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Abstract: Silica aerogels are gaining significant importance and have attracted considerable interest due
to their extraordinary properties and numerous applications. Silica aerogels are highly porous with high
surface area and very low density and thermal conductivity. Usually they are prepared and synthesized via
sol-gel technique, which involves making a sol containing a precursor, a solvent and a catalyst. The
properties possessed by the final product depend upon numerous factors such as ratio of precursor to
solvent and the drying method employed. Due to the flexibility of synthesis methods and the production of
aerogels with tailored properties, silica aerogels have found numerous commercial applications and are
being investigated of their suitability in several areas, such biomedical and aerospace engineering. Despite
having exceptional properties, silica aerogels come with drawbacks such as brittleness and low
mechanical strength, which can be resolved by fabricating composites extending the potential
applications. This paper reviews the synthesis of silica aerogels via sol-gel technique, and the applications
where this extraordinary material has shown promising results. The different materials used for the
fabrication of composites to improve and enhance the physical and chemical properties of silica aerogels

are also presented.
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1. Introduction

It was American scientist Samuel Stephens Kistler who discovered the first known aerogel in 1930s
but the major interest in this material grew around 1970s with the possibility of being used as a catalyst
[1,2]. Aerogels are very light solid materials having high porosity, low density and thermal conductivity
(Table 1) [3]. Aerogels’ general classification is provided in Figure 1. Aerogels are also referred to as

“frozen smoke” due to the foam like structure and can have a porosity of up to 99.8% (Figure 2) [2,4,5].

I

Figure 1. Aerogels’ classification. Reprinted with permission from Ref. [4]. Copyright Elsevier B.V. 2020.

Figure 2. Photographs of the laboratory-synthesized silica aerogels: (A) inorganic aerogel produced in
monolithic form; (B) hybrid aerogel produced in powder; (C) hybrid aerogel produced in monolithic form.

Reprinted with permission from Ref. [6]. Copyright Elsevier B.V. 2019.

Table 1. Typical Properties of silica aerogels [3,7-10].

Property Value

Apparent (bulk) density 0.003-0.5 g/cm?



Surface area 500-1500 m%/g

Porosity 80-98 %

% solids 0.13-15%
Mean pore diameter 2-50 nm
Primary particle diameter 2-10 nm
Refractive index 1.007-1.24
Coefficient of thermal expansion 2.0-4.0x10°
Dielectric constant 1-2

Sound velocity 100 m/s

Aerogels properties render them suitable for industrial and commercial applications, such as
insulation, electrical, optical and energy storage devices [11-17]. Aerogels can be either made of a single
material (carbon, silica, alumina etc) or by combination of different materials forming composites with
diverse properties. Composite aerogels are becoming commercially available and drive the demand for
several applications. Of particular interest are the bioaerogels, which are based on biomaterials such as
alginate and are suitable for biomedical applications [9,18]. Gurav et al have reviewed various industrial
applications of silica aerogels in detail [3].

Among aerogels, silica aerogels are the most researched. Silica is an abundantand cheap material
suitable for materials synthesis for commercial applications [19,20]. A silica aerogel is a network of
interconnecting chains, wherein each chain is made of spherical nanoparticles [10]. Silica aerogels are
prepared using the sol-gel technique. The first step is the preparation of a sol comprising of precursor, water
and a catalyst [21-23]. Precursors are mainly the source of silica and compounds such as
tetramethoxysilane (TMOS) and tetracthoxysilane (TEOS) are used [4,24]. Due to the toxicity of some
precursors the trend is to use biomaterials which are abundant and cheap. Sol to gel transition comprises of
two steps, namely wet gel formation and drying with an intermediate aging process. Gel drying is a critical
step as the properties possessed by the final product are highly influenced by the temperature and pressure
applied [9,25-27]. Typically, when hydrogel is the starting material, aerogels are produced by use of
supercritical drying, xerogels by conventional drying and cryogels by freeze-drying (Figure 3) [28,29]. It is
important to note that the cryogels derived from freeze-drying of hydrogels are different than the cryogels

synthesized by cryogelation, i.e. in temperature below the freezing point of the system [30-32].



Concerning previously published reviews, Dorcheh and Abbasi [5] reviewed the synthesis,
characterization and properties of silica acrogels in a paper published in 2008 focusing on using different
drying methods. The work of Gurav et al. published in 2010 presents the sol-gel chemistry, synthetic
strategies and applications of silica aerogels [3]. In 2014 Maleki et al. [33] reviewed the methods for
mechanical reinforcing of silica aerogels. Smirnov and Gurikov published a review in 2017 focusing on
approaches that allow tailoring of aerogel properties to meet application-driven requirements [34]. In a
paper published in 2017, Amonette and Matyas published a review on functionalized silica aerogels
focusing on gas-phase purification, sensing, and catalysis [35]. The same year, Slosarczyk [36] reviewed
the synthesis and characterization of silica aerogels focusing on carbon-fiber based silica aerogel
nanocomposites. Similarly, in 2018 Lamy-Mendes et al. [14] reviewed silica aerogel composites with
carbon nanomaterials such as carbon nanotubes, carbon nanofibers and graphene. Recently, in 2020
Karamikamkar et al. reviewed precursor systems for silica-based aerogel production with improved
mechanical properties [4]. Lee et al. review paper on silica aecrogel-organic materials composites was also
published in 2020 composites focusing on their mechanical properties [37]. Literature review shows that
although there are several review papers on silica acrogels they are mostly focusing on specific aspects. An
up to date review on silica aerogels, including hybrid composites, is timely following those published in

2008 by Dorcheh and Abbasi [5] and in 2010 by Gurav et al. [3].

2. Synthesis of silica aerogels

As is the case for all aerogels, silica acrogel synthesis is typically based on sol-gel technique and
therefore starts with preparation of colloidal mixture of precursor, solvent and catalyst. Figure 3 provides
the overview of the key processes in aerogels synthesis. Briefly, the sol-gel process involves the following

steps: precursors mixing, hydrolysis, polycondensation, gelation, aging and drying.
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Figure 3. Aerogel synthesis scheme. Open access Ref. [9]. Copyright 2019, Elsevier B.V..

2.1. Formation of wet gel

It was in 1968 when Stober et al. [38] published a paper presenting a method for the controlled growth
of monodispersed spherical silica particles of colloidal dimensions by means of hydrolysis of alkyl
silicates. The reactions took place in alcoholic solutions and in the presence of ammonia as catalyst. Since
then the method has been extensively used and modified for tailored silica materials synthesis [8,39],
including silica aerogels [40,41].

The desired properties and the physical appearance highly depend upon the type of sol prepared and
the synthesis procedures and reagents. Silica aerogels, therefore, can be achieved and synthesized in
various forms such as chunks, granulates powder and others and their properties can be tailored for specific
applications [42,43]. Sol preparation is crucial as the desired properties of silica aerogel rely highly upon it.
Different types of solvents, catalysts and precursors can be used to achieve diverse properties. The
precursor is the main source of silica that ultimately hydrolyze to form a gel. Conventionally, two types of
precursors are used for silica aerogel synthesis; silicon alkoxides and inorganic salts. Tetramethoxysilane
(TMOS), tetracthoxysilane (TEOS), polyethoxydsilane (PEDS), methyltriethoxysilane (MTES) and
several others have been used as silicon alkoxide precursors [2,3,44]. However, these precursors are
expensive and hazardous. The current direction is towards cheap and non-hazardous materials while
maintaining the same properties as can be achieved through silicon alkoxides. Water glass (sodium silicate)
solution is becoming the precursor of choice [3,45—47]. This solution can be made by mixing silica and
sodium hydroxide solution. The silica required to make sodium silicate can be extracted from biomass, for

instance rice husk which contains 19-22% of silica. The amount of silica in rice husk also depends upon the



origin and rice type [7,20]. Typically, the solvents used are alcohols such as ethanol, methanol and acetone.
Among these, the ethanol is preferably used as it helps in enhancing pore size and surface area more
compared to others [24,48]. Catalysts play a pivotal role by initializing the hydrolysis process, if required,
and controlling the rate of gelation. The catalysts employed are either acids or bases. The acid catalyzed sol
gives a denser material with less porosity whereas the base catalyzed forms a more porous silica aerogel. In
order to achieve the optimal results, it is necessary to control and monitor the pH and gelation time [49,50].
It has been reported that the base-catalyzed environment generally produces better silica acrogel materials

in terms of quality, porosity, uniform distribution and enhanced cross linking capability [51,52].

2.2. Fluid exchange of wet gel and aging

The aging process has considerable influence on the properties of an aerogel such as porosity, surface
area and pore size. Various researchers have studied the effects of prolonged aging [11,42]. With the
prolongation of aging time and temperature, the specific surface area is shown to decrease due to Ostwald
ripening processes [7]. Increased aging time results in aerogels with reduced bulk density and linear
shrinkage whereas ambient dried gels are shown to possess increased pore size and pore volume [42,43,53].
Similarly, the solvent used has a effect on the pore size, pore volume, surface area and optical transmittance
of the derived aerogels [54]. Kim and co-authors discussed in detail the effects of different solvents on

sodium silicate-based silica acrogel. They used ethanol, toluene and hexane [55].

2.3. Drying

Drying is the final and the most important step as it determines the nature of gel obtained (Figure 4).
The commonly synthesized gels are aerogels, xerogels and cryogels. The fundamental differentiating factor
between them is the type of drying method used. The aerogels are usually synthesized via supercritical
drying, xerogels via ambient pressure drying while the cryogels are dried using freeze-drying. Hence, all
three types of gels show different properties such as porosity and surface area among others. Nevertheless,
these properties are also highly dependent upon the type or precursor used to synthesize the basic gel
network (silica aerogels, carbon aerogels, polymer aerogels etc.). Silica aerogels can have average pore
diameter of 20-40 nm surface area of 600-1000 m?/g, organic and carbon xerogels can have pore size of 2-4
nm with surface area of 300-400 m?/g and cryogels can be mesoporous, such as carbon cryogels, with

surface areas greater than 800 m?/g or supra-macroporous with low BET surface area [30]. When coming
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from the same material, for instance cellulose, the surface area of acrogels can be an order of magnitude

higher than this of cryogels and xerogels can have a surface area near to zero [28].

Figure 4. The effect of drying on a hydrogel obtained from cellulose solution. From left to right; hydrogel,

aerogel (supercritical drying), cryogel (freeze drying) and xerogel (vacuum drying). Reproduced with

permission from Ref. [28]. Springer International Publishing AG.

2.3.1. Supercritical drying (SCD)

The high-temperature supercritical drying (HTSCD) was initially employed by Kistler in 1931 and is
still used extensively for the production of silica aerogels [56]. This method is carried out in an autoclave
using methanol or ethanol as organic solvents and raising temperature and pressure. The pressure is kept
above the critical pressure of the solvent and the solvent is slowly vented out at constant temperature. After
reaching the ambient pressure, the autoclave is cooled down to room temperature [6,11,57,58]. Because of
the high temperature, this method poses fire hazards, which is a strong disadvantage [6,50]. An alternative
is the low-temperature supercritical drying (LTSCD) in which liquid CO, is used as it has a critical point
very close to ambient pressure [5,58]. Silica aerogels synthesized via LTSCD are less expensive and

hydrophilic in nature. The hydrophilicity can be changed through surface modification [2,55].

2.3.2. Ambient pressure drying (APD)

Commercially, most of the aerogels are produced by supercritical drying, which is expensive and
energy intensive process. APD is considered to be a suitable alternative as is cheaper although it involves
surface modification, contact angle manipulation and strengthening of network using silylating agents
[25,51,58—60]. During silylation the Si-OH group is replaced by R-alkyl group, resulting in aerogels
possessing hydrophobic properties [25,51,61]. TMS (trimethylsilyl) groups introduced in the silylation
process make the gel to shrink at ambient pressure. Moreover, these groups prevent the liquid infusion
during the evaporation. The aerogels dried via APD show enhanced properties in terms of porosity, density

and thermal conductivity compared to HTSCD-dried aerogels [18,59,60,62]. However, processing time is
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between four to seven days and the large amount of chemicals, some of which hazardous, makes this
method too costly for large-scale production. However, Bhagat et al. [61] reduced drying duration to one
day by using trimethylchlorosilane (TMCS) and hexamethyldisilazane (HMDS) on water-glass solution,
producing aerogels of low density and high thermal conductivity. Nevertheless, temperature range to
achieve thermally stable aerogel is between 325 and 500 °C.

Many of the researchers have conducted an economic analysis and presented the efficient ways of
drying to reduce the cost [6,63,64]. Dowson et al. [65] presented a comparison base on Life Cycle
Assessment for the aerogels dried with HTSCD and LTSCD. The authors found the drying process to have
the major economic impact on the overall aerogel preparation. Garrido et al. [6] made an economic
assessment of the silica based aerogels synthesized via APD and found that the cost can be reduced
significantly by adopting a hybrid drying method called subcritical drying. Pinto et al. studied the
environmental impact of the subcritical production of silica aerogels [66]. The authors used Life Cycle
Analysis and concluded that comparing the production of aerogels using subcritical and supercritical
drying, and besides the economic and safety advantages, the former may lead to the consumption of less

energy resources and cause lower environmental impacts.

2.3.3. Freeze-drying (FD)

This drying method usually involves freezing at low temperature and sublimation under vacuum.
Silica, cellulose, clay, graphene and carbon aerogels have been successfully produced by the freeze-drying
[67]. For silica aerogels and composite aerogels, freeze-drying at very low temperatures of -50 to -83 °C
under vacuum (5-30 Pa) have been reported [68—71]. Although it is cheaper than supercritical drying and
prevents shrinkage [72] it is not widely employed due to the crystallization of solvent in the pores which
ultimately creates cracks [48,67,72]. Despite the setbacks, this method is still used for silica aerogel
composite fabrication. The freeze-drying of a hydrogel does not lead to materials with cryogel properties
due to the formation of ice crystals in a gel rather than in a solution [31]. Cryogels formed by cryogelation

exhibit superior properties in comparison to hydrogel-derived cryogels.

2.4 Industrial production of silica aerogels



Silica and carbon-based aerogels dominate the industrial production of aerogels. Monsanto Chemicals
did the first industrial production of aerogels in ‘50s. Major manufacturers of aecrogels are BASF, American
Aerogel Corporation, Dow Corning, Cobot Corporation, Svenska Aerogel AB, Airglass AB, JIOS
AEROGEL, Aspen Aerogels Inc, Active Space Technologies and Acoustiblok UK Ltd.. The market was
valued at $353.6 mn in 2015 and is expected to reach a valuation of $1,100.2 mn by the end of 2024.
Insulation materials based on silica aerogels produced by Aspen Aerogels and Cabot Corp. (USA) are
well-established in the market [34]. The price of bulk quantity aerogel blanket is from around $40 to
$150/m>. The industrial production of silica aerogels depends on the availability and cost of the raw
materials used for their manufacturing. Conventional silica production is energy intensive because the
precursor of silica, sodium silicate, is procured by the reaction of quartz sand with sodium carbonate at high
temperatures [73]. Wholesale price of indusial grade fumed silica ranges from $2.8 to $5.5/kg. Silica is
ubiquitous across plants, ranging from 0.1 to more than 10% dry weight [74]. Besides organic silicates and
water glass, ashes of various biowastes, such as rice husk, maize stalk, bagasse, bamboo leaves and wheat
husk have been used as a silica source for several applications including aerogel production [2,73,75].
Silica is ubiquitous across plants, ranging from 0.1 to more than 10% dry weight [74]. Xu et al. reviewed the
silica production from lignocellulosic biorefinery feedstocks [74]. The studied feedstocks were pearl
millet-napiergrass, napiergrass, annual sorghum, pearl millet, perennial sorghum, switchgrass, sunn hemp,
giant miscanthus and energy cane. Silica yield among feedstock entries ranged from 41 to 3,249 kg/ha. Rice
contains 19-22% of silica, which is much higher than many other biomass sources [76,77]. The company

“Green Earth Aerogels” has commercialized the production of silica aerogels from rice husks [2].

3. Applications of silica aerogels

The unique properties of acrogels made them suitable for several applications as shown in Table 2.

Table 2. Applications of aerogels [3,78].

Property Feature Application
Thermal (i) Best insulating solid (1) Building construction and appliance insulation
conductivity (i) Transparent (ii) Storage media

(iii) Withstand high (iii) Automobiles, Space vehicles

temperature




(iv) Light weight (iv) Solar devices, solar ponds

Density/porosity (i) Lightest synthetic solid (1) Catalysis
(ii) High surface area (i1) Sensor
(iii) Multiple compositions (iii) Fuel storage

(iv) Ion exchange
(v) Filters for pollutants gaseous
(vi) Targets for ICF
(vii) Pigment carriers
(viii) Template

Catalytic (i) Catalyst (i) Hydrogenation
(ii) Selective oxidation
(iii) Complete oxidation
(iv) Ammoxidation
(v) Oxidative coupling
(vi) Photodecomposition

(vii) Reforming

Optical (i) Transparent (i) Light weight optics
(i1) Low refractive index (i1) Cherenkov detectors
(iii) Multiple composition (iii) Light guides

Acoustic (i) Low speed of sound (i) Sound proof rooms

(i1) Acoustic impedance matching in ultrasonic distance

sensors
Mechanical (i) Elastic (i) Energy absorber

(i) Light weight (ii) Hypervelocity particle trap
Electrical (i) Lowest dielectric constant (i) Dielectrics for ICs

(i1) High dielectric strength (i1) Spacers for vacuum electrodes

(iii) High surface area (iii) Capacitors

These unique properties have led to diverse applications such as thermal insulation, catalysis, storage

media, ion exchange etc. The most pivotal application is thermal insulation. Due to its high porosity and
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low thermal conductivity, various forms of aerogels such as monoliths, granules, or powders have been
used for thermal insulation in buildings, appliances, automobiles and even solar devices [3]. On the other
hand, aerogels being the lightest synthetic solids with high surface area are showing remarkable results
when used as a catalyst [50,54]. Aerogels that are transparent and have a low refractive index are used as
light-weight optics and Cherenkov detectors. These materials are also used as energy absorber and for
hypervelocity particle trapping as these can be modified to possess higher elasticity with light weight [3].
Just like mechanical properties, acrogels have also shown promising results when used as capacitors and
dielectrics for ICs as these may have lowest dielectric constant with higher surface area [13]. Due to the
ability to bind with other metal oxides, silica aecrogels have been used as composite materials for various
applications [14,46,60,79], which will be discussed in the next section. Several researchers have described
the synthesis of different silica aerogel composites such as silica carbon, silica titania, silica and alumina
microfibers and activated carbon fiber composite acrogels [3,22,36]. Hydrophobic silica acrogels have been
used as absorbents for organic solvents and oils [25,58,80]. Aerogels have found their use as sensors as they
usually possess high porosity and surface area. Wang et al. [16] studied silica aerogel thin films and found
that the electrical resistance decreased as humidity increased. Similarly, Li et al. [81] studied the use of
aerogels as biosensors. Silica aerogels have attracted significant attention towards integrated circuits
applications due to their unique properties such as ultra-dielectric constant, porous nature and high thermal
stability [51,55,81]. The high surface area of silica aerogels make them suitable as catalysts and catalyst
carriers [54]. These same properties show the possibility of acrogels to be used gas filters, encapsulation &
absorbing media and hydrogen fuel storage [82]. Sintered aerogels can be used for thickening, storage and
transport of liquids as they are known to resist the gas/liquid tensions. Silica aerogels films with high
surface area were used for dye sensitized solar cells. Silica aerogels have very low thermal conductivity,
which make them a suitable material for insulation [83]. Most recently, Naim et al. [84] used caffeine
imprinted surface-funtionalized silica aerogel to adsorb polycyclic aromatic hydrocarbons [84]. Asmussen
et al. [49] developed a silver functionalized silica aerogel to capture lodine from radioactive waste. NASA
used aerogels to trap space dust particles and as thermal insulators for Mars Rover and space suits [85].
Silica is a popular material in biomedical research as it is biocompatible when introduced into the human

body. Recently, Esquivel-Castro et al. published a review on biocompatible aerogels applications for drug
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delivery [8]. As is clear, the unique properties of silica aerogels offer a variety of new possibilities in

innovative applications.

4. Silica aerogel hybrid composites

Silica aerogels are remarkable materials but they come with some disadvantages. For instance, they
may be fragile and sensitive to relatively low pressures [37]. Recent developments in synthesis have made it
possible to produce silica composite aerogels with improved properties [10,14,24,59,60,84]. For instance
high mechanical strength silica aerogels can be obtained by combining silica with carbons,
organoalkoxysilanes and polymers [37]. Silica-carbon composites have been extensively studied and is a
combination which provides interesting properties [19,86,87]. Another important development was the
doping of noble metals such as gold in an ambient pressure dried silica aerogel [88]. Ren and Zhang [89]
used growth approach of Au nanoparticles by reducing agent during pre-hydrolysis. Compared to native
silica acrogels, surface modification through cross-linking with epoxies was reported to enhance module by
two orders of magnitude [90]. Mechanical strength and photocatalytic properties of acrogels were shown to
improve when cross-linked with mineral such as TiO, [22,80]. However, the cross-linking approach
increases the density and lowers the thermal insulation of the aerogels [91]. Silica aerogel composites have
been studied for biomedical applications, especially drug delivery [8]. Table 3 shows the different silica
aerogel composites synthesized with enhanced properties. Formation of aerogel composites is mostly

achieved by sol-gel process.

Table 3. Silica aerogel hybrid composites.

Thermal Tensile Ref.
Composite Density
Method Conductivity Strength
material(s) (kg/m?)
(W/mK) (MPa)
Epoxy Hot pressed 250-720 0.044—0. 11 N/A [46]
Epoxy Engulfment/ 980—1070 N/A 1807-1875 [45]
post synthesis, APD
Epoxy Sol-gel, CO2-SCD 30-59 N/A 11.6-126 [52]
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Gupta and Ricci [45] reported the synthesis of silica aerogel composite having high strength and

compressive modulus compared to native silica aerogel granulate but with 12 times higher density. This

shows the epoxy infiltration in the pores and compromising the aerogel properties. Similarly, Ge et al. [46]

investigated the thermal conductivity offered by epoxy binder silica aerogel composite. Most recently, Saad

et al. [84] imprinted surface-functionalized caffeine on to the porous silica aerogels for the adsorption of
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polycyclic aromatic hydrocarbons (PAHs) (Figure 5). They found the caffeine-silicon and water-silicon
ratios to have significant influence over the adsorption capacity. After the adsorption capacities were
compared of the imprinted aerogels and non-imprinted ones, the researchers found the former to possess

higher adsorption capacity than the later.
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Figure 5. SEM micrographs for imprinted (a, b, ¢) and non-imprinted (d, e, f) silica aerogels. Reproduced

with permission from Ref. [84] Copyright Elsevier Inc. 2019.

de Fatima et al. [59] synthesized granular silica-based aerogels at ambient pressure having hybrid
network of monoliths by using TEOS and DMDES as two co-precursors (Figure 6). The ratios between the
precursors used and water and precursors was found to have an influence over the properties possessed by
the end product. To improve the hydrophobicity, stability and three-dimensional pore structure, they aged
the prepared material in solution of hexamethyldisilazane in 2-PrOH. Thus they could successfully
synthesize the granular silica-based aerogels containing minimum amounts of organic co-precursors at

ambient pressure and possessing balanced overall properties.
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Wang et al. [24] synthesized porous aerogels by using TEOS, hydroquinone and dihydroxybenzene
using acid catalyst (Figure 7). Efficient, simple and cost effective sol-gel method was employed. The
hydroquinone-TEOS (HT) bridged silica aerogels showed improved mechanical strength, high surface
area, high porosity and hydrophobic in nature [24]. Kaya et al. [96] synthesized silica acrogels and xerogels
from inexpensive materials such as bean pod and ash steel slag. They prepared both the gels using sol-gel
method and compared the results via characterization. They achieved a surface area of 371 m?%/g in silica

aerogel synthesized from steel slag (Figure 8).
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Figure 7. The reaction between hydroquinone and TEOS and the resulting aerogels. Reproduced with

permission from Ref. [24]. Copyright Elsevier Inc. 2020.
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Ebisike et al. [21] prepared a hybrid aerogel of chitosan-silica using sol-gel method. Chitosan and
silica were obtained from agricultural waste of crab shell and bamboo leaves. The synthesis was
accomplished at ambient pressure. Asmussen et al. [49] developed a silver-functionalized aerogel
(AgAero) as a novel material for effective iodine capture from radioactive waste. Du et al. [60] prepared
silica aerogel composite by reinforcing mullite-fiber and without surface modification or solvent exchange.
Unlike other complex preparation procedures, the study used a facile and simple method. The prepared
silica aerogel composite was synthesized at ambient pressure and showed low thermal conductivity,
therefore making it suitable and effective as thermal insulating material. Rocha et al. [97] prepared fiber
reinforced silica aerogel composite and evaluated its compliance in terms of its thermal insulation property
for Mars exploration. The researchers simulated the Mars environment in the laboratory and assessed if the
composite exhibited the same thermal insulation property. It was shown that the thermal cycling or
environment did not affect the insulation performance of the aerogels and therefore qualify it to withstand
Mars environmental conditions [97]. A number of papers has been published the last decade on the
mechanical and thermal properties of aerogels and composites using computational modeling through
molecular dynamics (MD) simulations [98—101]. These studies investigated the mechanical properties of
aerogels under large deformation [102], fracture mechanical properties [ 100], nanoindentation tests on pure

[99] and graphene-reinforced nanocomposites [103]. Patil et al. [66] modeled silica aerogel
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nanocomposites by adding randomly dispersed glass fibers. They used LAMMPS (Large Scale
Atomic/Molecular Massively Parallel Simulator) to carry out MD simulations. The influence of weight
percentage as well as length to diameter ratio on the mechanical properties was investigated (Figures 9 and
10). It was found that in the tensile tests, weight percentage of glass fibers improved the tensile strength and

elastic modulus with the decrease in ultimate tensile strain [66].

i 5

glass fiber reinforced
silica aerogel

GLF-5i0,-L90 GLF-Si0,-L180 GLF-S8i0,-L270

Figure 9. Schematic representation of silica aerogel nanocomposites. Reproduced with permission from

Ref. [10]. Copyright Elsevier Ltd 2020.
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Copyright Elsevier 1td 2020.

Talebi et al. [104] prepared a novel material by merging silica aerogel with polyester (PET). The
aim was to use the material as a blanket for sound absorption in buildings. Researchers prepared the
composite via two-step sol-gel process followed by drying at ambient pressure. The composite showed
promising results and a suitable candidate for sound absorption in buildings [104]. Figure 11 shows a 3D
reconstruction of neat nonwoven samples. The samples exhibit highly complex structure, which is a
prerequisite for sound absorbing applications. Similarly, Karamikamkar et al. [4] reviewed the various

methods found in the literature for the improvement of the mechanical properties of silica aerogels. The
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study explored the synthesized silica aerogel composites along with novel properties and applications of
these material systems in a wide area. Many studies focused on the production of silica aerogel composites
with glass fibers. Parmenter and Milstein [43] synthesized fiber-reinforced silica aerogel composite and
they found that with the increase of fiber reinforcement, fiber percentage, compressive strength and
hardness increased while the fracture strain decreased. Yuan et al. [93] produced glass fiber reinforced
aerogel composite using randomly dispersed glass fibers into acrogel powder. Glass fibers were found to
enhance composite strength but lowered thermal insulation. Liao et al. [92] tailored laminated
nanocomposites of silica aerogels with four glass fiber layers which improved the mechanical properties of
nanocomposites. Zhou et al. [69] used methltrimethoxysilane (MTMS) and water glass precursor to
synthesize glass fiber-reinforced silica aerogel composites and they observed improvement of the overall

mechanical strength and flexibility of composites.

Figure 11. The untreated nonwoven fabrics geometry. Reproduced with permission from Ref. [104]

Copyright 2019.

The unique properties of silica aerogels have made them versatile materials suitable for diverse
applications from environmental applications to Mars exploration. This success is a result of several
innovations over more than 80 years that addressed synthesis and properties drawbacks. For instance, the
high cost and hazardous nature of silicon alkoxides have given way to sodium silicate as a preferable

precursor and ambient pressure drying over supercritical drying have significantly reduced the production
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costs. Environmental-friendly and cheaper raw materials are gaining attention, especially for commodity
applications. Lignin, starch, cellulose and other agricultural by-products are some examples of low cost and
environmentally friendly raw materials. Another major issue is related to aerogels brittleness and poor
mechanical properties. These can be addressed by embedding different materials into the aerogels during
sol-gel process to synthesize silica aerogel hybrid composites. Hybrid silica aerogel composites possess
enhanced properties such as higher strength and flexibility at the cost of low thermal conductivity and
increased density.

The aerogels market is driven by the increasing demand for energy-efficiency both in terms of prices
and reduction of greenhouse gas emissions [105]. Despite the success in terms of research, a recent market
analysis values the aerogel market, dominated by silica aerogels, at under $300 million. This is figure is
below expectations, which demonstrates that the industry is still in its infancy covering only specific
applications [106]. This is mainly a result of properties limitations, such as brittleness, and high price tag.
Thus, the development of aerogels suitable for large-scale and low cost production with broad uses in
mature industries (e.g. automotive, oil and gas industries) is necessary. In this direction is for instance
recent research, which allowed the synthesis of transparent versions of silica aerogels suitable for solar
thermal collectors [107,108]. Another potential direction is the development of different cost-effective
suitable for high-tech applications the poor machinability limits the use of silica aerogels in applications
where microstructures are necessary. A recent paper published in Nature discussed the use of additive
manufacturing as an alternative route for silica aerogels miniaturization [109]. This 3D-printing process is
free from the issues of subtractive manufacturing and allows the development of new applications suitable
for industrial production. Another example is aero-propulsion systems where aerogels weight and space
constraints can be resolved by a single-layered micro-thick thermally sprayed coatings [110]. Besides the
technical aspects, another challenge in the development of large-scale production are the gaps between
basic research, industrial applications and government regulators [111], but this is nothing new and past

success with other materials can provide useful lessons.
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