achieving remarkable improvements in elongation
at break highlights their potential as a highly effective reinforcement
agent for PCFs.

The mechanical reinforcement in C22/CNT fibers originates from
CNT-modulated crystallization kinetics and chain orientation dynam-
ics of the polymer matrix. In-situ SAXS/WAXD characterization (Fig. 5¢
and Supplementary Figs. 36-40) reveals a concentration-dependent
dual-phase reinforcement mechanism. As the degree of stretching
increases, the radius of the special diffraction rings decreases con-
comitantly with increasing strength, indicating an increase in the
orientation of the molecular chains (Supplementary Fig. 37). This
reflects the tendency of the molecular chains to become more ordered
and oriented upon stretching. To further investigate the chain orien-
tation differences in PCFs, azimuth information was analyzed (Sup-
plementary Fig. 38). Fibers tend to deform along the direction of
external forces. In-situ 2D-WAXD analysis shows that incorporating a
small amount of CNT enhance the chain orientation arrangement of
during stretching at the same deformation level (700%) (Supplemen-
tary Fig. 39). A narrower full width at half maximum (FWHM) corre-
sponds to a higher degree of fiber orientation. The 2D-WAXD images of
C22/CNT1 fibers, combined with disparities in FWHM and chain
orientation between C22 fibers and C22/CNT1 fibers, confirm the
improved stretching orientation and crystallization of C22/CNT1
fibers. This indicates that introducing 0.05 wt% CNTs promotes poly-
mer chain arrangement (Fig. 5c). As the deformation increases gra-
dually, fiber orientation enhances and ultimately stabilize before
fracture occurs (Fig. 5d). Notably, the incorporation of CNT within the
range of 0.05wt.% to 0.1wt.% exerted a substantial effect on the
orientation of the fibers (Supplementary Fig. 40), aligning with find-
ings of the mechanical experiments.

However, under lower CNT loading conditions (0.05 wt.%), CNTs
are primarily individually dispersed, which facilitates their uniform
distribution within the polymer matrix and allows then to be suffi-
ciently wetted by the polymer. Thus, these individually dispersed CNTs
can more readily align along the direction of shear or tensile flow
during melt processing. The stretching process further facilitates
the alignment of these well-dispersed, low-content CNTs along the
stretch direction, yielding a high degree of orientation. This high
orientation, combined with good dispersion, is pivotal for efficient
stress transfer.

When the CNT content increases to 0.1 wt.%, the intensified van
der Waals interactions between CNTs promote the formation of local
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Fig. 5 | Mechanical properties and MD analysis of the orientation enhancement
mechanism of C22 fibers with varying CNTs contents during the stretching
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state), and 260 ps (completely factured state), (f) C22 fibers with 6 CNTs (denoted
as PCF/CNT1, 0.1wt.%) at O ps (initial state), 100 ps (stretching state), 210 ps
(stretching state), and 430 ps (completely fractured state), and (g) C22 fibers with
18 CNTs (denoted as PCF/CNT2, >0.1 wt.%) at O ps (initial state), 100 ps (stretching
state), 180 ps (partly fractured state), and 350 ps (completely fractured state),
respectively. h Mean square displacement curves. i Radial distribution function g(r)
curves over time during the stretching process. j Variations in the non-bonding
interaction energy of different phase-change composite fiber systems over time
during the stretching process. k Property distribution of the different types of PCFs

evaluated based on toughness and latent heat storage
CapaCity12,27,32,33,39743,45*51,53755,59,61*65

aggregates. This promotes the formation of a robust percolating net-
work, acts as enhanced physical cross-links and thermal barriers within
the composites, contributing to enhancing thermal stability and
mechanical strength (e.g., higher tensile strength and modulus). Fur-
thermore, the denser CNT network provides a sufficient number of
uniform nucleation sites, promoting more perfect overall crystal-
lization. As suggested by Valentini®’, the heterogeneous nucleation
efficiency of CNTs does not increase linearly with their content but
rather exhibits a saturation behavior. An insufficient amount (e.g.,
0.05wt.%) offers too few sites to maximize this effect, while an

excessive amount may hinder crystal perfection due to spatial con-
finement. Thus, although some local aggregation occurs, slightly
reducing local orientation degree, the network effect outweighs the
detriment, delivering the best balance of strength, thermal properties
and latent heat. In short, the 0.05wt.% CNT loading represents the
microstructural threshold for optimal dispersion, maximizing the
“single-fiber toughening effect”, whereas 0.1wt.% activates the “three-
dimensional network enhancement effect”, optimizing the trade-off
between strength, thermal stability, and laten heat. For our target
application - phase change fibers requiring reliable thermal
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performance, energy density, and load-bearing capacity - the 0.1 wt.%
CNT loading was selected as the system-wide optimum.

MD simulations revealed the formation mechanisms influenced
by CNT concentration in polymer fiber systems. Under tension, the
orientation of the molecular chains tends to align along the same
direction (Fig. 5e-g). During the initial stretching process, the
n-docosane crystal blocks gradually penetrated the polymer micro-
fibers along the stretching direction (Fig. 5e). Within the microfibers,
these crystal blocks were arranged in a stacked configuration and
interconnected by taut-connecting molecules. The presence of voids
between molecular chains is considered a primary factor contributing
to defect formation within the fiber. Compared to polymers, CNTs
exhibit noticeable orientation capacity during stretching. Conse-
quently, they can be employed as orientation seeds for C22 fibers'®°,
This property makes them effective as orientation seeds for aligning
n-docosane small molecular and polymer chains, thereby reducing
void formation and porosity. During stretching, the CNT axis aligns
along the stretching direction, with interface region segments aligning
along the CNT axis (Fig. 5f, g). These segments are influenced by two
orientation effects: the CNT-induced orientation and the stretching-
induced orientation. Additionally, the likelihood of interactions
between multiple CNTs and individual molecular chains increases
during stretching. This leads to segment adsorption by discrete CNTs,
resulting in molecular chain bending.

During the stretching process, CNTs are gradually adsorbed onto
the surface of n-dodecane and polymer molecular chains, causing the
grain boundary area to gradually increase (Fig. 5f, g). The tortuosity of
the grain boundaries inversely correlates with their ability to act as
sites for fracture nucleation and microcrack propagation. At low CNT
loadings (0.1wt.%), CNTs function as physical crosslinks within the
polymer matrix, enhancing network connectivity and tensile strength
(Supplementary Figs. 41-42). However, above this threshold, CNT self-
assembly forms percolating networks that restrict polymer chain
mobility and create stress concentration points. These networks
enhance stress distribution, promote grain refinement through het-
erogeneous nucleation, and reduce plastic deformation localization.
As a result, the deformation becomes more uniform, stress con-
centrations are reduced, and fiber toughness is improved.

MSD analysis revealed distinct chain dynamics (Fig. Sh, and Sup-
plementary Fig. 43), with all systems showing stress-induced chain
mobility enhancement. However, the PCF/CNT1 system exhibited a
lower MSD value, which correlated with the anisotropic chain reor-
ientation and interfacial CNT-polymer attraction. During stretching,
the alignment of CNTs along the loading direction facilitated the
orientation of the molecular chain segments in the interfacial region,
and thereby affecting the mobility of the molecular chains and
increasing fiber flexibility. The density distribution map further high-
lights distinct reinforcement mechanisms (Supplementary Fig. 44). At
low CNT loading (0.1wt.%), enhanced interfacial adhesion restricted
segmental motion while promoting lateral chain alignment, redis-
tributing stress concentration to enhance mechanical toughness. In
contrast, at high CNT loadings (>0.1wt.%), CNT-induced percolation
led to entanglement formation, creating localized stress zones that
reduced fracture strain.

As shown in Fig. 5i, the radial distribution functions (RDF) of PCF/
CNT1 and PCF/CNT2 exhibited distinct strain-dependent evolution. As
tensile deformation proceeds, the g(r) values of the composite system
increase gradually, concurrently with a narrowing of the g(r) dis-
tribution along the radial distance. This trend indicates that polymer
chains and CNT become highly oriented in the stretching direction,
promoting crystallization and a significant enhancement in structural
order, thereby leading to the formation of ordered structure. Notably,
PCF/CNTI1 exhibited a stronger peak intensity than PCF/CNT2, attrib-
uted to its stronger interfacial adhesion at low CNT loadings, which
preferentially highly aligned polymer chains along the loading axis. In

contrast, excessive CNT loading causes chain entanglement, which
may disrupt the oriented arrangement and reduce fracture toughness.
Besides, the progressive strain led to RDF peak broadening and
intensity decay in both systems, reflecting a transition from ordered
chain alignment to disordered entanglement-dominated morphology.
Strikingly, despite its lower CNT content, PCF/CNTI exhibited greater
strain-induced orientation than PCF/CNT2. This highlights the critical
role of interfacial percolation in directing polymer chain organization
and achieving enhanced material performance.

To elucidate the interfacial dynamics between the polymer
matrices and CNTs during mechanical stretching, we analyzed the
strain-dependent potential energy evolution (Fig. 5j). The CNT-
engineered PCFs exhibited a higher energy absorption capacity than
the neat fibers, attributed to shear-yielding deformation-induced
interfacial friction. Leveraging the high specific surface area of CNTs,
minimal loading suffices to generate interface-dominated phases,
significantly enhancing energy dissipation efficiency. This interfacial
percolation effect facilitated two synergistic mechanisms, including
energy barrier modulation caused by CNT-matrix adsorption, which
delayed disentanglement kinetics while promoting stress redistribu-
tion, and strain-induced crystallization, which reduced chain entropy
via oriented packing. As a result, the energy levels of the molecular
chains exhibited a tendency to increase and then decrease (Supple-
mentary Fig. 45).

The entanglement of polymer chains with minimally loaded CNTs
constrained the chain motion, forming a reinforced network. The
confinement effect reduced defect densities, enhanced interfacial
interaction, and induced an increase in axial sliding resistance, while
enhancing tensile strength (o= 6.32 MPa) and toughness (¢ =1530 %).
The aligned CNT networks enhanced phonon transport while miti-
gating stress concentration during the stretching process. The hier-
archical CNT-reinforced architecture resolved the trade-off between
thermal stability (AH,,=139.0J-g”", AH.=138.0)-g™") and mechanical
performance through 3D-IPNs, surpassing the reported melt-spun
(MS), wet-spun (WS), and electro-spun (ES) counterparts (Fig. 5k). This
strategy establishes a universal design principle for developing wear-
able high-performance thermal energy storage systems in military and
aerospace applications, where stringent demands exist for concurrent
energy density, mechanical robustness, and thermal stability.

Solar energy utilization and wearable human thermal
management

The development of carbon-based PCFs have led to the creation of
innovative textiles capable of regulating temperature effectively.
These fabrics are crafted using weaving and sewing technologies, as
demonstrated in Fig. 1f and Supplementary Fig. 11, with garments
prototype showcased in Fig. 1g. The key achievements include
noticeable photothermal energy harvesting, high fidelity in phase
change, and remarkable mechanical robustness. To assess the photo-
thermal conversion performance, the corresponding measurements
were conducted under simulated sunlight. Fabrics with varying CNT
contents (denoted as CNT-PCTRFs) were evaluated, revealing that
increasing CNT content enhances efficiency. Notably, fabric with
0.1wt.% CNT achieved a temperature of 66 °C and an efficiency of
67.1% under 80 mW-cm™ simulated sunlight, significantly out-
performing the pristine fabric. The maximum temperatures recorded
for the samples PCTRF, CNTI-PCTRF, CNT2-PCTRF, CNT3-PCTRF, and
CNT4-PCTRF (with CNT contents of 0, 0.05, 0.1, 0.5, 1.0 wt.%) were 40,
66, 58, 60 and 63 °C, respectively (Fig. 6a). The photothermal con-
version and storage efficiency () of CNT-PCTRFs exhibited a dose-
dependent enhancement as the CNT loading increased. Specifically, n
rose from 34.5% to 67.1% when the CNT content was increased from O
to 1.0 wt.% under an isoflux condition of 80 mW-cm™ (Supplementary
Fig. 46). Notably, the CNT4-PCTRF achieved a photothermal conver-
sion efficiency of 67.1%, which outperformed the pristine fabric’s
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Fig. 6 | Photothermal and solar-to-electric energy conversion of CNT-PCTRFs
for wearable thermal management. a Temperature evolution curves of CNT-
PCTRFs (25 cm?) by varying CNTs contents under 80 mW-cm? solar illumination. b
n values of CNT-PCTRFs (25 cm?) at varying light intensities. ¢ Radar chart com-
paring C22 and C22/CNT fibers in latent heat, mechanical properties, thermal
conductivity, and n values. d Experimental setup for solar thermoelectric conver-
sion. Temperature and output voltage of CNT2-PCTRFs under 100 mW-cm? (e) and

variable solar intensities (f). g Schematic of PCM garment thermal regulation using
C22/CNT2 fibers. h, i Photos, and mean temperature comparison between ordinary
vests and PCM-based garments under solar exposure (h), and at high-temperature
work environments (i), with wearing-time evolution, respectively. j;-my4 Infrared
thermography images of ordinary vest (j;—ja, li-14), and thermoregulation PCM
garment (k;—k4, m;—-my) under solar exposure and high-temperature conditions at
increasing wearing times, respectively.

efficiency of 34.5% by near double. This indicates that the CNT network
can synergistically enhance solar energy conversion through photon
trapping and anisotropic thermal conduction. Furthermore, the pho-
tothermal conversion efficiency of the fabric exhibited a direct cor-
relation with the intensity of simulated solar irradiance intensity. As
shown in Supplementary Fig. 47, when the simulated solar irradiation
intensity was varied at 60, 80, 100, and 120 mW/cn?, the # values for
CNT2-PCTRF were observed to increase correspondingly: 63.7%, 67.1%,

79.7%, and 90.5%, respectively (see Fig. 6b). To assess the stability of
the photothermal conversion capability, CNT2-PCTRF underwent 10
cycling tests (Supplementary Fig. 48). The consistent cyclic curves
demonstrated the excellent stability of the material’'s photothermal
performance. The optimized PCF with 0.1 wt.% CNT loading exhibited
multifunctionality, including remarkable latent heat storage/release
capacity (AH,=139.0)-g, AH,,=138.0J-g™), high mechanical prop-
erties (¢ = 1535%, 0 = 6.28 MPa), and robust photothermal performance
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(7=58.9% at 80 mW-cm?). These attributes were comprehensively
evaluated using a radar chart, providing a comprehensive overview of
the performance of CNT-reinforced PCFs (Fig. 6¢).

The photothermal properties of CNT2-PCTRF’s were harnessed to
assess its potential for solar-to-electric energy conversion, as illu-
strated in Fig. 6d. The experimental setup comprised three essential
modules: a photothermal-electric conversion unit, a temperature
monitoring apparatus, and a voltage acquisition system. Under simu-
lated solar irradiation (1 Sun, AM 1.5), a solar thermoelectric generator
(STEG) device was employed, utilizing CNT2-PCTRF as active heat
source and stainless-steel radiators as the cold sink. The output voltage
dynamics were continuously recorded during operation (Fig. 6e). At
steady-state condition with a cold-side temperature maintained at
approximately 5°C, it was observed that the thermal energy dis-
charged by CNT2-PCTRF at the hot junction of the thermoelectric
module directly influenced the system’s open-circuit voltage. This
finding underscored the critical role of photothermal material effi-
ciency in determining the overall performance of energy conversion.
The integrated STEG system, incorporating CNT2-PCTRF as the heat
source, achieved a notable output voltage of 280 mV at thermal
equilibrium (Fig. 6e), demonstrating promising photo thermoelectric
energy conversion capabilities. Upon the cessation of light exposure,
the system experienced a rapid decline in output voltage due to the
decrease in equilibrium temperature and subsequent release of stored
thermal energy. Furthermore, increasing the intensity of incident solar
radiation led to a proportional rise in CNT2-PCTRF’s temperature,
enabling substantial energy storage within the material. This phe-
nomenon was reflected in enhanced voltage outputs across varying
light intensities (from 60 mW-cm? to 140 mW-cm™), with correspond-
ing voltage readings ranging from 60 mV to 140 mV (Fig. 6f). The
system exhibited excellent stability, as evidenced by a minimal output
variation of less than 2% over ten consecutive cycles (Supplementary
Fig. 49) and an effective thermal boundary layer management
mechanism. This result highlights the significant potential of CNT-
PCTRF materials to store substantial amounts of thermal energy, which
can be released to extend power supply duration. The demonstrated
capability of CNT-PCTRFs in photo thermoelectric energy conversion
further underscores their promising application in clean energy col-
lection and augmentation of power supply systems.

The fabrication of CNT-PCTRFs and garments was successfully
achieved using semi-automatic weaving machines and commercial
sewing machines, respectively (Fig. 1f, g and Supplementary Fig. 11).
The development of revolutionary manufacturing processes enabled
scalable production of intelligent thermally regulated fabrics and
garments, demonstrating significant potential for industrial applica-
tions. The seamless integration CNT-PCTRFs with commercial sewing
technology opens up possibilities for their incorporation into diverse
types of clothing and textiles, particularly for advanced wearable
thermal management systems. Human metabolic heat generation
involves the conversion of chemical energy from food intake into
thermal energy, which is then dissipated to the surrounding environ-
ment through various mechanisms. Thermal comfort is conventionally
achieved by adjusting the number of clothing layers or through the
electrical consumption. The incorporation of carbon-based PCFs into
textiles that exhibit high latent heat storage/release capacity
(AH,,=87.6)-g", AH,,=85.0)-g™) offers a promising solution for tem-
perature regulation (Fig. 1e and Fig. 6g). Upon an increase in ambient
temperature, the PCMs within the fibers undergo phase transition
from solid to liquid, thereby absorbing and storing the heat energy.
Conversely, during a decrease in temperature, the PCMs revert to their
solid state, releasing the stored heat. This phase-changing mechanism
enables the PTCs to function as self-regulating sensors and intelligent
temperature controllers, automatically responding to ambient tem-
perature changes while maintaining optimal body thermal comfort
(Fig. 6g). Furthermore, the incorporation of CNTs into PCFs enhances

their thermal conductivity of materials, imparting dominant functional
properties such as efficient solar-thermal-electric energy conversion
and excellent durability under continuous heating-cooling cycles.

We developed a wearable garment to evaluate the thermal reg-
ulation performance of the CNT-PCTRFs under real-world operational
conditions, demonstrating their manufacturability and wearable inte-
gration for scalable thermal management applications. Field testing in
Beijing, China, validated the ability of CNT-PCTRF to maintain human
thermal comfort across various environments, including outdoor
wearable validation and indoor thermal protection (Fig. 6h, i). To
ensure the accuracy and uniformity of thermal measurements, tem-
perature and thermal distribution were monitored using an infrared
thermal imaging device (Fig. 6j1—js, ki—K4, li=14, my—my). A volunteer
participated in the study by wearing ordinary vests and specialized
garments designed to regulate body temperature (PCM clothing),
enabling an assessment of the practical wearability of phase-change
textiles. This experiment took place on a sunny summer day at Peking
University, where the participant wore the aforementioned vest and
was exposed to direct sunlight for 30 minutes. Throughout this period,
the thermal properties of the vests and volunteers were meticulously
monitored (Fig. 6h, j1—ja, ki—k4). The data show that during peak solar
irradiance, which occurred between 8:30 am and 10:30 am, the tem-
perature of the thermoregulated PCM clothing (approximately 42 °C)
was approximately 8°C lower than that of the ordinary vest
(approximately 50 °C). Infrared thermal imaging revealed a substantial
temperature difference between the phase-change clothing and
ordinary vest (Fig. 6j1—js, ki—k4). Meanwhile, thermocouples attached
beneath the vest between the body regions covered by different fab-
rics indicated a temperature difference of approximately 5 °C between
the thermoregulated PCM clothing and the normal vest (Fig. 6h).

Conventional thermal protective clothing (TPC) typically incor-
porates multiple fabric layers, which enhances insulation by increasing
padding thickness. However, this conventional approach can lead to
bulkier clothing, reduced breathability, and impaired mobility and
efficiency for users. To further evaluate the thermal protection and
temperature regulation capabilities of the CNT-PCTRFs in high-
temperature environments, volunteers wore an ordinary vest and
thermoregulated PCM attire inside a high-temperature chamber where
muffle furnaces were operated at 1000 °C. Infrared thermography was
used to observe the heat distribution and temperature changes
between the garment and human body. The experiment demonstrated
that conventional clothes rapidly elevated the temperature to the
same level as the wearer in a high-temperature environment, and with
volunteers perceiving significant heat transfer from their surroundings
(Fig. 61;-14). In contrast, PCM clothing release heat to the environment
before reaching their phase-change temperature, thereby help main-
tain the body at a comfortable temperature (Fig. 6i and Fig. 6m;-my).
Thermocouple readings revealed a temperature difference of
approximately 4 °C between the thermoregulated PCM clothing and
the ordinary vest. These results indicate that CNT-PCTRFs can effec-
tively regulate and control heat while maintaining breathability and
providing a comfortable wear experience. The findings underscore the
importance of thermal protective textiles in safeguarding individuals
from extreme high-temperature conditions.

The integration of CNT-PCTRFs through weaving, cutting, and
commercial enables their use in a wide range of products tailored for
various applications, such as clothing, tents, car covers, curtains, and
awnings, and other similar items. Wearable and smart textiles incor-
porating PCMs provide adaptive temperature control and thermal
management, ensuring personal thermal comfort without requiring
external power or input. When applied for personal physical comfort,
this passive technology delivers thermal comfort as the wearer’s body
temperature rises. Furthermore, this passive system proves particu-
larly advantageous in extreme environmental conditions and holds
potential for addressing certain medical needs.
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Discussion

In summary, we introduce a scalable and cost-effective physical-
crosslinking strategy for fabricating PCFs with high thermal storage
density and long-term stability. Our integrated experimental and
molecular dynamics studies elucidate three synergistic strategies to
optimize PCFs performance: 3D-IPNs confinement engineering, CNT-
induced structural modulation, and a scalable manufacturing para-
digm. For the large-scale production, bi-component melt spinning and
multi-stage confinement strategies provide practical and cost-efficient
pathway for creating elastic support frameworks with high-molecular-
weight polymers. The strategic incorporation of ultra-low CNT loading
(0.1wt.%) into PCFs enables three-dimensional reinforcement,
achieving noticeable multifunctionality: enhanced latent heat amplifi-
cation (AH,=139.0J-g", AH.=138.0J-g"), accelerated thermal trans-
port (0.31 W-m’K"), toughness enhancement (s = 1583%, 0 = 6.83 MPa),
and thermal reliability. Notably, the addition of 0.1 wt% CNTs increases
enthalpy by 10 %, enhances thermal conductivity by 138.5%, and boosts
elongation at break by 130.0%. MD simulations reveal two key
mechanisms driving these improvements: CNT-induced crystallization
and gradient-interface-engineering-induced fiber orientation. Fur-
thermore, the composite PCM-based fabric fabricated via warp-weft
weaving exhibited excellent photothermal and photo thermoelectric
conversion properties. Using cutting and conventional sewing tech-
niques, we fabricated PCM-based thermoregulatory clothing that
outperforms traditional polyester fabrics in thermal regulation,
maintaining stable thermal conditions under dynamic environmental
temperatures. These advancements enable the scalable production of
functional PCM-based textiles for high-power-density personal ther-
mal management and protection. They hold transformative potential
for wearable systems in extreme-environment applications and medi-
cal thermotherapy applications.

Methods

Materials

The base PCM, n-docosane (C22), was supplied by the Shanghai
Mackin Biochemical Technology Co. Ltd. (China) and had a melting
temperature of 42°C. Styrene Ethylene Butylene Styrene (SEBS)
(Mw=16.1 w) and high-density polyethylene (HDPE) (Mw =20 w) are
preferred polymer-supporting materials. SEBS (Mw =16.1 w) is a linear
triblock copolymer with polystyrene as the end segment and an
ethylene-butene copolymer obtained by the hydrogenation of poly-
butadiene as the intermediate elastic block. HDPE (Mw = 20 w) exhibits
significant thermoplasticity. These materials were purchased from
Kunshan Huayi Plastic Co. Ltd. (China) and Sinopec Yangzi Petro-
chemical Co. Ltd. (China). Carbon nanotubes (CNTs) with a diameter of
20 nm and a length of 10-30 um were provided by Heowns Biochem
Technologies Co., Ltd. as the additive agent.

Preparation of C22/CNT@SEBS-HDPE composite

Prior to use, n-docosane was heated to melt into a liquid state at 80 °C,
and different dosages of CNTs were uniformly dispersed in n-docosane
using ultrasonic cavitation at room temperature for 45 min. Subse-
quently, CNTs with different mass fractions (0, 0.05, 0.1, 0.5, and 1 wt.
%) were dissolved in n-docosane. SEBS and HDPE were dissolved in
n-docosane and CNTs composites to yield gel blocks. The gel blocks
were subsequently introduced into an internal mixer (HTK-55,
Guangzhou Hartek Technology Co., Ltd., China) and subjected to high-
temperature mixing (175 °C) for 45 min. This process was performed to
obtain a uniform C22/CNT@SEBS-HDPE composite material. Subse-
quently, the composite was cooled and added to the crusher, resulting
in a uniform phase-change masterbatch with a size of 1 - 2 mm.

Preparation of C22/CNT fibers
Prior to the initiation of the spinning process, it was necessary to
increase the temperature of the three stages of the twin-screw

equipment to 120°C, 140°C, and 170 °C. Subsequently, a phase-
change masterbatch was introduced into the feed inlet of the heat
exchanger. Following a stepwise heating process, the polymer-based
PCM was subjected to further mixing, resulting in the complete
intertwining of the long molecular chains, thereby providing a
restricted skeleton for n-docosane, which resulted in the formation of
primary fibers. The extrusion rate was set to 1.5 m/min, whereas the
curling and winding rates were 50 m/min. After three stretching cycles,
the primary fibers underwent multiple stretching orientations, with
C22 being confined further during this process. This resulted in
carbon-based PCFs with uniform fiber diameters that were rolled into a
roll. The production process can be summarized as follows: a con-
tinuous flow of viscous molten thermoplastic polymer is extruded
through a spinneret. Subsequently, the polymer fibers are subjected to
rapid cooling and solidification using cold air or a gas. Subsequently,
the solidified fibers are collected after multiple stretching orientations
and are further processed to yield the final product.

Preparation of CNT-PCTRFs

The employment of C22/CNT fibers as warp yarns and polyester yarns
as weft yarns enabled the fabrication of CNT-PCTRFs using a semi-
automatic loom. The preparation of thermoregulated PCM clothing
entailed the design, cutting, and commercial sewing of four pieces of
CNT-PCTRFs using a commercial sewing machine.

Characterization

The microstructure of the fibers coated with Au nanoparticles was
characterized using a scanning electron microscope (SEM, HITACHI
Regulu 8200, Japan) at an acceleration voltage of 5-10 kV. The fibers
were sputtered with Au nanoparticles at an electric current 40 mA for
100 s. The microstructure of carbon nanotubes (CNTs) was examined
using transmission electron microscopy (TEM, HITACHI H-7650,
Japan) by depositing them onto a holey carbon support film. The fibers
were prepared as ultrathin sections and subsequently analyzed using a
field-emission high-resolution transmission electron microscope (JEM-
2100F, Japan) at an acceleration voltage of 200 kV. Wide-angle X-ray
diffraction (XRD, Rigaku SmartLab, Nexsa, Czech Republic) was used
to investigate the crystalline structure at a scanning rate of 0.05 s over
a 2 6 range of 5-60°. In-situ XRD measurements were conducted to
determine the relationship between the crystallization peaks and
temperature changes. In situ tensile tests were performed on the fiber
samples using a small-angle X-ray scattering instrument (SAXS,
Xenocs, Xeuss 3.0 HR, France). Differential scanning calorimetry (DSC)
curves were recorded using a differential scanning calorimeter (DSC,
PE, LN2-DSC8500, USA) at a heating/cooling rate of 5 °C min™ under a
nitrogen atmosphere between 0 and 80 °C. The cyclic durability of the
samples was assessed using DSC within the same temperature range at
a rate of 10 °C min™ for 125 cycles under nitrogen protection. Thermal
gravimetric analysis (TGA) was conducted using a thermogravimetric
analyzer (TA, SDT Q600, USA) at a heating rate of 15 °C min™ from 40
to 800 °C in a nitrogen atmosphere. Thermal conductivity was mea-
sured using an integrated physical property measurement system
(PPMS, Quantum Design PPMS-9, USA) in a vacuum environment, and
the results were averaged from multiple measurements. A polarizing
optical microscope (POM) was employed for the real-time observation
of alterations in the crystal structure during the heating and cooling
cycles of the samples within the temperature range of 20-50 °C. The
mechanical properties of the fibers were assessed using a single-
column mechanical testing system (Instron 5843, USA) in the tensile
mode at a tensile rate of 50 mm min™. The light-to-thermal conversion
experiments were conducted under simulated sunlight illumination
provided by a CEL-S500 xenon lamp (Zhongjiao Jinyuan Company,
China) with an AM 1.5 filter. The intensity of simulated solar sunlight
illumination was calibrated using an optical power meter (CEL-FZ-A).
The relationship between the surface temperature of the samples and
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the illumination time was measured and recorded using a high-
precision digital thermometer (DP700, RKC Japan) connected to a
thermocouple (ST-50). Thermal images of the heat distribution on the
surface of the measured object were captured by using an infrared
thermal imager.

Fore field of molecular dynamics (MD) simulation

All MD simulations for crystallization process and stretching process
were performed using LAMMPS. Trajectory visualization and analysis
were facilitated by using VMD software. The simulations employed the
all-atom OPLS-AA force field. More detailed information is available in
the Supplementary Information.

Data availability

The data generated and analyzed during this study are provided in the
main text and the Supplementary Information. All data are also avail-
able from the corresponding author upon request. Source data are
available at https://doi.org/10.6084/m9.figshare.31025938.
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