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Figure 1 Static sol-gel transition strategy for fabricating aerogels. (a) Fabrication of aramid colloidal aerogel fibers by capillary confinement”; (b)
fabrication of aramid/carbon nanotube colloidal aerogel films by blade-coating™'; (c) fabrication of polyvinyl alcohol/aramid colloidal aerogel blocks

by mold casting®®”!
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Figure 2 Timeline of the fabrication of colloidal aerogels by dynamic wet-forming processes. (a) Fabrication of colloidal aerogel fibers by wet
spinning!!8:3136414345-48.505L.53). 1) faprication of colloidal acrogel films by roll-to-roll processing™”**; (c) fabrication of colloidal acrogel monoliths

by wet 3D printing[]7’26’39’4°’4°]
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Table 1 Characteristics of different dynamic wet-forming processes
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Figure 4 Roll-to-roll processing for fabricating colloidal aerogel films. (a) Fabric-assisted roll-to-roll strategy™”’; (b) electric field-assisted roll-to-roll

strategy'™”!
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Table 2 Properties and application of colloidal aerogels prepared by dynamic wet-forming process
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Figure 6 Applications of colloidal aerogels fabricated by dynamic wet-forming processes. (a) Schematic illustration of membrane emulsification and
membrane separation based on a polyvinylpyrrolidone/aramid colloidal aerogel film-derived solid-liquid composite membrane®”; (b) bending stiffness-
directed aramid colloidal aerogel-based smart thermoregulating fabric and shape memory gripper'®; (c) hygroscopic holey graphene colloidal aerogel
fibers for microwave absorption*”; (d) 3D printed aramid colloidal aerogel-based smart impact-resistant honeycombm]; (e) 3D printed aramid colloidal
aerogel battery protective cover'!”); (f) aramid colloidal aerogel hemostatic fabric fabricated by gas-blows-liquid spinning strategy"™"’
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Research progress on the fabrication of colloidal aerogels by
dynamic wet-forming processes
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Aerogels are a class of three-dimensional nanoporous materials characterized by ultrahigh porosity, exceptionally large
specific surface area, and extremely low thermal conductivity. Based on the precursor type and synthetic strategy, aerogels
can be categorized into molecular aerogels and colloidal aerogels. The former are prepared from small-molecule precursors
via polymerization reactions, and the latter are fabricated from nanoscale building blocks through a dispersion-
stabilization-destabilization process. Colloidal aerogels not only make full use of existing nanoscale units but also
overcome the limitation that materials lacking polymerization activity are difficult to process into aerogels. Conventional
molecular aerogels, owing to the comparable diffusion rates between small-molecule gelators and small-molecule
precursors, primarily rely on the static sol-gel transition, that is, the small molecule precursors remain stationary in the
mold and slowly gel, making it difficult to achieve continuous production and the formation of complex structures. In
contrast, the diffusion rate of nanoscale building blocks in colloidal aerogel precursors is much lower than that of small
molecule gelators, enabling good compatibility with dynamic wet-forming processes such as wet spinning, roll-to-roll
processing, and three-dimensional printing, where dynamic sol-gel transition occurs simultaneously with shaping.
Dynamic wet-forming processes offer three major advantages: (1) high efficiency and continuity enabling kilometer-scale
production, (2) structural controllability through external-field induction, and (3) geometric programmability for
fabricating arbitrarily complex shapes.

This review first elucidates the fundamental differences between static and dynamic sol-gel transition strategies, and then
focuses on the latest progress from our research group in fabricating colloidal acrogels via dynamic wet-forming processes,
including wet-spun fibers, roll-to-roll films, and 3D-printed constructs. Owing to their diverse macroscopic morphologies
and designable microstructures, colloidal aerogels fabricated by dynamic wet-forming processes have demonstrated
excellent application performance in numerous fields such as environmental remediation, energy storage and conversion,
electromagnetic and mechanical protection, thermal management, and biomedicine. Dynamic wet-forming processes have
inaugurated a new paradigm for advanced aerogel manufacturing, shifting from static, inefficient production to dynamic,
continuous, and structurally programmable fabrication. Future research can focus on the following aspects: (1) expansion
of material systems. Current research on dynamic wet-forming processes is mostly concentrated on a few colloidal systems
such as aramid, graphene, and cellulose. How to extend this strategy universally to the assembly of a broader range of
functional nanoscale building blocks remains a key focus for future studies. (2) Fine programming of cross-scale structures.
While existing technologies have achieved preliminary control over macroscopic morphologies and microstructures, future
efforts should be devoted to achieving precise and synergistic regulation across molecular, nanoscale, microscale, and
macroscopic dimensions. (3) Scale-up manufacturing and application translation. Although wet-spinning and roll-to-roll
processes have been realized for small-scale continuous production, challenges such as achieving continuous drying,
improving production stability, reducing costs, and enabling seamless transition from laboratory to industrial applications
remain urgent issues to be resolved. (4) Sustainable development of acrogels. The raw materials and preparation processes
for most high-performance aerogels are costly. Developing recyclable dynamic forming strategies is of great significance
for promoting the green and sustainable development of aerogel materials.

In summary, dynamic wet-forming processes open up new horizons for the design and fabrication of colloidal aerogels.
With deeper understanding of the thermo- and hydrodynamics of sol-gel transitions, fluid mechanics, and materials
science, as well as the continuous integration of advanced manufacturing technologies, colloidal aerogel materials will play
a key role in more strategically emerging fields.

aerogel, wet-spinning, roll-to-roll processing, 3D printing, dynamic sol-gel transition
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