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Silica aerogels are three-dimensional porous materials that were initially produced in 1931. During the past
nearly 90 years, silica aerogels have been applied extensively in many fields. In order to grasp the progress of
silica-based aerogels, we utilize bibliometrics and visualization methods to analyze the research hotspots
and the application of this important field. Firstly, we collect all the publications on silica-based aerogels

and then analyze their research trends and performances by a bibliometric method regarding publication
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Accepted 2nd May 2022 year/citation, country/institute, journals, and keywords. Following this, the major research hotspots of
this area with a focus on synthesis, mechanical property regulation, and the applications for thermal

DOI: 10.1039/d2ra01511k insulation, adsorption, and Cherenkov detector radiators are identified and reviewed. Finally, current
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1. Introduction

Aerogels are a kind of three-dimensional porous material with
more than 90% porosity," and are often obtained by a sol-gel
process,” fiber accumulation,®* or 3D printing.> Owing to the
characteristics of low density and high specific surface area,®
aerogels have been applied in many fields such as thermal
insulation,”® wastewater treatment,'®** acoustic insulation,*>*?
and drug delivery."*" At present, the value of aerogels in
blanket and granular form in the global market is estimated at
€250 Mio per year, with an annual growth rate as high as
~20%.' Within all kinds of aerogels, silica-based aerogels (SAs)
have become the most commonly used aerogels. Initially, SAs
consist of necklace-like particles which are synthesized through
the sol-gel method.”*® It was firstly introduced by Kistler in
1931 when he used gas to replace the liquid of wet gels to get
silica aerogels.' SAs have not been extensively studied over the
next several decades, on account of the complex and time-
consuming procedure. It was not until Teichner and Nicoloan
produced silica aerogels in 1972, using tetramethyl orthosilicate
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challenges and directions in the future regarding silica-based aerogels are also proposed.

(TMOS) as a precursor, was the SA produced in a continuous
process and obtained through the sol-gel process.”® After the
appearance of different technologies, the synthetic process has
become diversified. With the introduction of freeze casting and
spinning technologies, stacked fibers formed SAs in 2014, and
they possess a stronger compressible ability by the trans-
formation of major pores and the densification of minor
pores.”* Recently, with the development of three-dimensional
(3D) printing technology, the combination of 3D printing
technology and chemical synthesis provides a new method for
the synthesis of SAs in 2020,>* which can manufacture struc-
turally complex products by the design of 3D models and then
improve their adaptability in different occasions.”*?” In addi-
tion to the above methods, SAs are also produced by deposition
on the other aerogels.”® As the most commonly used aerogels,
SAs exhibit high-temperature resistance (>800 °C),*?*° low
density,*** and low thermal conductivity,* which make them
widely used in both civil and military fields. In the military
fields, SAs are used to capture hypervelocity particles and
protect the primary battery pack of the Alpha Particle X-ray
Spectrometer from the influence of low temperatures.®**
Similarly, SAs are also used as Cherenkov detector radiators to
identify the particles.* In the civil fields, SAs have been used in
the insulating bricks, glass fillers,*”** and adsorption of CO,
and harmful substances.*****

Owing to the wide exploration and applications of SAs, it is
difficult to grasp the research progress of SAs. Thus, we employ
the bibliometric analysis method to analyze a large body of SA-
related literature, with an aim to obtain their research trend and
hotspots. In this study, we first obtain all the research papers in
the field of SAs from Web of Science (WoS) Core Collection and
identify the publication trends, most contributive countries/
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regions, institutions, and journals. Meanwhile, research hot-
spots and main application fields of SAs are also discussed.
Specifically, the synthesis of SAs, mechanical property regula-
tion, and their application for thermal insulation, adsorption,
and Cherenkov detector radiator are the main research fields. At
the end of this review, current challenges and the promising
future direction regarding this popular field are also proposed.
This study provides a novel strategy to present the research
advances and also introduces comprehensive design methods
of SAs for different fields, which may serve as a reference review
and also accelerate the development of this field.

2. General bibliometrics in terms of
publication year, country/institution,
and research area

2.1 Data collection and processing method

Bibliometric analysis is a method of analyzing big data based on
a large number of documents.**** It can depict the publication
trend, contributing countries/regions and institutions, and hot-
spots, which can endow us with a more comprehensive analysis
of SAs.*** In detail, the data in this study are searched by the
search strings of “ts = (SiO, or silica or “silicon dioxide”) and ts =
(aerogel* or xerogel* or cryogel*) not ts = (“silica template*”)”
until 12th February 2022 from the WoS Core Collection data-
bases. It is worth noting that aerogels that are studied by us
represent gel networks whose liquid was replaced by air.
However, they are sometimes named as aerogels, cryogels, and
xerogels according to different drying methods: supercritical
drying, freeze-drying, and ambient pressure drying (APD),
respectively.***® Because they all represent the same kind of
structure, we search all of their names to represent all gel
structures filled with air. In total, there are 151 publications
published discontinuously for more than fifty years before 1900,
we here only analyzed data after 1900 to reflect the connection
between publications and time. A total of 9071 publications are
found, with 7937 articles, 268 reviews, 127 meeting abstracts,
and other types of publications. Since some document types,
such as meeting abstracts and letters, are not frequently cited
material, we utilize only articles and reviews in our following
analysis.*® In addition, to acquire the application for SAs in many
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fields, we acquire the research hotspots with the assistance of
keywords co-occurrence analysis by Vosviewer. We merge repet-
itive keywords including their singular and plural forms (ie.,
aerogel and aerogels) and their different names, such as SiO,,
silica, and silicon dioxide, using thesaurus files.*"*>

2.2. Publication trend and contributing countries/regions
and institutions

Fig. 1a shows the annual publications and citations from 1990
to 2021. During this period, the number of publications
increases as time goes on. Meanwhile, the number of citations
also shows an increasing trend year by year. This trend indicates
the growing attention among the scientific community to SAs.
Owing to their wide application potential, many countries/
regions pay efforts on SAs. Hence, the twelve most contribu-
tive countries/regions are listed, which are sorted according to
the number of total publications (Fig. 1b). China is the most
contributive country with 1950 publications. Following are the
USA (1497 publications) and France (745 publications). Mean-
while, the index of h represents h publications that were each
cited at least h times.** Thus, the h-index is introduced to reflect
the citation performance.>® USA, China, and France exhibit
higher h-index, which indicates the publications received
higher attention. What's more, from the perspective of institu-
tions, the Chinese Academy of Sciences, with 215 publications,
contributes the highest number of publications (Fig. 1c).
University of Montpellier 2 (42 h-index) and Université Claude
Bernard Lyon 1 (45.92 average citations) have the highest h-
index and average citations, respectively.

2.3 Bibliographic coupling analysis of referenced sources

Bibliographic coupling analysis of referenced sources could not
only identify the most contributive journals but also provide the
preliminary information of SAs simply according to the journal
names and related-area of journals. As shown in Fig. 2a, the
three journals including Journal of Non-Crystalline Solids,
Journal of Sol-Gel Science and Technology, and Microporous
and Mesoporous Materials receive many SA-related publica-
tions. In addition, with the assistance of the identified journals,
we could obtain the preliminary information of SAs. For
instance, Journal of Non-Crystalline Solids and Ceramics
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(a) The trend of publications and citations. (b) The most contributive countries/regions based on the total publication. H-index values

appear in the brackets. (c) The most productive institutions based on the total publication.
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Fig. 2 (a) Bibliographic coupling analysis of referenced sources. The node size represents the number of publications. (b) Keyword co-

occurrence analysis with at least 10 occurrences. The node size represents the occurrence frequency of the keywords.

International shows the characteristics of silica such as non-
crystal materials and composition of ceramics. Journal of Sol-
Gel Science and Technology indicates that they are commonly
synthesized by the sol-gel method. Microporous and Meso-
porous Materials and Journal of Porous Materials demonstrate
their high porosity. Nuclear Instruments Methods in Physics
Research Section A: Accelerators, Spectrometers, Detectors and
Associated Equipment shows that SAs can be used as Cherenkov
detector radiators.

2.4. Keyword co-occurrence analysis

After obtaining the general bibliometric information of SAs
research, we further utilize keyword co-occurrence analysis to

© 2022 The Author(s). Published by the Royal Society of Chemistry

acquire research hotspots of SAs. “Aerogel”, “silica”, “aerogels”,
and “silica aerogels”, as the most frequent keywords, but they
fail to reveal useful information about SAs. Thus, we remove
them from the network to highlight the other keywords.>
Fig. 2b shows the 409 items of keywords co-occurrence analysis
(threshold = 10). The larger a circle is, the more frequently
a keyword occurs. In addition, Vosviewer is also able to classify
keywords into different clusters with different colors, and each
cluster presents a similar research field.>® In our dataset, all
keywords are divided into four clusters. Specifically, keywords
in the green cluster are mainly related to the synthesis and
characterization. Keywords in the red cluster are connected with
mechanical capacity and thermal insulation. Meanwhile, the
blue and yellow clusters mainly reflect the adsorption ability

RSC Adv, 2022, 12, 14137-14153 | 14139
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and Cherenkov detector radiator, respectively. Such keywords
reveal that the main research hotspots of SAs focus on
synthesis, mechanical capacity regulation, and their applica-
tions for thermal insulation, adsorption, and Cherenkov
detector radiator. In the next section, we will give a brief
introduction of each research hotspot of SAs according to our
analys.

3. Synthesis technologies

Sol-gel, as a kind of synthesis method of SAs, is the biggest
node in the keyword network, which indicates that the synthesis
of SAs is the most popular research topic. Consequently, we
here summarize different synthesis technologies according to
their appearance time (Fig. 3). Here, SAs can be divided into
three categories according to different synthesis technologies
for different shapes: particulate silica-based aerogels (PSAs),
fibrous silica-based aerogels (FSAs), and 3D printing SAs.
Initially, SAs consist of necklace-like particles through the sol-
gel method and they are named as PSAs.>® Afterward, with the
introduction of freeze casting and spinning technologies,

!
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[
[
[
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Fig. 3
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stacked fibers were used to form FSAs.®® FSAs have lamellar
macrostructure or cellular macrostructure. Recently, 3D
printing technology can manufacture structurally complex 3D
printing SAs by the design of 3D models.®* Although 3D printing
SAs have a similar microstructure to PSAs, the macrostructure
of 3D printing SAs can be controllably designed.

3.1 PSAs

PSAs are composed of necklace-like silica particles. They are
obtained through three steps, respectively are silica wet gels
synthesis, aging/modification, and drying.®* Silica wet gels are
obtained by the sol-gel method which transforms liquid
precursors into a sol to a gel by hydrolysis and condensation
reaction.®*® In the hydrolysis and condensation reaction,
primary particles are formed first and then agglomerated into
secondary particles. Finally, secondary particles crosslink each
other into silica particle networks.® The silica particle networks
and the liquid in the interstices formed silica wet gels. Gener-
ally, precursors could be silicates®®®” or silicon alkox-
ides.>”**%¥71 To accelerate the process of hydrolysis and
condensation, different acid or base catalysts were added.””*

-
Major pores

Triangular junetions

(a) The representative microscopic image of PSAs Copyright 1999, Elsevier.*” (b) The representative microscopic image of FSAs obtained

by ice template method the scale represents 20 um. Copyright 2020, Springer Nature.?* (c) The representative microscopic image of FSAs
obtained by solution blow spinning method. The scale rerepresents 500 um. Copyright 2020, Springer Nature.?? (d) The representative
microscopic image of 3D printing SAs. Copyright 2021, American Chemical Society.>®
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There are many research discussions and summaries regarding
the sol-gel process,””” so we will not repeat it here.

Aging is a process that precursors continue hydrolysis and
condensation,”® which is achieved through the following two
processes. One is that silica of particle surface is dissolved and
deposited on the necks of gel networks. Another is that small
particle is dissolved and precipitated into big particle.” Both of
these processes can increase the strength of the networks and
reduce shrinkage and breakage in the subsequent phases. Thus,
prolonging aging time or raising the aging temperature can
improve the strength and rigidity of the solid skeleton of SAs.
Many studies reported that the aging effect depends on the
temperature, solvent, concentration, and aging time.***> With
the increase of time, temperature, and concentration, the
process of aging speeds up. Moreover, the rational selection of
solvents is also significant to the aging effect.** For example,
Omranpour et al® discussed the aging effect in different
solvents. The compressive modulus of aerogels, aging in N-
hexane, increased 2 and 4 times compared with methanol and
water, respectively. Significantly, methanol can inhibit the
condensation reaction, which results in a weak effect.

Drying is a process to remove the solvent in silica wet gels,
which includes three main methods: APD, freeze-drying, and
supercritical drying.*® APD is a drying process under ambient
pressure. The wet gels are suffered from capillary stresses
because APD is achieved by the transition from liquid to gas
phase.®® Because of the capillary stresses during solvent evap-
oration, SAs obtained by APD were more likely to shrink and
break than other drying methods. The capillary stress (P,) is as
follows: P, = (2 cos 6)/r, where v is the surface tension of the
solution, ¢ is the contact angle between the solution and the
pore wall, and r represents the radius of the pore. Therefore, to
minimize shrinkage and breakage, there are three methods to
minimize capillary stress. The first method is to exchange the
solution of the wet gels with a lower surface tension solu-
tion.*”*® The second method is to modify the wet gels with
hydrophobic functional groups which endow the gel networks
higher contact angle (#).***° Mutual repulsion produced by
hydrophobic functional groups can maintain the structural
integrity during the process of drying, different from the
shrinkage of SAs with hydrophilic functional groups.®**** For
example, Wei et al.*® modified silica aerogels with the hydro-
phobic group in low surface tension solvent. The as-prepared
aerogels have a crack-free structure and volume shrinkage of
less than 1%. The third method is to prolong aging time, which
endows gel networks with stronger skeletons to withstand
capillary stress.”® Next, during the process of freeze-drying, the
ice crystals arise from the solution in the wet gels below the
freezing point and then are rapidly sublimed under low pres-
sure.”>® Because of the sublimation process without liquid-gas
transition, the wet gels do not suffer from capillary stresses.®”
But Scherer et al.®® mentioned that the development of ice
crystals can destroy the wet gels in his study, which is easy to
cause shrinkage and breakage. Some strategies (such as aging)
can increase the strength of the wet gels and then minimize the
risk of shrinkage and breakage. Lastly, supercritical drying,
which is achieved above the critical point of the solvent by

© 2022 The Author(s). Published by the Royal Society of Chemistry
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controlling the temperature and pressure, is a drying method
that absents the interface between the liquid and the gas
phase.”” During the process of supercritical drying, the liquid
and the gas phase become a homogeneous supercritical phase,
which can avoid capillary stresses.'® However, the drawbacks of
supercritical drying are not negligible such as high cost and
strict instrument specification.***

3.2 FSAs

FSAs are composed of stacked silica fibers by the ice template or
solution blow spinning method.”»'*> In terms of the ice
template method, it includes three steps: the acquisition and
dispersion of silica fibers, freeze casting, and freeze-drying.
First, silica fibers which usually are obtained by electro-
spinning are dispersed.'” To obtain homogeneous structure
silica fibers skeletons, silica fibers should be uniformly
dispersed in silica sol during the process of freeze casting.'**'*®
Then, silica fiber skeletons are obtained by the freeze casting
process. In this process, owing to the solvent solidifying below
freezing point, silica fibers in solution are rejected by ice crys-
tals and then stack each other to form silica fiber skeletons.***'%”
Finally, after freeze-drying, the solidified solvent is replaced by
air and stacked silica fibers become FSAs. The development
condition of ice crystals influences the characteristics of the
porosity because the porosity is obtained by the removal of ice
crystals porosity. Many studies show that the freezing rate,
solvents, additives, and the growth direction of the ice crystals
can regulate the morphology of the porosity by influencing the
growth of ice crystals.'® It should be noted that the nucleation
rate is higher than the crystal growth rate at a low ice solidifi-
cation rate. It finally results in large ice crystals at a low ice
solidification rate, because large ice crystals grow at the cost of
smaller ice crystals.'” Conversely, nucleation rate is higher than
the ice crystal growth rate faster ice solidification rate at a high
ice solidification rate, which can result in small pores and
regular structure. For example, Gutiérrez et al.'* obtained aer-
ogels with smaller pore sizes by increasing the freezing rate.
Additionally, additives can change the morphology by regu-
lating the growth of ice crystals."***** For example, Xian et al."**
prepared aerogels with 30 um pore size, adding 20 wt% glycerol,
while the pore size of aerogels without glycerol was 20-50 pm. It
is worth noting that different solvents have been used to
produce different types of pore morphologies during the freeze
casting of scaffolds and porous ceramics."**'"” For example,
Deville et al.**®* obtained lamellar pore morphologies during
freeze casting in water, while Araki et al.'* produced dendritic
pore morphologies during freeze -casting in camphor-
naphthalene. However, research on the solvent influence for
FSAs is still inadequate. Meanwhile, the cellular can be changed
by controlling the growth direction of the ice crystals. For
example, Si et al.**® prepared FSAs with isotropic cellular
structures after unidirectional freezing, while Su et al?
produced FSAs with anisotropic cellular structures after direc-
tional freezing. Different from the PSAs which exhibit weak
connections between the particles, the FSAs illustrate stronger
compressible ability, which is caused by the transformation of
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major pores and the densification of minor pores.** Meanwhile,
this phenomenon is also reflected in the relation between
relative Young's modulus and relative density. The relative
Young's modulus is proportional to relative density to the power
of n((E/Es) ~ (p/ps)"), where p and pg represent the density of the
aerogels and the bulk solid materials, while E and E, reveal their
Young's modulus. The cellular structure produced by freeze-
drying is similar to the structure of wood or honeycomb. This
biomimetic structure provides a cellular-dominated mechanical
behavior ((E/E,) ~ (p/ps)*), such as open-cell cellular foams.?>123
Such structure can also endow FSAs with negative Poisson's
ratio caused by reversion of the fibrous layer,*** which can bear
more stress.'> However, PSAs illustrate inefficient stress trans-
fer among random particulate structures ((E/Es) ~ (p/ps)*).*>® For
example, Si et al.’** prepared ceramic nanofibrous aerogels
(CNFAs). They obtained silica fibers by electrospinning of silica
sol. Silica fibers were homogenized with polyacrylamide solu-
tion to become a uniformly dispersed solution. And silica fibers
in aluminoborosilicates (AIBSi) and polyacrylamide solution
were freeze casting and freeze-drying to obtain composite pre-
aerogels (CPAs). After calcined at 900 °C, the adjacent silica
fibers of CPAs were connected by AIBSi glass ceramics and then
CNFAs were obtained. The stress-strain curve showed that
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CNFAs can carry the weight over 7000 times of themselves
without fracture, and they exhibited 12% plastic deformation
loading of 60% compressive strain after 500th cycles. Compared
with FSAs with hard bonding points obtained by calcination
under high-temperature, FSAs with elastic bonding exhibit
stronger compressibility. For example, Wang et al.*** prepared
silica nanofibrous (SNF) aerogels which are similar to the jun-
cus pith structure (Fig. 4a). They obtained silica fibers by elec-
trospinning of silica sol. Then the silica fibers were dispersed in
hydrolyzed silane sol. The dispersion of the fiber was poured
into the model, experiencing freeze casting, and freeze-drying to
become silica nanofibrous aerogels. The hydrolyzed silane sol
could crosslink with the surface of the fibers to form the Si-O-Si
crosslinking networks without high sintering. More impor-
tantly, hydrolyzed silane sols with different hydroxyl groups,
such as TEOS, MTMS, and DMDMS, have been investigated as
crosslinkers (Fig. 4b). The mechanical property measurement
showed that SNF/MTMS aerogels did not exhibit plastic defor-
mation, while SNF/TEOS and SNF/DMDMS aerogels exhibited
2% and 10% plastic deformation loading of 50% compressive
strain after 5th cycles, respectively (Fig. 4c). It means that the
elastic resilience depends on crosslinking degree and flexibility
of crosslinkers.
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(a) Synthetic route of SNF aerogels. (b) Structures of different crosslinking silane coupling agents. (c) Compressive o versus ¢ at the 5th

loading—unloading cycle of different SNF aerogels.*®* Copyright 2020, John Wiley and Sons. (d) Synthetic route of thermal-solidifying SAs.>®

Copyright 2021, American Chemical Society.
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The solution blow spinning is also used to produce FSAs.
During the process of solution blow spinning, the inner
chamber and the outer chamber connect with silica sol and
blow, respectively.**”**® FSAs with a layered structure can be
directly produced under pressure drop between the inner
chamber and the outer chamber. For example, Jia et al.>*
prepared lamellar ceramic aerogels. They obtained Al,0;-SiO,
aerogels by solution blow spinning of alumina-silica sol and
calcinating. After adding AICl; to the precursor solution, the
prepared fibers are easily and stably accumulated into aerogels
with lamellar structure rather than random fiber distribution. It
could cause Al,0;-SiO, aerogels to be completely restored to
their original shape while the SiO, aerogels have weak poor
compressibility loading of 80% compressive strain along in the
direction perpendicular to the stacked layers. The fibers became
denser when pressure was loaded and the fibers were rejected
by lap joints when pressure was released, which endowed the
Al,0;-SiO, aerogels with high compressibility.

3.3 3D printing SAs

3D printing is an additive manufacturing technique, which
deposits materials layer by layer, with the help of computer-
aided design technology.>»*****° Different from the traditional
chemical synthesis technologies, 3D printing can manufacture
structurally complex products by the design of 3D models. It
avoids weak processability and enlarges the application fields of
prepared products. 3D printing, especially direct ink writing
(DIW),>>2738131 gre used to produce SAs through three steps: ink
synthesis, 3D printing, and drying. DIW needs inks that are
non-Newtonian fluids, whose viscosity decreases with the shear
rate increases.”®»'** In order to obtain SAs, the liquid of 3D
printed gels needs to be removed by APD, freeze-drying, or
supercritical drying, as discussed above. Zhao et al* first
prepared pure 3D printing SAs by DIW. They used silica aerogel
particles and PPGNH as thickeners to increase viscosity and
dispersibility. Ammonia vapor could accelerate the sol-gel
process transformation, achieving the solidification of 3D-
printing objects. After supercritical drying, 3D printing SAs
with high mesoporosity can be implemented. Meanwhile, 3D
printing SAs were directly used to protect equipment from
overheating. Other solidification methods are proposed
because solidification implemented by ammonia vapor is
difficult to achieve scale production. For example, Wang et al.*®
proposed thermal-solidifying SAs by DIW (Fig. 4d). The ink
consisted of PVA solution, urea, silica sol, glycerol, and nano-
silica particles. After printing, the thermal solidification of 3D-
printing objects was achieved by warming. The hydrogen bond
cross-linking effect between PVA and nanosilica powders can
regulate rheological properties and form self-supporting struc-
tures. The addition of glycerol with a high boiling point and low
capillary pressure also avoids the cracks and shrinkage caused
by volatilization. The thermal solidification was achieved
through the hydrolysis of urea. The hydrolysate of urea is
alkaline in solution, which could accelerate sol-gel progress.
Finally, 3D printing SAs with abundant mesopores were
produced after supercritical drying. In addition to this, freeze

© 2022 The Author(s). Published by the Royal Society of Chemistry
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casting, as a solidification method, has been used in the process
of other aerogels. For example, Kam et al.*** fabricated cellulose
nanocrystals aerogels which were solidified by freeze casting.
Xyloglucan was a binder and controlled the rheology. During
the process of 3D printing, the material was extruded on a cold
platform to achieve solidification by freeze casting. In order to
simultaneously conduct printing and freeze casting, the
temperature was manually controlled to ensure that two top
layers were unfrozen and others frozen. Although freeze casting
has not been used in the solidification of SAs, combining freeze
casting and a more intelligent temperature control system has
the potential to become a scale production method. Meanwhile,
with the assistance of freeze casting, Newtonian inks can be
used to prepare aerogels.”*® For example, Yan et al.® prepared Ag
nanowire aerogels using inkjet printing, which were solidified
by freeze casting solution. After low viscous Ag nanowire
suspension was deposited on the cold plate whose temperature
was —30 °C, the suspension was frozen layer by layer and
eventually formed aerogels.

4. Mechanical property regulation

The mechanical property is the second-largest node in the red
cluster of the keyword network, which indicates that the
mechanical property regulation of SAs, especially PSAs, plays an
important part in the process of machining. Because the pure
PSAs are composed of necklace-like silica particles. The
connection points between silica are Si-O-Si bondings which
are stiffbonds.®®'*® It means that their connection between
particles is weak and pure PSAs are fragile materials. When
forces act on it, pure PSAs tend to crack, which was adverse to
subsequent processing, limiting their applications.**” However,
FSAs possess the stronger compressible ability which is ach-
ieved by the transformation of major pores and the densifica-
tion of minor pores."*® Similarly, 3D printing SAs are produced
according to designed 3D models, which avoids subsequent
processing after manufacture and decreases the possibility of
cracking.”® Thus, to make the best of SAs, improving their
mechanical property is indispensable. The strategies are listed
as follows: cross-linking and adding reinforcing phases.

4.1 Cross-linking

Another strategy is cross-linking with polymers which could
form extra chemical bonds between silica particles.”®® For
example, Jiang et al'*® added triethoxysilane-grafted poly-
rotaxane in the hydrolyzed TEOS sols to obtain wet gels. The
drying process was achieved by supercritical drying. With the
increase of triethoxysilane-grafted polyrotaxane content, the
gelling time became shorter. This phenomenon illustrated that
polyrotaxane chains can cross-link silica particles and form
a “pearl-necklace-type” structure. This structure resulted in 2
orders of magnitude compression strength compared with pure
SAs. It was worth noting that prepared SAs showed the same
porosity as pure SAs. In another study, Meador et al.*** prepared
epoxy crosslinked SAs. TMOS and (aminopropyl)triethoxysilane
(APTES) were chosen as the precursors of wet gels. Epoxy cross-
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linkers with different numbers of functional epoxide could
crosslink with the amines on the surface of silica. The
mechanical test suggested that the stress at breakpoint and
modulus of as-prepared SAs which were cross-linked with
different numbers of functional epoxide both increase by as
much as 2 orders of magnitude. It should be noted that the SAs
cross-linked with trifunctional epoxide exhibited the strongest
stress at breakpoint and modulus. The cause of the phenom-
enon is that as the number of epoxy groups increases, the
molecules may become too constrained to increase reactive
sites.

4.2 Adding reinforcing phases

Adding reinforcing phases can disperse and divert the external
forces over the entire SAs to reinforcing phases, which is also an
effective strategy to enhance the robustness of SAs.**> Owing to
the high toughness or compressibility of carbon nanotubes
(CNT),*** graphenes, fibers,"** and polymer skeleton,” they are
often used as reinforcing phases. For example, He et al'*
prepared bacterial cellulose aerogels/silica aerogels. The
dispersed bacterial cellulose fibers formed a three-dimensional
skeleton via freeze-casting and were impregnated to silica sols
under vacuum. With the hydrolysis and condensation of silica
sols, the silica aerogels gradually formed as fillers. The bacterial
cellulose aerogels/silica aerogels could bear a compressive
strain up to 80% and recover to their original volume after the
release of the stress. More importantly, the maximum stress was
25.6 kPa at 50% strain and no significant decrease in maximum
stress at 50 cyclic compressions. In another study, Lamy-
Mendes et al'*® prepared CNT-silica aerogels composites.
HNO; was for the first time used to form oxygen functional
groups on CNT, which is easy to modify with Methyl-
trimethoxysilane  (MTOS) on CNT. The hexadecyl-
trimethylammonium bromide which can disperse CNT in base
solution and control the microstructure of the silica aerogels
and MTOS-CNT were added to the solvent. Then Methyl-
trimethoxysilane (MTMS) and (3-aminopropyl)trimethoxysilane
(APTMS), as the precursors, were added into the solvent, which
formed silica networks under acid and basic catalyst. The CNT-
silica aerogels composites were obtained after aging and APD.
The uniaxial compression measurement showed the addition of
CNT increased the hardness of CNT-silica aerogels. Meanwhile,
Young's modulus increased when CNT or/and APTMS were
added, suggesting the reinforcing effect of reinforcing phases.

5. Applications of SAs
5.1 Thermal insulation

Thermal insulation is the biggest node in the red cluster and the
second-largest node in the keyword network, indicating that SAs
have a low total thermal conductivity and are mainly used for
thermal insulation. Because of the small porosity of SAs (<4
mm), convection heat transfer is ignorable."*® Thus, the total
thermal conductivity (A,a) Of SAs is composed of solid heat
transfer (kgo1iq), air heat transfer (kgas), and radiation heat
transfer (k;)."*” The total thermal conductivity is as follows: Aipa
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= ksotia + kgas + k. OwWing to the low density and porosity of SAs,
SAs have the potential to be thermal insulation materials. At the
same time, the application of SAs in thermal insulation grad-
ually expands from the military field to the civil field. For
example, for the first time since 1997, SAs were firstly used as
insulators on the Mars Rover, as a part of the Pathfinder
mission to protect the primary battery pack of the Alpha Particle
X-ray Spectrometer from the influence of low temperatures.**® In
addition, SAs are used as thermal insulation coating for space
suits.™*’ With the development of SAs, they were applied in civil
fields such as a building. For example, Wernerywe et al.*®
prepared an aerogels-filled insulating brick. The thermal
conductivity of them decreased by 35%, compared with
commercially perlite filling brick. It means that we can use
thinner insulating bricks to achieve high thermal insulation,
which could greatly improve building usage space. Further-
more, based on the promising potential of SAs in the thermal
insulation field, many methods were developed to further
decrease the thermal conductivity of SAs. Next, we discuss the
strategies for reducing thermal conductivity by regulating solid
heat transfer, air heat transfer, and radiation heat transfer.

Solid heat transfer is a way to transfer heat through the solid
network. During the process of solid heat transfer, heat transfer
is realized in the form of free electrons and phonons." For
silica, the phonons heat transfer is the main way in solid heat
transfer and is achieved by forceful lattice vibration and the
transmission between adjacent units."**'*> The interface
between gas and solid generates strong boundary scatterings,
which can effectively inhibit the transfer of phonons and then
reduce the solid heat transfer.”® This process can be achieved
by regulating structure.*® For example, Jia et al.** prepared
lamellar ceramic aerogels. The air within and between stacked
layers can effectively decrease solid heat transfer in the direc-
tion perpendicular to the stacked layers. And owing to the
tortuous and convoluted solid networks, solid heat transfer was
limited. Compared with the thermal conductivity in the direc-
tion perpendicular to the stacked layers, the Al,0;-SiO, aero-
gels had lower thermal conductivity as low as 0.034 Wm ™' K !
in the direction parallel to the stacked layers (Fig. 5a-c).
Therefore, we can adjust the structure of SAs to obtain aniso-
tropic materials with extremely low thermal conductivity in
a certain direction.

Air heat transfer is a way to transfer heat through the colli-
sion of air molecules with each other and the solid networks.***
Because the mean free path of air molecules is 70 nm under
ambient conditions, the air heat transfer is constant when the
pore size of SAs is more than 70 nm. When the pore size is below
70 nm, the air heat transfer is restricted according to the
Knudsen effect."*>'* Thus, it is an effective method to suppress
air heat transfer by reducing the pore size of SAs (Fig. 5d).*” For
example, Dou et al.**® prepared binary-network structured silica
aerogels. The silica fibers obtained by electrospinning were
dispersed in a hydrolyzed silane sol for freeze casting and
freeze-drying. After calcined at 700 °C, silica fibrous aerogels
were obtained. The prepared silica fibrous aerogels were
immersed into MTMS-based silica sol. During the hydrolysis
and condensation reaction, the binary-network gels could be

© 2022 The Author(s). Published by the Royal Society of Chemistry
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formed. Finally, binary-network structured silica aerogels were
obtained after the APD and calcination at 800 °C. The thermal
conductivity test showed when the mass of MTMS increased to
0.5 g, the thermal conductivity decreased to 21.96 mWm ' K"
at ambient temperature, while thermal conductivity without
adding of MTMS is more than 25 mWm ' K. This phenom-
enon is caused by the average pore size change from 34.22 nm
to 3.41 nm, with the content of MTMS increased to 0.5 g. The
decrease of average pore size limits the collisions of gas mole-
cules, which effectively decreased thermal conductivity by sup-
pressing air heat transfer. However, when the content of MTMS
increases to 2 g, the thermal conductivity is more than 26
mWm ' K. This is related to the higher solid heat transfer
caused by greater bulk density, despite the small pore size (6.09
nm). As a result, the proper content of silica sol can inhibit the
thermal conductivity by suppressing air heat transfer.
Radiation heat transfer is a way to transfer heat through
electromagnetic waves, which exist in the form of infrared
radiation.’® However, pure SAs are transparent in the infrared
wavelength range between 3 and 8 um."** Meanwhile, radiation
heat transfer will increase as the temperature grows. Therefore,
adding opacifiers with high infrared radiation scattering or
absorption ability (such as TiO,,"*® graphene,'® and Y,O; (ref.

© 2022 The Author(s). Published by the Royal Society of Chemistry

163)) can effectively reduce the radiation heat transfer to inhibit
thermal conductivity (Fig. 5e). For example, Zhu et al.**
prepared graphene-doped silica aerogels. They added graphene
into hydrolyzed silica sol and then added a base catalyst to form
graphene-doped silica wet gels. After the aging and supercritical
drying, graphene-doped silica aerogels were obtained. The
thermal conductivity test showed the thermal conductivity
decreased from 0.030 to 0.0184 Wm ™ * K ', with the increase of
the content of graphene from 0 to 0.10 wt%, at ambient
temperature. This was caused by the uniform dispersion of
graphene in silica aerogels, which reduced radiation heat
transfer and had no contribution to the solid heat transfer.
When the content of graphene continues to increase to
0.15 wt%, the thermal conductivity increased to 0.0191 Wm ™"
K™ '. A mass of graphene connected each other, which made
a greater impact on solid heat transfer than radiation heat
transfer. Thus, the thermal conductivity can be controlled by
adding opacifiers.

5.2 Adsorption

The blue cluster in the keyword network shows the application
of SAs for adsorption. The adsorption is the most frequent
keyword in the blue cluster, which reflects the common feature
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of these applications. Other keywords such as copper, rhoda-
mine B, and CO, adsorption illustrated the adsorption for heavy
metal ions, oil and organic dyes, and CO,. As a global issue,
water pollution is a health risk due to its damage to humans
and the environment. Heavy metal ions in water pollution can
damage the liver, kidneys and even cause cancer.'** Thus, taking
proper strategy to remove heavy metal ions in water pollution is
indispensable. The SAs possess small pores and large surface
areas, which can provide a mass of adsorption sites.'®>'%¢
Meanwhile, they are easily surface modified to meet different
needs for adsorption.” These characteristics are in favor of
adsorption and make them available in wastewater treatment.
In general, the process of adsorption is related to electrostatic
interactions, hydrogen bonds, or chelate effects.'” The effect of
adsorption for heavy metal ions was influenced by (1) pH, (2)
temperature, (3) time, (4) type of ions, (5) initial concentration
of ions, (6) the content of SAs, and (7) surface functionaliza-
tion."”*"”7 At the different pH, the surface charges of aerogels are
influenced. With the increase of pH, a stronger adsorption
ability was exhibited, which can attribute to the more negative
surface charge on aerogels. In general, the adsorption effect of
heavy metal ions is proportional to temperature. The rapid
diffusion of heavy metal ions at a high temperature promotes
the adsorption effect. However, a lower temperature favor
adsorption when the process of adsorption is an exothermal
reaction. The heavy metal ions are gradually adsorbed along
with time, until reach equilibrium. The rate of adsorption
gradually decreases, because of more available adsorption sites

Table 1 Different surface-modified SAs adsorbents and their adsorption condition. R:
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at the beginning. Same aerogels produce different effects on the
different types of ions, which can attribute to the different
interactions between functional groups and ions. The higher
the initial concentration of ions, the higher the adsorption
efficiency. With the increase of the content of SAs, more heavy
metal ions are removed, due to a mass of available exchangeable
sites caused by the high surface area. Surface functionalization
of silica aerogels can enhance the chelate effect for heavy metal
ions (such as sulfhydryl,"”*"”®* carboxyl,"”® and amino
group*®*#!), Different surface-modified SAs adsorbents and
their adsorption condition of heavy metal ions are summarized
in Table 1.

Besides heavy metal ions, oil and organic dyes in water
pollution also raise considerable concerns. Hydrophobic and
hydrophilic modification on the surface of SAs have been used
to oil and organic dyes adsorption, respectively.'®*'*® For
example, Chen et al.'® prepared hydroxyl modified SAs to
adsorb Congo red (CR) and Methyl blue (MB) (Fig. 6a). The
PHpzc of hydroxyl modified SAs was 5.8. When the pH of the
solution was higher than 5.8, the negative charges on the
surface of them promoted MB adsorption. When the pH of the
solution was lower than 5.8, the positive charges on the surface
promoted the CR adsorption. Thus, the removal rate of MB and
CR are both more than 90% at pH 9 and 4, respectively. This is
because MB and CR are cationic and anionic dyes, respectively.
Meanwhile, hydrophobic SAs can easily be infiltrated by oil with
low surface tension values, which is in favor of adsorption for
oil. For example, Selay et al'®® prepared different surface-

range, O: optimum, E: equilibrium

Heavy The initial concentration
Functionalization metal ions of ions pH Time The content of SAs ~ Temperature Ref.
Mercaptopropyl trimethoxysilane cd** R 50-400 mg mL ™" R2-7 R 10-60 min R 0.02-0.12 g 168
(MPTMS) 050 mg mL ™" 06  E30min 00.05¢g
Pb>* R 50-400 mg mL ™" R2-7 R10-60 min R 0.02-0.12 g
050 mg mL " 06  E30min 00.05¢g
cu** R 50-400 mg mL ™" R2-7 R10-60 min R 0.02-0.12 g
050 mg mL " 04  E30min 00.1g
4-Amino-5-methyl-1,2,4- Hg*" R2-11 R5min-20h R 0.01-0.1 g R 20, 35, 45, 169
triazole-3(4H)-thion (AMTT) and 60 °C
06 E8h 00.06¢g E 20 °C
APTES cu? R 50-500 mg mL ™" R2-12 R0-48 h R0.05-1.6 g 170
0500 mg mL ™" 06 E24h 00.05¢g
Ni** R 50-500 mg mL ™" R2-12 R0-8h R 0.05-1.6 ¢
0500 mg mL™" 06 E5h 00.05¢g
MPTMS Hg*" R2-7 RO-6h R 0.05-1.25 mg mL " 171
06 Elh 0 0.5 mg mL™"
cu* R2-7 RO-6h R 0.2-5 mg mL "
04 E2h 02 mgmL™"
Activated carbon Pb* R 10-300 mg mL " R2-7 R0-60 min R 20-500 mg R 20, 35, 45, 172
and 60 °C
010 mg mL " 06 E 30 min O 500 mg E 60 °C
Iron(m)chloride hexahydrate cd* R 3-8 R 0-600 min R 0.005 to 0.03 g 173
(FeCl3-6H,0), iron(u)chloride (OF'] E120min  00.02 g
tetrahydrate (FeCl,-4H,0),
and chitosan (CS)
Gelatin Hg>" R3-7 R 5-120 min 174
06 E 15 min
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Fig. 6
Copyright 2015, Elsevier.

modified SAs to adsorb oil. The TMCS, as a surface-modified
silane, endowed SAs with the highest surface area value (798
m? g ") and superhydrophobicity (# = 152°). MTMS-modified
and MEMO-modified SAs had different surface area values
(528 and 223 m* g ), and their contact angle values were 142°
and 120°, respectively. These characteristics lead to the
adsorption capacity of TMCS-modified SAs for kerosene and
diesel oil being 12.5 g ¢~ and 11.6 g g~ ', while MTMS-modified
SAs was 8.1 g g ' and 8.7 g g ', respectively.

Excessive CO, emission is an important factor contributing
to global warming, which means the adsorption of CO, is
indispensable. The high porosity of SAs endows them with high
adsorption ability. The high selectivity of the amino groups for
CO, also offers the opportunity for selectively adsorption of
amino-modified SAs for CO,."*® For example, Linneen et al.***
prepared SAs which were grafted by silane with different
amounts of amine units. The CO, adsorption ability gradually
increased with the increased number of amine units. This
phenomenon was caused by the absorbability of amine units for
CO,. Meanwhile, the humidity was verified to be a positive
factor for CO, adsorption. For example, Kong et al.**® prepared
RF/Si0O, aerogels, and APTES was used as a precursor to endow
aerogels with amine groups (Fig. 6b). The total CO, adsorption
ability of RF/SiO, aerogels at 30 °C under dry and humid 1%
CO, was 3.57 and 4.43 mmol g~ !, which indicated the favorable
adsorption under humid conditions. Excitedly, after 50 cyclic
adsorption-desorption tests, the adsorption ability decreased
from 4.43 to 4.29 mmol g~ ' and from 3.57 to 3.51 mmol g,
under dry and humid conditions, respectively. This strong
cycling stability was caused by the stability of chemically
modified amine groups, different from the weak cycling
stability of physically modified amine groups which was caused
by the consumption of physically modified amine groups under
humidity conditions. Except for humidity, temperature is
another influencing factor for CO, adsorption. For example,
Zhao et al.™ prepared tetraethylenepentamine-functionalized
silica foam. When the temperature increased from 30 °C to
75 °C, the CO, adsorption ability gradually increased to

© 2022 The Author(s). Published by the Royal Society of Chemistry

(a) The adsorption of hydroxyl modified SAs for CR and MB.*®” Copyright 2021, Elsevier. (b) The adsorption of RF/SiO, aerogels for CO,.*8®

4.75 mmol g™, which was caused by the improved CO, diffu-
sion with the increase of temperature. However, the CO,
adsorption ability gradually decreased with the increase of
temperature from 75 °C to 105 °C, which is due to the fact that
the reaction between CO, and amine groups was exothermic.
Thus, the adsorption was transformed into thermodynamic
control when the temperature exceeded 75 °C, indicating that
the high temperature was adverse to adsorption. In addition to
amino-modified SAs, SAs loading sorbents such as K,COj; also
showed high CO, adsorption performance. For example, Guo
et al."* impregnated silica wet gels in K,CO3 ethanol solution to
obtain K,CO; loaded SAs and the CO, adsorption measurement
was conducted under the 1% CO, and 2% H,O at 20 °C. The
maximum CO, capture ability and K,COj; utilization efficiency
achieve 1.32 mmol CO,/g and 88.62% at 20 wt% K,COj;,
respectively.

5.3 Cherenkov detector radiator

The yellow cluster in the keywords network shows the applica-
tion for Cherenkov detector radiator. The frequent keywords in
this cluster are Cherenkov radiator, RICH (ring imaging Cher-
enkov), BELLE, and particle identification, which shows that
they are installed on Cherenkov detector as Cherenkov detector
radiators to achieve particle identification. When the movement
velocity of a charged particle in a medium is faster than the
speed of light in this medium, Cherenkov radiation can be
produced.*®* Thus, particle identification can be achieved by
measuring their velocity and momentum according to Cher-
enkov radiation.” SAs were used as radiators by virtue of their
low refractive index and high transparency. At present, they
have been applied in threshold Cherenkov counters and RICH
counters.”**” These two kinds of Cherenkov counters identi-
fied particles in different forms: one showed particles that
exceeded the threshold,™® the other distinguished particles by
the position of the circular image."”® For example, Adachi
et al.** utilized a threshold Cherenkov counter equipped with
silica aerogels to identify w and K. Owing to the low refractive
index (1.013) of silica aerogels, identifying particles whose
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momentum in the 1.0-2.5 GeV/c range was adequate. The high
transparency of silica aerogels can compensate for low photon
yield by increasing thickness. After the diffuse scattering system
collected light and fine-mesh type photomultipliers improved
the viability of readout, the distinguish efficiency of 7 and K was
greater than 90%. Similarly, Bellunato et al.>** utilized a RICH
detector equipped with silica aerogels whose refractive index
were 1.0306 and 1.0298 to identify = and P. The test results
showed that v and P were distinguished when the momentum
was in the 6-10 GeV/c range.

5.4 Other applications

In addition to the above-mentioned applications from the
keyword network, SAs are also widely used in other fields, such
as catalyst carriers, drug delivery, and optical devices.

SAs have the characteristics of high specific surface area and
high porosity, which endows them as catalyst carriers.”**?>%*
Compared with catalysts alone, catalysts loaded on SAs not only
improved stability but also are easier to facile recovery and
reuse.”*>** For example, Lisboa et al.>*” loaded lipase onto SAs.
After incubation at 40 °C for 6 days, free lipase was inactivated,
while the activity of lipase loaded on SAs was more than 50%.
The conversion rate reached 70% when they were placed in an
organic medium for 144 h at 40 °C. Meanwhile, because the
biocompatibility of silica particles has been widely researched
and has shown high biocompatibility, SAs are also used for drug
delivery.”*®** SAs can load drugs with low water solubility to
improve drug delivery at the site.*’°*'*> For example, Smirnova
et al.”* loaded the low soluble drugs, such as ketoprofen and
griseofulvin, onto hydrophilic silica aerogels by supercritical
CO,. Owing to the collapse of hydrophilic aerogels in liquids,
the dissolution rate of drugs is quickly enhanced in liquids,
which improves the bioavailability of low soluble drugs. In
addition, with the low refractive index and high transparency,
SAs have been introduced into the optical fiber****** and laser
glass.>*®

6. Conclusions

So far, SAs have been applied extensively in many fields. With
the assistance of bibliometric analysis, we identify and analyze
research hotspots including SA synthesis, mechanical property
regulation, and their applications for thermal insulation,
adsorption, and Cherenkov detector radiators. According to
different synthesis technologies for different shapes, SAs are
divided into three categories: PSAs, FSAs, and 3D printing SAs.
Because the PSAs are composed of necklace-like silica particles
through the sol-gel process. The connection points between
silica are weak. It means that PSAs are easy to crack in the
subsequent processing and use, which limits their applications.
After the introduction of freeze casting and spinning technol-
ogies, stacked fibers accumulate into PSAs. The transformation
of major pores and the densification of minor pores endow FSAs
with a stronger compressible ability. It means that FSAs have
good processibility. Recently, 3D printing technology is used to
produce 3D printing SAs. 3D printing SAs are manufactured in
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the desired shape, which decreases subsequent processing and
the possibility of cracking. Thus, to improve their processibility,
some strategies are adopted to improve mechanical properties
including prolonging aging time, cross-linking, and adding
reinforcing phases. Next, we discuss the application of SAs for
thermal insulation, adsorption, and Cherenkov detector radi-
ator. Owing to their low density and porosity, SAs have the
potential to be thermal insulation materials. Meanwhile, the
thermal conductivity can be further decreased by regulating the
structure, reducing the pore size, and adding opacifiers with
high infrared radiation scattering or absorption ability. Easily
modified structure and a mass of adsorption sites brought by
large surface areas endow them with adsorption ability. Their
adsorption ability is applied in adsorption for heavy metal ions,
oil, organic dyes, and CO,. They can also be applied as Cher-
enkov detector radiators. However, despite the extensive study
of SAs, there are still many challenges and opportunities in the
future as follows.

(1) Eco-friendly synthesis is critical to environmental pollu-
tion and the health of operators. Thus, in the process of prep-
aration for SAs, how to use green and pollution-free reagents to
obtain SAs needs to be considered. It is worth noting that the
burning of rice paddy generates a mass of rice husk ash every
year. In recent years, rice husk ash, as a non-toxic silicon source,
is used as a precursor to producing SAs.”’”*'* However, the
solvent in the synthesis and aging process is usually poisonous
and volatile, which results in serious environmental pollution.
How to design a synthetic method, using a non-toxic solvent in
the process of synthesis and aging, is need to be further
explored.

(2) In processing and real applications, SAs could be sub-
jected to a variety of stresses. However, many studies focused on
the enhancement of hardness and compressibility perfor-
mance. Other bearing conditions, such as twist and bend, are
not discussed. Thus, other bearing conditions of SAs should be
measured and improved to meet different work situations.

(3) With the development of 3D printing, we can manufac-
ture structurally different products. However, computer tech-
niques such as simulation have not been applied to design the
structure of SAs. For example, the finite element method was
used to simulate the total deformation ability of products with
different structures.”*® According to the deformation and stress
distribution region obtained by the simulation, we can deter-
mine the structure with the best mechanical properties and
deformation ability. It means that using these techniques, we
can design the structure with better capability (such as
compression performance and thermal insulation) to meet
different needs.

(4) 3D printing technology can directly produce 3D printing
objects from a computer-aided design model, which endows
them with potential for mass manufacturing. However, 3D
printing objects need to be solidified to maintain an original
shape after 3D printing, and the research on the solidification
methods is not enough. From the perspective of large-scale
preparation of SAs, thermal solidification is an effective solidi-
fication method. In addition to this, freeze casting is a feasible
method to produce other aerogels though it has been not used

© 2022 The Author(s). Published by the Royal Society of Chemistry
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to produce 3D printing SAs. Combining freeze casting and
a more intelligent temperature control system has the potential
to become a scale production method. Meanwhile, freeze
casting allows Newtonian fluid as ink, which enlarges the
variety of inks.
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