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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

The impact of environmental concerns on human life is wide- thermal energy storage, which plays a vital role in the prevalent
spread, with the consumption of fossil fuels being a major adoption of renewable energy sources. Phase change materials
contributor to climate change, resulting in many environmen- (PCMs) are a crucial component of thermal energy management,
tal challenges.™ In recent years, energy management has been 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.
2704 | Mater. Adv., 2023, 4, 2698-2729 © 2023 The Author(s). Published by the Royal Society of Chemistry
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content of r-ascorbic acid was added to the GO suspension as a
reduction agent, and then the resulting suspension underwent
hydrothermal reduction at 180 °C for 14 h. Eventually, the
aerogel composites were fabricated by freeze-drying (—50 °C)
the frozen rGO hydrogels.

Apart from reducing agents, cross-linking materials can facil-
itate GO gelation by increasing binding forces within GO sheets.
Hydroxyl-containing, e.g., poly(vinyl alcohol) (PVA),'** oxygen-
containing, e.g., hydroxypropyl cellulose’®® and polyethylene
oxide,"”” and nitrogen-containing, e.g., polyamines,"*® materials
can be considered organic cross-linkers for efficient gelation of
GO. From the molecular-scale point of view, the aforementioned
polymeric materials can generate hydrogen bonds around GO
sheets, which causes an enhancement in the viscosity of the GO
suspension. Interestingly, a novel rGO aerogel was synthesized via
a double-crosslinked technique.'*® In this report, both ethylene-
diamine (EDA) and lysine were added to the GO dispersion, and
then the hydrogels were achieved under thermal treatment. Sub-
sequently, the frozen hydrogels were freeze-dried at —40 °C to
achieve free-standing aerogels. Furthermore, the obtained results
indicated that the double-crosslinked technique is capable of
improving the compression property of aerogels compared to the
single cross-linking method, i.e., only EDA addition.

On the other hand, hydrothermal gelation without cross-linkers
is hard to achieve for MXene nanosheets due to their super-
hydrophilic nature."® As a result, another mediator, ie., cross-
linker, in the hydrogel matrix is frequently required to counteract
the hydrophilic nature of MXenes and sustain the 3D assembly of
the 2D nanosheets.*** For example, some studies introduced GO
as a gelation agent for MXenes. In detail, GO manipulates inter-
facial contacts with MXene sheets instead of point-to-plane inter-
actions, leading to a reduction in electrostatic repulsion between
MXene nanosheets and GO and thus allowing self-assembly of
MXene sheets in the anisotropically-assembled GO structure. GO
cross-linking assembly was used to prepare S, N co-doped rGO/
MXene aerogels under hydrothermal conditions.’®* Due to the
reductive feature of MXene induced by surface termination groups,
rGO nanosheets were produced by adding GO to the MXene
solution. To further improve the quality of aerogels produced
through the GO-assisted cross-linking approach, Chen et al.**?
used ethanediamine as a secondary reducing and cross-linking
agent. In this strategy, ethanediamine, i.e., an amine-rich agent,
opens the epoxy rings on GO nanosheets to facilitate the
formation of oxygen-dangling bonds. Subsequently, MXenes
are linked to these dangling bonds, resulting in robust 3D
rGO/MXene assemblies."**

The utilization of GO as an agent in the MXene gelation
process has proved to oxidize MXenes, causing partial degradation
of hydrogels and lowering their qualities."”® Therefore, to limit the
oxidation effects, a quicker gelation procedure is required to
accelerate the separation of MXene from water and efficiently
decrease the degree of nanosheet restacking. The use of metal ions
as cross-linkers has demonstrated excellent potential in the fast
gelation of MXene suspension. Zhou et al.">® developed quick
MXene hydrogels using different metal ions, e.g., Co™", Ni**, Fe*",
AP, Mg**, Ca**, Mn*', and Zn>", as cross-linkers to fabricate 3D
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MXene-based aerogels. The metal ions acted as ‘chemical glues’
and formed strong bonds with hydroxyl functional groups on the
surface of MXene. Accordingly, the generated interlinks are able to
reduce the hydrophilicity of MXene sheets and accelerate the
gelation rate of MXene. Therefore, MXene sheets are preserved from
oxidation due to the short gelation process, i.e., a few minutes, after
metal salts addition to MXene suspension. It is worth noting that
monovalent metal ions such as K" have lower hydration energy than
that of covalent and trivalent ions, leading to the coagulation of
MXene sheets and a failing gelation process."”’

3.1.1.1.2. Freeze-casting. The freeze-casting method was
introduced for the first time by Fukasawa et al."*® In this approach,
they attempted to prove the influence of the formation and growth
of ice crystals on the porous ceramic’s mechanical properties. The
freeze-casting method employs the ice crystals as a template
during the water solidification, leading to effective phase separa-
tion. This method is followed by subsequent extraction of the
frozen solvent by sublimation, leading to the generation of a 3D
hierarchical network with aligned porosities.'>® Freeze-casting is
also used for engineering the architecture of 2D nanomaterial
aerogels, where nanosheets are stacked between ice crystals and
form continuous 3D networks after sublimation.

In traditional freeze-casting, also known as the unidirec-
tional casting, heat is conducted in the axial direction while the
radial direction is non-conductive. This allows ice crystals to
form along the established temperature gradient, such as
vertically from the bottom of the template as it cools down."®®
In this regard, Wicklein et al.'®" fabricated micro-honeycomb
GO-based aerogels through unidirectional freeze-casting of GO
suspensions. The GO suspension was poured into a mold and
placed on top of a copper rod that was in contact with liquid
nitrogen. Finally, the suspensions were solidified at different
cooling rates ranging from 1 K min~" to 15 K min~" and then
freeze-dried to obtain robust aerogels.

Bidirectional freeze-casting (BDFC) is one of the casting
approaches suitable for fabricating large-sized, ie., centimeter-
scale, 3D networks of nanomaterials with a high degree of control
on the ordering of pore structures. In other words, this technique
allows the ice to form in both vertical and horizontal directions by
controlling nucleation and growth of ice crystallization under dual
temperature gradients.'®> Wang et al'® fabricated centimeter-
scale radiating GO aerogels using BDFC with two perpendicular
temperature gradients, ie., bottom to top and outside to inside.
After the freeze-casting process, aerogels were achieved through
freeze drying at —108 °C and 0.001 MPa for 48 h.

3.1.1.1.3. Interfacial assembly. The assembly of nanomater-
ials at the interface of two immiscible liquids is an emerging
platform for the fabrication of soft-functional materials, where
the inherent characteristics of nanoparticles can be locked into
the final constructs. In this technique, decreasing the Helm-
holtz free energy drives solid particles toward the liquid-liquid
interface.'® However, the energy of the liquid interface in the
case of nanomaterials is much lower than micrometer-sized
colloidal particles. Hence, nanoparticle assemblies at liquid-
liquid interfaces tend to be unstable due to their dynamic
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nature, dependence on size, and association with the constant
adsorption and desorption of nanomaterials.'®® To overcome
these instabilities, the addition of oligomeric/polymeric ligands
at the oil-water interface has been recognized as an efficient
way to increase nanoparticle interfacial performance. In this
strategy, the nanoparticles and ligands interact at the interface
and create nanoparticle surfactants, allowing the nanoparticles
to jam at the interface."®

Interfacial assembly and jamming of nanoparticles at the
liquid-liquid interface result in non-equilibrium forms of one
liquid phase in another immiscible liquid. Note that these gener-
ated structured liquids are programmable due to the ability to be
un-jammed and re-shaped.'®’® Such a programmable fabrication
platform can be used as an innovative pre-treatment for large-scale
fabrication of robust aerogels with well-defined micro- to macro-
scale characteristics. Kamkar et al'’® fabricated ultra-flyweight
graphene-based aerogels with a density of ~0.15-1.2 mg cm >
using structured liquids of GO as a template. For this aim, aqueous
suspensions of GO were injected into a non-polar domain contain-
ing PSS{3-(2-aminoethyl)Jamino]propyl-heptaisobutyl substituted
POSS (POSS-NH,) and hexane to form worm-like structured liquids.
In this case, the co-assembly of GO and POSS at the liquid-liquid
interface generates an interfacial skin that stabilizes the aqueous
phase in a non-equilibrium shape. The fabricated structures were
finally kept in a freezer for 24 h and then freeze-dried for two days to
construct ultra-flyweight aerogels of GO.

3.1.1.2. Supercritical drying. Supercritical drying is another
method for creating aerogels at temperatures and pressures
above the critical point of solvents. As the conditions exceed the
critical point, the liquid phase turns into a supercritical fluid,
eliminating the difference between liquid and gas phases and
greatly reducing the surface tension in the solid pores."”
Accordingly, the pores were well-preserved during drying due
to the elimination of the surface tension and capillary forces.
The supercritical drying process is proven to be very effective in
fabricating highly porous structures with ultra-low shrinkage or
cracking during drying by operating beyond the liquid-gas
boundary state.'””> For instance, Cheng et al'”® developed
mechanically robust rGO aerogels with a relatively large specific
surface area through supercritical drying. After preparing 3D
rGO-based hydrogels through hydrothermal treatment and
chemical reduction, the obtained gels were dried with super-
critical ethanol for almost one week at operating temperature
and pressure of 250 °C and 8 MPa, respectively.

3.1.1.3. Ambient temperature drying. As explained in the
previous sections, supercritical-drying and freeze-drying approaches
require specific equipment to achieve vacuum pressure in a few
centimeter cells. Hence, their applications are limited to the fabrica-
tion of centimeter-scale aerogels, and their operating costs are high.
Accordingly, ambient temperature drying, also known as air-drying,
can be employed to fabricate cost-effective and large-scale aerogels
of 2D nanomaterials. However, the shrinkage of liquids during
evaporation and preservation of pores after drying remains challen-
ging; therefore, suitable pre-treatment techniques should be applied
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to minimize the capillary forces within the pores. Recently,
Yang et al.'’* fabricated large-scale structure-intact graphene
aerogels with an approximate size of 1 m” and a density of
2.8 mg cm ® through ambient temperature drying. This
method introduced the microbubble template to confine the
GO sheets within microbubble gaps and attain structure-intact
graphene hydrogel. Then, the fabricated hydrogels were frozen
for 4-6 h at —18 °C and dried at 60 °C in the air for almost 12 h.
The resulting aerogels showcased exceptional elasticity and
ultra-low density of <10 mg cm >, comparable to the best
practices reported for freeze-dried or critically dried graphene
samples.

3.2. 2D nanomaterials in aerogel fabrication

2D nanomaterials are single or multilayered sheet-like structures
with strong in-plane bonds and weak van der Waals forces
between sheets.”””"' Graphene, metal oxides and hydroxides,
dichalcogenides, polymers, BN, phosphorene, and MXenes are
prime examples of 2D nanomaterials that have been synthesized
through extraction, exfoliation, chemical or physical vapor deposi-
tion, and numerous wet chemical strategies.'*"'> Benefiting from
their distinct physical and chemical properties and straightforward
surface functionalization, 2D nanomaterials have been vastly
utilized to fabricate network-like aerogels with hierarchically
arranged frameworks.'*>'%*

3.2.1. Graphene-based aerogels. Graphene is a superstar of
carbonaceous nano allotropes consisting of either one or a few
layers of atoms tightly packed in a hexagonal 2D honeycomb
lattice. It is highlighted as the strongest material known today,
with intrinsic tensile strength and Young’s modulus of 130 GPa
and 1 TPa, respectively.'®® 2D graphene nanosheets also exhibit
unique thermal conductivity (5300 W m™* k'), optical trans-
mittance (~97.7%), exceptionally large specific surface area
(~2600 m* g~ '), inherent hydrophobicity, and high carrier
mobility, opening numerous opportunities ranging from smart
electronics to thermal management systems.'*®'°® However,
challenges regarding the synthesis of pristine graphene, along
with their tendency to re-agglomerate into graphite-like powders
due to the strong m-n stacking and van der Waals interactions
between them, dramatically limit its application in aerogel
fabrication.'®>'*>?°° These problems have given rise to the use
of GO-based aerogels.>*">%>

GO is readily dispersible in many solvents, its physicochemical
properties can be fine-tuned over a wide range, and it can be easily
assembled into 3D gel networks upon further chemical/electroche-
mical treatments.’’> However, GO is electrically insulative and,
compared to pristine graphene, suffers from high oxidation levels
and lattice defects. Therefore, GO or its 3D scaffolds, e.g, gels and
aerogels, usually undergoes chemical, thermal, or electrochemical
reductions to approach charge mobility and graphene-like
characteristics.’*>?°?% For instance, Hu et al.?** have employed
chemical-induced gelation to produce ultra-light, yet highly com-
pressible aerogels, by a two-step process. In brief, monolithic
functionalized graphene hydrogels were produced by adding EDA
aqueous solution as a weak reduction agent to the GO suspension.
The obtained structured hydrogels were then converted into

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ma00049d

Open Access Article. Published on 03 May 2023. Downloaded on 3/16/2026 2:28:28 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

GO-based aerogels through lyophilization. Finally, as a second-
ary reduction step, microwave irradiation was used to reduce the
amount of oxygen-containing functional groups, resulting in
ultra-lightweight graphene-based aerogels. After microwave irra-
diation treatment, the black-colored aerogels turned into metal-
lic gray, while the 3D network was well preserved due to the
strong bonding between the building blocks. The scanning
electron microscope (SEM) images of the prepared graphene-
based aerogels showcased an interconnected foam-like struc-
ture with pores ranging from tens to hundreds of micrometers.
The cell walls were composed of assembled graphene sheets that
were formed during the freezing step, where the individual sheets
were densified by the formation of ice crystals. It is worth noting
that 1D wrinkles or crumbled regions across the surfaces of
assembled graphene sheets promote the elasticity of aerogels
that were retrieved even after 90% compression without fracture.

Another versatile technique for developing highly compres-
sible and mechanically robust graphene-based aerogels is
freeze-casting. The typical freeze-casting technique of GO
involves unidirectional freezing of aqueous suspensions in a
mold placed on the top of a cold substrate, which results in a
lamellar-structured graphene aerogel.>**>°® However, when
simultaneous freezing happens at the sides and bottom of
the mold, a radiated GO aerogel with cross-linked channels
whose width increases with distance from the center can be
achieved (Fig. 1a-c).>*”2°° This approach, also known as BDFC,
has been employed by Wang et al'®® to generate radially
aligned and centrosymmetric structured GO aerogels with
enhanced elasticity and oil absorption characteristics. After
chemical reduction with hydrazine vapor, exceptional compres-
sibility with only 8% permanent deformation after 1000 cycles
under the compressive strain of 50%, the unique oil absorption
capacity of 86.6 to 374.7 ¢ g~ ', and excellent fire retardance
without any structural collapse were observed for these aero-
gels. Aside from pure GO aerogels, this method has also been
employed for fabricating various nanocomposite aerogels such
as GO/CNFs with radially ordered texture and GO/chitosan with
either radial or spiral pattern, introducing BDFC as a universal
platform for composites and beyond (Fig. 1d).

In another study, BDFC was also used to assemble PVA and
GO sheets into biomimetic aerogels resembling the Thalia
dealbata stem-like structure (Fig. 1e-g). These aerogels not only
mimic the architectural features of the plant stem but also
showcase exceptional flexibility and mechanical stability. In
brief, a polydimethylsiloxane (PDMS) wedge with a slope angle
of around 15° between the cooling stage and precursor suspen-
sion was used to generate dual temperature gradients i.e., both
horizontal (ATy) and vertical (ATy), for BDFC. Ice crystals
nucleated at the bottom of the PDMS wedge and then grew
under perpendicular temperature gradients to create a hier-
archical 3D structure (Fig. 1h-i). Upon thermal reduction under
800 °C, an exceptional electrical conductivity of 2-14Sm™* and
unusual strength/resilience were achieved for these constructs.
The resilience of this construct involves retaining nearly 85% of
its original compressive strength after 1000 cycles and support-
ing more than 6000 times its own weight with ~50% strain.>*°

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Despite the abovementioned advances in the fabrication of
highly compressible graphene-based aerogels, these studies
suffer from numerous limitations in scalability and controlling
structures from micro to macro scale.”**">'3 As a paradigm shift,
emulsion-sculpting and foaming/microbubble templating have
been recently introduced to address these challenges.”*®*'” For
example, a surfactant-foaming sol-gel method was used to
achieve macroscopically ordered and scalable graphene aerogels
(~1 m?). This method introduced the microbubble template to
confine the GO sheets within microbubble gaps to attain
structure-intact graphene hydrogel. The homogeneous micro-
bubbles were developed by rapidly stirring alkyl polyglucoside/
GO aqueous dispersion. The foamed GO suspension was
reduced by ascorbic acid, simply frozen, air-dried, and annealed
at 200 °C to fabricate a smooth and intact aerogel without any
evident shrinkage (Fig. 2a-d). The obtained graphene-based
aerogel demonstrated an ultra-low density of 2.8 mg cm™>, a
compressive strain of up to 99%, and a high thermal decom-
position temperature of Ty, = 735 °C in the air (Fig. 2f).
Moreover, these aerogels were introduced as compressive force
absorbers (force =>700 N) and as unique absorbers of oils or
hazardous solvents, e.g., capacity = 260-570 g ¢~ ."”* In another
remarkable study, Kamkar et al.">* fabricated structured liquids
of GO in hexane/PSS-[3-(2-aminoethyl)amino]propyl-hepta-
isobutyl substituted POSS (POSS-NH,) and used them as a
template for producing an advanced type of ultra-flyweight
aerogels. In this approach, worm-like structured liquids were
obtained by streaming GO suspension into hexane/POSS
(Fig. 2f-h). Furthermore, the stability of GO liquid jets was
explained through interfacial co-assembly of GO/POSS, leading
to a mechanically robust and elastic interfacial skin with a high
binding energy that can withstand compressive force. Upon freeze-
drying and dual chemical/thermal reduction of these interfacially
driven constructs, a novel class of graphene-based aerogels with
exceptionally low density in the range of ~0.25 to ~4 mg cm 3,
high electrical conductivity, and multiscale porosities (micro- and
macro-scaled) were achieved (Fig. 2i-k). These structures were also
used as highly compressible and high-performance EMI shields
with a specific shielding effectiveness of ~24000 dB cm”® g~*
(shielding 99.8% of the incident wave).

3.2.2. MXene-based aerogels. MXenes are a class of 2D
metal carbides and nitrides with two or more layers of transition
metal (M) atoms in their structure. The general formula of MXene
is M,.1X, Ty, where M represents the transition metal site, X
denotes carbon or nitrogen sites, and T, (where x is variable)
represents surface terminations of the outer transition metal
layers. Depending on the number of transition metal layers, the
n value in the formula varies from 1 to 4.'2?* These newly
discovered 2D materials are mainly produced through the top-
down synthesis approach by etching the A-layer atoms (e.g., Al, Si,
Ga) of MAX phases, ie., a group of layered, hexagonal-structure
ternary carbides and nitrides with the general formula of
M,..1AX,.>*! Up to now, several types of MXenes have been
successfully synthesized, and dozens more were predicted to exist
and studied in silico.">® Amongst all, TizC,T, is the easiest to
assemble and be used to fabricate multifunctional aerogels.*****®
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(a) Schematic illustration of the BDFC method used for developing radially aligned graphene-based aerogels. (b) Cross-section SEM images of the

GO-based aerogel. The widths (1) of channels increase from center to edge, representing a radially aligned structure. (c) SEM image of radially aligned GO
aerogel. (d) SEM images of GO/chitosan aerogels with either spiral or radial patterns. (a—d) Reproduced with permission.*®® Copyright 2018, American
Chemical Society. (e—g) Optical image of the architecture of the Thalia dealbata stem and corresponding biomimetic GO-based aerogel. (e and f) An
oriented lamellar layer parallel to the growth direction with interconnected bridges was observed in the optical and SEM images of the Thalia dealbata
stem. (g) The SEM image of biomimetic graphene-based aerogels showcased oriented layers and interconnected bridges similar to those of the Thalia
dealbata stem. (h) The formation of the ice crystals in the BDFC via a PDMS wedge. (i) The schematic of the as-prepared graphene aerogel in the format of

the plant stem. (e—i) Reproduced according to the terms of ACS author choice license.?*® Copyright 2017, American Chemical Society.

Distinct electrical conductivity, hydrophilic nature, and the ability
to intercalate cations and store charge led to significant interest in
exploring Ti;C,T, for EMI shielding, strain sensing, and energy
storage applications.?*”*28

Similar to graphene, MXene-based aerogels also go through
various processing steps to achieve better mechanical charac-
teristics. To date, the freeze-casting technique, along with
subsequent freeze-drying, is among the most popular

2708 | Mater. Adv, 2023, 4, 2698-2729

fabrication methods of Ti;C,T, aerogels. However, due to the
weak van der Waals forces between Ti;C,T, sheets, polymeric
binders, e.g., gelatin, cellulose, PVA, etc., are routinely added as
a chemical glue to assemble 2D nanosheets and enhance the
mechanical characteristics of the final constructs. For instance,
in a recent study, gelatin molecules were introduced as a
chemical binder to strengthen the interaction between TizC,T,
nanosheets and fabricate 3D composite aerogels of MXene with

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) The surfactant-foaming sol-gel method uses microbubble templates to fabricate uniform rGO aerogels without freeze-drying. (b) Polarized-

light optical microscope (POM) image of the foam GO solution showcasing the microbubble template. (c and d) The SEM images of graphene aerogels

demonstrate the confined rGO sheets within the template’s gaps. (e) Superior thermal stability of rGO aerogels. (a—e) Reproduced with permission.

174

Copyright 2018, American Chemical Society. (f) The GO aqueous inks were used for liquid streaming in the hexane/POSS domain. (g) Streaming GO
aqueous suspensions in hexane/POSS. (h) Digital images of GO worm-like structured liquids. The prepared structures showcased dual porosities from
(i) micro- to (j and k) macro-scales. (f-k) Reproduced according to the terms of the CC-BY license.'?* Copyright 2022, Wiley-VCH.

much enhanced yet anisotropic mechanical characteristics.
In this approach, Ti;C,T,/gelatin homogenous suspension
was cast into a rectangular aluminum-based Teflon mold and
immersed in liquid nitrogen. Ice crystals grew vertically after-
ward, compelling Ti;C,T, nanosheets and gelatin molecules to
be assembled in a parallel direction. Unidirectional freeze-
casting followed by a freeze-drying approach endowed light-
weight and highly porous Ti;C,T,/gelatin aerogel, indicating
a —59.5 dB minimum reflection loss at 14.04 GHz with a
6.24 GHz effective absorption bandwidth.?*’

© 2023 The Author(s). Published by the Royal Society of Chemistry

Scaling the unique characteristics of Ti;C,T, nanosheets to
functional aerogels without compromising electrical conductiv-
ity and/or electrochemical activities is still challenging, parti-
cularly because traditional assembly approaches of Tiz;C,T,
aerogels mainly rely on external binders, which tremendously
reduce the functionality of the final constructs. In order to
address this challenge, Ding et al.>** developed metal ion-
intercalated Ti;C,T, aerogels without polymeric binders show-
casing distinctive electrical conductivity of 758.4 S m™", a large
surface area of 140.5 m> g ', and high stability in aqueous

Mater. Adv., 2023, 4, 2698-2729 | 2709
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media. In brief, Ti;C,T, suspension was blade coated onto the
polystyrene substrate and heated up to 130 °C to form a
crumpled-texture Ti;C,T, layer. The fabricated platform was
then thoroughly loaded with Mg®" to induce the gelation of
Ti;C,T,. Mg>*/MXene hydrogels were finally freeze-dried to
fabricate biomimetic aerogels featuring the hierarchical texture
of Phrynosoma cornutum, the Texas-honored lizard (Fig. 3af).
The Mg**/MXene aerogel demonstrated outstanding EMI shield-
ing characteristics, excellent salt adsorption properties in brack-
ish water desalination, and exceptionally high aerial capacitance
in quasi-solid-state micro-supercapacitors. In another study, uni-
directional freeze-casting was used to assemble PVA and Ti;C,T,
nanosheets into biomimetic aerogels resembling the morphology
of down feathers in penguins (Fig. 3g-k). After successive oxida-
tion and calcination of pristine Ti;C,T, nanosheets, spectrally
modified Ti;C,T, were synthesized. Then PVA and Ti;C,T, were
blended and freeze-thawed three times to obtain a hydrogel. After
subsequent freeze-casting and freeze-drying, an anisotropic hier-
archical structure of horizontally aligned struts with parallel
porous alignments was assembled at an angle of ~60°. Unlike
the traditional unidirectional freeze-casting technique, this
approach used PVA as an ice-structuring binder to induce
dendritic growths of ice crystals from the main trunks. The high
viscosity of PVA/calcinated Ti;C,T, suspension and the repeated
freezing-thawing process hamper the growth of ice crystals along
the temperature gradient and facilitate the formation of trans-
verse ligaments at an angle to the main trunks. Such feather-
like micro-porous structures were used for highly efficient
solar-powered water evaporators due to their low thermal
conductivity of 0.162 W m™' K™ ' and full-spectrum sunlight
absorption of 98.5%.>"

Interfacial co-assembly and Jamming of Ti;C,T, and POSS-
NH, at the toluene/water interface is another interesting proce-
dure employed for the fabrication of functional MXene-based
aerogels.”® In this emulation system, Ti;C,T, nanosheets and
POSS-NH, form an overlapping layer of MXene nanosheets,
which offer a robust assembly with excellent mechanical proper-
ties upon jamming (Fig. 4a and b). The degree of Ti;C,T, overlap
was programmed by increasing the concentration of POSS-NH,,
leading to the tunability of the final constructs. These program-
mable structured liquids were then used as a template to
fabricate lightweight, hydrophobic, isotropic MXene aerogels
with unique mechanical and electrical characteristics. Despite
the hydrophilic nature of Ti;C,Ty, these aerogels showcased
unique hydrophobicity that stems from the presence of POSS-
NH, in the liquid template. This hydrophobicity, along with the
highly porous structures of the fabricated aerogels, made them
promising oil absorbers (Fig. 4c and d). For example, a toluene
absorption of up to 9000% is found for these constructs.
Furthermore, similar to other Ti;C,T,-based aerogels, these
interfacially driven morphologies of MXene also demonstrated
unique EMI shielding effectiveness of 34.5 dB at the thickness of
only 2 mm.>*

The metal ionic crosslinking technique is another high-
paced approach that can be utilized to generate well-patterned
Ti;C,T, hydrogels as a template for developing functional
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aerogels. Through a three-step electro-gelation process, MXene
hydrogels were formulated with spatial patterning and control-
lable resolutions down to 130 pm. First, a series of patterns
that defined the final shape of hydrogels were printed on a
circuit board. Then, copper, as a sacrificial metal, was electro-
deposited on the Au pads of circuit boards. Finally, Ti;C,T,
suspension was applied in the cell to accomplish the electro-
gelation process, which yielded pre-defined 3D assemblies of
MXene. By electrolyzing the copper, Cu®* releases and initiate
the electro-gelation process during which electrostatic interactions
occur between cations and the Ti;C,T, sheets (Fig. 4e and f). This
approach generates complex architecture that cannot achieve
through any of the methods described before (Fig. 4g). After
freeze-drying, the resultant aerogel featured a lightweight structure
with a specific surface area of 68.8 m* g~ *.>*

3.2.3. Other 2D nanomaterials for functional aerogels.
Although graphene and MXene present remarkable physiochem-
ical properties, other 2D materials have also been used as
building blocks of aerogels. Up to now, several 2D nanomaterials,
such as h-BN, molybdenum disulfide (MoS,), and tungsten
diselenide (WSe,), have been synthesized and employed for
multifunctional aerogel fabrication.>*” For instance, MoS, has
been extensively studied as a highly stable and cost-effective
nanomaterial that possesses a tunable band gap.>**2*° MosS, is
usually hybridized with other 2D nanomaterials, including GO, to
prepare functional aerogels since MoS, nanoflakes alone are
unable to form structured scaffolds with a highly effective surface
area. These MoS,/GO aerogels demonstrated unique capability
for gas sensing, thermal insulation, and energy storage.**">**
The potential of MoS,/GO hybrids was highlighted by Tang
et al.,”** where hybrid supercapacitors with complex geometries
were fabricated by 3D printing of MoS,/GO inks. The viscoelastic
characteristics and general printability of these hybrid inks
mainly relied on GO, while the addition of MoS, was introduced
as a way to improve the printing resolution and areal capacitance
of fabricated structures. Aside from MoS,/GO inks, 2D GO
nanosheets were also employed as a domain for printing other
nanomaterials, including 0D silver nanodots and 1D multi-walled
carbon nanotubes (MWCNTS). The process of ink fabrication and
3D printing for these hybrid aerogels is shown in Fig. 5a-c. In a
typical procedure, negatively charged nanoparticles, e.g., silver,
MoS,, and MWCNTs, were added to the solution of urea,
gluconic-d-lactone, and GO. Upon increasing the temperature,
mild hydrolysis of urea happened during solvent evaporation,
resulting in the gelation of the hybrid inks. It is worth noting that
the secondary nanoparticles were closely bound with micropores
of the cross-linked GO sheets upon gelation (Fig. 5d). The
prepared inks were then used for 3D printing complex and
nonplanar geometries that transformed into functional aerogels
upon freeze-drying, chemical reduction, and additional thermal
annealing.

Aerogels of 2D h-BN are known for their unique mechanical
and thermal characteristics and therefore provide potential ave-
nues for numerous applications, including thermal management
systems, gas absorption, infrared insulations, field-effect transis-
tors, photodetectors, photovoltaic modules, energy storage devices,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Schematic illustration of the scalable fabrication of crumpled-texture Mg®*/MXene platform via Mg>*-induced gelation method. The
fabricated structure resembles the texture of Phrynosoma cornutum'’s skin. (b) Digital photo of Phrynosoma cornutum. (c and d) Optical and SEM
images of micro-ornamentations of lizard's skin that can transport water. Reproduced according to the terms of the CC-BY license.?*> Copyright 2011,
Beilstein-Institute. (€) Movement of water in microchannels of Phrynosoma cornutum’s skin. (b and e) Reproduced according to the terms of the CC-BY
license.?3* Copyright 2015, The Royal Society. (f) Optical and SEM images of crumpled-texture MXene coating after thermal shrinkage. (a and f)
Reproduced with permission.?*® Copyright 2021, Wiley-VCH. (g) Schematic illustration of the multifunctional fabrication of feather-like TizC,T,/PVA
aerogels. (h) Digital image of a penguin down-feather depicting structural details in multiscale. Reproduced with permission.>** Copyright 1999,
Academic Press. (i-k) Digital and SEM images of the feather-like biomimetic aerogels of TisC,T,/PVA. (g and i-k) Reproduced with permission.?*!
Copyright 2022, Wiley-VCH.
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Fig. 4 (a) Schematic illustration of interfacial co-assembly and jamming of TizC,T, and POSS-NH, at the toluene/water interface. The prepared
structured liquids were used as a template for aerogel fabrication. (b—d) The prepared aerogels showcased exceptionally low density, hydrophilic nature
with a water contact angle of 123°, and unique oil absorption characteristics. The yellow oil phase in (d) is n-hexene dissolving azobenzene. (a—d)
Reproduced with permission.?*> Copyright 2019, Wiley-VCH. (e) Schematic of the metal ionic cross-linking technique for producing well-patterned
MXene hydrogels/aerogels. (f) The SEM image of patterned TisC,T, structure. (g) The proposed metal ionic cross-linking approach is capable of
fabricating complex geometries, which are hard to achieve through other processing techniques. (e—g) Reproduced with permission.?*® Copyright 2021,
Wiley-VCH.

and catalysts.>*>>® For instance, Xu et al.*** developed double- graphene-based aerogels with hyperbolic architecture via a
negative-index h-BN/graphene ceramic aerogels for thermal modified hydrothermal reduction and noncontact freeze-
superinsulation under extreme conditions with ultra-low den- drying approach as a template. The attained porous aerogels
sity down to ~0.1 mg cm * (Fig. 5€). In brief, they fabricated were then used as templates to obtain h-BN aerogels through
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Fig. 5 (a) Schematic illustration of ink fabrication and 3D printing of mixed-dimensional hybrid inks. (b) Optical image of a 3D-printed aerogel of GO with

a toothed gear pattern. (c) A nonplanar geometry is prepared by printing MoS,/GO hybrid ink. (d) The transmission electron microscopy (TEM) confirmed
the bounding of MoS, in the cross-linked GO nanosheets. (a—d) Reproduced with permission.?** Copyright 2018, American Chemical Society. (e) The
optical image of ultra-light h-BN aerogel resting on the stamen of a flower. (f) Schematic illustration of ultra-light h-BN aerogel fabrication through
chemical vapor deposition of borazine on graphene aerogel template followed by thermal etching of graphene skeleton. (g and h) SEM images of the
corresponding aerogel demonstrate (g) the double-pane wall structure caused by the thermal etching of graphene templates and (h) the microstructure
of the h-BN aerogel. (e—h) Reproduced with permission.?>* Copyright 2019, The American Association for the Advancement of Science.

chemical vapor deposition of borazine. Borazine was first self-
condensed into polyborazylene and then polymerized into amor-
phous BN coating on a graphene aerogel template via dehydro-
genation at 500 °C. Upon further annealing at 1500 °C, the
amorphous BN crystalized into the highly ordered h-BN. Finally,
the hybrid was annealed in air at 600 °C to etch the graphene
template (Fig. 5f). Thermal etching of graphene templates formed
a double-pane wall structure for h-BN aerogels. Benefiting from

© 2023 The Author(s). Published by the Royal Society of Chemistry

the high bending stiffness of h-BN, the face-to-face collapse of
these constructs was prevented, and the average gap size between
the double-pane walls was controlled from a few to tens of
nanometers (Fig. 5¢ and h). The corresponding h-BN aerogels
exhibited exceptional mechanical and thermal characteristics
with a negative Poisson’s ratio of —0.25 and a negative linear
thermal expansion coefficient of —1.8 x 10~ °® °C. Furthermore,
an elasticity of up to 95%, near-zero strength loss after sharp
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thermal shocks, and ultra-low thermal conductivity in the
vacuum of ~20 mW m™ "' K ' were observed for this class of
ceramic aerogels.

4. The marriage of 2D nanomaterial-
based aerogels and PCMs

Encapsulating PCMs into multiscale supporting materials, also
known as PCM confinement, revolutionized the development of
multifunctional yet shape-stabilized thermal management
systems.®*%42°> Depending on the dimensions of the support-
ing materials, confinement strategies are categorized into four
subclasses, including core-shell (0D), longitudinal (1D), inter-
face (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 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.®® Aerogel confinement is proven to
be one of the most effective ways to control the leakage of PCMs.%
Besides, composite PCMs can inherit the inherent characteristics
of their host and gain a second functionality (see Table 3 and the
corresponding discussions in Sections 4-1 to 4-3). For example,
composite PCMs of graphene or MXene can simultaneously show-
case high electrical conductivity and unique thermal management
characteristics, opening up numerous applications ranging from
thermal management to EMI shielding.***>*°

4.1. Graphene-based composite PCMs

Graphene-based aerogels, widely considered supporting materials,
are a milestone in versatile advanced multifunctional composite
PCMs with a higher thermal conductivity than pure PCMs. For
example, Ye et al”®" developed core-shell-like structured gra-
phene/paraffin composite PCMs through a modified hydrothermal
method. First, cyclohexane as a paraffin solvent was mixed to GO
aqueous suspension to form a stable and homogenous graphene/
paraffin emulsion. Next, graphene gels with micron-sized cyclo-
hexane/paraffin droplet fillings were obtained after sequentially
sealing the emulsion in Teflon autoclaves and heating it to
160 °C. The graphene-wrapped-cyclohexane hydrogels were then
immersed in deionized water to remove the paraffin solvent and
freeze-dried to fabricate a shape-stable composite PCM. The
resultant composites are considered promising candidates for
thermal energy storage systems, presenting an increase of 32%
over the thermal conductivity of pure paraffin with a high
paraffin encapsulation of 97 wt%, high enthalpy of 202.2 J g7,
and freezing enthalpy of 213 J g~ .

In another study, Wang et al.>® introduced a programmable
method to shape graphene/paraffin composites efficiently. In
this regard, the ink-jetting coupled with liquid marbling and
supercritical fluid drying approaches were used to develop
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monodispersed graphene beads (Fig. 6a). Initially, uniform
sol-gel droplets of GO/vitamin C with a narrow size distribution
were fabricated through ink-jetting. Liquid marbling technology
was then used to suppress the amalgamation and collision of
the graphene-based droplets. Finally, the aerogel beads were
prepared through CO, supercritical drying. A novel graphene-
based composite PCM was obtained by capillary filling the
aerogel beads with paraffin. The crystallinity, high latent heat,
and high stability of PCMs were well maintained through these
structures due to the existence of micro/nanopore channels of
microsphere aerogels (Fig. 6b and c).

Interestingly, these micro-sphere composite PCMs were
adopted into micro-circuits and were used as ultra-sensitive heat
sensors with a detection limit of as low as 0.027 J. In a similar
study, GO aerogel beads were developed through wet-spinning self-
assembly of GO suspension into a coagulation bath containing
1 wt% polyethyleneimine (PEI) aqueous solution. The obtained
graphene-based aerogel provided capillary forces and infiltration
pathways for the impregnation of 1-tetradecanol (1-TD), i.e., che-
mically pure paraffin. GO droplets were formed by extruding GO
aqueous slurry via a syringe needle into a coagulation bath
(Fig. 6d). The fabricated wet beads were then rinsed with deionized
water, freeze-dried, and annealed at 110 °C to acquire reduced
graphene beads (Fig. 6e and f). Finally, a composite PCM with a
high latent heat of 232.2 J g~ " was achieved by soaking the reduced
aerogels in 1-TD. The thermal responsive tests of these composite
PCMs before and after reduction are presented in Fig. 6g.>%

Typically, the thermal conductivity of composite PCMs is
expected to be amplified due to the PCM confinement. However,
the considerable interfacial thermal resistance between graphene-
based aerogels and PCMs can adversely affect the thermal con-
ductivity of composite PCMs. In order to address this challenge,
Mu and Li*** fabricated surface-modified graphene-based aerogels
to diminish the interfacial thermal resistance between aerogels
and PCMs. After adding vitamin C and/or EDA to the GO aqueous
solution, a hydrogel was attained and freeze-dried to fabricate
surface-modified graphene aerogel. Then, functionalized compo-
site PCMs were obtained by infiltrating TD into the graphene/EDA
and graphene/vitamin C interconnected network. Due to the
uniform distribution of TD, the fabricated composite PCMs
showcased unique stability with minimum PCM leakage.

High-temperature thermal annealing is another versatile
approach to enhance the thermal conductivity of graphene-
based composite PCMs without compromising the aerogels’
features. For instance, Yang et al.®* developed a densely packed
graphene aerogel by freeze-drying the molded GO paste with
various architectures and annealing at 2800 °C. The fabricated
aerogels were then infiltrated with 1-octadecanol (1-OC) to obtain
shape-stable composite PCMs, even under simultaneous compres-
sive force and thermal heating at 70 °C. Compared to the pristine
PCM, the thermal conductivity and the latent heat of the as-made
composite PCM enhanced up to 428 W m™ ' K~ ' (1760% higher
than that of pure 1-OC) and ~225 J g™, respectively.

Despite the progress discussed earlier with regard to
graphene-based composite PCMs, their rigidity still hinders
their potential for use in the thermal management of smart

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Rinsing
Drying

6 min 11 min

(a) Schematic illustration of monodispersed graphene beads fabrication through ink-jetting coupled with liquid marbling and supercritical fluid

drying. (b and ¢) SEM images of the fabricated (b) graphene-based aerogel microspheres and (c) the corresponding graphene/paraffin composites. (a—c)
Reproduced with permission.2%? Copyright 2017, American Chemical Society (d) Schematic illustration of GO/1-TD composite PCM fabrication. (e and f)
SEM images of (e) neat graphene beads and (f) the corresponding GO/1-TD composite PCMs. (g) Infrared thermal images of PDMS, 1-TD in PDMS, 1-TD/
graphite in PDMS, 1-TD/GO, and 1-TD/rGO were placed on a hot plate. (d—g) Reproduced with permission %3 Copyright 2019, American Chemical

Society.

flexible devices. To address this challenge, Sun et al.’® have
developed a novel flexible graphene/polyvinylidene fluoride-
hexafluoropropylene (PVDF-HFP) aerogel-based composite
phase change film. By introducing PVDF-HFP, the porous
framework of graphene aerogel is strengthened, resulting in a
superior flexible aerogel. Paraffin wax was impregnated into the
supporting matrix to obtain the final phase change composite
aerogels. The developed composite exhibited excellent thermal
properties, long-term cycle stability, advanced flexibility, and
outstanding solar-thermal conversion ability. The phase change
enthalpy of this composite PCM reached 154.64 ] g ' and
remained stable even after 500 heating-cooling cycles. The
solar-thermal conversion efficiency of the developed composite
PCMs was evaluated to be 95.98%, indicating a superior ability
to convert solar energy into thermal energy. Interestingly, this

2718 | Mater. Adv., 2023, 4, 2698-2729

flexible graphene-based composite PCM was attached to a
human model to demonstrate its advanced performance of
wearable thermal management. Moreover, the excellent thermal
energy storage capacity and solar-thermal conversion ability
enable the graphene-based composite PCM to capture thermal
heat from diverse energy sources. Therefore, this composite
PCM has promising potential for broadening the application
scenarios of advanced thermal energy management, not only for
the intelligent temperature control equipment of the human
body, but also for the thermal management of other compli-
cated surfaces on controlled devices.

Shi et al.'® also researched the development of mechanically
robust and foldable graphene-based composite PCMs. To this end,
the authors synthesized polyimide/graphene/Fe;O, hybrid aerogel
films through a series of steps, including pre-polymerization, film

© 2023 The Author(s). Published by the Royal Society of Chemistry
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casting, freeze-drying, and thermal imidization. Subsequently, the
researchers impregnated the aerogel framework with PEG as a PCM
under a vacuum condition. The resulting hybrid aerogel films
possessed ultra-light, foldable, and flexible characteristics. Further-
more, the hybrid aerogel films exhibited a high PEG loading of
nearly 90 wt% due to their macroporous structure and large pore
volume. The resultant hybrid aerogel/PEG composite films pos-
sessed good thermal management capability to regulate tempera-
ture through thermal energy absorption and release under a latent-
heat capacity of over 158 J g . More importantly, the multifunc-
tional composite films displayed a wideband absorption capability
at 7.0-16.5 GHz and a minimum reflection loss of —38.5 dB,
resulting in excellent EM and infrared bi-stealth performance
through the effective wideband microwave absorption of gra-
phene/Fe;0, component and the thermal buffer of PEG.

4.2. MXene-based composite PCMs

MXene-based aerogels are fascinating supports for composite
PCMs due to their exceptional electrical conductivity, high
photothermal energy conversion efficiency, and acceptable
thermal conductivity.®>*®>?¢ Lin et al.>®” introduced a sustain-
able and environmentally friendly fabrication strategy to estab-
lish MXene-based composite PCMs for solar-thermal energy
management. In this work, MXene skeleton is considered a
photothermal agent with high extinction coefficients in the
ultraviolet-visible-near-infrared (UV-Vis-NIR) region, while PEG
with high affinity to Ti;C,T, acts as a medium for thermal
energy storage. The homogeneous Ti;C,T,/PEG dispersion was
obtained by stirring, sealing, and heating the mixture of the
PEG solution and Tiz;C,T, colloid. Upon one-step freeze-drying,
a binary Ti;C,T,-based composite PCM was fabricated, posses-
sing a density of 30 mg cm™® and a solar-thermal conversion
efficiency of 92.5%.

In another study, Du et al.*®® fabricated a novel biomass-
derived composite PCM by impregnating sugar alcohol PCMs
into MXene/CNFs aerogels. Selectively etching an aluminum
layer of Ti;AlC, followed by self-polymerization of dopamine on
TizC, T, resulted in synthesizing 2D-layered polymerized dopamine-
decorated nanosheets. A porous network was produced by sequen-
tial cation-induced gelation of the MXene/CNFs suspension
and subsequent freeze-drying of the obtained hydrogel. The
consequent aerogel loaded with erythritol, i.e., sugar alcohol
PCMs, to achieve a form-stable composite PCM offering solar-
thermal-electricity conversion capacity with a maximum output
voltage of 0.63 V. MXene-based composite PCMs were also used
for solar-driven seawater desalination. First, as a water-soluble
polyimide precursor, poly(amic acid) ammonium salt (PAAS)
was synthesized through a polycondensation reaction. Then, by
successive chemical reduction, freeze-drying, and thermal
annealing, MXene/polyimide aerogels were fabricated and
loaded with a high content of PEG, i.e., up to 97.68 wt%. The
as-fabricated composite PCMs exhibited a high enthalpy effi-
ciency of up to 95.16%, an exceptional seawater evaporation
mass of 6.07 kg m ™2, a high evaporation rate of 1.24 kgm > h™"
under one-sun illumination, and a high evaporation efficiency
of 50.6%.>%

© 2023 The Author(s). Published by the Royal Society of Chemistry
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A flame-retardant MXene-based composite PCM with high
thermal stability was designed based on the chemical modifi-
cation of stearyl alcohol (SAL) with a phosphorus-containing
molecule. In this strategy, the MXene-based supporting skeleton
was fabricated by freeze-casting and subsequent freeze-drying of
Ti;C,T, suspensions. The flame-retardant composite PCMs were
then made by a facile vacuum impregnation into the Ti;C,T,
aerogels to hinder the PCM leakage. These flame-retardant and
form-stable composite PCMs with a high thermal conductivity
of 0.486 W m™~ ' K™' PCM can potentially be used for solar
energy storage applications.”®®

In another study, Cao et al."®" developed a multifunctional
MZXene-based composite PCM that exhibits excellent EMI
shielding and efficient thermal energy management capabilities.
This was achieved through the hybridization of cellulose nano-
crystal/konjac glucomannan with intrinsically conductive TizC,T,
nanosheets, followed by freeze-drying and thermal annealing.
The resulting aerogels were then filled with paraffin wax using a
vacuum impregnation method, which produced the aerogel-
based phase change composites. The fabricated constructs exhib-
ited notable reusable stabilities, excellent EMI shielding proper-
ties, and efficient thermal energy management capacities. For
instance, the composite containing 2.3 wt% of Ti;C,T, demon-
strated exceptional solar-thermal and electro-thermal conversion
capabilities. Additionally, the EMI shielding effectiveness value
was recorded at 45.0 dB (blocking more than 99.99% of unwanted
electromagnetic noises), with a corresponding melting enthalpy
value of 215.7 J g~ " (relative enthalpy efficiency of 99.9%). These
findings suggest that the fabricated composite PCMs hold great
potential for packaging sensitive electronics in the field of
military and medical applications, due to their outstanding
EMI shielding and advanced thermal energy management
capabilities.?”**”*

MXene-based composite PCMs have also been used as a
promising solution for dual-camouflage under infrared/visible
bands. To this end, Li et al.?”* have fabricated a trilayer composite
that integrates key features such as thermal insulation, heat
absorption, solar/electro-thermal conversions, and thermochro-
mism. This innovative composite consists of an anisotropic
Ti;C,T,/rGO hybrid aerogel, with n-octadecane PCM at the bot-
tom and a thermochromic coating on the upper surface. By
leveraging the heat insulation of the porous aerogel and the heat
absorption capabilities of the PCM, the composite significantly
minimizes the temperature difference between the human target
and its surroundings to 0.9 °C, providing infrared-stealth ability
in low-temperature environments such as jungles and night
conditions. Furthermore, it can conceal low-temperature object
signals in the infrared image of high-temperature backgrounds
and can be molded into a fake humanoid target with presup-
posed infrared characteristics to interfere with infrared detection.
In addition, the composite adapts to varying environments by
spontaneously increasing its surface temperature via solar-
thermal conversion to around 50 °C, thus altering its color from
green to yellow in 30 seconds to match the ambient infrared
characteristic and blend with the surrounding sandy color. This
versatile and environmentally adaptable camouflage design holds

Mater. Adv., 2023, 4, 2698-2729 | 2719
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great promise for applications in daily thermal management and
military protection.

In another intriguing study inspired by the smart thermal
management of antifreeze beetles, Ji et al.>”* devised composite
PCM films by impregnating paraffin in a surface-modified
MXene/bacterial-cellulose aerogel (Fig. 7). Antifreeze beetles
have been blessed with a synergistic thermal regulation stemming
from the light absorption of the black surfaces and the proteins’
energy storage capability. In order to mimic this thermal

a

MXene/Bacterial-
Cellulose Sol

MXene/Bacterial-
Cellulose Aerogel

Deionized Water
Bacterial Cellulose

::-" MXene Sheet

Sunlight Irradiatio
Without Sunlight

Fig. 7

View Article Online
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management behavior of antifreeze beetles, MXene/bacterial-
cellulose hybrid aerogels were fabricated by freeze-drying the
suspension of the exfoliated Ti;C,T, and bacterial-cellulose. The
surface of the prepared aerogels was then modified through
hydrophobic groups via chemical vapor deposition of methyltri-
methoxysilane (MTMS). This surface modification approach not
only strengthened the interaction between aerogel and PCMs but
also prevented the leakage of liquid paraffin. Through forging and
vacuum impregnation of PCMs into hydrophobic MXene-based

Surface-Modified
MXene/Bacterial-
Cellulose Aerogel

MXene/Bacterial-Cellulose
Composite PCM

Paraffin

(a) The preparation process of a surface-modified MXene/bacterial-cellulose aerogel-based composite PCM. (b—d) SEM images of (b) MXene/

bacterial-cellulose aerogel, (c) the corresponding composite PCM, and (d) surface-modified MXene/bacterial-cellulose aerogel-based composite PCM.
(e) Antifreeze beetles absorb sunlight energy through black spots and antifreeze proteins on their skins. This thermal energy will be released at night or in
cold weather. Reproduced according to the terms of the Creative Commons CC-BY-NC-ND license.?”* Copyright 2022, Elsevier.
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supports, the MXene/bacterial-cellulose composite PCMs with
super-lipophilic features were achieved. Finally, composite PCMs
were compressed by a 5 kg weight to attain compact and laminated
structures. Interestingly, the photothermal conversion of MXenes
mimicked the black surface of beetles, while thermal storage
through crystallization of PCMs resembled the energy storage of
antifreeze proteins, resulting in bio-inspired thermal management
systems.

4.3. Other 2D materials composite PCMs

Although a rapid heat transfer throughout composite PCMs is
accomplished by adopting a highly thermally conductive net-
work of either graphene-based or MXene-based aerogels, this
concept could be applicable to aerogel-based composite PCMs
of other 2D materials. The h-BN, so-called “white graphite”,
with a similar structure to graphite, states high thermal con-
ductivity, excellent electrical insulation properties, high thermal
stability, and oxidation resistance, and therefore, has been used
for developing advanced composite PCMs.>”*>”® For instance, a
functionalized h-BN/CNFs composite PCM was reported to have
4.5 times higher thermal diffusivity than a pristine PEG, a high
phase change enthalpy of 150.1 J g ', and excellent shape
stability. In this work, an in-situ process was employed to
functionalize h-BN nanosheets with hydroxyl and amino groups
through ball-milling a mixture of r-gluutamine and h-BN for
24 h. The r-gluutamine-grafted h-BN/CNFs hydrogel was then
formed by adding CNFs as the cross-linking agent to the
suspension. The as-prepared hydrogel was freeze-dried to con-
struct a robust and porous aerogel, which was then applied as a
PEG 1500 confinement.>*°

The integration of h-BN composite PCMs with solar-
thermoelectric generators was used to develop long-lasting
energy generation systems for storing and converting clean
solar energy. In this regard, a biomimetic aerogel of h-BN/GO,
resembling the water-transportation microstructure of elaborate
conifer trees, was designed through BDFC and used as a
supporting skeleton for composite PCMs (Fig. 8a-f). The
vacuum impregnation of 88.35 wt% PEG into these centrosym-
metric and radially aligned aerogels led to the formation of
high-performance composite PCMs for durable and real-
environment solar-to-thermal/electric conversion with an effective
photothermal energy conversion of ~ 85.1%, an enhanced thermal
conductivity of 880% over the thermal conductivity of pure PEG,
and a high peak power density of 40.28 W m?>.*%!

Du et al.>® also focused on degradable composite aerogels
of h-BN as a substrate for stabilizing PCMs. The h-BN/chitosan
suspensions were prepared by dispersing h-BN nanosheets in
chitosan/acetic acid solution and poured into a Teflon mold.
The resulting suspension was then freeze-dried to achieve a 3D
aerogel framework with a well-preserved micro-structure. These
aerogel templates were finally submerged into liquid paraffin
to fabricate a thermally conductive h-BN/chitosan composite
PCM. Since paraffin was impregnated into the aerogels by
capillary forces and surface tensions, the resulting form-stable
composite PCMs presented exceptionally stable thermo-physical

© 2023 The Author(s). Published by the Royal Society of Chemistry
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characteristics, e.g., latent heat of 118.4 J g~" and thermal
conductivity of .14 Wm ' K.

In the context of cost-effective energy storage systems, MoS,
is also becoming popular for aerogel-based composite PCMs
due to its abundant resources and facile extraction. Besides,
MoS, has significant solar absorbance in the infrared region
owing to its high broadband antireflective characteristics.**?
For instance, self-assembled 3D flower-like structures of MoS,
nanosheets were reported to enhance the light-to-thermal con-
version efficiency of 1-OC up to 85.5%.>%*

In an intriguing study, Gue et al.*®® designed a bilayer aerogel
system composed of MoS, and montmorillonite (MMT) inte-
grated with PCMs for efficient solar energy harvesting and fresh-
water desalination. This system had two parts: (1) a bottom layer
of MMT aerogel for water supply and thermal insulation, and (2)
an upper layer of MoS, and paraffin/SiO, aerogel-based phase
change microcapsules for solar energy harvesting, storage, and
steam generation (Fig. 8g-1). The composite PCMs have a latent
heat of 177.85 ] g, allowing the system to store solar thermal
energy during illumination and release heat for continuous
seawater desalination during darkness. The results showed that
the MoS,/MMT solar evaporator realized a water evaporation rate
of 1.32 kg m> h™" and an evaporation efficiency of 86.22%
under a light intensity of 1 kW m™>. Even when there was no
sunlight, the evaporation rate and efficiency were still as high as
0.71 kg m~> h™" and 44.36% after 20 minutes of running.

Phosphorene (PR) nanoflakes are among other 2D nano-
materials used in developing high-performance aerogel-based
composite PCMs. What sets PR nanoflakes apart is their unique
properties, including a tunable bandgap, high charge mobility,
and excellent biocompatibility.>***® Their anisotropic orthor-
hombic structure means that they are ductile along one of the
in-plane crystal directions but stiff along the other.’®*%® This
property gives them unusual mechanical, electronic, optical, and
transport properties that reflect the anisotropy of the lattice. PR
nanoflakes also exhibit superior photothermal conversion effi-
ciency near-infrared light, rendering them very promising for
photothermal utilization. Therefore, incorporating PR nanoflakes
into aerogel-based composite PCMs can enhance the mechanical
performance of the hybrid aerogel through a nanoscale reinfor-
cement effect, as well as promote external heat transfer through
enhanced infrared photothermal conversion from a high-
temperature target. To this end, Shi et al>® developed flexible
and foldable composite films based on polyimide/PR hybrid
aerogel and PCMs for infrared stealth and thermal camouflage
applications. The composite films were obtained by fabricating a
polyimide/PR hybrid aerogel through prepolymerization, film cast-
ing, freeze-drying, and thermal imidization, followed by vacuum
impregnation of PEG as a PCM into the aerogel framework. The
combination of polyimide and PR nanoflakes endows the hybrid
aerogels an effective enhancement in mechanical properties, near
infrared absorption, and infrared photothermal conversion. The
resultant composite films not only present prominent tensile and
fatigue-resistant performance but also exhibit good thermal reg-
ulation capability with a high latent-heat capacity of over 150 J g~ .
Moreover, the composite films demonstrate good infrared stealth

Mater. Adv., 2023, 4, 2698-2729 | 2721
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(a) Schematic illustration of BDFC approach for preparing bioinspired h-BN/GO aerogel. (b) Vertically and (c) radially aligned channels of the water

transportation system within towering confiner trees. (d) Optical images of h-BN/GO aerogel. (e) Cross-sectional morphology of the corresponding
aerogel. (f) Schematic and SEM images of the cross-sectional and longitudinal section of the h-BN/GO scaffold before and after PCM impregnation. (a—f)
Reproduced with permission.?8* Copyright 2020, American Chemical Society. (g—i) Optical images of bilayer aerogel systems. (j—1) SEM images of (j) MoS,
and (k) paraffin/SiO, aerogel-based phase change microcapsules and (I) MMT aerogels. (g—1) Reproduced with permission.?®> Copyright 2022, Elsevier.

and thermal camouflage performance on high-temperature targets
through effective thermal buffer and insulation.

Zheng et al.>®” also developed composites of PCMs and PR
nanosheets for efficient solar energy capture and photothermal
conversion. The composite was basically made of polyimide/PR
hybrid aerogels and PEG as the PCM. The synthesis involved
the fabrication of a series of hybrid aerogels by incorporating
different loadings of PR nanosheets into polyimide using freeze-
drying and thermal imidization techniques. The resulting
hybrid aerogels were then impregnated with PEG through

2722 | Mater. Adv., 2023, 4, 2698-2729

vacuum impregnation to create the composite PCMs. The
introduction of PR nanosheets increased the volume capacity
of the hybrid aerogels, leading to a remarkable improvement in
the loading amount of PEG. Interestingly, the hybrid aerogels
displayed a lightweight nature with a density of 21.9 mg cm™*
when 16 wt% of PR nanosheets were incorporated. This resulted
in an extremely high PEG loading of 4067% in the aerogel
system. Additionally, the incorporation of PR nanosheets into
the polyimide matrix enhanced solar light absorption and
photothermal energy conversion for the hybrid aerogel/PEG

© 2023 The Author(s). Published by the Royal Society of Chemistry
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composites. The resulting hybrid aerogel/PEG composites
exhibited a high latent-heat capacity of over 170 J g " and a
high photothermal conversion efficiency of 82.5%. Moreover,
the composites demonstrated good thermal impact resistance
by retaining their original shape and form even after heating at
80 °C for 20 min. Furthermore, the composite PCMs maintained
high thermal cycle stability after thermal cycling 500 times.

5. Current challenges and future
prospects

The future of aerogel-based composite PCMs seems to be bound-
less in thermal management systems, mainly due to their form
stability and enhanced thermal conductivity compared to pure
PCMs. These unique characteristics of composite PCMs are influ-
enced by their supporting scaffolds. In this regard, we have
reviewed various methods for aerogel fabrication, including drying
approaches and pre-treatment methods, as well as advances in 2D
nanomaterial-based aerogels and their potential uses in composite
PCMs. Additionally, we have discussed the versatile advances
proposed in 2D nanomaterial aerogel-based composite PCMs,
specifically focusing on the type and functionality of the scaffolds.

Despite these advancements, large-scale fabrication of aero-
gels yet remains a challenge for practical applications in both
industrial and domestic settings. The study presented by Yang
et al'™ on scalable fabrication (~1 m?®) of structure-intact
graphene-based aerogels through simple freezing and air-drying
of chemically reduced foam-like GO suspension has the potential
to address this challenge. However, such a scalable process is yet
to be explored for cost-effective aerogel-based composite PCMs.
On the other hand, mechanical robustness and flexibility are
among the other core challenges of aerogel-based composite
PCMs. Up to now, the research on flexible and foldable composite
PCMs has been limited, with only a few studies, such as Sun
et al.”® (flexible graphene/PVDFHFP aerogel-based composite
PCMs) and Shi et al.>® (flexible and foldable polyimide/PR hybrid
aerogel-based composite PCMs), attempting to address the chal-
lenges in this area. As such, there is a significant need for further
exploration of flexible and foldable composite PCMs, as they
represent an important research topic in this field. All in all, if
composite PCMs become flexible, a myriad of applications, from
wearable heat sensors to thermal resistance clothing, can be
added to PCM-based thermal management systems.

Expanding the range of applications for aerogel-based com-
posite PCMs is an area that requires further research. Cur-
rently, most studies on these materials focus primarily on
thermal management systems and related topics, such as solar
desalination and photo-thermal energy conversion. However,
the functionality of the aerogel-based scaffolds is not fully
adopted in composite PCMs. The study by Zhao et al.,>** which
used aerogel-based composite PCMs of graphene for thermal
management and heat sensing, is one of the rare examples of
utilizing the functionality of aerogel-based scaffolds in the final
composite PCMs. In this regard, we can also refer to the work of
Shi et al.,'°° where a polyimide/graphene/Fe;0, hybrid aerogel
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was used as a skeleton to produce multifunctional composite
PCMs with simultaneous EMI and infrared shielding capabil-
ities. All in all, we expect that future studies will follow a similar
trend to take advantage of the inherent functionalities of
aerogel skeletons and achieve multi-responsive and multifunc-
tional composite PCMs with novel characteristics.

Last but not least, there is no in-depth comparative investi-
gation on the phase transition enthalpy, specific heat, expansion
coefficient, and energy storage capacity of various 2D aerogel-
based composite PCMs. Such a perspective regarding these heat
transfer mechanisms is crucial to select the best candidate for the
large-scale fabrication of composite PCMs. Additionally, it is
important to investigate the pros and cons of various 2D aerogel
scaffolds before using them for composite PCMs. For example,
MXenes showcase great excellent water processability, electrical
conductivity, and thermal characteristics, which are necessary for
developing multifunctional thermal management composites.
However, this class of 2D nanomaterials is susceptible to oxidation
and thermal degradations.*®® Therefore, it is necessary to investi-
gate the long-term effects of these shortcomings on the overall
performance of MXene-based composite PCMs to ensure their
suitability for practical applications.
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