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Aerogels are one of the most interesting materials of the 21st century owing to their high porosity, low density, and
large available surface area. Historically, aerogels have been used for highly efficient insulation and niche
applications, such as interstellar particle capture. Recently, aerogels have made their way into the composite

universe.

aerogel nanocomposites aerogel composites

| 1. Introduction

Aerogels have become one of the most exciting materials of the 21st century. The unique processing strategy
produces materials with extremely high porosities and low densities, high specific surface areas, high dielectric
strengths, and low thermal conductivities L2, These properties have made aerogels novel and intriguing materials
for applications in aerospace, energy generation and storage, biomedical devices and implants, sensors, and
coatings 2. Since the introduction of the silica aerogel by Kistler in the 1930s, aerogels have been made out of a
variety of materials including metal oxides, chalcogenides, biopolymers, and resins to name a few. More recently,
aerogels have entered the realm of nanotechnology, incorporating a variety of nanomaterials into the aerogel

matrix and using such materials to create composite aerogels.

While an aerogel’s network contains pores with diameters on the order of nanometers, incorporating nanomaterials
into an aerogel has further enhanced the functional properties of the aerogels. Since this first use of carbon
nanomaterials in the production of an aerogel structure, the utilization of a variety of nanomaterials for the
development of high-performance aerogel structures has grown exponentially. For example, carbon nanomaterials
such as carbon nanotubes, graphene, and carbon nanofibers have been incorporated into aerogels to improve the
electrical conductivity and performance for applications such as supercapacitors, sensors, and batteries LB, |n
other earlier works, metal chalcogenide nanoparticles were used as quantum dots to create semiconductor
aerogels for photovoltaic and sensing applications . In another effort, synergistic composites of nanostructured

aerogels and metal oxides were fabricated using atomic layer deposition for catalytic membranes and gas sensors
Bl

| 2. Aerogel Fabrication Strategies

The preparation of aerogels typically involves three distinct steps: (1) the sol-gel transition (gelation), (2) the

network perfection (aging), and (3) the gel-aerogel transition (drying). Once the desired materials are selected for
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the fabrication of the aerogel, the precursor materials are dispersed in a liquid (i.e., colloidal dispersion) and
allowed to gel, thus forming a continuous network of solid particles throughout the liquid 8. For some materials, the
transition from a colloidal dispersion into a gel happens without the addition of crosslinking materials . For others,
crosslinking materials are added to the dispersion to promote the strong interaction of the solid particles in order to
form the gel B2, The gelation time depends heavily on a variety of factors such as the chemical composition of the
precursor solution, the concentration of the precursor materials and additives, the processing temperature, and the
pH BILOLIZMNS] Many materials may require additional curing after gelation (i.e., network perfection) in order to
strengthen the aerogel network [BI4IISII6ILTIL8] Once the gelation is completed, the gel is dried in such a way as
to minimize the surface tension within the pores of the solid network. This is typically accomplished through
supercritical fluid extraction using supercritical carbon dioxide (scCO,) or freeze-drying (Figure 1a,b). More

recently, the aerogel fabrication scheme has been revolutionized in order to create 3D-printed aerogels.
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Figure 1. Comparison of aerogel fabrication strategies showing typical transitions into an aerogel. (a) shows the
supercritical drying process where precursor materials undergo gelation prior to supercritical drying. Often, these
processes include a solvent exchange step after gelation to provide better fluids for supercritical drying. (b) shows
a standard freeze-drying technique where an aqueous solution is frozen and the ice crystal formation dictates the

alignment of the precursor materials and thus, the resulting pore structure of the dried aerogel.

2.1. Supercritical Drying

To dry the gel, while preserving the highly porous network of an aerogel, supercritical drying employs the use of the
liquid-gas transition that occurs beyond the critical point of a substance (Figure 1a and Figure 2). By using this

liquid-gas transition that avoids crossing the liquid-gas phase boundary, the surface tension that would arise within
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the pores due to the evaporation of a liquid is eliminated, thereby preventing the collapse of the pores €. Through
heating and pressurization, the liquid solvent reaches its critical point, at which point the liquid and gas phases
become indistinguishable. Past this point, the supercritical fluid is converted into the gaseous phase upon an
isothermal de-pressurization. This process results in a phase change without crossing the liquid-gas phase
boundary. This method is proven to be excellent at preserving the highly porous nature of the solid network without
significant shrinkage or cracking. While other fluids have been reported for the creation of supercritically dried
aerogels, scCO, is the most common substance with a relatively mild supercritical point at 31 °C and 7.4 MPa.
CO, is also relatively non-toxic, non-flammable, inert, and cost-effective when compared to other fluids, such as
methanol or ethanol 2. While being a highly effective method for producing aerogels, supercritical drying takes
several days, requires specialized equipment, and presents significant safety hazards due to its high-pressure

operation.
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Figure 2. A typical phase diagram for pure compounds. Two methods are shown for the gel to aerogel transition,
indicated by | — Il. The solid-gas transition depicts the transition from a frozen gel (I) to the dried porous gel (ll)
during freeze-drying. The transition from a liquid to gas during supercritical drying requires a rise in temperature
and pressure (curved arrow from | — II) to avoid crossing the liquid-gas phase boundary. This pass into the

supercritical region eliminates surface tension and capillary forces.

2.2. Freeze-Drying

Freeze-drying, also known as freeze-casting or ice-templating, offers an alternative to the high temperature and
high-pressure requirements of supercritical drying. Additionally, freeze-drying offers more control of the solid
structure development by controlling the ice crystal growth during freezing (Figure 1b) [2A[211[22]123] | this method,
a colloidal dispersion of the aerogel precursors is frozen, with the liquid component freezing into different
morphologies depending on a variety of factors such as the precursor concentration, type of liquid, temperature of

freezing, and freezing container 21221231 As this liquid freezes, the solid precursor molecules are forced into the
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spaces between the growing crystals. Once completely frozen, the frozen liquid is sublimed into a gas through
lyophilization, which removes much of the capillary forces, as was observed in supercritical drying (Figure 2) 24
(23], Though typically classified as a “cryogel”, aerogels produced through freeze-drying often experience some

shrinkage and cracking while also producing a non-homogenous aerogel framework &,

2.3. 3D Printing

The three-dimensional printing (3DP) of aerogels is revolutionizing the field by enabling a fast and accurate
fabrication of complex 3D porous structures, thereby introducing new functionalities, lower costs, and higher
reliability in aerogel manufacturing 281271, 3DP, in general, is a type of additive manufacturing technique that builds
3D objects through a layer-by-layer growth process 28129l This technique makes it possible to fabricate highly
customizable and complex structures for many industrial sectors in significantly reduced times while using a variety
of materials such as polymers, ceramics, and metals 2122, The 3DP of aerogels is considered a hybrid fabrication
technique to produce extremely lightweight 3D structures, employing new depositional strategies for the creation of
the 3D gel constructs while utilizing the common drying methods of supercritical drying and freeze-drying, as

discussed previously.

3DP of aerogel techniques are categorized depending on the sol-gel transitions during the printing process. These
categories include: (1) direct ink writing (DIW), where a gel is formed prior to printing BY; (2) stereolithography
(SLA), where the sol-gel transition occurs during printing B4; and (3) inkjet printing (1JP), where the sol-gel
transition occurs after printing (Figure 3) 2. SLA is a technique that prints 3D structures using photocurable
materials through a process called photopolymerization, in which polymer layers solidify upon exposure to specific
laser wavelengths (Figure 3a). IJP is a non-contact, droplet-based material deposition process, with the potential
to be modified to deposit photocurable materials to achieve patterning with high resolution (Figure 3b). DIW is an
extrusion-based printing technique that involves the deposition of continuous ink filaments, in a layer-by-layer

fashion, to realize the 3D constructs (Figure 3c).

Figure 3. Schematic depiction of the three main 3D-printing techniques employed for the fabrication of aerogels.
(a) Stereolithography, where a laser is used to transform the sol to a gel during the printing process; (b) ink-jet
printing, where a solution is printed into its desired structure prior to observing gelation; and (c) direct ink writing,

where the gel is formed prior to printing and the gel is extruded in order to achieve the desired structure.
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| 3. Applications

Combining the functionalities introduced by nanoscale materials with large surface area of aerogels opens many

applications in environment remediation, energy storage, drug delivery and more.

3.1. Environmental Remediation

Porous Sorbents

The large surface area, high porosity, and light weight make aerogels promising sorbent materials. For example,
aerogels have been used for environmental remediation to remove spilled oil, organic compounds and heavy metal
ions 28l The wetting properties of aerogels are important in achieving optimal adsorption performance. From this
perspective, hydrophobic sorbent materials are of intense interest for application in absorbing hydrocarbons (Table
1). In one study, hydrophobic composite aerogels were fabricated from polysilsequioxane-containing phenylene
and hexylene-bridge groups through the polymerization of the polysilsequioxane followed by supercritical drying
(341, The incorporation of the phenylene and hexylene-bridged groups increased the crosslinking density and the
molecular weight of the composite aerogel, leading to a significant improvement in the mechanical properties of the
aerogel. Additionally, a higher condensation rate of the hexylene-bridged groups produced a more hydrophobic
aerogel (contact angle 115°) than the phenylene-bridges (92°). For example, a resorcinol-furfural/silicone hybrid
aerogel was fabricated through a facile pressure-drying system at room temperature B2, In this study, carbon
nanotubes were used as a reinforcement material and a trimethylethoxysilane (TMES) solution was used as a
surface modifier to increase the hydrophobicity of the aerogel. The TMES replaced the surface hydroxyl groups on
the aerogel with stable —OSi(CH3)3 groups. By doing this, the contact angle increased from 108° to 135°. The
highest contact angle was obtained when the ratio of TMES: hexane was 8:1. Another study proposed an
interesting method to obtain hydrophobic aerogels through modifying silica gel networks with silylating agent
dimethoxy-methyl (3,3,3-trifluoropropyl) silane [B€l. The aerogels were synthesized from tetraethoxy silane (TEOS)
using a two-step sol-gel process followed by a supercritical drying with CO,. Duan et al. observed that adding
silylating agent to the already produced TEOS gels achieved better results, with the contact angle increasing from
27.5 £ 0.3° to 142.2 £ 0.8°. The addition of the silylating agent significantly affected the resulting hydrophobicity.
After the hydrolysis, the TEOS underwent rapid condensation, and gel formation occurs. If the TEOS and silylating
agent molecules co-condensed, many of the hydrophobic groups were not exposed to the particle surface. Allowing
the hydrolysis before the addition of silylating agent allowed for more functionalization of the gel network surface.
The increase in the contact angle for the post-gelation samples was due to the silylating attachment mainly on the
exterior of the gelled TEOS particles. In addition to these method studies, it was shown that by increasing wt.% of

silylating agent from 5 to 25, contact angle could be increased from 70.6 £ 0.9° to 154.1 + 0.5°.

Table 1. Comparison of hydrophobic composite aerogels.
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Contact Density Absorption

Materials Angle (g cm™3) Capacity Compressibility Ref.
Cellulose-based aerogel 140° 0.0196 35 (g/9g) 80% [37]
Polyvinylpolydimethylsiloxane- ~ 140— 0.02—- 1200-1600 i [38]
based aerogels 157° 0.2 (%)
Polymethylsilsesquioxane-silk 1357 0.08 ~500-2600
ymetnyistisesquiox ' <6< o 4 80% [29]
fibroin aerogel 0.23 gg %
145°
Clay composite aerogel with . [40]
water repellent (WDisRep3) 140 0.109
59 to 136
. . times more
Magnetic hydrophobic 138° 0.01384  thanits . [41]
polymer aerogel .
original
weight
Silica-silylated aerogel 154° 0.135 - - (6]
Silica-chitosan aerogel 137° 0.062 30 g/g - [42]
Magnetic 40times
olystyrene/ ?a hene aerogel 1427 0-005 more than _ [ﬁ]
POysty grap g its mass
Natural Cellulose Aerogel 142° ) 100-140 g/g i [35]

(Cotton Source)

A new rapid supercritical extraction process has been reported by Jung et al. to produce hydrophobic and
transparent aerogels suitable for window shielding 4. The hydrophobic character was introduced by adding
poly(methylmethacrylate) to a silica gel, resulting in the addition of -OCH3; and —CHj5 free radicals onto the surface.
A silica solution formed the gel structure with the supply of inert gas pressure. Then it was promoted at supercritical
conditions through continuous heating. As mentioned previously, cellulose has been used widely in aerogels;
however, the hydrophilicity and inferior mechanical properties of cellulose aerogels limit their applications in
absorbing organic contaminants. Yu et al. produced high-performance cellulose aerogels by freeze-casting
aqueous suspensions of polyvinyl alcohol and cellulose nanofibrils in the presence of hydrolyzed
methyltrimethoxysilane sol “3l. The silanol groups (Si—-OH) reacted with hydroxyl groups on PVA and cellulose, as
well as condensed among themselves to form a Si—O-Si network, leading to robust hydrophobic aerogels. The
aerogel has a high absorption capacity of 45-99 times of their own weights, high oil/water selective sorption, and

excellent reusability with absorption retention of more than 84% after 35 absorption—squeezing cycles (Figure 4).
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Freeze-drying
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Figure 4. (a) A schematic illustration of fabricating hydrophobic cellulose aerogels. (b) A picture showing water
droplets on the aerogels. (c) Pictures showing recovering of an aerogel from compression. Adapted from 22 with

permission, copyright the American Chemical Society, 2019.

Commercially available, flexible and mechanically durable fiber-reinforced silica aerogel composites have been
evaluated for oil spill cleanup (Figure 5) (281, Thermal Wrap (TW) (6.0 mm thickness, Cabot Corporation, Boston,
MA) is a composite of trimethylsilylated silica aerogel particles attached on bicomponent polyester fibers, and
Spaceloft (SL) (10 mm thickness, Aspen Aerogels, Northborough, MA, USA) is a composite of a lofty fibrous batting
of polyester and glass fibers infiltrated with trimethylsilylated silica aerogel and magnesium hydroxide. As shown
in Figure 5, both aerogel blankets have hydrophobic silica nanoparticles attaching to fibers, leading to a
hydrophobic/oleophilic property. The study indicated that these aerogel composites possessed three important
desirable properties for oil spill cleanup: fast oil sorption (3—5 min), reusability (demonstrated over 10 cycles with

preserved tensile strength for TW; 380-700 kPa), and recoverability (up to 60% via mechanical extraction).
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Figure 5. Optical interrogation of aerogel fabrics’ gross and fine structure. Image of a dyed-green water droplet and
Irag oil on the surface of (a) TW (6 mm thick) and (d) SL (10 mm thick). Insets are images from the WCA
measurements. Please note that the TW used is thinner than SL. SEM images of the surfaces of (b and ¢) TW and
(e and f) SL, where aerogel particles are visible on the fibers in high-resolution. Reprinted from 48 with permission,

copyright American Chemical Society, 2016.

3.2. Energy Storage

Over the past decades, great research efforts have been devoted to building high-performance, cost-effective,
renewable, and sustainable energy storage devices to meet the need for renewable energy, electric vehicles, and
portable electronics. Among many devices developed to address such needs, advanced batteries and
supercapacitors are leading this quest. Batteries, owing to their high energy density and ability to supply a constant
source of electrical power, dominate the worlds of portable electronics and electric vehicles. This is especially true
for lithium-ion type batteries (LIBs) 42, Supercapacitors, on the other hand, are ideal for short-term energy needs
due to their extremely quick and high efficiency charging capabilities, while also being able to operate for a virtually
unlimited number of charge-discharge cycles 849 Thus, batteries and supercapacitors are complementary

energy storage devices 29,

Improving battery and supercapacitor electrodes is essential to offer higher capacitances and efficiencies, lower
the costs, and create more eco-friendly devices. Carbon aerogels have been at the forefront of such research
efforts due to carbon’s inherently high surface area, chemical stability, low cost, and eco-friendliness B, The
hierarchical porous carbon framework in aerogels greatly increases the ability to store electric charge by enabling
faster electrolyte ion diffusion rates, creating more active sites for the energy conversion process, and presenting a
continuous charge transfer pathway 2. For batteries, the aerogel structures create space within the electrode to
accommodate any volume changes that occur during the charge—discharge cycles that is unavailable in traditional

electrode materials 23],

The chemistry, fabrication, and properties of a variety of carbon-based aerogels have been extensively studied for
energy storage applications 455561 While carbon nanotubes, graphene, and graphene derivatives have been
used extensively in producing aerogels for energy storage applications B4, bio-based carbon materials are
abundant and extremely cost-effective, while offering biodegradability and biocompatibility B8, offering flexible,
fully disposable electrodes 4989, This section aims to provide an overview of the electrochemical performances of

graphene and cellulose-based aerogels as LIB and supercapacitor electrodes over the last few years.

3.3. Biomedical Applications

The typical low density, high porosity, and high surface area of aerogels make them suitable for many biomedical
applications, including drug delivery, tissue engineering, implantable devices, biomedical imaging, and biosensing
(61][621(63](64]  previously, only silica-based aerogels had been investigated for the use in these applications:

however, their poor biodegradability inhibited their use in pharmaceutical and biomedical applications 63681 At
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present, polysaccharides such as starch, alginate, and chitosan are being investigated as biomedical aerogels as

they provide low toxicity, biocompatibility, and biodegradability 61,
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