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The impact of environmental concerns on human life is wide-
spread, with the consumption of fossil fuels being a major
contributor to climate change, resulting in many environmen-
tal challenges.™ In recent years, energy management has been
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2D nanomaterial aerogels integrated with phase
change materials: a comprehensive review

Sara Rostami, Ahmadreza Ghaffarkhah,* Ali Akbar Isari, Seyyed Alireza Hashemi
and Mohammad Arjmand (= *

Aerogels of 2D nanomaterials are considered ideal platforms for encapsulating phase change materials
(PCMs) due to their unique properties, including their light weight, high porosity, large specific surface
area, adjustable thermal/electrical conductivity, and mechanical flexibility, which allows for rationalizing
phase transformation behaviors. The combination of these versatile aerogels and PCMs is a significant
milestone in pioneering advanced composite PCMs, where multifunctionality and low cost are of utmost
importance. This review provides a systematic overview of the state-of-the-art advances in 2D
nanomaterial-based aerogel fabrication, including drying approaches and pre-treatment methods, as
well as their potential uses in composite PCMs. It also highlights the versatile roles of different aerogels
in composite PCMs and the relationships between their inherent characteristics and functionalities. This
review mainly aims to increase interest in interdisciplinary research and provide guidance for the rational
design of advanced multifunctional 2D aerogel-based composite PCMs, thus facilitating significant
breakthroughs in both fundamental research and commercial applications.

advanced to address these issues by implementing sustainable,
low-cost energy sources. One important aspect of this effort is
thermal energy storage, which plays a vital role in the prevalent
adoption of renewable energy sources. Phase change materials
(PCMs) are a crucial component of thermal energy management,
as they can absorb and release large amounts of heat during
phase transitions, rendering them well-suited for a wide range of
industrial and residential applications.> Depending on the
specific conditions, these so-called “smart energy management
materials” can store energy through melting/solidifying and
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10-13 pCMs can be classified into

release it with a minimal loss.
solid-gas, liquid-gas, solid-solid, and solid-liquid systems based
on the type of phase transition.*'**> Amongst all, solid-liquid
PCMs have shown promise due to their higher phase change
enthalpies and less volume change compared to solid-solid and
liquid/solid-gas systems, respectively.'®*°

Solid-liquid PCMs are broadly divided into two subcategories:
inorganic and organic.*® Inorganic PCMs, like hydrated salts,
salts, and metals, possess high volumetric latent heat and storage
capacity, but they may suffer from issues such as high density,
chemical instability, and low availability.>' Organic PCMs, such
as paraffin, alcohols, and fatty acids, exhibit characteristics like
congruent melting, self-nucleation, and non-corrosiveness,
which allow them to be used in a wide range of practical
applications.”>** However, they may have drawbacks such as
low thermal conductivity and liquid phase leakage, hindering
far-ranging applications of PCMs.>*>® These challenges are
addressed in recent studies by incorporating thermally conduc-
tive micro-to-nano additives, such as carbons, metals, and metal
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oxides, to enhance thermal conductivity and improve the per-
formance or to encapsulate PCMs.""?’*> In this regard, nano-
materials of the carbon family have been researched extensively
due to their exceptional thermal conductivity reaching up to
4000 W m~ " K~ *.**** For instance, the combination of expanded
graphite/cellulose nanofibers (CNFs)/boron nitride (BN) with poly-
ethylene glycol (PEG) 4000 showcased a thermal conductivity of
0.32 W m~ "' K, leading to nearly 3300% enhancement of the
thermal conductivity of the pristine PEG.*

Another promising approach in thermal energy storage
management is the encapsulation of PCMs, which can be
achieved through two main methods: microencapsulation and
nanoencapsulation.**° Microencapsulation involves enclosing
PCMs in a shell made of organic, inorganic, or polymeric
materials. On the other hand, nanoencapsulation involves infil-
trating PCMs into porous materials such as aerogels. Nanoen-
capsulation not only improves the thermal conductivity,
melting, and solidification rate of PCMs but also enhances their
form stability.**** Energy storage reinforcement of form-
stable composite PCMs explicitly relies on the structure and
properties of the ESL**™* As a cutting-edge concept, aerogels,
known as hyper-porous nanostructures, have been proposed as
supporting scaffolds to confine PCMs.**> Additionally, the
properties of the aerogels used for encapsulation can be inte-
grated into composite PCMs to create multifunctional thermal
management systems. For example, by combining conductive
aerogels with PCMs, it is possible to achieve both thermal
insulation and sensing/electromagnetic interference (EMI)
shielding simultaneously.>*™°

In the field of aerogel-based PCMs, the use of 2D nano-
materials like graphene, MXene, and hexagonal boron nitride
(h-BN) has been demonstrated to have exceptional thermal
conductivity and high capacity for loading PCMs. These 2D
nanomaterial-based aerogels have properties that make them
suitable to be used as multifunctional composite PCMs,
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e.g., ease of functionalization and surface modification, high
electrical conductivity in the case of MXene and graphene, and
chemical/mechanical stability in the case of h-BN.®"** Due to
these favorable characteristics and numerous studies on their
fabrication, the future of 2D aerogel-based composite PCMs is
looking boundless with many studies to be published in
this field.

To date, several review articles have been published on
thermal conductivity enhancement, thermal properties, and
applications of PCMs and composite PCMs in thermal energy
storage.®*®® However, these works have barely discussed the
significant developments in aerogel fabrication and the impact
of aerogel structures on the thermophysical performance of
corresponding composite PCMs. Additionally, recent advances
in multifunctional and mechanically flexible aerogel-based
composite PCMs require further evaluation. In this review,
our aim is to comprehensively describe the definition of 2D
nanomaterials and their fundamental development in multi-
functional aerogel fabrication. We will also highlight interdis-
ciplinary research fields that combine aerogels and PCMs. Our
focus will center around the general description and character-
istics of PCMs (Section 2), state-of-the-art advances in aerogel
fabrication, conventional 2D nanomaterials utilized in aerogel
fabrication (Section 3), and 2D nanomaterial aerogel-based
composite PCMs (Section 4). In Section 5, we will conclude by
addressing the current core challenges and future prospects of
composite PCMs. Upon completion of this review, readers will
gain a better understanding of the most recent developments in
aerogel-based composite PCMs, including the significant role
played by 2D nanomaterials in this field.

2. An overview of PCMs

2.1. Classification of PCMs

PCMs can absorb or release significant amounts of latent heat
during the reversible isothermal phase change process through
crystallization or condensation. There are several subcategories of
PCMs based on their phase transition, including solid-gas, liquid—-
gas, solid-solid, and solid-liquid.®® Among all, solid-solid PCMs,
such as polyurethane and polybutadiene, can store heat by mod-
ifying their crystalline structure at a well-defined temperature;
however, they suffer from low latent heat and volume change.
On the other hand, solid/liquid-gas PCMs, which necessitate large
volumes and high pressures to store materials in their gas phase,
are not commonly used in practical energy storage systems. There-
fore, solid-liquid PCMs are deemed the most practical option as
they possess high latent heat, stable phase change temperature,
and minimal volume change of 10% or less. They are compatible
with significant volume changes in thermal energy storage sys-
tems, making them a promising option for practical applications.
Due to these characteristics, solid-liquid PCMs are suitable for
various thermal management applications in diverse fields such as
construction, automotive, aerospace, and electronics.®'>”°
Solid-liquid PCMs can be classified into three types:
organic, inorganic, and eutectic, which is a combination of
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organic and inorganic PCMs. The unique property of organic
PCMs is their ability to undergo congruent melting without phase
separation or loss of latent heat. These materials also offer other
advantages, including non-corrosiveness, self-nucleation, non-
segregation, low supercooling degree, and chemical stability. These
features make organic PCMs an attractive choice for various appli-
cations, such as thermal energy storage systems and temperature
regulation in buildings and vehicles. Nevertheless, organic PCMs
also possess several disadvantages, such as flammability, liquid
phase leakage, and low thermal conductivity (0.40-0.70 Wm™ ' K1),
which restrict their use in specific applications.”"”* Thus, there is a
current trend in developing PCM composites that overcome the
limitations of organic PCMs and expand their scope of applications.

On the other hand, inorganic PCMs are composed of salts,
hydrated salts, and metals. These materials have a higher latent
heat of fusion per unit volume and, consequently, a higher
thermal conductivity compared to organic PCMs. Among all,
hydrated salts have limitations such as inconsistent melting,
severe phase separation, and supercooling degree, which
restrict their widespread use in thermal energy systems. Simi-
larly, metal hydrates and metals, other categories of inorganic
PCMs, are not commonly employed due to their relatively high
density. Therefore, organic PCMs remain the preferred choice
for most practical applications due to their cost-effectiveness
and ease of handling.”>””

Eutectics, a combination of multiple organic and inorganic
PCMs, offer several advantages such as lower melting and freezing
points and enhanced thermophysical characteristics.”® However, It
is critical to forecast the points and estimate the concentration of
different materials of eutectics to predict their functional proper-
ties. Fortunately, numerous experiments have been conducted to
predict the density and thermal conductivity of eutectics, and
theoretical relations can also be used to predict these
parameters.”*®° Additionally, the fusion latent heat of eutectics
can be determined by employing the enthalpy and entropy
balance.®! These findings are essential in expanding the appli-
cations of eutectics in thermal management systems, such as
those used in buildings and vehicles, and therefore, in the
future, these classes of PCMs might be used in large-scale
industrial applications.

2.2. General characteristics of PCMs

The effectiveness of PCMs for thermal energy storage and
release in various applications is determined by several para-
meters, including thermal conductivity, melting temperature,
freezing temperature, melting latent heat, and freezing latent
heat. Among these parameters, thermal conductivity is of
utmost importance as it is directly related to the rate at which
the material conducts heat, and thus determines how efficiently
thermal energy is transferred between the material and its
surrounding. Thermal conductivity is expressed in unit of Watts
per meter-Kelvin (W m ™" K™ ), and high thermal conductivity is
desirable for fast heat transfer and effective energy storage.”®*?

Melting temperature is another critical characteristic of a
PCM because it determines the temperature range over which
the material can store thermal energy. For effective thermal

© 2023 The Author(s). Published by the Royal Society of Chemistry
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energy storage, the melting temperature should be within the
desired operating temperature range of the system. On the
other hand, the freezing temperature is the temperature at
which the PCM changes from a liquid to a solid and determines
the temperature range over which the material can release
thermal energy. For effective thermal energy release, the freez-
ing temperature should be below the desired operating tem-
perature of the system. Both melting and freezing temperatures
are expressed in unit of degrees Celsius (°C).

Melting latent heat is the thermal energy required to change
the PCM from a solid to a liquid, expressed in unit of Joules per
gram (J g ). It is a critical characteristic of a PCM because it
determines the amount of thermal energy that can be stored in
the material. A high melting latent heat is desirable for effective
thermal energy storage. Similarly, freezing latent heat is the
amount of thermal energy released when the material changes
from a liquid to a solid, also expressed in units of Joules per
gram (J g ). A high freezing latent heat is desirable for effective
thermal energy release.”®**

The combination of these parameters not only determines
the effectiveness of a PCM for thermal energy storage and
release, but also presents exciting opportunities for energy-
efficient applications. For instance, PCMs have the potential
to revolutionize the building industry by reducing energy con-
sumption for heating and cooling. By incorporating PCMs into
building materials such as walls, floors, and roofs, buildings
can store thermal energy during the day and release it at night,
reducing the need for HVAC systems and ultimately lowering
energy costs. As we strive to develop more sustainable and
efficient energy solutions, the study and development of PCMs
is becoming increasingly important. By understanding and
optimizing the characteristics of PCMs, we can unlock their
potential for a wide range of applications and contribute to a
greener, more energy-efficient future.

2.3. Selection criteria of PCMs

The selection of appropriate PCMs is an important aspect of
designing thermal energy storage systems. Several criteria need
to be considered when selecting the most suitable PCM for a
given application. These criteria include chemical, economic,
kinetic, and thermodynamic properties.”®%

From a chemical perspective, PCMs must have desirable
characteristics such as chemical and physical stability, inflam-
mability, nontoxicity, and non-corrosiveness. The chemical
stability of a PCM is important as it ensures that the material
does not undergo any unwanted chemical reactions or decom-
positions during the phase change process, which can affect
the system’s performance. Physical stability is also crucial, as it
ensures that the PCM remains in its intended form, whether
solid or liquid, during the phase change process. Inflamma-
bility, nontoxicity, and non-corrosiveness are essential charac-
teristics to ensure safety during operation.

Economically, PCMs that are readily available and affordable
are preferred. In many cases, the cost of a PCM may be a
significant factor in selecting a material, particularly in large-
scale applications. Some PCMs that are readily available and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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affordable include paraffin waxes, fatty acids, and eutectic
mixtures.”>*

Kinetic properties are also essential to consider when select-
ing a PCM. High nucleation rates and crystal growth rates are
critical to avoid supercooling of the liquid phase and to address
heat recovery challenges. The supercooling of a PCM occurs
when it remains in a liquid state even though its temperature
has dropped below its freezing point. This can cause the PCM
to solidify abruptly, leading to potential issues such as expan-
sion and cracking. Therefore, it is important to select PCMs
with high nucleation rates to avoid supercooling.

Thermodynamic properties of PCMs are of utmost impor-
tance when selecting the most appropriate material. These include
operating temperature, latent heat of fusion, thermal conductivity,
and thermal stability. The operating temperature is one of the
most critical factors in selecting a PCM since it determines the
phase change process demands. For example, if a PCM is required
for a low-temperature application, paraffin waxes or fatty acids
with a melting temperature below 40 °C may be suitable. However,
if the application requires a high-temperature PCM, inorganic salts
such as lithium chloride or sodium nitrate, with melting tempera-
tures above 500 °C, may be more appropriate.

The latent heat of fusion is another crucial thermodynamic
property of PCMs. The amount of energy transferred between
the PCM and the working fluid or system surfaces is deter-
mined by the latent heat. The higher the latent heat, the more
energy the PCM can store or release during the phase change
process. For instance, paraffin wax has a higher latent heat of
fusion compared to other low-cost PCMs, making it an excellent
option for thermal energy storage applications.”®5>

Thermal conductivity is another essential parameter to con-
sider when selecting a PCM. Improving thermal conductivity
enhances the energy storage/release rate. This can be achieved
by using composite PCMs, adding additives such as nanoparticles
to pure PCMs, and/or PCM confinements. For example, adding
carbon nanotubes to paraffin wax has been shown to improve its
thermal conductivity significantly.

Lastly, thermal stability is an essential parameter to con-
sider when selecting a PCM. The PCM should retain its latent
heat and temperature as much as possible after several thermal
cycles to ensure a congruent melting process.

2.4. Confinement strategies of PCMs

To improve the thermal conductivity of organic PCMs, researchers
have proposed the use of thermally conductive micro-to-nano
additives such as carbons, metals, and metal oxides.”* This
approach aims to enhance the thermal properties and perfor-
mance of PCMs; however, a significant challenge in thermal energy
storage management is the potential for liquid phase leakage even
when these additives are integrated into PCMs. To this end, one
promising solution is PCM confinement, which involves encapsu-
lating PCMs within multiscale ESI. This approach has revolutio-
nized the development of multifunctional and shape-stabilized
thermal management systems. Two primary methods of PCM
confinement are microencapsulation and nanoencapsulation.®* *>
In microencapsulation, PCMs are confined within a shell made of

Mater. Adv., 2023, 4, 2698-2729 | 2701
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organic, inorganic, or polymeric materials. On the other hand,
nanoencapsulation involves infiltrating PCMs into porous structures
such as aerogels to create form-stable structures. Both methods
offer a versatile solution to managing thermal energy storage while
maintaining high heat storage performance.*®%° %8

Depending on the dimensions of the supporting materials,
confinement strategies are categorized into four subclasses,
including core-shell (0D), longitudinal (1D), interface (2D), and
porous (3D) confinements.*® 0D confinement is defined as
encapsulating PCMs with a protective layer through a core-
shell structure, while 1D confinement is based on embedding

View Article Online
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PCMs into the inner cavity of nanofibrous materials such as
CNTs. It is also possible to lock PCMs between the layers of
various 2D nanomaterials, e.g., graphene, MXene, and h-BN,
through the interfacial interaction of the nanoparticles’ surface
and PCM molecules. Finally, in 3D confinement, aerogels are
used as a template or holder to host PCMs in the intercon-
nected nanoporous framework. Among various approaches for
confinement, the encapsulation of PCMs within aerogels has
emerged as a highly effective method for mitigating the issue of
liquid phase leakage, as evidenced by Table 1. Furthermore, the
resulting aerogel-based composite PCMs acquire the versatile

Table 1 A summary of the thermophysical properties and noteworthy practices for confined PCM composites

Type of K*

AH,,"

m
confinement Supporting material PCM Wm 'K (°C) 0g™h Key points Ref.
0D Silica Na,SO,-10H,0 — — 180.7 Subcooling of salt hydrate suppressed 90

Silica Octadecane — 26.5-27.9 93.2-107.5 Confinement causes significant shift in 91
crystallization points

Silica Stearic acid — 84.9 276-286 Formation of stable H-bonding increases latent 92
heat by 36.9%.

Al,O3 Paraffin wax 0.253 62.6 137 CuO and AL,O; nanoparticles reduce supercooling 29
of PCM by 40% and 31.42%, respectively

CuO Paraffin wax 0.289 62.2 134

AlOOH Palmitic acid 0.16-0.84 12.7-16.0 19.0-27.8  Melting temperature decreases by more than 50 °C. 93

1D Cellulose acetate PEG — 60.6-69.1 0.5-56.7 The confinement dimension had an influence 94
on the crystallization of PEG.

CNT Paraffin wax — 46.9 26.5 A relatively wide working temperature range. 95

CNT Paraffin wax 49 123.9 Near the inner wall of the CNTs, paraffin 96
molecules displayed an organized structural
arrangement.

2D GO PEG — 69.6 — The freezing point of PEG has been decreased 97
by 14 °C, while the melting temperature
remains unchanged.

GO/TizC, Ty Stearic acid — 98.7-98.8 108.5-139.3 The confinement raises the activation energy 98
required for crystallization of stearic acid,
resulting in the creation of distinct layers such
as non-phase transition layer, transitional
confinement layer, and proximate bulk layer.

3D Graphene/ Paraffin wax 0.28-0.32 28 154.6 The composite material that was developed 99
polyvinylidene demonstrated exceptional thermal properties,
fluoride- long-lasting cycle stability, impressive flexibility,
hexafluoropropy- and remarkable solar-thermal conversion cap-

lene (PVDFHFP) ability. Moreover, the composite PCM exhibited a

aerogel phase change enthalpy of 154.64 ] g~ and
maintained its stability even after undergoing
500 cycles of heating and cooling.

Polyimide/gra- PEG 0.12-0.22 ~65 158 The hybrid aerogel films showcased a remarkable 100

phene/Fe;0, hybrid ability to achieve a high loading capacity of PEG

aerogel films reaching almost 90 weight percent, thanks to their
unique macroporous structure and extensive
pore volume. The resulting composite PCMs
demonstrated exceptional stability even after
being subjected to 500 consecutive heating-
cooling cycles ranging between 0 and 100 °C.
This multifunctional structure offers promising
prospects in the fields of EMI shielding and
thermal management.

Cellulose Paraffin wax — 52.9 215.7 The findings indicate that the composite PCMs 101

nanocrystal/konjac obtained possess significant reusable stability,

glucomannan/ excellent EMI shielding properties, and

Ti;C,T, aerogel exceptional capabilities for managing thermal
energy.

Polyimide/phos- PEG — ~62-65 150 The prepared composite material possesses a 56

phorene (PR) hybrid flexible and foldable nature, and exhibits

aerogel distinctive features that are designed for infrared

stealth and thermal camouflage purposes.

“ Thermal conductivity of composite PCM. © Melting temperature. ¢ Melting latent heat.
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properties of aerogels, thereby broadening the potential scope
of their applications.®’

3. Aerogels

Aerogels are a class of synthetic porous ultra-lightweight material
derived from a gel. For the fabrication of aerogels, the liquid
component of the gel is replaced with gas while maintaining the
dried structure without significant collapse of the spatial
network.'*'* Benefiting from exceptionally high porosity, large
specific surface area, and ultra-low density, aerogels have been
funded for many applications in aerospace engineering, energy
harvesting, energy storage, tissue engineering, and environmental
remediation applications.'®* " Subsequently, having entered the
realm of nanotechnology by coupling nanomaterials with a variety
of matrix materials, multifunctional composite aerogels have
advanced in diverse applications ranging from thermal insulation
to pollutant detection."*®'* Amongst all, owing to superb thermal
properties, mechanical flexibility, and being atomically thin, the
incorporation of 2D-nanomaterials like graphene, MXene, transi-
tion metal dichalcogenides (TMDCs)/transition metal oxides
(TMOs), carbon nitride (CN), and BN into aerogels has strikingly
attracted interest in recent years.'””*"'® For example, carbon
containing nanomaterials such as graphene and MXene have been
incorporated into aerogels to augment the electrical conductivity
and performance for applications such as supercapacitors, sen-
sors, batteries, field-effect transistors, photodetectors, photovoltaic
modules, energy storage devices, catalysis, and EMI shielding, to
mention a few."'*"**

In recent years, aerogels of 2D nanomaterials have emerged
as a significant milestone in developing high-performance
composite PCMs due to their remarkable physical, textural,
thermal, and mechanical properties. Ultra-low density is one of
the exceptional features of these aerogels that make them ideal
for the fabrication of composite PCMs."*> To this end, light-
weight composite PCMs are highly desirable for energy storage
applications, as the energy storage density of composite PCMs,
expressed as phase change enthalpy, typically decreases with an
increase in the content of supporting materials.®’

It is worth noting that 2D nanomaterials aerogels with hierarchi-
cally porous structures, high porosity, and large specific surface area
can accommodate a large quantity of PCMs, resulting in ultra-high
PCM loading and increased energy storage capacity.’*>'*” In this
regard, mesopores are best suited for PCM adsorption and shape
stabilization due to their considerable surface tension and capillary
forces. On the other hand, micropores restrict the molecular chain
movement of PCMs, while macropores lack sufficient capillary
forces to retain liquid PCMs. Furthermore, modifying the functional
groups on the surface of 2D nanomaterials aerogel hierarchical
structures can enhance the compatibility between aerogel surface
chemistry and PCMs, resulting in significantly improved shape
stability and increased PCM loading.'?%'*°

Another important factor in fabricating 2D nanomaterials
aerogel-based composite PCMs is their unique mechanical
properties. 2D nanomaterials aerogels with and sometimes

© 2023 The Author(s). Published by the Royal Society of Chemistry
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without reinforcement with various polymers are known for their
stable porous interconnected networks that showcase remarkable
mechanical performance under external compressive forces. The
3D confinement provided by these flexible skeletons can further
expand the functionality of PCMs in advanced thermal manage-
ment applications, such as thermoregulating textiles, wearable
devices, and shape memory materials.>”

The following sections highlight recent trends regarding 2D
nanomaterial-based functional aerogels and their fabrication
processes. The guidelines provided in this section will be used
in Section 4 to evaluate the most recent fabrication strategies of
aerogel-based composite PCMs.

3.1. An overview of aerogel fabrication

3.1.1. Drying approaches

3.1.1.1. Freeze-drying. Drying is one of the most common
methods used in the fabrication of free-standing constructs.
However, during the normal drying process, capillary forces
that arise from the vaporization of solvent molecules can lead
to the collapse of pore structures and impact the textural
properties of aerogels. To avoid this phenomenon, the freeze-
drying method can be used to minimize the stresses on the
pores.’*®'3! In this method, the solvent, which is typically water
for 2D materials, is frozen and then sublimated under the
solvent triple point condition, resulting in the evaporation of
frozen solvent molecules without any substantial stress or
damage to pore structures.'*?

The instrument and aqueous precursor features before
drying are the main factors that influence the properties of
aerogels prepared by freeze-drying. Instrument considerations
include chamber pressure, drying and freezing temperature,
freezing rate, and mold type. For instance, it is important to set
the freezing temperature between the glass transition tempera-
ture and the melting temperature of ice since this parameter
affects the density of the aerogels. The freezing rate can also be
considered a critical effecting instrument parameter during
freeze-drying. Based on the report provided by Yan et al,"*?
the carbon nanotubes (CNTs)/chitosan composites prepared at
lower freezing rates exhibited better mechanical properties
than those at higher freezing rates. This result is ascribed to
the formation of thicker lamellas and fewer dendrites at lower
freezing rates.

On the other side, the physiochemical properties of precursors
also have a significant role in the characteristics of aerogels. For
this aim, three main pre-treatment methods, e.g., chemical-
induced gelation, freeze-casting, and interfacial assembly, that
affect the properties of the precursor before freeze-drying are
explained in the following sections.

3.1.1.1.1. Chemical-induced gelation. The development of
aerogels’ homogeneous networks depends on the uniform
distribution of additives and nanoparticles throughout the
system. Usually, the chemical-induced gelation process gener-
ates stable media with uniform distribution of nanoparticles
before the drying process. Gelation occurs when colloidal
particles in a sol or solution are joined to create a spatial
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framework under specific temperature and pressure condi-
tions, and the spaces of the structure are filled with a proper
liquid as a dispersing phase. During the gelation process, when
the concentration of nanoparticle suspensions exceeds the
critical gel concentration, the attractive and repulsive forces
between the sheets become unbalanced.****> As a result, the
dispersion phase will become viscous and transform into an
elastic colloid capable of withstanding more pressure, which is
beneficial for the structure’s stability.'*®

An overview of chemical-induced gelation of 2D nanomaterials-
based structures is shown in Table 2. Reduction of graphene oxide
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(GO) using chemical agents is one of the strategies for the self-
assembly or gelation of GO nanosheets.'*” To date, many
reduction agents, including vitamin C,**® hydrazine,"*° sodium
borohydride,'*® ascorbic acid,**! potassium hydroxide,'**> and
pyrogallol,"* have been widely used for the reduction and
gelation of GO suspensions. Furthermore, combining chemical
reduction and hydrothermal processes can accelerate the
removal of oxygen-containing functional groups and the
chemical-induced assembly of reduced graphene oxide (rGO)
nanosheets. In 2019, Shen et al.'** developed graphene aerogels
using a hydrothermal-assisted method. For this aim, a proper

Table 2 Beyond chemical induced gelation for fabrication of 2D based nanomaterial aerogels

Material Gelation agent Preparation technique Other Ref.
rGO EDA Chemical-induced gelation EDA was used as a reducing agent and crosslinker. 175
Freeze-drying
rGO EDA Chemical-induced gelation EDA was used as a reducing agent and crosslinker. The 176
and cross-linking prepared GO aerogel beads were thermally reduced.
Solvent exchange
Freeze-drying
TizC, Ty EDA Chemical-induced gelation EDA was used as a crosslinker to assemble MXene 177
Freeze-drying nanosheets.
rGO/Pd Ethylene diamine tetra Chemical-induced gelation GO aerogels were first reduced by hydrazine vapor and 178
acetic acid (EDTA) Freeze-drying then thermally annealed under hydrogen gas.
N-doped rGO EDA Chemical-induced gelation The bonding state of nitrogen atoms is related to the type 179
Diethylenetriamine (DETA) Freeze-drying of reducing agents.
Tetraethylenepentamine
(TEPA)
TizC,T,/GO GO Chemical-induced gelation GO was used as a crosslinker for TizC,Ty. 180
Electrostatic spinning
Freeze-drying
TizC,T,/rGO GO Chemical-induced gelation GO was used as a crosslinker for Ti;C,T,. The fabricated 181
Freeze-drying aerogels were chemically reduced via a mixture of hydro-
Chemical reduction iodic and acetic acids.
GO/PVA PVA Chemical-induced gelation PVA was used as a cross-linking agent. 182
and cross-linking
Freeze-drying
rGO Octadecylamine (ODA) The GO solution was dripped ODA was used as a reducing agent and crosslinker. The = 183
into a coagulation bath to prepared GO aerogel beads were thermally reduced.
achieve ODA and ethanol to
achieve rGO hydrogel beads.
Freeze-drying
TizC,T,/calcium Cca* Chemical-induced gelation Divalent Ca®" ions were used as a crosslinker for Ti;C,T, 184
alginate Vacuum-assisted-filtration
Freeze-drying
TizC,T,/GO/ GO/Ca** Chemical-induced gelation Divalent Ca®" ions were used as the main crosslinker for 185
sodium alginate Freeze casting TizC,Ty. GO was also effective for cross-linking TizC, Ty
Freeze-drying sheets.
TizCyTy Fe** Chemical-induced gelation Divalent Fe*" ions were used as a cross-linker for Ti;C,T, 186
Freeze-drying
Mg> -Ti;C, Ty Mg** Chemical-induced gelation — 187
Freeze-drying
Fe*'-Ti;C,T, Metal ions Chemical-induced gelation Different metal ions, e.g., Fe**, AI**, Co®*, Ni**, Mg>*, Ca®*, 156
Freeze-drying Mn**, Zn?>*, were used as chemical crosslinkers for MXene
assembly.
rGO/MoO, L-Ascorbic acid Chemical-induced gelation L-Ascorbic acid was used as a reducing agent and cross- 143
Freeze-drying linker.
rGO/Au L-Ascorbic acid/Na,B,0, Chemical-induced gelation Na,B,0, was used as an enhancer for reducing GO. 144
Freeze-drying
rGO Vitamin C Chemical-induced gelation Vitamin C was used as a reduction agent. After freeze- 142
Freeze-drying drying, the samples were thermally annealed.
rGO NaHSO; Chemical-induced gelation NaHSO; was used as a reducing agent and crosslinker. 188
Freeze-drying The prepared GO aerogel beads were thermally reduced.
Ti;C,T,/polyimide — Chemical-induced gelation First, the polyamic acid was synthesized and mixed with 189
BDFC TizC,T, to fabricate aerogels. The prepared structures were
Freeze-drying then thermally annealed to complete the imidization
process, i.e., the formation of polyimide.
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