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Ultrathin aerogel-structured micro/
nanofiber metafabric via dual air-gelation
synthesis for self-sustainable heating

Yucheng Tian1, Yixiao Chen1, Sai Wang1, Xianfeng Wang1, Jianyong Yu 1,
Shichao Zhang 1 & Bin Ding 1,2

Incorporating passive heating structures into personal thermal management
technologies could effectively mitigate the escalating energy crisis. However,
current passive heating materials struggle to balance thickness and insulating
capability, resulting in compromised comfort, space efficiency, and limited
thermoregulatory performance. Here, a dual air-gelation strategy, is devel-
oped to directly synthesize ultrathin and self-sustainable heating metafabric
with 3D dual-network structure during electrospinning. Controlling the
interactions among polymer, solvent, and water enables the microphase
separation of charged jets, while adjusting the distribution of carbon black
nanoparticles within charged fluids to form fibrous networks composed of
interlaced aerogel micro/nanofibers with heat storage capabilities. With a low
thickness of 0.18mm, the integrated metafabric exhibits exceptional thermal
insulation performance (15.8mWm−1K−1), superhydrophobicity, enhanced
mechanical properties, and high breathability while maintaining self-
sustainable radiative heating ability (long-lasting warming of 8.8 °C). This
strategy provides rich possibilities to develop advanced fibrous materials for
smart textiles and thermal management.

The escalating energy crisis, amplified by high energy consumption
in heating, highlights the urgency of personal thermal management
strategies to reduce the energy demand for indoor temperature
regulation, by regulating the heat exchange between the human
body and the environment1,2. Fibrous materials, with their unique
accessibility and versatility, have gained prominence in the realm of
thermal management materials, presenting innovative opportunities
for enhancing energy efficiency and comfort in personal and indus-
trial applications3,4. However, common fibrous materials exhibit
uncontrolled pore structures, large pore size (commonly >50 μm),
and limited porosity (typically <50%), which pose great challenges in
achieving highly efficient thermal management performance5,6.
In contrast to conventional fibers, micro/nanofibers with
smaller diameters demonstrate significant potential in effective
thermal management applications owing to their reduced pore size

(always >2 μm) and enhanced porosity that effectively trap still air
while significantly restricting heat transfer7–9. Recently, the 3Dmicro/
nanofibrous sponges prepared by freeze-drying technology or elec-
trospinning method, achieving a fluffy structure with improved
porosity and uniformpore structure, which extends the heat transfer
path and enhances thermal insulation (thermal conductivity of
~28mWm−1 K−1)10–13. Nevertheless, the macropore network of these
fibrous sponges is difficult to be refined, coupled with the inherent
non-porous structure within the fibers, thereby limiting the
effective suppression of air molecule heat transfer14,15. Furthermore,
their excessive thickness (>20mm) compromises sweat transmission
and joint mobility of the body, leading to poor wet comfort
(usually <2 kgm−2 d−1) and space utilization, indicating the necessity
for design enhancements that meet practical performance
requirements16,17.
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In comparison, aerogels, with their high porosity, and nanoscale
pore size smaller than the mean free path of air molecules, have a
thermal conductivity (~16mWm−1 K−1) that is even lower than that of
static air (~24mWm−1 K−1), thus they are regarded as ideal material for
thermal insulation18–20. Despite their efficient heat insulation proper-
ties, the inherent brittleness and hygroscopic nature of zero-
dimensional aerogel powders impose limitations on their practicality
in wearable technology21–23. To address the challenge, several aerogel
materials composed of micro/nanofibers have been developed in
recent years18,24–26. Typically, synthesized through freeze-spinning
technique, aerogel fibers exhibit aerogel-like porous structure while
maintaining the flexibility of traditional fibers27–29. Nevertheless, their
suboptimal pore size (>500nm) falls short in effectively impeding the
movement of air molecules, a feat achieved by traditional silica aero-
gels with their significantly smaller pore size (<60nm)30–32. Addition-
ally, their large diameters (usually >200 μm) restrict the arrangement
possibilities within fabric construction, leading to significant gaps,
uncontrollable porous structure between fibers, and the resulting
uneven thermal insulation33,34. These factors collectively contribute to
moderate thermal conductivity and limited warmth retention, while
the complex fabrication process further restricts their applications.
Moreover, their inability to absorb solar and human body radiation
leads to energy inefficiency, thereby limiting their broader application
in thermal management as they can only impede heat transfer rather
than store or regulate it35,36. Therefore, significant efforts are required
todevise a simple andpracticalmethod, capableof preserving thefine-
pore structure of aerogels and the flexibility of fibers, while ensuring
effective utilization and storage of radiant energy.

After careful observation of sunflower growth, we discovered that
heliotropism of the flower disc and the Fibonacci sequence of seeds
allowed for optimal absorption and storage of light and chemical
energy37. Inspiredby these features,we in situ introduced seed-like and
size-matching CB nanoparticles into the nanopores of transparent
PMMA fibers by the humidity-induced heterogeneous electrospinning,
resulting in the direct construction of the metafabric in one step. The
unique Knudsen effect of interconnected nanopores (20–60 nm) and
the multi-scattering of nanoparticles facilitate heat energy storage in
aerogel fibers, achieving nanoscale Anderson localization within the
multi-porous regions centered around nanoparticles. As a result, the
obtained metafabric exhibits excellent passive heat storage perfor-
mance with approximately ~65% radiant energy retention, while
maintaining an ultra-low thermal conductivity of 15.8mWm−1 K−1. In
addition, the physical interactions between nanoparticles and nano-
pores confer excellent mechanical properties upon the metafabric,
enabling it towithstand 100washing cycles and 1000bucking cycles at
a large strain of 50% without failure. Moreover, the metafabric also
exhibits exceptional moisture permeability, as evidenced by its water
vapor transmission (WVT) rate of 3.6 kgm−2 d−1, along with super-
hydrophobic properties demonstrated by water contact angle (WCA)
of 150°. Significantly, these characteristics are maintained while
ensuring a low thickness (<0.2mm). Consequently, this simple, scal-
able, and efficient metafabric for passive radiative heating not only
significantly enhances clothing comfort in cold environments but also
reduces energy consumption to help address the energy crisis.

Results
Design and processing of metafabric
We developed the aerogel-structured micro/nanofiber metafabric,
similar to a sunflower, which could gather the energy from sun and
human body while storing heat around the human body (Fig. 1a and
Supplementary Fig. 1), achieving a wearable and long-lasting passive
radiative heating. Our metafabric was designed based on three
principles: (1) tomaximize the collection of radiation, themetafabric
must be able to absorb radiation in different wavelength bands
simultaneously and efficiently; (2) to obtain heat storage in a limited

space, the carrier of absorbers must be equipped with connected
nanopores that locally suppress heat loss and reflect radiation from
absorbers; (3) to be wearable comfortably and cope with different
environments, the metafabric should be constructed using a fibrous
network characterized by appropriate porous structure and hydro-
phobic external surface, while maintaining high porosity to facilitate
efficient moisture transport. To satisfy the first requirement, as
shown in Fig. 1a, CB nanoparticles (NPs) rich in π electronic structure
and carbon-carbon bonds was selected as the absorber of solar and
human body radiation37. Meanwhile, PMMA aerogel fibers composed
of nanopores with size of 30–60 nmwere set as the carrier of CB NPs
(~60 nm), which can use the transparent properties of PMMA to
increase the irradiation depth of radiation, and inhibit themovement
of air molecules by Knudsen effect30. More importantly, the inter-
connective nanopores and uniformly embedded CB synergistically
create an Anderson localization effect, as illustrated in Fig. 1a,
effectively confining radiant heat within the fiber38. The last
requirement was satisfied by designing well-connected micro/nano-
fiber network with properly sized pore, which reflects human body
radiation through Mie scattering while ensuring the its softness,
continuity, and mechanical enhancement39.

The synthetic fabrication of metafabric involved four compo-
nents: PMMA, CB, water-based fluoropolymer (WF), and DMAc, as
presented in Supplementary Fig. 2. Initially, the hydrophobic agent is
blended into the PMMA solution, which is then heated and stirred in
water bath at 60 °C. To enhance the dispersion of CB, the mixture is
subjected to ultrasonic treatment. Finally, the prepared solution was
used to synthesize metafabric in one step by our unique dual air-
gelation technique. This method allows PMMA molecular chains to
arrange and entangle around solvent-enriched phases at the micro-
scale, creating a porous structure within the fibers, while simulta-
neously forming a fibrous network through electrospinning at the
macroscale. This network undergoes gelation upon entanglement,
further forming the macroscopic aerogel-like porous structure
between aerogel fibers. Manipulation of the phase inversion behavior
of charged jets by electrospinning allowed for the direct creation of
transparent and size-customized fibrous network composing of
intertwined PMMAmicro/nanofibers (Supplementary Fig. 3). With the
addition ofWF,moisture from the air permeates the hydrophobic jets,
triggering phase separation. The PMMA molecular chains align and
aggregate around the solvent-enriched phase, intertwining physically.
This gelation process forms a molecular network within the jets, gen-
erating a nanoporous structure inside the fiber (Fig. 1a). Figure 1b–c
shows the low thickness (~180 μm), scattering holes from fiber net-
work, interconnective nanopores and evenly dispersed CB from
aerogel fiber of themetafabric mentioned above. Further examination
through transmission electron microscopy (TEM) uncovers the inter-
connected nature of these nanopores and the presence of CB nano-
particles embedded deeply in the aerogel fibers, as depicted in Fig. 1d.
Complementing this, the optical and microscope photograph confirm
the optical transparency of the PMMA fiber (Supplementary Fig. 4).
The elemental composition and spatial distribution within the mem-
branes were analyzed through energy-dispersive X-ray spectroscopy
(EDS) mapping. This technique confirmed the uniform attachment of
WF in the membranes, with the fluorine element being completely
surrounded by carbon and oxygen, as illustrated in Fig. 1e. Raman
spectroscopic analysis of the metafabric provides further insight into
the metafabric (Supplementary Fig. 5). The smaller ID (at 1350 cm−1) to
IG (at 1583 cm−1) peak ratio of 0.91, which is less than 1, indicates a
higher degree of crystallinity and fewer structural defects in the
material40. The innovative design of our metafabric with dual-aerogel
networks provides an extended spectral response, covering a broad
wavelength range from 0.1 to 15 μm (Fig. 1f). This enables the meta-
fabric to absorb wavelengths from various sources, including the sun
and the human body, across ultraviolet (UV), visible light (VL), near-
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infrared ray (NIR), and mid-infrared ray (MIR) spectra. Owing to these
tailored structures and physical properties, the metafabric exhibits
thermal resistance (TR) comparable to down feathers, yet with a
thickness only 1% of the latter, demonstrating the capacity for sus-
tained heat generation, as shown in Fig. 1g. Moreover, the metafabric
has a greater heating depth in the thickness direction and higher sur-
face temperatures on both upper and lower layers compared to
ordinary heating fabrics, as depicted in Fig. 1h. This indicates a more
efficient absorption of light energy, showing the superior performance
of our metafabric in heat management applications. In addition to its
comprehensive performance, the metafabric can be produced on a
large scalewith dimensions of 0.6 × 1.5m2 (Fig. 1i), basedonour unique
air-gelation technique.

Synthesis and nanostructures of metafabric
The synthesis of metafabric with the molecular networks and micro/
nanofiber networks depended on water diffusion, molecular chain
movement, and phase separation within the charged jets, as shown in
Fig. 2a. Initially, in the absence of WF, which also acts as an anionic
surfactant, results in the PMMA solution with higher surface tension.

Aswater diffuses from the outside into the jet, the oxygen atoms in the
ester groups (COOCH₃) of PMMA exhibit some hydrophilicity,
attracting water to the PMMA surface. This interaction, coupled with
solvent evaporation, results in the solidification of the jet into solid
fibers. Upon the addition of a hydrophobic agent, the ionization of
COO- in the solution leads to a decrease in surface tension, enhancing
the mobility of the molecular chains41. As water permeates, the fluor-
ocarbon chains within the jet likely promote the aggregation of poly-
mer molecules, leading to the formation of pores or microphase
separation regions in the solution42. These pores are typically envel-
oped by polymer, while the hydrophobic agent is repelled to the
edges, thereby uniformly distributing water and solvent in the sphe-
rical arrangement within the jet. This distribution facilitates phase
separation, and the lower surface tension allows this process to occur
more rapidly43. The stretching of the jet and the evaporation of the
solvent culminate in the formation of a porous structure. The forma-
tion of an interconnected nanoscale porous structure composed of
molecular chain networks is achieved following the disappearance of
the solvent-rich phase and the solidification of the polymer-rich phase.
This fabrication process is substantiated by SEM observations of the

Radiation selectionSun

Skin

Mie scattering

Anderson
localizationCB

Fig. 1 | Proposed structure and properties of the metafabric. a Fabrication and
structural features of the metafabric for self-sustainable radiative heating.
b–c Microscopic architectures of the metafabric at various magnifications. d TEM
image for PMMA/CB aerogel fibers. Inset: the optical paragraph of large-scale
metaflim. e SEM-EDS images of the metafabric with corresponding elemental
mapping images. f Calculated absorption (A) and transmittance (T) efficiencies for
PMMA aerogel fibrous membranes (AFM) and metafabric. g–h Images

demonstrating the thermal insulation performance and passive radiation heating
capabilities of themetafabric. i Photographof the large-sizedmetafabric.WFwater-
based fluoropolymer, CB carbon black, NIR near-infrared, VIS visible, UV ultra-
violet, MIR mid-infrared, NPs nanoparticles, PMMA-A PMMA-absorption efficiency,
TR thermal resistance, H-TU heating thermal underwear. Error bars in (g) represent
the standard deviations of three replicates. Source data are provided as a Source
Data file.
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fiber cross-section,which showvaryingdegrees of phase separation, as
shown in Fig. 2b. With higher hydrophobic agent concentrations, the
solution exhibits increased viscosity and electrical conductivity,
alongside decreased surface tension. However, at the hydrophobic
agent concentration of 9%, a sharp increase in both viscosity and
conductivity is noted, which adversely affects the stability of the jet
(Fig. 2c). Additionally, excessive surface tension can lead to overly
rapid phase separation. This rapid separation prevents the timely
formation of smaller pores, resulting in an increase in the diameter of
the pores within the fibers, which is detrimental to the material inhi-
biting themovement of airmolecules, ultimately leading to a decrease
in thermal insulation performance44.

The construction mechanism of our material can be further elu-
cidated through an examination of the phase separation behavior
exhibited by various PMMA solutions. As depicted in Fig. 2d, the
introduction of the hydrophobic agent accelerates the precipitation of
PMMA, expanding the non-stable region of solution phase separation
and quickening the phase separation process. This is evidenced by the
binodal curve of the hydrophobic solution, which shows the closer
proximity to the initial composition compared to the hydrophilic
solution, indicating a faster initiation rate of phase separation45. In
order to further investigate the diverse pore structures of PMMA

fibrousmembranes, we conductednitrogenphysisorption analysis at a
temperature of 77 K (Fig. 2e). The sorption behavior of PMMA aerogel
micro/nanofiber membranes (AMMs) containing 6wt% WF was char-
acterized by a type II isotherm. Initial gradual N2 uptake at P/P0 < 0.9
indicated minimal interaction between nitrogen molecules and the
fibers, reflecting a low micropore count in the AMMs. A marked N2

absorption increase at higher relative pressures (P/P0 > 0.9) high-
lighted the abundance of mesopores. Additionally, the distribution of
water is more prevalent on the surface than in the interior of the jet,
leading to the earlier solidification of the surface solution. This results
in the formation of a porous structure in the inner layers, yielding
fibers with a skin-core structure, consistent with the SEMobservations,
as shown inFig. 2b. Supplementary Fig. 6 presents the quantificationof
the surface area and pore volume of AMMs, demonstrating a higher
BET surface area of 68.38m2 g−1 compared to the original PMMA
fibrousmembrane (9.35m2 g−1). The pore size distribution (PSD) of the
AMMs was determined using density functional theory (DFT) calcula-
tions. Interestingly, the PSD results align closelywith the estimated size
range observed in the SEM images (Fig. 2b). This alignment between
theoretical calculations and empirical observations confirms the pre-
sence of abundant nanoscale pores, ranging from 30 to 60nm, in the
PMMA aerogel fibers.

Fig. 2 | Manufacture and characterization of the metafabric. a Schematic illus-
trating the direct synthesis process of PMMAaerogel fiberbRepresentative FE-SEM
images of the PMMA fiber at different WF contents. c Solution properties under
different WF contents. d Cloud point curves for the PMMA/DMAc/H2O system and
PMMA/DMAc/WF/H2O system, respectively, in the ternary phase diagram.
e Nitrogen physisorption isotherms and DFT pore size distribution of the PMMA
fibrous membranes with different concentrations of WF. f Solution properties
under different CB contents. g Schematic diagram of the dispersionmechanism of

CB in solution and spinning process. h Representative FE-SEM images of the PMMA
aerogel fiber at different CB contents. i Positive Material Identification pore size
distribution of prepared PMMA fibrous membranes with different structures. ST
surface tension, WFwater-based fluoropolymer, CB carbon black, EFM electrospun
fibrous membranes, AFM aerogel fibrous membranes. Error bars in c, f represent
the standard deviations of three replicates. Source data are provided as a Source
Data file.
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Figure 2f illustrates the impact of varying CB concentrations on
the viscosity and surface tension of the PMMA mixture. On the other
hand, achieving a uniform distribution of CB is crucial for obtaining
fibers with energy storage properties46. As shown in Fig. 2g, we pro-
pose the following hypotheses regarding the movement, force, and
distribution of CB nanoparticles throughout the process of fiber for-
mation in the solution. Initially, due to their high surface energy, CB
nanoparticles tend to aggregate together. When introduced into the
PMMA solution, the polar nature of DMAc (solvent) stabilizes the
particles andprevents further aggregation. The addition ofWF leads to
a decrease in surface tension, while heating, stirring, and ultrasonic
treatment result in an even dispersion of particles throughout the
mixed solution. During the electrospinning process, water migrating
from the outside to the inside of the jet prompts interactions between
thehydrophobic nature ofCB and thehydrophobic components47. The
weakly negative charge on CB leads to mutual repulsion under an
electric field, further dispersing the particles. As the particle size of CB
is close to that of the pores, when the jet undergoes phase separation
to form aerogel fibers, CB becomes embedded in some of the nano-
pores, forming nanoscale local closed-pore structures in tandem with
the nanopores. Moreover, the PMMA aerogel fibers have fewer nano-
particles at lower concentrations of CB, preventing closed-pore
structures and radiation absorption (Fig. 2h). However, at 3wt% CB,
nanopores are embedded with CB particles, forming effective nanos-
cale structures without particle aggregation. Increasing CB to 4.5wt%
leads to a viscosity exceeding 1.1 Pa s, surpassing the spinnable range
for electrospinning solutions, preventing continuous fiber formation.
As presented in Fig. 2i, the metafabric exhibits a fiber inter-pore dis-
tribution that closely matches the wavelengths of human body radia-
tion, enabling it to absorb body radiation while reflecting part of the
mid-infrared emissions through Mie scattering39.

Mechanical performances of metafabric
Conventional supercritical drying methods yield silica aerogels and
fibrous sponges obtained by freeze-drying that lack stretchability,
failing to meet the mechanical requirements for human consumption,
which is a crucial challenge thatmust beovercome in the development
of aerogel fibers48. The tensile stress–strain curves of PMMA

electrospun fibrous membranes (EFM) and metafabric (Fig. 3a)
demonstrate a notable negative correlation between tensile strength
and WF content, but a positive correlation with the addition of CB.
First, the hydrophobic agent causes the formation of porous structure
inside PMMA fibers, resulting in a slight decrease in their tensile
properties. Surprisingly, adding an optimal amount of CB (3wt%)
enhances the tensile fracture stress by approximately 54%, increasing it
from 1.37 to 2.12MPa, even surpassing the strength of solid PMMA
fibers. Then, the metafabric displayed no visible plastic deformation
and effectively maintained its initial maximum stress when subjected
to 1000 bending deformation cycles at buckling strain of 50%, indi-
cating excellent fatigue resistance against repetitive bending and
buckling, as depicted in Fig. 3b. Based on these findings, we propose a
particlemechanics enhancementmechanism (Fig. 3c). In conventional
aerogel fibers under tensile stress, the stress initially concentrates on
the polymer pore walls, leading to their fracture followed by the
breakdown of the surface layer, culminating in total fiber failure. In
contrast, for energy storage fibers, tensile stress initially transfers from
the pore walls to the CB nanoparticles embedded within the pores.
This dispersion of stress makes the pore walls more resistant to frac-
ture, ultimately enhancing the overall mechanical properties of the
fibers46. The durability of themetafabric was rigorously tested through
the 100-cycle washing process with a compressive strain (ε) of 50%, as
presented in Fig. 3d. The plastic deformation after these cycles was
only 6.2%, which only exhibited a slight increase than the values
without washing. Furthermore, the metafabric demonstrated stability,
maintaining static stress levels between 100% to 91% and exhibiting
nearly no plastic deformation (<1%) throughout the cyclic washing
process. Additionally, after 100washing cycles, themetafabric showed
almostno change in either size orweight (weight loss <5%), indicating a
robust integration ofCBnanoparticleswithin the PMMAaerogelfibers,
as shown in Fig. 3e. This stability is attributed to the hydrophobic
interactions between CB, PMMA, and WF, resulting in a strong bond
within the fiber structure46. The BET surface area and pore volume of
the metafabric also exhibited minimal changes post-washing, under-
scoring its exceptional reusability (Fig. 3f).

Moreover, the metafabric exhibits theWVT rate of ~3.6 kgm−2 d−1,
which is 4.5 times higher than that of 3M Thinsulate insulation

Fig. 3 | Mechanical properties and comfort performance of the metafabric.
a Tensile stress-strain curves of PMMA fibrous membranes and metafabric.
b Dynamic buckling fatigue tests for 1000 cycles at ε of 50%. c Schematic illus-
trationofmechanical enhancement of aerogel fibers by nanoparticles.dRemaining
compressive σ and plastic deformation of metafabric during 100 washing cycles.

eWeight loss of themetafabric at0, 25, 50, 75, and 100washing cycles, respectively.
fWVT rate and air permeability of different heatingmaterials. g the waterproof and
breathable capabilities of the metafabric. TU thermal underwear, H-TU heating
thermal underwear. Error bars in (f, g) represent the standard deviations of three
replicates. Source data are provided as a Source Data file.
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materials and surpasses other thermal insulation textiles. Moreover,
the metafabric exhibits good flexibility (Supplementary Fig. 7), and its
breathability significantly exceeds that of other commercial fabrics,
making it a superior choice in terms of air permeability (Fig. 3g).
This suggests that the metafabric not only excels in thermal insulation
but also meets the everyday comfort requirements of consumers.
Compared to the traditional textile materials, as illustrated in Sup-
plementary Fig. 3, using PMMA as a carrier for heating particles sig-
nificantly enhances radiation transmittance. Specifically, within the
200–800nm wavelength range, the average visible light emissivity of
the metafabric reaches an impressive 0.9. This represents an increase
of approximately five times and four times compared to EFM (0.18)
and TH (0.24), respectively (Supplementary Fig. 8–9). Moreover, in
comparison to commercially available high-end radiative heating fab-
rics, it has achieved a 50-fold reduction in thicknesswhile enhancing its
radiation absorption efficiency by 30%. These findings highlight the
exceptional capability of metafabric to absorb solar radiation,
demonstrating its superior performance in radiative heating. As shown
in Supplementary Fig. 10–11, under the synergistic hydrophobic effects
of CB (carbon-carbon bonds) and WF (carbon-fluorine chains), this
material exhibits an extraordinary superhydrophobic property,

characterized by an impressive contact angle of 150°, significantly
enhancing durability and providing exceptional water and stain
resistance49. The metafabric, in conjunction with its exceptional
moisture permeability, offers comprehensive functional and comfor-
table protection for human activities (Supplementary Fig. 12).

Thermal regulation performance of metafabric
In view of the dual-aerogel network structure, exceptional radiation
absorbency, and superior comfort, the metafabric exhibits promising
potential for applications in smart textiles and personal thermal
management. First, we studied the thermal management performance
of the metafabric in a light-free environment. As illustrated in Fig. 4a
and Supplementary Fig. 13, the metafabric, with a mere thickness of
180 μm and high porosity (91.3%), exhibits an ultra-low thermal con-
ductivity (15.8mWm−1 K−1), significantly lower than other insulation
materials and even below that of stationary air. The thermal con-
ductivity of a material alone is insufficient to fully evaluate its heat
transfer capabilities, as this measure could not show the effects of
radiation and thermal convection on thermal management18. There-
fore, we set up a thermal resistance tester and xenon lamp experi-
mental apparatus in a controlled temperature and humidity indoor

Fig. 4 | Thermal analysis to determine the metafabric heating performance.
a–b Comparison of thermal insulation performance and thickness for the dif-
ferent thermal management materials and the metafabric under no light condi-
tions. c Thermal resistance under different lighting conditions. d Photo of the
thermal measurement system used to characterize the radiative heating perfor-
mance. Scale bars, 5 cm. e Temperature difference of skin simulators under dif-
ferent fabric samples in same location. f Comparison of solar energy absorption

between the metafabric and traditional heating textile. g FIR emissivity and
temperature rise of different heating materials. h Optical and infrared images of
the hot plate before and after covering different materials. CB carbon black, EFM
electrospun fibrous membranes, AFM aerogel fibrous membranes, TU thermal
underwear, H-TU heating thermal underwear, TR thermal resistance, MIR mid-
infrared. Error bars in (b, c, g) represent the standard deviations of three repli-
cates. Source data are provided as a Source Data file.
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environment to evaluate the comprehensive insulation capability of
materials under different lighting conditions (Fig. 4b–c). The thermal
resistanceof AFM increasedby73% in the absenceof sunlight due to its
nanoporous structure. The metafabric exhibited a thermal resistance
more than twice that of AFM, attributed to the absorption of mid-
infrared radiation by CB and its synergistic effect with nanopores
(Fig. 4b). Moreover, the metafabric’s thermal resistance is an
impressive 16 times greater than that of commercial thermal under-
wear, while its thickness is only one-third of the latter. This suggests
that the nanopores inside the aerogel fibers efficiently prevents air
molecules from moving and from transferring heat by the Knudsen
effect (Supplementary Fig. 14). As demonstrated in Fig. 4c and Sup-
plementary Fig. 15, the metafabric dramatically increased to
0.588 Km2W−1 under simulated sunlight, owing to the absorption of
visible and near-infrared light by the carbon black. At this stage, the
thermal resistance of the metafabric was 178 times greater than a
standard T-shirt and about 46%higher than a 3Mfibrous sponge,while
being only one percent as thick, highlighting its exceptional ultra-thin
insulation and heating capabilities. Upon turning off the simulated
sunlight, the thermal resistance of the metafabric decreased to 65% of
itsmaximumvalue but remained40%higher compared to the scenario
with continuous absence of sunlight. This performance contrasts with
that of ordinary heating fabrics, which showed a decrease to 29% of
their original thermal resistance, nearly the same as their performance
without sunlight exposure at the beginning.

Furthermore, we conducted direct thermal measurements under
a Xenon lamp to evaluate the outdoor radiative heating performance
of our metafabric. The temperature of each fabric sample was accu-
rately monitored affixing three K-type thermocouples onto a copper
plate, ensuring uniformity in thermal measurements (Fig. 4d). Within
90minutes of activation by simulated sunlight, the temperature of the
metafabric was consistently higher compared to other materials. As
shown in Fig. 4e, it was approximately 2.3, 5.6, 5.8, 7.2, and 9.3 °C
higher than that of the Heating TU (commercially thermal underwear
with passive heating functionality), TU, T-shirt, EFM, and bare skin
simulators, respectively. During this phase, both the metafabric and
the 3M fibrous sponges, which are 100 times thicker, maintained the
highest temperatures. On the other hand, the 3M fibrous sponges
maintained the simulated skin surface temperature primarily due to
their high thickness, which provides a prolonged heat transfer path50.
During the 90min following the cessation of simulated sunlight, the
temperature of the metafabric remained significantly higher com-
pared to othermaterials. Specifically, it was about 3.8, 4.2, 4.9, 6.2, and
9.0 °C higher than the Heating TU, TU, T-shirt, EFM, and bare skin
simulators, respectively (Fig. 4e). Moreover, over the entire 3-h period
of the simulated sunlight exposure and shutdown, the temperature of
the metafabric decreased by only 2.2 °C. In comparison to conven-
tional radiative heating materials like HTU, which is six times thicker
and experienced a temperature drop of 3.7 °C, the metafabric showed
a more than 71% improvement in light energy storage efficiency, vali-
dating the energy storage characteristics of its unique structure. The
translucency of PMMA, combined with the Anderson positioning
induced by the small-sized nanopores and carbon black nanoparticles,
facilitates radiation penetration into the fiber network and enables
efficient absorption and storage of thermal radiation by the meta-
fabric, as depicted in Fig. 4f.

Besides, we investigated the absorptive capability of metafabric
for human-emitted radiation within the 5 to 14μm wavelength spec-
trum (Fig. 4g). The test results showed that themetafabric had a higher
infrared emissivity compared to ordinary heating fabrics. The rate of
infrared temperature rise was over 73% higher than that of ordinary
heating fabrics, demonstrating the superior mid-infrared absorption
capability of the metafabric. To vividly demonstrate the heating per-
formance of the metafabric, we utilized a heating plate and silicone
pad to simulate human skin and employed an infrared thermal imaging

camera to observe the surface temperature under different lighting
conditions, as depicted in Fig. 4h. The thermal camera revealed a
substantial temperature difference between the metafabric (38.1 °C)
and TU (31.1 °C) after 30 s of illumination. After removing the materi-
als, the simulated skin covered by the metafabric was 2.7 °C warmer
than that covered by TU and nearly 2 °C warmer than that covered by
the 3M fibrous sponge, suggesting that the metafabric could be an
effective alternative to thicker insulating materials. As illustrated in
Supplementary Fig. 14, compared to conventional fabrics, porous
fibers, and aerogel fibers, our energy storage fiber possesses both the
ability to suppress heat at themolecular level and slow-release heating
functionality, offering a distinct advantage in thermal management
applications51. We also compared our metafabric with commercial
heating textiles in terms of adiabaticity, scalability, flexibility, penetr-
ability, radiation absorption, lightness, thinness, and scalability52. In
comparison (Fig. 4i), our metafabric exhibits exceptional hydro-
phobicity, more efficient radiation absorption, and better warmth
retention performance than commercial thermal insulation materials
at a low thickness.

Discussion
We have presented the facile methodology for the direct synthesis of
self-sustainable radiative heating metafabric based on aerogel-
structured micro/nanofibers using the unique dual air-gelation tech-
nique, which overcomes the longstanding challenge in practical
application of fragile aerogel in thermal managament textiles. By
regulating water diffusion, molecular chain movement, and phase
separation within the charged jets, the dual-aerogel-structured meta-
fabric was assembled. This metafabric was fabricated through the
entanglement and interlacing of PMMA/CB aerogel micro/nanofibers,
aiming to achieve a synergistic effect in terms of radiation absorption,
insulation, and heating properties.With a thin overall thickness of only
180 μm, our energy storage aerogelmicro/nanofibers exhibit far lower
thermal conductivity (15.8mWm−1 K−1) and a higher heating effect
(8.8 °C) compared with the existing aerogel fibrous materials. Bene-
fiting from the Anderson localization formed by nanopores
(30–60 nm) and CB, the metafabric demonstrates self-sustainable
radiative heating (>65% solar heat retention rate). Together with its
other outstanding features such as enhanced mechanical properties
(plastic deformation of nearly 0% over 1000-cycle washing), super
hydrophobicity (WCA of 150°), high moisture permeability (WVT of
3.6 kgm−2 d−1), and strong self-adaptability,withmoreoptimization,we
believe that the metafabric could demonstrate potential applications
in various emerging applications such as smart textiles and personal
thermal management.

Methods
Materials
PMMA powder (Mw = 500000) was supplied by Shanghai yuanye
Bio-Technology Co., Ltd. Fluorinated polyurethane (FPU, QF66) was
obtained from Shanghai Taifu Chemical Co., Ltd. DMAc were
provided by Shanghai Aladdin Chemistry Co., Ltd. Carbon black NPs
(CB, d ~ 60 nm), were bought from Tianjin Zhengningxin Material
Technology Co., Ltd.

Fabrication of the metafabric
PMMA powder was dissolved in DMAc to form a 30wt% solution, fol-
lowed by the addition of hydrophobic agents at 0, 1.5, 3, and 4.5wt%
concentrations. Then, CB particles were added at 0, 3, 6, and 9wt%
concentrations. After stirring at room temperature for 8 h, themixture
underwent an hour of ultrasonic treatment. Afterwards, the aerogel
fiber membranes were prepared using an electrospinning platform
equipped with a humidity-controlled system, applying 30 kV voltage
and extruding the solutions at 4mL h–1. Electrospinning was con-
ducted in a lab at a constant 23 ± 2 °C and 55 ± 5% relative humidity.
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Characterization
Microstructure analyzed using FE-SEM (Hitachi S-4800, Japan), TEM
(FEI Tecnai F20, USA), and EDS (Bruker 610M, USA). Raman spectro-
scopy was performed using a LabRAM HR Evolution system at 532nm
excitation. Pore structure evaluated using a capillary flow porometer
(CFP-1100AI, USA) and physisorption analyzer (Micromeritics ASAP
2460, USA). Porosity was determined through the equation: porosity =
(ρ0-ρ)/ρ0×100%, where ρ represents the bulk density of the fibrous
structures and ρ0 the density of polymer chips. Viscosity, conductivity,
surface tension measured using a rotary viscometer (LVDV-1T), con-
ductivity meter (FE30), and tensiometer (QBZY). Mechanical proper-
ties were assessed with a dynamic mechanical analyzer (Q850, TA
Instruments, USA). Water vapor permeability tested using moisture
permeability tester (YG601H, China), upright cup configuration. The
WCAwasmeasuredwith a goniometer (Kino SL200B, USA). UV-vis-NIR
absorbance of the metafabric was recorded using a spectro-
photometer (UV-3600, Shimadzu Ltd., Japan) with an integrating
sphere. Solar illumination testswere conducted using a solar simulator
(PLS-SXE 300, Perfectlight Ltd., China) with adjustable light intensity
(300–600Wm−2) and the lamp positioned 55–95 cm away from the
sample. Infrared images captured with an IR camera (Fluke-TiS75,
USA). FTIR analyses were conducted on a Nicolet iS50 Spectrometer
(Thermo Fisher Scientific Inc., USA), equipped with a Pike golden
hemisphere integrating sphere, an MCT (Mercury Cadmium Telluride)
detector cooled with liquid nitrogen, and a gold reference for back-
ground. The far-infrared emissivity and temperature increase mea-
sured using emissivity tester (DR915G, Wenzhou Darong Textile
Instrument Co. Ltd., China) and temperature-rise tester (DR915W,
Wenzhou Darong Textile Instrument Co. Ltd., China). The thermal
constants analyzer (Hot Disk TPS2500, Sweden) was utilized to eval-
uate the thermal conductivity. The humidity and temperaturewas kept
at 50 ± 5% and 23 ± 2 °C, respectively; the air of the testing condition
was kept relatively still by using windshield. The thermal resistance of
samples was carried out by the textile thermal transmittance tester
(YG606E-II, China). The humidity, temperature, and airspeed of the
testing condition were set at 65 ± 2%, 20 °C, and 1m s−1, respectively,
according to GB/T 11048-2018.

Data availability
All data generated in this study are provided in the Source Data
file. Source data are provided with this paper.
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