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Aerogel fibers garner tremendous scientific interest due to their unique
properties such as ultrahigh porosity, large specific surface area, and ultralow
thermal conductivity, enabling diverse potential applications in textile,
environment, energy conversion and storage, and high-tech areas. Here, the
fabrication methodologies to construct the aerogel fibers starting from
nanoscale building blocks are overviewed, and the spinning thermodynamics
and spinning kinetics associated with each technology are revealed. The huge
pool of material choices that can be assembled into aerogel fibers is
discussed. Furthermore, the fascinating properties of aerogel fibers, including
mechanical, thermal, sorptive, optical, and fire-retardant properties are
elaborated on. Next, the nano-confining functionalization strategy for aerogel
fibers is particularly highlighted, touching upon the driving force for liquid
encapsulation, solid—liquid interface adhesion, and interfacial stability. In

have earned an unprecedented place in the
fields of thermal insulation,** environ-
mental treatment,!>’! energy storage and
conversion,l®l catalysis,l”] biomedicine,!®!
electromagnetic  absorption/shielding,[’!
and so on. They have found applications
as the insulating material aboard the
Mars Pathfinder rover, and in collect-
ing the comet dust aboard the Stardust
Spacecraft. A layer of ~#2-3 cm-thick silica
aerogel has been proposed to induce a
local and potentially habitable subsurface
environment on Mars via the solid-state
greenhouse effect.['”) Aerogels are ob-
tained by replacing the liquid in gels with
a gas, eliminating the collapse of the

addition, emerging applications in thermal management, smart wearable
fabrics, water harvest, shielding, heat transfer devices, artificial muscles, and
information storage, are discussed. Last, the existing challenges in the
development of aerogel fibers are pointed out and light is shed on the

opportunities in this burgeoning field.

1. Introduction

Aerogels are pronounced porous materials with an ultralow
density, ultrahigh porosity, large specific surface area, and ex-
tremely low thermal conductivity. The porous network is built
of mesopores (2-50 nm) as well as macropores (>50 nm).!]
Due to the unique porous structure and properties, aerogels
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gel solid network. This process involves
three steps: solution—sol, sol-gel, and
gel-aerogel transitions. Basically, there are
two strategies for the sol-gel transition.
On the one hand, precursor molecules
undergo a hydrolysis reaction followed by
a condensation reaction.''! On the other
hand, the sol-gel process is achieved via
the direct assembly of nanoscale building blocks into a macro-
scopic structure.!'?] This revolutionary strategy is prone to mak-
ing full use of the rich toolbox of nanoscale materials, includ-
ing O-dimensional (0D) nanoparticles,!'?l 1-dimensional (1D)
nanowires/nanotubes (polymer chains,!!3 carbon nanotubes,!]
zircon nanofibers,* etc.), and 2-dimensional (2D) nanoflakes
(graphene,[] MXene,!'] Boron Nitride,['”] etc.). Therefore, aero-
gels are considered the bridge between the nanoscale and the
macroscale worlds, and their multitude of applications is almost
unbounded.

Despite the vast development of aerogels in various fields,
conventional sol-gel transition tends to be a static and slow
process, which is difficult to be combined with the fast, dynamic,
and continuous fiber spinning process. Hence, the current
macroscopic aerogels are mostly monoliths with brittleness and
poor shape fidelity, while the integration of diverse morphology,
improved machinability, and multiple functionalities are greatly
needed.* In this regard, aerogel fibers with superb flexi-
bility, weavability, and easy integration capability, come to the
forefront.'8 Basically, two definitions related to aerogel fibers
exist. Definition 1 of the aerogel fiber refers to the process that in-
volves wet/melt spinning of polymer solution mixed with a slight
amount of silica aerogel particles and followed by drying.11%]
The resulting construct is the so-called aerogel/polymer
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Figure 1. Schematics of aerogel fiber with the precise definition (definition 2), which is distinguished from the so-called aerogel/polymer composite
fiber (definition 1). The images of “Conventional spinning,” “Spinning with sol-gel transition,” and “Aerogel fiber” are: Reproduced with permission.['3]
Copyright 2019, American Chemical Society. Other components in the figure are self-produced by the authors.

composite fiber, which is a solid structure with low porosity and
poor performance. However, whether the porous structure in the
aerogel particles is retained in the final fiber remains arguable as
the pores can be occupied by the polymer solution during the wet
spinning process or may collapse because of the high pressure
during the extrusion process. Therefore, it is necessary to verify
this point by the characterization of BET surface area or the true
density of the fiber. On the other hand, definition 2 of the aerogel
fiber refers to the procedure utilizing the nanoscale building
blocks of particular materials, spinning the precursor with
sol—gel transition, and special drying in sequence.[:13151621.22]
Through this strategy, the aerogel structure with high porosity
and superior performance can be achieved (Figure 1). Basi-
cally, for the current aerogel fibers, the range of pore size is
~2-50 nm, the porosity is ~#95-99%, and the surface area is
~200-1000 m? g~! depending on the huge variety of aerogel
fiber materials and fabrication procedures.[>!*2324] Here, defini-
tion 1 is outside the scope of this review, and we mainly focus
on the aerogel fiber derived from definition 2. In this regard,
aerogel fibers are new types of high-performance porous fiber
materials, possessing a 3-dimensional (3D) continuous porous
network as well as fiber morphology. Owing to the inherent
porous nature, the aerogel fibers exhibit unique heat transfer
and mass transfer behavior, and a series of unprecedented
properties.

So far, aerogel fibers have witnessed tremendous advances,
including the assembling strategy of nanoscale building blocks
and the abundant selections of materials. Depending on how
fast the building blocks can be structured, that is, undergoing
a static or dynamic sol-gel transition, spinning methodologies
with variant spinning velocities have been developed.!'321'%] Dif-
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ferent from bulky aerogels, aerogel fibers can be architected
with tailored mechanical properties that can be bent, knotted,
twisted, woven, and even designed as artificial muscles.[1*2¢] Be-
ing properly collected into aggregates or neatly woven into tex-
tiles, aerogel fibers are popular materials for super thermal in-
sulation as wearable clothing.?}] On the basis of the thermal in-
sulation, multi functionalities have been sculptured with aero-
gel fibers,?”] such as thermal/electrical/optical response,[*151]
hydrophobicity,['*?!] sensing capability,!?®! fire-resistance, 21!
and washability,[?°! all of which have earned them an irreplace-
able role in personal thermal management. In addition, the trans-
parency of aerogel fibers can be maneuverable by controlling
the aggregation degree of primary particles, as dominated by
Rayleigh or Mie scattering.??] This is no wonder a giant step for
the transparent wearable textile or even plenty of colorful cloth-
ing may come true depending on the assembly strategy.**3!l Fur-
thermore, aerogel fibers have been widely applied as adsorbents
because of high porosity and high specific surface areas, such as
moisture sorption or pollutant sorption.[>32! Due to the signifi-
cant capillarity and abundant micro/nano-confined space, aero-
gel fibers can introduce a myriad of functional components into
the pore structure, especially for functional liquids. To date, vari-
eties of aerogel fiber confined solid-liquid composites have been
developed, endowing the liquid materials with good maneuver-
ability, self-supporting behavior, and programmable integration
properties.[13152629] Tt is envisioned that aerogel fibers could be
the future materials for personal thermal management, as well
as personalized healthcare if incorporated with sensing and ther-
apeutic capabilities.?*34 Aerogel fibers can be applied for both
military and civil uses, and the potential applications are almost
unlimited.

2205762 (2 0f32) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 2. Overview of the aerogel fiber that is assembled from nanoscale
building blocks, and the diverse fields of applications in thermal manage-
ment, smart wearable fabrics, water harvest, shielding, heat transfer de-
vices, artificial muscles, and information storage. The image of thermal
management is: Reproduced with permission.['*] Copyright 2019, Amer-
ican Chemical Society. The image of smart wearable fabrics: Reproduced
with permission.['] Copyright 2018, Wiley-VCH. Images of water harvest,
shielding, and heat transfer devices: Reproduced with permission.[°] Copy-
right 2022, Springer Nature. The image of artificial muscles: Reproduced
with permission.[26] Copyright 2021, American Chemical Society. The im-
age of information storage: Reproduced with permission.[3*l Copyright
2022, American Chemical Society. The black porous sphere in nanoscale
building blocks: Reproduced with permission.[*6] Copyright 2017, Else-
vier B.V. The blue MXene in the nanoscale building blocks: Reproduced
with permission.['®] Copyright 2021, Wiley-VCH. Other components in the
nanoscale building blocks and aerogel fiber in the central area of the figure
are self-produced by the authors.

In this review, we examine the development of aerogel fibers
rising in multiple fields. We summarize advances in fabrication
techniques that produce the desired aerogel fibers, including the
timeline, spinning dynamics, spinning kinetics, typical spinning
methodologies, and dring techniques. We focus on the materials
with tailored architectures that start the assembly from nanoscale
building blocks. We describe the fascinating properties of aero-
gel fibers and highlight the nano-confining functional strategy.
We then explore the emerging applications they have enabled,
specifically, thermal management, smart wearable fabrics, water
harvest, shielding, heat transfer devices, artificial muscles, and
information storage (Figure 2). We end by discussing the exist-
ing challenges for both the fundamental science and industrial
application, as well as offering a vision for what opportunities to
capture in developing advanced aerogel fibers.

2. Fabrication Pathways Toward Aerogel Fibers

In this section, we overview the fabrication technologies of aero-
gel fibers. The timeline of the development of aerogel fibers re-
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garding the material advances and fabrication pathways will be
first touched upon. During the spinning of aerogel fibers, the
spinning thermodynamics and spinning kinetics are two impor-
tant factors determining the final fiber structure. Depending on
the spinning speed, different strategies can be utilized, mainly
falling into two categories: static sol-gel transition and dynamic
sol-gel transition. Particularly, spinning methodologies includ-
ing confined spinning, freeze spinning, wet spinning, reaction
spinning, liquid crystalline spinning, and microfluidic spinning
are discussed in detail.

2.1. Timeline of Aerogel Fibers

A historical timeline of the major advances in aerogel fibers is
presented in Figure 3. The representative aerogel fibers and fabri-
cation technologies have been targeted for some significant time.
In 2012, Gao et al. reported the scalable wet spinning of graphene
aerogel fibers from the flowing liquid crystalline graphene ox-
ide (GO) gels. The uniformity of GO liquid crystals endows the
aerogel fibers with high tensile strength and high compression
modulus.18! After that, graphene-based aerogel fibers were devel-
oped for different applications. Graphene aerogel phase-change
smart fibers were fabricated via wet spinning, supercritical dry-
ing, and infusing with phase change materials, exhibiting flex-
ible, strong, self-cleaning properties as well as tunable multi-
response to external stimuli (electric/optical/thermal field).!*>]
Ni/Graphene aerogel fibers were reported by electroless plating
of Ni into the wet-spun reduced GO hydrogel fibers, possess-
ing superior electrothermal response and EMI shielding perfor-
mance with the EMI shielding effectiveness above 30 dB at the
bandwidth of 12.5—-20 GHz.I*’] Core-sheath silk fibroin/GO aero-
gel fibers obtained via coaxial wet spinning and freeze-drying,
show excellent thermal insulation and infrared radiative heat-
ing function promising for personal thermal management.*®]
LiCl/holey graphene aerogel fibers were realized by the wet
spinning of chemically etched GO, supercritical drying, and
impregnating of hygroscopic salt solution, enabling integrated
multifunction of highly efficient water capture, sorption-based
heating/cooling, and microwave absorption.”] In addition to
graphene, MXene was also introduced to structure the aerogel
fibers via dynamic sol-gel spinning followed by supercritical dry-
ing, realizing a highly oriented mesoporous structure in combi-
nation with ultrahigh electrical conductivity and electrical/optical
responsiveness.!%]

Right after the first reported graphene aerogel fibers, TiO,
aerogel fibers were proposed in 2013, which were developed by
electrospinning and supercritical drying in sequence.*®! Besides,
other types of oxide, specifically, silica aerogel fibers appeared
in 2017.141 Then, Zhu et al. demonstrated hollow silica aero-
gel fibers obtained by wet reaction spinning and vacuum drying,
showing outstanding mass transport properties for adsorption,
catalysis, and sensing.3241421 [n 2020, Zhang et al. reported trans-
parent silica aerogel fibers via reaction spinning and supercritical
drying, with elaborate control of optical transparency, excellent
thermal insulation, and designable hydrophobicity that are suit-
able for wearable applications.[??]

Apart from carbon-based and inorganic-based aerogel
fibers, polymer-based aerogel fibers become more and more
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Figure 3. A historical timeline demonstrating the major advances in the material development and fabrication pathways of aerogel fibers.
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Figure 4. Spinningthermodynamics of aerogel fibers. Suitable building blocks, stable spinning dopes, and proper coagulation baths are three dominating
factors. Porous spheres: Reproduced with permission.[*¢] Copyright 2017, Elsevier B.V. Graphene sheets: Reproduced with permission.[>’] Copyright
2017, American Chemical Society. Other components in this figure are self-produced by the authors.

attractive. Starting from 2015, cellulose aerogel fibers have
been developed by twin screw extrusion,[*! wet spinning,[*/l
coaxial wet spinning,*’! or microfluidic spinning,?! and dried
by either supercritical drying or freeze-drying. With these
approaches, homogeneous,***] core-sheath,*] and graded
cellulose aerogel fibers!®! could be achieved with high porosity,
low thermal conductivity, and distinct biodegradability. In 2019,
Kevlar aerogel fibers were reported by the methodology of
wet spinning and freeze-drying, rendering wide-temperature
thermal stability (% —196-300 °C) with various derived func-
tionalities such as hydrophobicity, electric conductivity, and
phase change behavior."¥ Later, Kevlar liquid crystal aerogel
fibers were developed by the same group via liquid crystalline
spinning and freeze-drying, with tailorable different building
block orientations.!*] Furthermore, different guest species were
introduced into the Kevlar aerogel fibers, for example, with
decorated polyamidoxime, they were able to extract uranium
from seawater,*] and with the infusion of phase change com-
ponents, they showed desirable bending stiffness that could
be woven into textiles or utilized as shape memory devices.[?¢]
Since 2020, polyimide aerogel fibers have been fabricated by
freeze-spinning, %! wet spinning,!**! or confined spinning,?!!
and later dried by freeze-drying or supercritical drying. They
exhibited thermal insulating, fire-retardant, and mechanically
strong and flexible properties,?1?! as well as phase change,
electromagnetic shielding, and photothermal behavior with
further functionalization.[?*2*] In addition, other polymer aero-
gel fibers such as poly(vinyl alcohol) aerogel fibers,*’] and
composite aerogel fibers such as noble metal/silk fibroin,!*] cel-
lulose acetate/polyacrylic acid,!*! glycerol/polyacrylonitrile,>!
calcium alginate/Fe;O,/silver nanowire,?®! and aramid
nanofibers/carbon nanotube/polypyrrole (ANF/CNT/PPy)P>!]

Adv. Sci. 2023, 10, 2205762

aerogel fibers have also been reported, which will not be
discussed in detail. From the above-mentioned fabrication path-
ways, confined-spinning is a kind of batch spinning process,
while all other methods are continuous spinning processes.
Technically, those continuous spinning technologies can be
integrated with multiple spinning nozzles, likely to scale up the
final production of aerogel fibers.

2.2. Spinning Thermodynamics

Taking the nanoscale building blocks as the starting materials,
diverse aerogel fibers can be constructed by the spinning tech-
nique. Three essential components should be considered to ob-
tain the desired aerogel fibers: suitable building blocks, stable
spinning dopes, and proper coagulation baths (Figure 4). For the
building blocks, the composition, dimension, aspect ratio, and
surface chemistry are prominent factors. There is a bunch of tool-
boxes for the selection of nanoscale building blocks; hence, the
composition can be tailored based on what kind of nanomaterials
is utilized. For instance, one can apply the macromolecules (pep-
tides, chitosan, block copolymers),[*2! nanoparticles (silica, TiO,,
etc.),122342] nanofibers (Kevlar nanofibers, cellulose nanofibers,
etc.),[1**] and nanoflakes (graphene, MXene, etc.)*1>1¢ as the
building blocks to structure the aerogel fibers. The dimensions
of the building blocks include 0D, 1D, and 2D. The aspect ra-
tio of the nanomaterials determines whether the building blocks
could form the liquid crystal phase in the spinning process.!*]
The surface chemistry of the building blocks affects the interac-
tion between the nano components and how well they can be dis-
persed/soluble in a certain solvent.!3]

2205762 (5 of 32) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 5. Spinning dynamics of aerogel fibers. During the dynamic sol-gel transition, the gelling agent diffusion rate competes with the building block

diffusion rate to form the gel fiber.

For the spinning dopes, the concentration, dispersity,
anisotropy degree, as well as rheological behavior including
viscosity and shear stress of the dispersion should be taken into
account.’* The higher the concentration, the more possible it
favors to form the liquid crystalline phase during spinning.l*”]
For instance, based on Onsager’s theory, when the volume
fraction of graphene sheets is above a critical value ¢_,[>*!
b~ 4T/W M
such 2D sheets tend to form liquid crystals in the dispersions.
In this equation, T and W stand for the monatomic thickness
and lateral width of the graphene sheet, respectively. Therefore,
the spinning dope with a higher anisotropy is prone to the pos-
sible formation of liquid crystals.[53] In this case, Herman’s fac-
tor is used to characterize the orientation of the liquid crystalline
phases, which is referred to the component alignment at short
and long length scales.’* The rheological behavior of the spin-
ning dope can tell the spinnability, through which we can under-
stand the intrinsic properties of the nanoscale constituents that
they reorient during the application of shear; and therefore, as-
certain how to control the microstructure of the aerogel fiber. The
dynamic yield strength of the dope (i.e., the minimum force to
initiate the flow through a spinneret) offers direct insight into
the interaction of the nanoscale building blocks.>*] Besides, it is
also critical to select a suitable spinning nozzle; the nozzle diam-
eter can not only determine the final diameter of the fiber but
also enables a wide range of possibilities including those mate-
rials with a high concentration that are not accessible because of
the viscosity limitations.

For the coagulation bath, a proper gelling agent should be
selected because the double diffusion at the spinning dope-
coagulation bath interface and the interaction between nanoscale
building blocks are both important. On the one hand, the spin-

Ady. Sci. 2023, 10, 2205762

ning dopes can be physically crosslinked and induced by tem-
perature, pH, or salt. In this case, the spinning solute networks
are often held together by electrostatic, hydrogen bonding, van
der Waals, #—r stacking or hydrophobic interactions, or a combi-
nation thereof.’®] On the other hand, the constitutive nanoscale
building blocks can be chemically cross-linked by using divalent
cations or intermolecular disulfide bonds.[>!

2.3. Spinning Kinetics

During the spinning process, four speeds have to be consid-
ered for the spinning kinetics (Figure 5), that is, extrusion speed
v,, building block diffusion rate v, gelling agent diffusion rate
v, and collecting speed v.. The spinnability of the desired dope
should be related to the viscosity, velocity, and surface tension of
the spinning dope,*® that is,

.
Y

S = 2)
where, 1, y, and v, are the viscosity, surface tension, and extrusion
speed of the spinning dope, respectively.

When spinning into the coagulation bath, the fiber undergoes
a dynamic sol-gel transition, during which the gelling agent dif-
fusion rate competes with the building block diffusion rate. The
diffusion rate can be expressed as,*]

kT
= - v
Y 6 ud ¢

G)

where, k is Boltzmann’s constant, T is the temperature, u is the
viscosity of spinning dope (or coagulation bath), v is the building
block (or gelling agent) diffusion rate, d is the characteristic size
of building block (or gelling agent), and c is the concentration of

2205762 (6 0f32) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH
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building block (or gelling agent). If the gelling agent diffusion
rate far outweighs the building block diffusion rate (i.e., v, > 1),
the gel fiber can be successfully formed. Thus, the concentration
of both nanoscale building blocks and gelling agent, the viscos-
ity of the spinning dope and the coagulation bath, as well as the
characteristic size of the building blocks and molecular size of
gelling agent have to be taken into account. As for the final forma-
tion of the gel fiber, the gelling time and retention time (the ratio
of spinning distance to average spinning speed) are also critical.
To ensure the fiber formation, the gelling time has to be smaller

than the retention time (i.e., ¢, = = <t =21) where, c, and
dvg v, 8

v, represent the concentration of gelling agent and gelling agent
diffusion rate, L is the spinning distance, and v, is the average

spinning speed.

2.4. Spinning Methodology

In this section, we will mainly unravel the representative spin-
ning techniques involving either a static sol-gel transition or a
dynamic sol-gel transition, including confined spinning, freeze
spinning, wet spinning, reaction spinning, liquid crystalline
spinning, and microfluidic spinning. For each particular tech-
nology, the mechanism, the scope, as well as the representative
aerogel material will be introduced.

In confined spinning, the sol-gel transition occurs in a capil-
lary tube, where the precursor solution (e.g., polyamic acid solu-
tion) is introduced into the tubes by capillary force. This approach
transforms the conventional dynamic spinning of aerogel fibers
into a static sol-gel process within a confined space, resulting in
a slow fiber formation in the capillary tube rather than a rapid
gelling during the conventional procedure (Figure 6a). Then, the
aerogel fibers can be obtained after supercritical CO, drying, cre-
ating fibers with diameters in the range of tens to several hun-
dreds of micrometers. The length of the fibers via confined spin-
ning is tightly related to the following parameters,

2ycosf
[ = Zyeos

" pgrsina *)

where, L is the length of the fiber, y and p represent the sur-
face tension and density of the precursor solution, r is the ra-
dius of the capillary tube, 6 is the contact angle between the
precursor solution and the capillary tube, and « is the tilt an-
gle of the capillary tube. This strategy is applicable to a host
of different materials. Indeed, aerogel fibers comprised of or-
ganic matter (polyimide, agarose, aramid nanofiber, resorcinol
formaldehyde), inorganic matter (SiO,, graphene, carbon), and
composite matter (PI/SiO,, graphene/carbon nanotube, aramid
nanofiber/carboxymethyl cellulose) have been successfully fabri-
cated by confined spinning, implying a good universality of this
approach.2!]

Distinguished from the static sol-gel transition in the confined
spinning method, the wet spinning process involves the dynamic
sol-gel transition to produce the aerogel fibers. On the one hand,
depending on whether there is a hydrolysis—condensation reac-
tion during the sol-gel transition, the spinning methodology can
be divided into conventional wet spinning and reaction spinning.
On the other hand, depending on whether liquid crystal phases

Adv. Sci. 2023, 10, 2205762
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are formed during the spinning, the spinning methodology can
be categorized into conventional wet spinning and liquid crys-
talline spinning. If otherwise specifically mentioned, wet spin-
ning in this paper refers to conventional wet spinning. In the
following part, wet spinning, reaction spinning, and liquid crys-
talline spinning will be successively introduced.

In a wet spinning process, the spinning dope (e.g., nanofi-
brous Kevlar dispersion) is pressurized into the coagulation bath
with a syringe pump at a certain constant speed, whereas the gel
fiber is simultaneously collected in the bath. Then, the gel fibers
undergo solvent replacement and freeze-drying/supercritical
drying in sequence, to form the aerogel fibers (Figure 6b).[** This
technique produces aerogel fibers with diameters in hundreds
of micrometers range depending on the spinning nozzle that is
applied. So far, wet spinning has been conducted to fabricate a
broad range of aerogel fibers, such as Kevlar,['*] cellulose, #5601
graphene, /'8l MXene, 'l and compositel®!5] aerogel fibers.

Reaction spinning permits rapid gelation of condensed silica
colloidal particles with the help of high concentrated alkali cata-
lystin the coagulation bath, finalizing the formation of silica fiber
rather than disassembling the colloidal particles. Similar to wet
spinning, reaction spinning includes the steps of spinning and
supercritical drying, and during the spinning, the silica precursor
experiences the hydrolysis and condensation reaction (Figure 6¢).
Notably, the gelation speed is of crucial importance, neither too
fast nor too slow so that the blockage of the needle or disintegra-
tion in the coagulation bath can be avoided. Hence, the nature
of the condensed silica and the coagulation bath are two dom-
inating factors: the former relies on the H,O/tetraethoxysilane
molar ratio and HCI concentration, while the latter depends on
the ammonia concentration. In principle, the success of reaction
spinning is decided by the balance between the particle diffu-
sion and chemical reaction, that is, as long as a suitable reactant
meets a tunable gelation rate, it is possible to obtain the inor-
ganic aerogel fibers. Currently, this technique has been applied
to silica and TiO, aerogel fibers, resulting in fibers with a sur-
face area of 300-890 m? g~! and a diameter of several hundred
micrometers.[22:3239:42]

In liquid crystalline spinning, the liquid crystalline spinning
dope (e.g., nanofibrous Kevlar liquid crystalline dispersion) is ex-
truded from the spinneret into a coagulation bath (e.g., water),
where it undergoes a sol-gel transition and is collected simulta-
neously. The ratio of collection speed to extrusion speed is de-
fined as the draft ratio. The gel fibers with various orientation de-
grees can be obtained via tailoring the draft ratio. Interestingly,
the gel fiber with different building block orientations will show
distinct brightness and color under the polarized light, enabling
information encryption and decryption by utilizing the interac-
tion between the fiber and solvent.**] Moreover, through liquid
crystalline spinning, graphene aerogel fibers with superb tensile
strength can be realized due to the uniform alignment of the
graphene sheets inherited from the flowing dope of graphene
oxide liquid crystals.[*®! Apart from the mechanical strength, the
fibers with desirable elasticity may also be feasible, for instance,
by the liquid crystalline spinning of spider silk. Through this
technique, the fiber’'s macromolecular rods and springs can be
well aligned, and the absolute size of the macromolecules as

well as their distribution will contribute to the toughness of the
thread.[>]
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Freeze-spinning refers to the technique in which the spinning
dope (e.g., polylamic acid] solution) is extruded from a syringe
pump whereas the resulting hydrogel is then frozen gradually by
passing through a copper ring as the cold source. By manipulat-
ing the extrusion speed and the temperature of the cold source,
the fiber can be frozen at a tailorable freezing speed, determin-
ing the final structure of the fiber. As a result, the final aerogel
fiber is collected by a motor and further freeze-dried. For the
poly[amic acid] fiber, a programmed thermal imidization process
needs to be implemented to transform it into polyimide. The re-
sulting polyimide aerogel fibers can then be woven into a textile
for further characterization (Figure 6e). The inner porous nature
of the fibers profoundly impacts their mechanical and thermal
properties; diverse fibers with distinctive porous structures can
be synthesized by controlling the parameters such as solution
concentration, solution viscosity, extrusion speed, and freezing
temperature.l®t] The average pore size of the aerogel fiber de-
creases with deducing the freezing temperature down to the lig-
uid nitrogen point, which can be varied between —30 °Cand —196
°C.12I The fibers with either well-aligned pores or random pores
can be obtained depending on the freezing temperature, which
can be attributed to the freezing rate that affects the ice nucleation
and growth.[6%]

Microfluidic spinning utilizes the microfluidic chip to cre-
ate designable flows in the spinning of fibers, enabling aero-
gel fibers with graded porous structure or complicated chemi-
cal composition.[®?-%] For instance, this technique has been em-
ployed to produce cellulose-based graded aerogel fibers. In the
microfluidic chip, a chemically crosslinked cellulose solution is
taken as the core flow, that is, spinning dope, which travels
through two sheath flow channels, containing a diffusion sol-
vent as the first sheath flow and a physical crosslinking solvent as
the second sheath flow. This process results in graded sponge—
aerogel composite fibers with a dense aerogel inner layer and a
porous sponge outer layer (Figure 6f). By regulating the flow pro-
cess in the microfluidic chip, in combination with the computa-
tional fluid dynamics simulation, the aerogel fibers with hetero-
geneous structure, controllable spinnability, and desirable me-
chanical and thermal properties can be customized. The fiber di-
ameter can be obtained in the range of ~32-163 um, with the
sheath thickness of ~2-7.5 um and a maximum length of up to
56 m. In addition, the rheological properties of the spinning dope
during the microfluidic flow largely rely on the solution concen-
tration, flow rate, and the interaction between the dope and the
confined geometry of the channels.[®}] On the basis of a com-
prehensive understanding of hydromechanics and reaction dy-
namics, this flow-assisted strategy will be of huge significance for
constructing biomass fibers and textiles with complex structures,
greatly directing green chemistry!?! Apart from the cellulose-
based aerogel fibers, other materials are likely to be utilized in
microfluidic spinning such as alginate,[®?! graphene,[®*%] carbon
nanotubes,[* or their composites.

www.advancedscience.com

Among the current spinning methodologies of aerogel fibers,
each method has its pros and cons. Confined spinning can be
applied to a variety of materials, and it is advantageous to under-
stand the static sol-gel transition for different material systems.
From the viewpoint of spinning efficiency, confined spinning
tends to be a batch process; and thus, the length of fiber would be
limited. Wet spinning, reaction spinning, liquid crystalline spin-
ning, freeze-spinning, and microfluidic spinning can be utilized
to fabricate continuous aerogel fibers with a large amount. In ad-
dition, those approaches are easier to be scaled up by integrat-
ing multiple spinning nozzles or in a parallel manner. Wet spin-
ning applies to a broad range of spinning dopes with low to high
concentrations, while liquid crystalline spinning is restricted to
those with a certain critical high concentration when the spin-
ning dope falls into the liquid crystalline phase. Reaction spin-
ning is focused on the materials that would undergo hydrolysis
and condensation reactions. Microfluidic spinning can be pro-
posed to synthesize aerogel fibers with variant compositions in a
single fiber along the spinning process.

2.5. Drying Methodologies

After the gel formation, drying is a necessary step to obtain the
final aerogel fibers. It is a major challenge to remove the liquid
solvent from the gel while avoiding the shrinkage or cracking of
the established network structure because the delicate nanostruc-
ture of the wet gel may not be able to withstand the large capillary
force during drying owing to the surface tension at the liquid—gas
interface.[*%®] Currently, three methods are employed for drying
aerogel fibers, which are designed to eliminate or minimize the
capillary forces caused by the surface tension effect. They are i)
ambient pressure drying, ii) freeze drying, and iii) supercritical
drying.

Ambient pressure drying is assigned to dry the wet gel at the
condition of ambient pressure. It usually requires multiple steps
of solvent exchange to relieve the capillary force or improve the
ability of the nanostructure to conquer those forces.[°®] Hence,
this drying technique largely depends on the surface modifica-
tion of the internal gel surface, for example, silylation before per-
forming the actual drying procedure. The advantage of ambient
pressure drying lies in the low cost, compared with both freeze-
drying and supercritical drying.[*’]

Freeze-drying is a fascinating method that makes a wet gel into
a cryogel and removes the solvent via sublimation. Basically, the
ice crystals that form during freeze-drying may result in aero-
gel fibers with more macropores as compared with supercritical
drying.!'*5%] This drawback may also bring about some unique
features such as layered structure with better thermal property
via unidirectional freezing.[61:8]

Supercritical drying method is by far the most efficient way
to obtain aerogel fibers with minimal structure collapse. Instead

Figure 6. Fabrication methodologies of aerogel fibers. a) The confined spinning of polyimide aerogel fibers. Reproduced with permission.[?'] Copyright
2021, American Chemical Society. b) The wet spinning of Kevlar aerogel fibers. Reproduced with permission.['*] Copyright 2019, American Chemical
Society. c) The reaction spinning of SiO, aerogel fibers. Reproduced with permission.[?2] Copyright 2020, American Chemical Society. d) The liquid
crystalline spinning of Kevlar aerogel fibers. Reproduced with permission.[3] Copyright 2022, American Chemical Society. e) The freeze-spinning of
polyimide aerogel fibers. Reproduced with permission.[?°l Copyright 2020, Elsevier B.V. f) The microfluidic spinning of cellulose-graded aerogel fibers.

Reproduced with permission.[?°] Copyright 2022, American Chemical Society.

Adv. Sci. 2023, 10, 2205762

2205762 (9 of 32) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

www.advancedscience.com

Nanoscale building blocks of aerogel fibers

Polymer-based

Cellulose

Kevlar

\

b Carbon-based

Graphene MXene (TisC,Ty)

c Inorganic-based

Silica TiO,

-

d Composite

Calciumalginate/AgNW  Ni/Graphene /

Figure 7. Material family maps of aerogel fibers with nanoscale building blocks as the starting materials. a) Nanoscale building blocks for polymer-
based aerogel fibers. Image of Kevlar: Reproduced with permission.[26] Copyright 2021, American Chemical Society. Image of Cellulose: Reproduced
with permission.!?’! Copyright 2022, American Chemical Society. b) Nanoscale building blocks for carbon-based aerogel fibers. Image of graphene:
Reproduced with permission.[’] Copyright 2022, Springer Nature. Image of MXene: Reproduced with permission.l'®] Copyright 2021, Wiley-VCH. c)
Nanoscale building blocks for inorganic-based aerogel fibers. Images of silica and TiO,: Reproduced with permission.[?2] Copyright 2020, American
Chemical Society. d) Nanoscale building blocks for composite aerogel fibers. The image of calcium alginate/Ag nanowires (Ag NW): Reproduced with
permission.!?8] Copyright 2022, American Chemical Society. The image of Ni/Graphene: Reproduced with permission.[3’] Copyright 2019, American

Chemical Society.

of water that involves in the solvent exchange in freeze-drying,
it requires alcohol that is miscible with supercritical CO,. Based
on the microstructure of aerogel fibers by both freeze-drying and
supercritical drying, the samples prepared by the latter method
preserve better porous structures!!’] because the supercritical
method can avoid the liquid/gas boundary line via bringing the
solvent above the supercritical point.[*¢%] In the supercritical
state, there is no liquid/gas interface and thus no capillary force
caused by the meniscus receding.

3. Material Family Maps of Aerogel Fibers

With the strategy of assembling from nanoscale building blocks,
there is almost no limitation for the material design of aero-
gel fibers. Generally, the materials can be cataloged as polymer-
based, carbon-based, inorganic-based, and composite aerogel
fibers (Figure 7). For each type of material, typical examples will
be provided, including the source of the material, the prepara-
tion, and the mechanism of how to disperse these nanomaterials
as the building blocks.

Polymer-based aerogel fibers include Kevlar, cellulose, poly-
imide, and poly(vinyl alcohol). Kevlar nanofiber dispersions can
be produced by dissolving the macro form of the well-known
aramid polymer Kevlar threads, with distinct high-aspect ratio
features in diameter of ~3-30 nm and 30 pm in length. The
negatively charged Kevlar nanofibers are uniformly dispersed in
dimethyl sulfoxide (DMSO) solution by controlled deprotonation
with KOH; so that, they can be exploited as the new nanoscale
building blocks for strong aerogel materials.['3267° Cellulose,
an abundant natural polysaccharide, mainly comes from wood,
plants, bacteria, tunicate, and algae.[”>7? The dissolution of cellu-
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lose to make spinning dopes can transform its hydrogen pattern
in crystalline structure from cellulose I into cellulose II, where
cellulose I has a parallel orientation and cellulose II has an an-
tiparallel one.[”>7# Due to the enormous amounts of intra- and
inter-hydrogen bonds in cellulose chains, cellulose can merely be
dissolved by specific solvents such as tetra butyl ammonium flu-
oride/dimethyl sulfoxide, ionic liquids, metal-complex solutions,
N-methylmorpholine-N-oxide, LiCl/N,N-dimethylacetamide, or-
ganic solutions, alkali/urea solutions, and molten inorganic salt
hydrates.[2473]

The carbon-based aerogel fibers contain graphene, MXene,
carbon, and so on. Graphene is a well-known 2D material with
carbon atoms bonded in a hexagonal lattice, showing excellent
thermal and electric conductivity. Taking graphene as the starting
material for aerogel fibers, a dispersion of graphene oxide in an
aqueous solution should be well-prepared from the exfoliation of
natural graphite. The GO sheets bear a high aspect ratio, that is,
atomic-scale thickness and micrometer-scale width, which pro-
foundly determines the spontaneous formation of lyotropic lig-
uid crystals with increasing GO concentrations.['®] The typical lig-
uid crystalline behavior of GO sheets can form an aligned orienta-
tion, which can be further assembled in order to form the macro-
scopic fiber by the shear flow of wet spinning.[>1575] MXene is a
huge family of 2D metal carbides and nitrides, which consists of
two or more layers of transition metal atoms intervened by car-
bon and/or nitrogen atoms in a honeycomb 2D lattice. The gen-
eral formula of MXene is denoted as M, ,, X, T,, where M, X, and
T, respectively stand for the transition metal, carbon/nitrogen,
and surface terminations (e.g., —=F, =0, or ~OH), with n varying
from 1 to 4.7%77] MXene has shown outstanding and tailorable
electrical, chemical, optical, and mechanical properties.l’®]
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MXene spinning dope can be produced through a top—down ap-
proach, selectively removing A-layer atoms (e.g., Al, Si, Ga) from
the MAX phases and leaving behind MX layers. Ti;C, T, MXene
dispersion has been synthesized by the minimal delamination
from the Ti;AIC, MAX phase, which shows a typical shear thin-
ning behavior that is promising for the subsequent dynamic sol—
gel spinning.’®! With ~50 MXenes reported so far, in combina-
tion with a deeper understanding of the precursor structure and
stoichiometry, this is a growing library of 2D materials that can
be considered as building blocks for aerogel fibers.[”¢]

Examples of inorganic aerogel fibers can be drawn from SiO,
and TiO,. For silica aerogel fiber, the precursor tetraethoxysi-
lane (TEOS) is hydrolyzed in the ethanol/acid mixed solution,
which will then be converted into a condensed silica solution.
The TEOS species undergo a hydrolysis reaction to form reactive
silanol groups, which will then undergo condensation, resulting
in Si-O-Si bridging bonds. First, a sol of condensed silica colloids
is rapidly formed; and then, these aggregate into clusters with
further condensation, finally forming a gel.l! To structure the
aerogel fiber, the fast gelation time is controlled by modulating
the H,O/TEOS molar ratio and the ammonia concentration in
the coagulation bath. With differently sized silica colloids as the
building blocks, the transparency of the resultant aerogel fibers
can be well tailored. A similar methodology is also applicable to
TiO, aerogel fiber, which is formed by taking tetrabutyl titanate
and ethanol as the spinning dope and acetic acid as the hydrolysis
inhibitor in a coagulation bath.[??]

For the composite aerogel fibers, a variety of hy-
brid materials has been developed, for example, calcium
alginate/Fe;O, nanoparticles/Ag nanowires (CA/Fe;0,/Ag
NWs),[28]  Ni/graphene,’”] silk fibroin/graphene oxide,[*®!
polyamidoxime/aramid nanofiber (PAO/ANF),[*®] and aramid
nanofibers/carbon nanotube/polypyrrole (ANF/CNT/PPy).l>!]
These hybrid structures can be realized by either an in situ ap-
proach or a post-treatment such as coating the guest component.
Calcium alginate/Fe;O, nanoparticles/Ag nanowires aerogel
fibers were fabricated through wet spinning, freeze-drying,
spray-coating, and weaving processes. The mixture of sodium
alginate and Fe;O, nanoparticles was wet-spun into a CaCl,
coagulation bath, forming Ca’** cross-linked alginate hydrogel
fiber. After the solvent exchange and freeze drying, ammonium
polyphosphate (APP) and Ag NWs were alternately sprayed onto
the fiber. The carbonyl group (C=0) of poly(vinylpyrrodidone)
on the Ag NWs interacted with the hydroxyl group (-OH) of CA
through hydrogen bonding, ensuring interface adhesion ability.
The CA/Fe;0,/Ag NWs fibers were further assembled into fire
alarm electronic textiles for firefighting protective clothing.!?®!
Ni/graphene aerogel fibers could be prepared by electroless
plating of Ni nanoparticles onto the wet-spun graphene hydrogel
fibers, leading to the homogeneous decoration of polycrystalline
Ni on the surface of graphene sheets and possessing excellent
EMI shielding behavior.[*”! Silk fibroin/graphene oxide (SF/GO)
aerogel fibers were obtained via the coaxial wet spinning process,
with SF/GO as the core layer and cellulose acetate/poly(acrylic
acid) (CA/PAA) as the sheath layer, demonstrating superb ther-
mal insulation and infrared radiative heating performance.l®!
Polyamidoxime/aramid nanofibers (PAO/ANF) aerogel fibers
were produced via wet spinning the aramid nanofibers into a
PAO-contained coagulation bath for in situ gelation of ANF with
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PAO, exhibiting selective uranium extraction in the presence of
competing ions.[*) ANF/CNT/PPy aerogel fibers were developed
by the wet spinning of the ANF/CNT mixture while coating the
PPy layer afterward. The resultant aerogel fibers showed high
conductivity and tensile strength with low density, which could
be exploited as motion sensors for human health detection and
management.5!]

Moreover, a variety of other nanomaterials can be anticipated
as the building blocks for aerogel fibers, for instance, metal
chalcogenide nanoparticles,”®! piezoelectric nanofibers, 8 semi-
conducting nanomaterials,®!! and polyethylene nanofibers.!®?]
These are potential newcomers that are likely to enable the acous-
tic function,!®! optical communications,®!! radiative cooling,®?!
and beyond. In addition to the source of the material, the prepa-
ration, and the mechanism of dispersing the nano building
blocks mentioned above, the cost, biodegradability and recycla-
bility should also be major concerns for the material selections.
Specifically, natural materials are cost-effective, biocompatible,
biodegradable, and recyclable. For instance, cellulose, lignin, cot-
ton, chitosan, chitin, polysaccharides, starch, alginate, pectin and
DNA molecules can be utilized as the building blocks for aerogel
fibers.[20°683-87] n addition, synthetic polymers such as polygly-
colic acid (PGA), polylactic acid (PLA), polycaprolactone (PCL),
polybutylene succinate (PBA), polyethylene adipate (PEA), and
poly p-dioxanone (PDS) are also biodegradable and recyclable.!®!

4. Fascinating Properties

Owing to the unique porous structure with ultrahigh porosity,
large specific surface area, ultralow thermal conductivity, and
tunable transparency, diverse aerogel fibers can be obtained with
tailored mechanical, thermal, sorptive, optical, and fire-retardant
properties. For each property, the related important parameters
that will guide to a better performance will be particularly dis-
cussed. The outstanding questions concerning the structure, fab-
rication, and properties cannot be merely addressed by the ex-
perimental study, but will require the help from computational
approaches with further efforts.

4.1. Mechanical Properties

Most of the time, aerogel is featured with brittleness; however,
aerogel fibers provide an alternative route to better flexibility,
machinability, and mechanical adaptivity. Those aspects include
but are not limited to tensile strength, bending stiffness, elastic-
ity, and torsional strength. Aerogel fibers with a broad range of
materials can be designed and enable the capability of bending,
knotting, and weaving into large areas of textile.

Depending on the material nature and interactions between
the nanoscale building blocks, the constructed aerogel fibers ex-
hibit desired mechanical properties, with tensile strength rang-
ing from tens of kilopascals to hundreds of megapascals. A trans-
parent silica aerogel fiber has a tensile strength of 250 kPa (Fig-
ure 8a), which is higher than the opaque one (150 kPa). These
silica aerogel fibers also show good flexibility in a broad temper-
ature range of —200 °C to —600 °C. A fiber with a length above
2 cm can be bent to 360° and return to the original straight shape
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Figure 8. Mechanical properties of aerogel fibers. a) The tensile strength of a series of aerogel fibers. b) Silica aerogel fibers that can bend and recover
at room and liquid nitrogen temperatures. Reproduced with permission.[?2] Copyright 2020, American Chemical Society. c) Hygroscopic holey graphene
aerogel fibers that can be knotted and woven into neat textiles. Reproduced with permission.[®] Copyright 2022, Springer Nature. d) Kevlar aerogel fibers
with mechanical robustness including knotting and weaving. Reproduced with permission.['*] Copyright 2019, American Chemical Society. e) Bending
stiffness derived strategy of paraffin/Kevlar aerogel fibers toward different applications. Reproduced with permission.[26] Copyright 2021, American

Chemical Society.

after relaxation, at room temperature (Figure 8b-i,ii), liquid nitro-
gen temperature (—200 °C, Figure 8b-iii-iv), or high temperature
up to 600 °C.[22] The hygroscopic holey graphene fibers possess
a tensile strength of 1.05 MPa (Figure 8a) and can be bent (bend-
ing stiffness of 3.08 x 10~ N m?), knotted, and woven into tex-
tiles (Figure 8¢).l! After the infusion of phase change materials
(PCM), the tensile strength of PCM/graphene composite aero-

Ady. Sci. 2023, 10, 2205762

gel fibers can be up to 12.7 MPa, where polyethylene glycol as
a matrix in between the graphene nanolaminates contributes to
raising the strength of the fiber.'>! Kevlar aerogel fiber obtained
from the 2 wt% nanofibrous dispersion shows a tensile strength
of 3.3 MPa, and a single fiber with ~300 pym in diameter can
resist a load of 20 g. In the meantime, Kevlar aerogel fibers ex-
hibit outstanding flexibility to be knotted and easily woven into

2205762 (12 of 32) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

textiles, eliminating any damage during the weaving process (Fig-
ure 8d).I"*) Imbuing the hydrophobic Kevlar aerogel fibers with
functional guests such as paraffin, the composite fibers attain sat-
isfactory mechanical properties with a tensile strength close to
30 MPa. Notably, based on the bending stiffness-directed strat-
egy, paraffin/Kevlar aerogel fibers with designable diameters can
be derived for different applications. Those with a lower bend-
ing stiffness (fiber diameter <91 ym) than a critical value (1.22
x 107 N-m?) can be utilized for smart temperature-regulating
textiles, whereas those with the bending stiffness (fiber diameter
>91 um) above the threshold are applied for shape memory grips
(Figure 8e).[2°]

Despite current development, achieving aerogel fibers with
higher mechanical properties needs more effort. Taking the com-
posite nanofibers (e.g., aramid nanofibers and polyvinyl alcohol)
as building blocks may be a good chance because the interactions
between the nanoscale constituents can construct assembled net-
works with high nodal connectivity and strong crosslinking be-
tween the composite fibrils. These hyper-connective features at
fibrillar joints may result in an improvement of the macroscopic
mechanical properties of the fibers.[®] Besides, mechanically in-
terlocked molecules are also likely to contribute to mechanical
robustness. Due to the inherent host—guest interaction, aero-
gel fibers constituted of these locked molecular skeletons may
achieve a combination of superior mechanical strength, respon-
siveness, and multiple functionality.*®) Some recent works have
tried to tackle the brittleness of bulk aerogels, achieving high
deformability/compressibility.>!] These macroscopic aerogels
with superior mechanical properties also shed a light on con-
structing aerogel fibers with improved properties.

4.2. Thermal Properties

Thermal insulation is by far the most prominent feature of aero-
gel materials due to the extremely low thermal conductivity (as
low as 0.015 Wm~™' K™ for silica aerogels). Aerogel fibers retain
the thermal insulation capability along with their flexibility, en-
abling easy fabrication of textiles with complex geometries for
personal thermal management. Heat transfer in the aerogel fiber
obeys the following three mechanisms: heat conduction via the
solid backbone material, heat transfer in the gas phase confined
in the open-porous aerogel structure, and thermal radiation.[¢]
For the macroscopic form of the aerogel fibers, thermal proper-
ties are tightly related to the diameter of the fiber, the internal
structure of the fiber, and the thickness of the final product (tex-
tile/aggregates).

The polyimide aerogel fiber with low thermal conductivity and
high porosity shows exceptional thermal insulation performance.
This could be evidenced by the infrared images of polyimide aero-
gel fibers with different diameters. Compared with cotton fibers,
polyimide aerogel fibers exhibit better thermal insulation prop-
erty, and those with larger diameters display higher tempera-
ture deviation from stage temperatures. Importantly, these fea-
tures become more apparent with increasing the stage tempera-
ture (Figure 9a).2!l When woven into fabrics, at a relatively low
temperature (20 °C), polyimide aerogel fabric shows more evi-
dent thermal insulation than commercial polyimide and poly(p-
phenylene terephthalamide) (PPTA) fabrics with the same thick-
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ness. At an elevated temperature, the thermal insulation perfor-
mance of polyimide aerogel fabric is even more prominent. Fur-
thermore, the fabrics with multiple layers indicate better thermal
insulation properties. The temperature difference can further tell
the outstanding thermal insulation behavior, especially, the three-
layer polyimide aerogel fabric shows the absolute temperature
difference of 110 °C at the hot stage of 200 °C, outperforming
the single-layered scenarios (Figure 9b).[2*]

The thermal conductivity of an aerogel fiber can be determined
by, *7)

A’f = j'conv + lair + A’solid + Arad (5)

where, 4, and 4,4 represent the thermal convection and ther-
mal radiation of the aerogel fiber, and 4, and A, refer to the
thermal conductivity of gas and solid material in the fiber, respec-
tively. Poly(vinyl alcohol) (PVA) aerogel fibers with well-aligned
dendrite-like porous structures can restrict the thermal radiation
of the fiber, owing to the abundant reflective faces. In addition,
numbers of cells are separated by the branches of the dendrite-
like pore network, profoundly impeding the thermal convection
of the fiber because the air can be blocked in the individual cells.
The high porosity of the aerogel fiber will lead to slight thermal
conduction. PVA aerogel fabrics with different layers are placed
on the heating sources, and a huge temperature difference is re-
alized by merely one thin layer, indicating superb thermal insula-
tion. Similarly, the thermal insulation performance is improved
with more layers of textiles (Figure 9c).[*]

The direct thermal conductivity characterization of a single
aerogel fiber is challenging; simulation (e.g., COMSOL Multi-
physics) is an alternative way to deepen the understanding of heat
transfer happening in the aerogel fiber. The aerogel fiber can be
simplified as the intersecting square rod structure in which one
cell is taken for the analysis. The thermal conductivity of the cell
can be expressed as:[*?!

kxx kxy kxz
k=|k, k, k. (6)
kzx kzy kzz

Assuming the aerogel fiber as a homogeneous isotropic mate-
rial, k., = k,, = k,,, and the nondiagonal terms should be zero.
Thus, the thermal conductivity of only one direction needs to be
calculated. Based on Fourier’s law of heat transfer, the thermal

conductivity along x direction can be determined as,*%!

_ (Q)L,

where, Q, and L, stand for the heat flux through the x direction
and the cell length in the x direction, respectively. AT represents
the temperature difference. ( ) refers to the average operator on
the boundary where temperature constrain is set. Accordingly,
the thermal conductivity of aerogel fibers increases with increas-
ing temperatures, while decreasing with the increase of the pore
diameter and the decrease of the skeleton. Therefore, it is fea-
sible to reduce the diameter of nanofibers to better the thermal
insulation property.['3]

2205762 (13 0f32) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 9. Thermal properties of aerogel fibers. a-i) Infrared images of polyimide single aerogel fibers with variant diameters on the hot stage with tem-
peratures of 100 °C and 250 °C, and a-ii) the temperature difference between the fiber surface and hot stage. Reproduced with permission.[?'] Copyright
2021, American Chemical Society. b) Infrared images of polyimide aerogel fabrics and commercially available fabrics, and the temperature difference
between the fabric surface and hot stage. Reproduced with permission.[?#] Copyright 2021, American Chemical Society. c) Poly(vinyl alcohol) aerogel
fibers with dendrite-like pore morphology and their thermal performance with different layers of fabrics. Reproduced with permission.[*] Copyright 2021,

Wiley-VCH.

4.3. Sorptive Properties

The controllable pore size, high porosity, and high specific pore
volume of aerogel fibers enable them to be ideal candidates for
adsorbing or extracting chemical compounds, for instance, water
adsorption, ion adsorption, and pollutant adsorption. Here, we
will particularly describe the water adsorption mechanism of the
holey graphene aerogel fibers that are decorated with hygroscopic
salts, the Kevlar aerogel fibers that are modified with polyami-
doxime for uranium extraction, and the silica aerogel fibers with
the hollow structure for dye pollutant removal.

The holey graphene sheets in the aerogel fibers provide abun-
dant surface area and binding sites for water capture and suffi-
cient pathways for water transport by virtue of etched nanopores.
The water capture mainly follows three steps: i) the chemisorp-
tion of water by LiCl on the fiber to form LiCl-H,0, ii) the deli-
quescence of LiCl-H,O to LiCl solution, and iii) the continuing
water sorption by LiCl solution to a more diluted solution (Fig-
ure 10a-i). The sorption process takes advantage of both the high

Ady. Sci. 2023, 10, 2205762

water uptake kinetic of solid adsorbents and the high water up-
take capacity of liquid adsorbents. During the initial 30 min inter-
val, LiCI@HGAFs exhibit faster water uptake kinetics compared
with LiCI@GAFs, originating from the plenty of diffusion path-
ways through the etched nanopores (Figure 10a-ii). As the sorp-
tion time extends to 350 min, the water capture capacity of the two
materials will approach, due to the deliquescence of LiCleH,O
into the aqueous LiCl solution inside the fiber so that liquid sorp-
tion will continue to dominate the sorption process.°!

By anchoring polyamidoxime (PAO) on the skeleton of Kevlar
nanofiber, PAO/Kevlar aerogel fibers are successfully realized
with the function of uranium extraction, where PAO acts with
Kevlar nanofiber through hydrogen bonds in the formation of
the gel fiber (Figure 10b-i). The uranium adsorption occurs in
two processes: fast adsorption in the initial 10 min and slow
uptake until the sorption saturation. The adsorption capacity is
tightly related to the concentration of Kevlar nanofibers, that
is, a higher nanofiber concentration leads to a higher surface
area of the aerogel fiber; and therefore, a higher uptake capacity

2205762 (14 of 32) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

a Water adsorption

Moisture

www.advancedscience.com

o LiCI@GAFs
o LiCIQHGAFs

: . SN 0.5
Hydration reaction Deliquescence e
oL @ cC & HO -()- Licl -{)- LiCl  H,0 Liquid water
0.0 . . . N
5 10 T'15 ( 2_0) 25 30
: ime (min
b lon adsorption
i = i iii os
.1('\(" - PAO
" ,\«'( QT
n\

qe(mg/p)

~—8—PAO@ANF1.5wt%

Na.
v % —8—PAO@ANF1.8w1%
e o } o . —a—PAO@ANF2w1%
"= A A A A A "
' L] £ 1% 1% 200 % oo
t(min)

C Dye pollutant adsorption

Hollow

—_
(=
<

=
=

o
LI

40 —&— Acrogel Fibers
—o—Silica Gel

20 —&— AC Large Particles
—w— AC Fiber Mats
~&—AC Small Particles

&

2 min
B 5 min

=
S

P
S

w
<

% Removal of methylene blue

=

£ 10 1

% Removal of methylene blue
[}

50 100 150 200 250 300 350
Time (min)
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(Figure 10b-ii). The highest uranium adsorption capacity of aero-
gel fibers is 262.5 mg g~!, surpassing that of amidoxime-grafted
active carbon fibers and covalent organic framework modified
platforms. In the presence of the coexisting ions, the PAO/Kevlar
aerogel fibers possess the highest sorption capacity for uranium,
illustrating high selectivity for UO,?* due to its complexation
with amidoxime groups (Figure 10b-iii).[¢!

Silica aerogel fibers with hollow and hierarchical structures
were achieved via wet reaction spinning, showing a high adsorp-
tion rate for dye pollutants. The high adsorption performance is
attributed to the superhigh specific surface area and intercon-
nected pores. The formation of the hierarchical structure is re-
lated to three primary processes: i) The surface of water glass
can be quickly converted into solid orthosilicic acid, leading to

Adv. Sci. 2023, 10, 2205762 2205762

an epidermal layer with microporous size and high modulus. ii)
Before the reaction with sulfuric acid, the fiber center of the wa-
ter glass will diffuse outward with the solvent and gather around
the interior surface of the epidermal layer, resulting in a hollow
structure in the central zone. iii) During the aging process, the
unreacted water glass near the inner surface of the epidermal
layer reacts with sulfuric acid, forming the secondary network
with much denser and smaller pores (mesopores) (Figure 10c-i).
The adsorption rates of methylene blue (MB) are rapid in the first
few minutes, with the MB removal rates by silica aerogel fibers
of 86.1% and 97.4%, respectively in 2 and 5 min. These perfor-
mances are at least 25% higher than commercial sorbents such

as silica gel, activated carbon particles, and activated carbon fiber
[32]
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4.4. Optical Properties

Aerogel fibers can be see-through via tuning the transparency.
For example, transparent silica aerogel fibers are realized by a re-
action spinning process when the condensed silica colloidal parti-
cle size can be adjusted during tetraethoxysilane (TEOS) hydrol-
ysis. The colloidal size is largely related to the concentration of
HCI. The particle size ranges from 24 to 50 nm within the HCI
concentration range of ~0.01-0.1 M. Further reducing the HCl
concentration will lead to a failure for condensed silica. Further
increasing the HCI concentration would cause precipitation dur-
ing turbulence. For the aerogel fiber with a colloidal size smaller
than 40 nm (denoted as CS,4,,;), the light scattering is dom-
inated by Rayleigh scattering. When the colloidal size is much
larger (denoted as CS, ¢, ,), 2 Mie scattering dominates the light
scattering, making the aerogel fiber opaque (Figure 11a,b).

Silica aerogel fibers produced from CS, ¢, ,; and CS, ¢, ; show
variant appearances, that is, the former is transparent whereas
the latter is opaque (Figure 11c—e). The transmittance of the
transparent and opaque aerogel fibers is determined as 92%
and 20%, respectively. To further understand the light transmis-
sion, the films made of the two types of colloids are fabricated.
For the CS, ¢, film, the light transmittance increases abruptly
from 20% to 80% in the range of 300-500 nm, whereas it is
below 10% in the range of ~200-850 nm for the CS,,,, film.
For the CS, ¢, film with a colloidal size smaller than 40 nm,
the transmittance of silica aerogel fiber obeys to Rayleigh-Gans
theory,!3

2
I 4 Ptiber @bc ( m? —1
Rayleigh IO €xXp [ d psioz At m? +2 ( )

where, pg,, and pg;o, represent the density of a silica aerogel fiber
and the density of bulk silica, respectively; d, b, and ¢ stand for
the size of silica particles, volume fraction of the silica aerogel,
and film thickness, respectively, A refers to the wavelength of the
incident light, and m is the relative refractive index (the ratio of
the refractive index of silica and that of air). For the CS, ¢, film
with a much larger particle size, a Mie scattering is considered
for the transmittance,[**]

I A2

I_o =i (ilsinz(p+ izcoszgo) x A? 9)

SMie =
where, 4 is the wavelength of the incident light, r represents the
distance between the particle and the observation point, ¢ is the
angle between the vibration surface and the scattering surface,
and i; and i, stand for the Mie scattering intensity functions re-
lated to the incident light wavelength, particle size, relative refrac-
tive index, and the scattering angle, respectively (Figure 11f,g).[22!

Moreover, through the elaborate size tunability of silica build-
ing blocks, silica aerogel fibers or those woven into fabrics might
Dbe possible to be used for laser-driven lighting. Based on the pre-
vious research by Zhang et al.,[*%] the silica aerogel with spherical
building blocks of ~20-40 nm, in combination with the in situ
and deliberately created hole along the radical direction, enables
monochromatic laser-driven lighting. The size rationale of silica
aerogel building blocks, lies in regulating the concentration of
surfactant in the mixture with aqueous acetic acid for the con-

Ady. Sci. 2023, 10, 2205762
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densation reaction. The implementation of three primary color
lasers (wavelengths of 450, 532, and 638 nm) with variant powers
on the silica aerogels can realize the lighting with multiple col-
ors in the visible spectra. It can be anticipated that, building sil-
ica aerogel fibers with good thermal stability, high laser-damage
threshold, and superhydrophobicity can find applications in re-
mote laser-driven lighting textiles even on rainy days or under-
water circumstances, curtain lighting, smart display system, or
digital signage.3031l

4.5. Fire-Retardant Properties

Aside from other properties, some aerogel fibers could exhibit
superb fire-retardant properties, which are attributed to both the
inherent molecular rigidity and high cohesive energy density. For
example, Kevlar aerogel fiber shows outstanding flame-retardant
properties and self-extinguishing behavior.['*! The other example
is polyimide aerogel fiber, where the backbone of the polymer
chain contains amounts of benzene and imide rings. The self-
extinguishing performance of the above single aerogel fiber and
the textiles has been investigated, which can be employed for fire-
retardant clothing.[1>21]

During the ignition test, the cotton fiber is easily ignited ap-
proaching the fire and almost burnt up within 1 s, even quickly
moved away from the fire. Conversely, the polyimide aerogel fiber
cannot be ignited in a short touch on the fire and shows immedi-
ate self-extinguishing performance after keeping away from the
flame (Figure 12a). The limiting oxygen index of polyimide aero-
gel fiber is determined as 46.2, leading to better flame resistance
than other polymers, such as cotton and Kevlar, with a limiting
oxygen index of 24 and 28, respectively.[?!]

When both polyimide and polyester textiles were ignited by the
flame, polyimide textile could be rapidly self-extinguished upon
the removal of the flame; on the contrary, the polyester textile
was completely combusted (Figure 12b). Furthermore, the cone
calorimetry test was conducted to quantitatively characterize the
fire-retardancy of both materials. The polyimide aerogel textile
has a lower value of heat release rate (92.3 kW-m~2) than that
of polyester textile (153.2 kW-m™2) (Figure 12¢). Upon the igni-
tion, the materials with a higher heat release rate tend to be more
dangerous as more heat will be fed back to the surface of ma-
terials causing accelerated thermal decomposition. As a result,
the total heat release of polyester textile (10.1 MJ-m~2) outweighs
the polyimide textile (3.2 MJ-m~2) (Figure 12d). In addition, the
commercial cotton textile is characterized, which shows signif-
icantly inferior thermal insulation properties than that of poly-
imide textile.[?"]

Above all, aerogel fibers have the mass and surface distribu-
tions that are consistent with fractal behavior over certain length
scales. To fully unveil the structure/property relationships, it is
necessary to let the experimental study go hand-in-hand with the
simulation methods. In a computational model, the aerogel fiber
structure is known exactly; and therefore, the structure-property
relationships can be directly understood. For example, global pa-
rameters such as surface areas, fractal dimensions, and pore size
distributions can be determined from the aerogel model struc-
ture and compared with the experimental data. Microscopic pa-
rameters including the number of bridging atom to silicon atom

2205762 (16 Of32) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH
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(e.g., SiO, aerogel fiber), the bond lengths, and bond angles are
also measured. Last, the mechanical properties including the
modulus, the vibrational density of states, and shrinkage upon
drying can be correlated with the gel structure. Similarly, other
properties can also be derived based on the simulated methodol-
ogy including quantum mechanical methods, atomistic simula-
tions and “coarse-grained” models.[®]

Adv. Sci. 2023, 10, 2205762

5. Nano-Confining Functionalization Strategy

Aside from the inherent properties of aerogel fibers as solid
porous materials, it could be an alternative way to enrich the
functionalities of aerogel fibers, by utilizing the high porosity
and high specific pore volume of the fibers to incorporate with
some guest materials in the pore structures. Especially for liquid

2205762 (17 0f32) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 12. Fire-retardant properties of aerogel fibers. a) The superb flame resistance of polyimide aerogel fiber compared with cotton fiber. Reproduced
with permission.[21l Copyright 2021, American Chemical Society. b) The burning test of polyimide and polyester textiles. The polyimide textile keeps
intact while the polyester textile is completely combusted. c) Heat release curve of the polyimide and polyester textiles. d) Total heat release curves of
the polyimide and polyester textiles. (b—d) Reproduced with permission.[?° Copyright 2020, Elsevier B.V.

materials, the liquid itself cannot be used as a freestanding mate-
rial due to the fluidity, no fixed shape, leakage, and weak mechan-
ical properties.[®] However, aerogel fibers can be advantageously
used to provide the nano pockets for functional liquids with the
capillary force that ensures the stay of infused liquid. Through
the rational design of aerogel fiber materials, functional liquid
materials, and the chemical compatibility of the solid-liquid in-
terface, a huge pool of aerogel fiber-confined solid-liquid com-
posite materials would be generated, enabling unprecedented
properties and applications. Consequently, despite the variety
of functionalization strategies for aerogel fiber, for instance,
hydrophobic modification,'*2226] hygroscopic modification,’!
and color modification,3] the nano-confinement of functional
liquids into mesopores of the aerogel fibers becomes more
and more attractive due to the properties enabled by the lig-
uid such as phase change,' sorption,*! transparency,*”¢
slippery,!®! self-healing,[°®%] frictionless,1% antifouling,[191-192]
anti-adhesion, 1] and anti-icing,!1%#1%] as well as the interaction
between the solid aerogel fiber and the liquid guest.?1%! In this
section, we will mainly introduce the driving force for liquid in-
fusing, solid-liquid adhesion, and solid-liquid interfacial stabil-
ity (Figure 13). Currently, the representative examples of func-
tional liquids that are packaged into the aerogel fibers are phase
change materials and water.[13:1523.26.29]

5.1. Driving Force for Liquid Infusion
Nano-confining functionalization of aerogel fibers by functional
liquids is tightly related to the thermodynamics and kinetics of

liquid encapsulation in the porous framework. How to obtain the
aerogel fiber solid-liquid composites and how fast can they form?

Ady. Sci. 2023, 10, 2205762

To package the liquid in the aerogel fiber structure, we can infuse
the functional liquid into the porous solid or immerse the porous
solid into a pool of the functional liquid. The driving force for the
liquid infusion depends on the capillary pressure (Figure 13a),
which can be described as,[®!

2ycosf
= (10
where, P is the capillary pressure, y is the surface tension of the
functional liquid, d is the pore diameter of the aerogel fiber, and
0 is the contact angle between the liquid and solid phases. Im-
mersing the aerogel fiber into a liquid generally liberates heat;
the enthalpy of immersion can be written,[1%]

r (20
JaT JaT

oys 97s
= —}/LVCOSG - (]/S - ySV) - T <6_TL - ﬁ

hi=vs —vs—

(11)

where, yg;, 75, Y1y, and y gy denote the solid-liquid interfacial ten-
sion, solid surface energy, liquid-vapor interfacial tension, and
solid-vapor interfacial tension, respectively, T is the tempera-
ture, and @ is contact angle. As in practice, yg — ygy is negli-
gible, and low energy surfaces have a relative constant value of
s = 0,07 + 0.02 erg cm~2 K-1. A simple relationship can be
oﬁ)talned as,1%7]

h, = —0.07T — ycosf (12)
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Polar solids show high enthalpy of immersion in polar liquids
and lower values in nonpolar liquids. b, is principally a linear
function of the dipole moment of a functional liquid.

Regarding the kinetics of liquid infusion, it involves the flow
of the functional liquid over the aerogel fiber, and it refers to
the speed with which the solid-liquid-vapor three-phase line ad-
vances or recedes. Typically, the dynamic contact angle can be
measured to obtain the speed of the three-phase line. A dimen-
sionless parameter to characterize the speed of contact line move-
ment is the capillary number Ca,!1?]

v

Yv

Ca = (13)

where, v is the velocity, # is the fluid viscosity, and y,, is the
liquid—vapor interfacial tension (i.e., surface tension of the func-
tional liquid).

5.2. Solid-Liquid Interface Adhesion

Ideally, the functional liquid should firmly adhere to the aerogel
fiber, eliminating leakage or vaporization. Adhesion between a
solid material and a liquid material is defined as the work needed
to separate the solid from the liquid.'””] The important quantity
work of adhesion could be used to characterize the intimate con-
tact between the liquid phase and solid phase (Figure 13b).[17-111]

Adv. Sci. 2023, 10, 2205762

[106]

This is largely determined by the surface energy of the solid ma-
terial and the surface tension of the functional liquid, that is, it
is the chemistry compatibility between the solid and liquid inter-
face. According to the method of Owens, Wendt, Rabel, and Kael-
ble (OWRK), the interfacial energy between the solid and liquid
can be calculated by forming the geometric mean:!112]

P d d
+\/6561>

The work of adhesion based on the method of OWRK is,['1?]

W, = 2< P+\/0'gald)

To obtain work of adhesion, it is necessary to determine the
dispersive part and polar part of the solid surface energy (aerogel
fiber material), as well as the dispersive part and polar part of the
liquid surface tension. For example, a functional liquid with the
surface tension of 27.91 mN m™! (dispersive part: 25.98 mN m™!
and polar part 1.98 mN m~!) can adhere well to a solid copper foil
with a surface energy of 23.89 mN m™' (dispersive part: 22.34
mN m~! and polar part 1.55 mN m™!), possessing the work of
adhesion of 51.64 mN m~1.11%1 To optimize the work of adhesion,
two approaches can be considered: on the one hand, it is possible
to modify the liquid in respect of its polar versus dispersive ratio;

0y = 0y +0'1—2< (14)

(15)
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on the other hand, it is likely to increase the polarity of the solid
surface by treatment, for example, plasma treatment.

5.3. Solid-Liquid Interfacial Stability

If any ingredients can soften or swell the solid frame, the aero-
gel fiber may encounter shrinkage or collapse. It is important
to make sure that the functional liquid preferentially wets the
pore walls rather than swells them. Therefore, the aerogel frame
should be able to withstand the infusion and wetting of the liquid,
that is, it should have robust structural stability and mechanical
properties. To simplify the model of an aerogel fiber, we can fo-
cus on the two adjacent pore walls forming an angle «, with an
edge length of ], the thickness of t, and the height of h. Once the
functional liquid is applied to the pore structure, the formation of
a series of networks of menisci on the interconnected pores gen-
erates the localized capillary force field at each node. Work done
by capillarity can be determined by the product of the capillary
force and the distance moved by the meniscus,[106113-115]
W, = yhlsec% (16)
where, y is the surface tension of the functional liquid. The total
elastic energy of a single pore wall can be determined by the sum
of the related stretching and folding,['%¢!

_1 a g 1 5 2
U, =3 Euh [(secz 1 5) I+ Sat(1+) (17)

where, E,, represents Young’s modulus of the material in a wet-
ting/swollen state, and § is the swelling ratio (deformation extent)
by the functional liquid. In order to avoid the deformation of the
pore structure, the capillary work should be smaller than the elas-
tic energy, that is, W, < U,. Such energy relationship derives a
critical Young’s modulus of the aerogel fiber material, character-
izing the capability to resist pore wall deformation,!1%!

6ylsec§
E,= > (18)
3lt<sec§ 11— 5) +ab?(1+ 5)?

When the modulus of aerogel fiber material is higher than this
critical value, the fiber can stably keep its form; otherwise, it may
suffer from a structural collapse in contact with the liquid (Fig-
ure 13c). Key features in establishing an aerogel fiber-functional
liquid combination that can ensure the pore network stability in-
clude the basic properties of aerogel fiber material and the func-
tional liquid. The properties of aerogel fiber materials include
the chemical nature, crystallization, crosslinking density, poros-
ity, and topology. The properties of the functional liquid include
the solubility, volatility, and Flory—-Huggins polymer—solvent in-
teraction parameter.[106:116.117]

6. Emerging Applications

In light of the unprecedented properties mentioned in the previ-
ous sections, such as thermal, sorptive, optical, and mechanical
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properties, aerogel fibers have enabled a myriad of emerging ap-
plications in the fields of thermal management, smart wearable
fabrics, water harvest, shielding, heat transfer devices, artificial
muscles, and information storage.

6.1. Thermal Management

Thermal management is by far the most representative and stud-
ied application field of aerogel fibers due to the ultralow density
and ultrahigh porosity. For example, Kevlar textiles woven from
aerogel fibers exhibit superior thermal insulation performance
compared with cotton textiles with the same thickness, when
both of them are attached to the human skin (Figure 14a-iii,iv),
and serviced on a cold source (=196 °C to 20 °C, Figure 14A,i-
ii) or hot source (20 °C to 350 °C). At the equilibrium state on
the cold surface, Kevlar aerogel textile displays a higher temper-
ature than cotton textile. With the injection of liquid N,, the sur-
face temperature of the cold source decreases until the equilib-
rium of =190 °C, whereas the surface equilibrium temperatures
of aerogel textile and cotton textile are —148 °C and —168 °C, re-
spectively. The higher temperature difference for aerogel textile
(42 °C) indicates better thermal insulation properties. Moreover,
Kevlar aerogel textiles can withstand heat treatment, while other
commercial ones including cotton textiles or microfiber mats are
severely damaged if heated to 300 °C. Moreover, Kevlar aerogel
fiber also shows an outstanding flame-retardant effect and self-
extinguishing behavior. The superb thermal insulation perfor-
mance, combined with flame-retardant behavior, provides aero-
gel fibers with the potential application for thermal insulation
under harsh conditions, for example, fire protective clothing.'*]

Other examples will be drawn from polyimide aerogel fibers,
which also exhibit super-thermal insulation and flame resistance
that allow for thermoregulation in extreme environments.2!2429]
The gas molecules cross polyimide fibers in the textile with small
pores (15-25 nm) do not subject to collisions and exchange en-
ergy with each other; thus greatly restricting thermal convec-
tion. The high porosity of polyimide aerogel textiles can effec-
tively reduce thermal conductivity. Besides, the random pores
and nanofibrils may lead to multiple reflective effects; so that,
the reflectance of infrared light would be largely improved and
thermal radiation would be reduced (Figure 14b-i). Once the poly-
imide aerogel textile is attached to human skin, the surface tem-
perature of the textile is almost close to that of the background,
indicating the potential application as thermal shielding/stealth
broad range of temperatures (—190 °C to 320 °C), ranking as the
state-of-the-art thermal insulation materials.[*]

Polyimide aerogel textile can also withstand both elevated and
low temperatures, enabling its utilization in extreme circum-
stances. When placed on the heating source at 150 °C, polyimide
aerogel textile takes a longer time to reach the equilibrium state
(144 °C) than cotton textile (88 °C), displaying better thermal in-
sulation performance. Meanwhile, it also possesses a higher tem-
perature difference referenced to the heating stage, surpassing
the performance of cotton textiles (Figure 14c-i-ii). If the heat-
ing source is set to a higher temperature (205 °C), polyimide
aerogel textile still keeps the insulation function, while a series
of commercial polymeric textiles including cotton easily fail in
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ature, on human skin, and the temperature—time curve of different surfaces with the injection of liquid N,. Reproduced with permission.['*] Copyright
2019, American Chemical Society. b-i) Polyimide aerogel textile for thermal insulation. Schematic illustration of the insulation mechanism, b-ii) optical,
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Copyright 2021, American Chemical Society.
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such harsh conditions (Figure 14c-iii). Furthermore, polyimide
aerogel textiles can survive at low temperatures owing to the low-
temperature reliability of the polyimide molecular structure. As
low as —165 °C, polyimide aerogel textile can be stabilized at
such a temperature, whereas the compared cotton textile can only
reach —133 °C. When the cold source is at —100 °C, the equilib-
rium of polyimide aerogel textile and cotton textile can reach —62
°C and —82 °C, respectively, further demonstrating a superb ther-
mal endurance at low temperatures.[2!]

6.2. Smart Wearable Fabrics

Smart aerogel fibers in response to external stimuli, such as
thermal, electrical, and light fields, as well as with energy stor-
age/conversion capability, are crucial units for wearable de-
vices. For instance, the graphene aerogel/phase change mate-
rial (GA/PCM) fibers show multiple responsiveness (e.g., elec-
trical or photonic) with a broad range of programmable phase
transition temperatures and enthalpy. When the GA/PCM fiber
is twined with outlast fiber under the electric field of 30 V
and one sun irradiation, there is more heat generated around
the GA/PCM fiber, demonstrating superior electric—thermal and
photo-thermal effects. A variety of patterns can be developed
with the GA/PCM fibers such as the “SINANO?” latter pattern and
network weaved fabrics with other materials, which can be illu-
minated by light irradiation. The GA/PCM bundle and GA/PCM
fabrics exhibit faster heating rate and higher temperature com-
pared with single GA/PCM fiber, illustrating quicker heat trans-
fer and less heat loss happens in the GA/PCM bundle and the
fabrics. It means that the graphene network plays a central role
in electron transfer, phonon transfer, and heat transfer in both
inducing and facilitating the phase transition of phase change
materials confined in the pore structure (Figure 15a).[>] The su-
perhydrophobic coating on the fiber enables self-cleaning behav-
ior and enhanced mechanical properties. These features together
promise aerogel fibers for flexible and wearable devices, espe-
cially for clothes in frigid areas.

Besides, the hygroscopic holey graphene aerogel fibers
(LICl@HGAFs) have been developed with photo-thermal and
electro—thermal responses. Indeed, the LiCI@ HGAFs show high
water sorption capacity as well as high water uptake kinetics,
which can be regenerated by solar energy and electric energy
and both of them are environmentally-friendly regeneration pro-
cesses. The HGAFs and LiCI@HGAFs exhibit a fast photother-
mal effect under one-sun irradiation, where the temperature
rises from 22 °C to 46 °C and 44 °C, respectively (Figure 15b-
i). In this condition, the sorbent experiences the desorption from
LiCl aqueous solution to LiCl-H,O with a regeneration degree
of 83.4%. On the other hand, the fibers can be desorbed by the
electric field, through which the temperature can be up to 131
°C under 12 V (Figure 15b-ii). In this case, the sorbents are al-
most completely desorbed. It is noteworthy that the fibers can un-
dergo multiple cycles (up to ten) of sorption and desorption with-
out any obvious degradation via the photo—thermal and electro—
thermal approaches (Figure 15b-iii).”! Furthermore, the self-
powered fire alarm electronic textiles (SFA e-textile) have been
reported based on the aerogel fibers comprised of calcium algi-
nate, Fe;O, nanoparticles, and Ag nanowires. The fire alarm trig-
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ger time decreases with increasing the amount of Ag nanowires,
which improves the sensitivity of the warning system. This is at-
tributed to the fact that the nanowires can be connected, creat-
ing a continually conductive pathway on the surface of the fiber
(Figure 15c-i). The e-textile can be repeatedly induced by the fire
and rapidly trigger the fire alarm system once it is exposed to
a flame (Figure 15c-ii). The e-textile is exposed to a fire at cy-
cle intervals of 20 and 40 s, while the electric current is moni-
tored simultaneously. An average current of 28 mA with a small
standard deviation (5%) is obtained, ensuring fairly stable and
repeatable fire alarming capability of the textile (Figure 15c-iii).
The stable performance is due to the conductive stability of Ag
nanowires at elevated temperatures. SFA e-textile can realize ul-
trasensitive temperature monitoring with a wide range of sens-
ing and energy harvesting in firefighting clothing. The ultralight
wearable temperature-monitoring SFA e-textile can be of great
help for rescuers to search and rescue trapped firefighters in fire
conditions.(?#!

6.3. Water Harvest

With hygroscopic salt as the guest species to be anchored in the
porous network, aerogel fibers can find promising applications
for water harvest, such as atmospheric water capture. As demon-
strated before, the hygroscopic holey graphene aerogel fibers
(LiCI@HGAFs) achieve both the water capture capacity and high
uptake kinetics due to the abundant pathways in holey graphene
sheets for water transport. The content of hygroscopic salt plays
a vital role in the moisture sorption capability, which increases
with increasing the loading amount of the salt (Figure 16b), with
the highest uptake capacity of 4.14 g g~! (salt content of 7%). In
addition, the LiCI@HGAFs can work in a broad range of humid-
ity from 30% RH to 90% RH (Figure 16c), with the water capture
of 1.4 and 0.66 g g™! at the moisture humidity of 60% RH and
30% RH, respectively. The sorption capability of the as-developed
aerogel fibers outperforms other moisture sorbents from litera-
ture, achieving more than 30% above the best material reported
at room temperature and 90% RH (Figure 16d). When dehumid-
ification tests are conducted, the aerogel fiber demonstrates com-
petitive performance, together with a series of moisture sorption
materials either in the same volume or in the same mass. For the
competitive test with the same mass, LiCI@ HGAFs surpass most
of the other sorbents but is slightly inferior to LiCl. (Figure 16e).
Therefore, LICI@HGAFs can meet the needs of practical applica-
tions because they can be operated at ambient temperatures and
regenerated in multiple pathways with low-energy input.?!

6.4. Shielding

Utilizing the porous nature, electrical conductivity, and interface
effect, aerogel fibers could be tailored for microwave adsorption
or electromagnetic shielding. For example, with the filling of
LiCl particles in the holey graphene sheets, the layered graphene
sheets lead to multiple microwave reflections and the conductiv-
ity of holey graphene sheets induces conductivity loss; in combi-
nation with the interface polarization between the graphene and
LiCl, the microwave sorption performance is greatly enhanced. It
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Figure 15. Smart wearable fabrics. a) Graphene aerogel/phase change material fibers show multiple responsiveness under electric field and light irradia-
tion. Reproduced with permission.[’>] Copyright 2018, Wiley-VCH. b) Hygroscopic holey graphene aerogel fibers can be regenerated by photo-thermal and
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cyclic responsive curve of the e-textile. Reproduced with permission.[?8] Copyright 2022, American Chemical Society.

is worth noting that, after the water capture by hygroscopic LiCl
particles, the dielectric loss of the material is further increased
and dipole polarization from water molecules is also induced, en-
dowing LiCI@HGAFs with broad microwave absorption behav-
ior (Figure 17a-i,iii). After the sorption of water, LICI@ HGAFs-
H,O can absorb the microwave spanning from 8.31 to 18 GHz
with a sample thickness of 2.5 mm. Meanwhile, the minimum re-
flection loss of the material is —27.9 dB at 17.3 GHz (Figure 17a-
ii). LiICI@HGAFs-H, O exhibits broad microwave sorption capa-
bility with the effective absorption bandwidth (EAB) covering all
of the Ku, X, and C bands, and partial S bands (Figure 17a-iii).["’

Apart from that, decorating metal nanoparticles on polymer-
based aerogel fibers provides an alternative pathway to develop
lightweight conductive fibers for electromagnetic shielding ap-

Adv. Sci. 2023, 10, 2205762

plications. Ag nanoparticles!?*! or Ni nanoparticles!*’] have been
reported to decorate the surface of polymer aerogel fibers by elec-
troless plating; the resulting composite conductive aerogel fibers,
as well as their woven textiles, exhibit superb electromagnetic
shielding performance (Figure 17b).? When the electromag-
netic wave injects the surface of the textile, only a shallow part
of the incident wave is reflected encountering the Ag nanopar-
ticle layer. The rest of the electromagnetic waves travel through
the textile and interact with the electron carriers. Specifically, the
high porosity of the fiber can induce multiple internal interac-
tions; and thus, resulting in the dramatic adsorption of electro-
magnetic waves (Figure 17b-i). The single-layer textile has an EMI
SE of 26 dB, which is increased to 44 and 54 dB when layering
two and three pieces of the textile at 10 GHz (Figure 17b-ii). For

2205762 (23 of 32) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

www.advancedscience.com

a b s Cc 5
. -0~ LiICI@QHGAFs-3% -9-30% RH
Water harvesting 4| -0~ LICI@HGAFs-5% P 4| -9-60%RH -
pa, -9-Li 7Y - -2-90% RH -
@ ey | Llcl@-{GAFs:’AQ/Q o] 2-90% o
5 \}Q%\ﬁ:x % A2 g—0—? < A
B S o 3 ~3 o o 3 e
B S| 3~
N Enngenonody. g 2 % 2 @
- 4 © © / 9—0—9—0—0—0—0—0
§ g 5 A 1 0—a—0—9—0—0—0—0-0 1 P
2 & = o o-0—0—0—0—9—9—0-0—0
& -0
o . A . A A A 0
y 0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
Time (min) Time (min)
Release Capture
5 100
\; d * This work e Esikagel LICI@Ui0.66
& PNIPAAm/Alg Eks fibers LICI@ACF
4| A Hydrogel * ;\? tgss [ ILICI@HGAFs
MIL-101(Cr@GO (& 0.
—~ 3 : Y-shp-MO;é >
T [ < Caci2@uio-66 =
o > PANIMILéLIClNFM B o
RS A £
% 2 < S
® < v -:1:)
o 1 g e [ 2
¥ ® el
2228 ol ® - * &)
LICI@HGAF-H,0 . . . . n n
30 40 60 70 80 90

50
Relative humidity

Different moisture sorption materials

Figure 16. Highly efficient water capture by hygroscopic holey graphene aerogel fibers. a) Schematic illustration of water capture and release. b) Wa-
ter uptake capacity of LICI@HGAFs with variant salt concentrations. c) Water uptake capacity of LICI@HGAFs under different levels of humidity. d)
Comparison of water capture capability materials from literature. €) Dehumidification test of LiCI@HGAFs compared with a series of moisture sorption
materials in the same mass. a—e) Reproduced with permission.[?] Copyright 2022, Springer Nature.

the total EMI shielding effectiveness (SE;), microwave absorp-
tion (SE,) makes more contribution than microwave reflection
(SER), demonstrating the absorption-dominated EMI shielding
mechanism (Figure 17b-iii).[*]

Besides, aerogel fibers (e.g., poly(vinyl alcohol)) have also been
proposed for infrared stealth due to their extraordinary thermal
insulation. With such materials, the infrared radiation inten-
sity of a certain target can be efficiently decreased, making the
temperature difference undetectable by an infrared camera (Fig-
ure 17¢).7] Based on the infrared images of a person without
a mask, with a cotton mask, and a PVA aerogel textile mask,
the color of the PVA aerogel textile mask is almost merged
with the background. Therefore, by rationalizing the content and
structure, aerogel fibers can be designed for shielding purposes,
including microwave adsorption, EMI shielding, and infrared
stealth.

6.5. Heat Transfer Devices

For the holey graphene aerogel fibers mentioned before, in addi-
tion to mass transfer during the water sorption/desorption pro-
cess, heat transfer coexists in terms of heating and cooling corre-
spondingly. Therefore, aerogel fibers have been well played in the
adsorption-based heat transfer devices by incorporating the effi-
cient “sorbent-water” working pair. During the adsorption pro-
cess, the evaporated working fluid of water is captured by aero-
gel fibers (LiCI@HGAFs) and releases heat (heat of adsorption,
Q.4s)- Conversely, in the desorption process, the aerogel fibers
take the heat (heat of desorption, Q) from the environment
to release the water, which condenses later in the condenser re-
leasing heat (heat of condensation, Q) (Figure 18a).°] The
adsorption-based heat transfer devices such as adsorption-driven
heat pumps, adsorption-driven chillers, and thermal batteries,

Ady. Sci. 2023, 10, 2205762

have been considered cutting-edge renewable energy solutions
to satisfy the huge global demands for heating/cooling.

Along with the water sorption, the isosteric enthalpy of
sorption (|AH,4|) can be determined based on the Clausius—
Clapeyron equation from two adsorption isotherm curves. More-
over, the heat storage capacity can be obtained from the isosteric
enthalpy of sorption, water molecular weight, and sorption work-
ing capacity. |AH, 4| decreases with increasing water uptake, with
the value of 63 k] mol~! at the working capacity of 0.6 g g™*.
The heat storage capacity increases with uptake capacity (Fig-
ure 18D).°) The heat storage capacity is 6.93 k] g (0.19 kW
h kg™') at the water uptake of 0.24 g g~!, which is 1.68 times
higher than the value required by the U.S. Department of En-
ergy (0.07 kW h kg™!). Compared with other reported adsorbents,
LiCl@HGAFs exhibit a high energy density that is promising for
thermal storage applications (Figure 18c).!

Adsorption-based heat transfer system typically operates by
utilizing a full cycle of water adsorption and desorption. In the
heating mode, the LiCI@HGAFs sorbents capture water and re-
lease the adsorption heat to warm the house. In the cooling mode,
the heat is taken away by the evaporation of the working fluid,
which is induced by the water uptake of the LICI@ HGAFs sor-
bents (Figure 18d).”! The working capacity shows an increasing
trend with rising temperature, both in the heating and cooling
modes. It can be determined as 1.1 g g~! because of the com-
plete desorption at the desorption temperature (Figure 18e).°!
The coefficient of performance (COP) is the ratio of output en-
ergy divided by the input energy, being a vital indicator of the
thermodynamic efficiency of the heating and cooling cycle. A
high COP, value means a high energy efficiency in the heat-
ing mode. The COP,; can reach 1.73 at the evaporation tem-
perature of 288 K, sorption temperature of 313 K, and des-
orption temperature of 373 K. As a comparison, the highest
COPy, for salt@silica gel is 1.65 with a desorption temperature of
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398-423K, which costs more input energy. On the other hand, the
COP_ for LICI@HGAFs is 0.7 with the desorption temperature of
373 K. Besides, the specific cooling power of LICI@HGAFs can
reach 297 W Kg~!, surpassing other commercial sorbents such
as silica gel (63.4 W Kg'), activated carbon (65.0 W Kg~'), and
zeolite (25.7 W Kg1).%

6.6. Artificial Muscles

With the incorporation of a phase change material, pristine aero-
gel fibers can be developed into shape-memory materials,!¢]
working as artificial muscles.'"*!18] Taking the Kevlar aerogel
fiber as an example, by confining a solid state of paraffin wax
into the fiber pores, the bending stiffness of the composite fibers
can be modulated above a critical value. As a result, specific artifi-
cial muscles with desired shape and shape memory effect can be

Adv. Sci. 2023, 10, 2205762

designed. The target shape is programmed above the phase tran-
sition temperature (70 °C) and is fixed at room temperature. For
instance, a single paraffin/Kevlar fiber or a textile woven from the
fibers with predetermined shapes can stretch out and recover to
their original shapes upon heating (Figure 19a—).[?’] A dynamic
artificial muscle based on composite fibers has been developed,
realizing the transportation of an object by gripping it in a rigid
state while releasing it in a flexible state. The switch of these two
states relies on the phase transition of the phase change mate-
rials in the fabrics assembled from the aerogel fibers. The ob-
ject is captured by two pieces of fabrics at a low temperature be-
low the phase transition point and released upon heating (Fig-
ure 19d,e).2% Tt is worth mentioning that the response time of
the artificial muscle could be tailored by controlling the heating
power, manipulating the phase change material content, and the
assembly of the fibers, arising from the programmable bending
stiffness of aerogel fibers.
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6.7. Information Storage

Aerogel fibers can hide and reveal information through the mod-
ulation of the interaction between a solvent and the aerogel fiber
on demand. If properly interweaved, it will enable the production
of a digital textile with spatially varying functions. For instance,
the Kevlar aerogel fiber with different drawing ratios has been
taken as the building blocks for a digital textile. A predesigned
pattern is interweaved by these two segments, which is not shown
under normal light and polarized light. However, after the im-
pregnation in ethanol, the pattern becomes vividly shown un-
der the polarized light, while it still does not appear under nor-
mal light (Figure 20a). This capability of the responsive aerogel
fibers demonstrates promising applications in information stor-
age with on-demand decryption. Interestingly, the coded aerogel
fibers can switch the states between aerogel and gel with ethanol
adsorption/desorption multiple times (up to ten cycles), possess-
ing good reliability. The specific surface area of the tested fiber
is 177 m?* g™! after ten cycles of ethanol absorbing and ambient
pressure drying (gel-aerogel switch), slightly lower than that of
the initial fiber (204 m? g='). Moreover, only the outer layer of
the fiber slightly shrinks but the inferior fiber remains a good
porous network after the cyclic operation.

Importantly, more sophisticated patterns such as barcodes and
2-dimensional (2D) codes could be rationalized by playing with
the two different aerogel fibers, making the information readable
and processable. The encrypted barcode does not show under
normal light or polarized light. After the infusion of ethanol, the
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information is still protected under normal light. Only in the gel
state and with the application of polarized light can the barcode
information be identified, and it is even readable and operatable
by a computer (Figure 20b). Analogously, a more complicated 2D
code with a hidden password is realized by embroidering with
two types of aerogel fibers. It is worth mentioning that the en-
coded information can only be decrypted via ethanol immersion
and polarized light observation. After being scanned into a com-
puter, an accurate 2D code would appear for further communica-
tion or image processing (Figure 20c). Specifically, the informa-
tion storage application enabled by aerogel fibers with different
building block orientation degrees can represent 0 and 1, consti-
tuting a byte via using eight aerogel fibers. Assuming the fiber
with a diameter of 10 um and a byte width of 2 um is adopted in
a digital textile, then, 625 000 bytes can be stored in each square
centimeter, that is, 6.0 Gb m~? (Figure 20d). Notably, in terms
of information storage when compared with fluorescent, lumi-
nescent, or photochromic materials, the aerogel fibers show out-
standing advantages such as the ability of binary format informa-
tion encryption and high security during communication due to
the high/low-temperature stability and two-step decryption.[**!

7. Challenges and Opportunities

Though aerogel fibers have seen extensive study and fast develop-
ment, challenges persist regarding how to utilize enormous types
of nanoscale building blocks to fulfill the dynamic sol-gel tran-
sition, how to realize the industrial-sale implementation from
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current lab-scale operation, how to characterize the thermal and
optical properties of the single aerogel fiber, how to manufacture
single fiber-based devices, and to how to promote the intelligence
of aerogel fibers with multi-functionality. With a surge of tech-
nological and methodological innovation to overcome the above
roadblocks, new opportunities and applications will appear.

7.1. Challenges

For the chemical synthesis of aerogel fibers, it remains unre-
solved to establish a universal strategy for the dynamic sol-
gel transition of all kinds of nanoscale building blocks. Hence,
chances open for the utilization of machine learning and arti-
ficial intelligence, to set up the Materials Genome Initiative of
aerogel fibers and reveal some implications for the newcomers.
For the industrialization of aerogel fibers, the challenges exist
for continuous fabrication, and ambient pressure drying should
be of great help depending on the controllable material system.
Another challenge is the characterization technique for the ther-
mal/optical properties of a single aerogel fiber. For thermal char-
acterization, it is necessary to seek help from microfabrication
that can embed the single fiber with the testing electrode during
the fiber assembly. For optical characterization, fluidic assembly
within a transparent microfluidic chip that can be easily com-
bined with a spectrometer,'"?! may play a key role so that the op-
tical properties of the fiber could be captured all the way from the
gel fiber to the aerogel one. Similarly, single fiber-based devices
face great challenges due to still weak mechanical properties of
most aerogel fibers and integration of the fiber devices.!®! There-
fore, it is quite urgent to greatly explore new materials for the
aerogel fibers used in deformable or portable devices. Last, mak-
ing the aerogel fibers smarter and smarter is a forever theme.
This should be relied on the digging out of the fiber with mul-
tiple functionalization in response to several external stimuli or
being applied under extreme conditions.

7.2. Opportunities

Opportunities always coexist with the abovementioned chal-
lenges. We have witnessed the rapid development of aerogel
fibers, and this rising field is going to expand its influence with
the continuing efforts of enormous researchers (Figure 21). First,
aerogel fibers will continuously play key roles in wearable sys-
tems and textiles. Building smart fibers into wearable devices,
together with the inherent superb thermal insulation, aerogel
fibers will one day flourish in the field of personal thermal
management and healthcare management. Importantly, with the
porous structure over different length scales, the aerogel textile is
a good choice for achieving both excellent thermal insulation and
comfortable air permeability as breathable materials. Second,
with their porous nature, aerogel fibers may find their tremen-
dous usage in adsorption and separation. Due to the mesopores
and micropores in the aerogel fiber, in combination with the
macropores between different fibers, it is possible to meet the
tradeoff between the fast sorption kinetics and the high sorp-
tion capacity for a target species (e.g., ions, molecules, gases,
pollutants, etc.). It will also be prone to balance the selectivity
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and permeability in terms of aerogel fiber-based membrane sep-
aration. Third, a variety of promising biomedical and pharma-
ceutical applications can be anticipated in the future. Owing to
the open pore structure, high specific surface area, and tailored
biocompatibility,°®122] aerogel fibers either in the form of fabrics
or membranes, are potential candidates for hemostasis or drug
delivery systems. Fourth, with the confinement of phase change
materials, aerogel fibers can be widely applied for energy stor-
age and conversion. For example, aerogel fiber confined phase
change fluid can be used for thermal energy storage, solar en-
ergy storage, and heat sink. Fifth, taking the aerogel fiber as the
starting material or integrating it with other materials, is likely to
offer numerous options for a broad range of functional or high-
value products, such as conductive aerogel fibers, phase change
aerogel fibers, biocompatible aerogel fibers, aerogel textile bat-
tery, aerogel textile solar cell, porosity-based heterojunctions, and
so on. Last, aerogel fibers shall be underlined for thermal insula-
tion in high-tech areas, for instance, aeronautical and aerospace
domains,1%12 ocean domains, shielding, and beyond.

In addition, these promising opportunities are somehow re-
lated to the existing challenges. Addressing the current key chal-
lenges would be able to push forward the potential applications.
For example, for all the aspects of future opportunities, it is criti-
cal to understand the structure—property relationships of aerogel
fibers including those of both a single fiber and fiber aggregates.
To establish the fundamental structure—property relationships
starting from a single fiber, requires unveiling the dynamic sol-
gel transition mechanism of nanoscale building blocks. Then,
we need to characterize the properties (thermal, optical, sorp-
tive, electric, etc.) of a single aerogel fiber, and further corre-
late the assembly manner of the fiber with the functionality.
This paradigm works for aerogel fibers that can be used in wear-
able systems and textiles, sorption and separation, energy stor-
age and conversion, high-tech areas, and so on. Meanwhile, in
order to understand the basic function of a single fiber, it is nec-
essary to build the single fiber-based devices via the microfluidic
technology.[**! Consequently, single fiber-based devices can find
the applications in biomedical and pharmaceutical areas, such as
fiber-based probes for deep brain activities.[!?] Furthermore, de-
veloping the multi-functionality capability of aerogel fibers may
greatly spur the achievements in high-value products as well as
biomedical and pharmaceutical areas, for instance, the aerogel
fibers integrated with either one or all of the following effects:
electro-thermal, photo-thermal, and magneto—thermal effects.
Ultimately, for all future research directions, the scale-up fabrica-
tion of aerogel fibers is a particular concern because in most ap-
plications, huge amounts of fiber aggregates are greatly needed,
especially for thermal insulation in textiles and high-tech areas.
The scale-up implementation is tightly related to both the spin-
ning technologies and drying technologies, which may induce
the fully continuous production manner with “nanoscale build-
ing blocks in-aerogel fibers out”.

Last but not the least, the field of aerogel fibers is just at a blos-
som stage in its evolution. It will steadily leap forward with the
development of materials and fabrication technologies. Undoubt-
edly, the collaboration of interdisciplinary pathways from many
fields such as materials science, chemistry, fluid dynamics, tex-
tile engineering, and artificial intelligence, will be a logical future
direction in aerogel fibers.
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Figure 21. Future opportunities for aerogel fibers. Aerogel fibers can be further deployed in a) wearable systems and textilesReproduced with
permission.['20] Copyright 2022, Springer Nature. b) Adsorption and separation. c) Energy storage and conversion. Reproduced with permission.[121]
Copyright 2020, American Chemical Society. d) Biomedical and pharmaceutical areas. Reproduced with permission.!'22] Copyright 2017, Wiley-VCH. e)
High-value products. Reproduced with permission.['23] Copyright 2019, American Association for the Advancement of Science. f) High-tech areas. The
photo of man in astronaut suit: Reproduced with permission from www.pexels.com, which is free to use.
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