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functions, such as acoustic—thermal and solar—thermal—electricity energy conversion
strategies, mechanical flexibility, flame retardancy, shape memory, intelligent grippers,
and thermal infrared stealth. Emphasis is also given to the versatile roles of different
aerogels in composite PCMs and the relationships between their architectures and thermophysical properties. This review also
showcases the discovery of an interdisciplinary research field combining aerogels and 3D printing technology, which will
contribute to pioneering cutting-edge PCMs. This review aims to arouse wider research interests among interdisciplinary fields
and provide insightful guidance for the rational design of advanced multifunctional aerogel-based composite PCMs, thus

facilitating the significant breakthroughs in both fundamental research and commercial applications.
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1. INTRODUCTION 2,3

Human development is dependent on fossil energy, resulting in
climate change and energy shortages, which are already global

morphology.”” Benefiting from ultralow density, ultrahigh

porosity and specific surface area, excellent mass transfer
properties, and ultralow thermal conductivity, aerogels show

problems for humankind. Therefore, it is imperative to develop
clean, low-cost, and sustainable energy. Thermal energy
storage (TES) is one of the key technologies to support the
large-scale development of renewable energy. Rapid latent heat
energy storage technology advancements have imposed
stringent energy efficiency requirements on next-generation
shape-stabilized composite phase change materials (PCMs)."
Maximizing the energy storage efficiency of shape-stabilized
composite PCMs is highly dependent on the structure and
properties of the supporting materials. Compared to other
composite PCMs, aerogel-based PCMs TES is accepted as a
cutting-edge concept, enabling the advanced functionality of
PCMs.

Aerogels are a class of continuous three-dimensional (3D)
porous networked solid materials. Aerogels create a family of
solid materials toward versatile application prospects by
integrating the attributes of separated solids with macroscopic
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great promise in numerous fields, such as high adsorption,”
thermal insulation,” sensors,’ and energy storage.” Aerogels
have attracted increasing interest from academia and industry
over the past 20 years. With the dramatically increased thermal
energy storage demand in recent years, aerogels have been
considered promising alternatives to efficiently encapsulate
PCMs and rationalize phase transformation behavior.”~'' The
marriage of versatile aerogels and PCMs is a milestone in
pioneering advanced multifunctional composite PCMs.
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PCMs are functional energy storage materials that achieve
reversible storage and release of thermal energy through phase
change process and are widely used in thermal energy storage,
thermal energy management, and solar energy utilization. The
liquid phase leakage of pristine PCMs is a long-standing
bottleneck in both industrial and domestic application
scenarios. Therefore, infiltrating PCMs into supporting
materials to prepare shape-stabilized composite PCMs is a
feasible solution, which has become a hot research topic in
recent years.l’lz_14 Notably, it is still challenging to balance
between shape stability and energy storage density in the
shape-stabilized composite PCMs, as the introduced support-
ing materials are inactive materials without energy storage
capacity. Aerogels are considered to be ideal supporting
materials to efficiently encapsulate PCMs to prevent leakage
for PCMs due to strong capillary forces and surface
tension.'>'® Benefiting from their ultralight weight, ultrahigh
specific surface area, and porosity, the maximum loading of
PCMs can be achieved i 1n aerogels, thus maintaining ultrahigh
energy storage density."” More attractively, versatile aerogels
can also ameliorate the inherent defects of PCMs, and another
advantage is that aerogels impart fascinating properties and
advanced multiple functions to PCMs. Specifically, (1) the
inherent low thermal conductivity of PCMs limits the heat
charging/discharging rates.'®"’ Designing 3D structural highly
thermally conductive nanofillers is advantageous to reduce the
contact thermal resistance between nanofillers.”’~** Emerging
aerogels with high 3D thermally conductive networks can
significantly improve the thermal conductivity of PCMs with
little sacrifice in energy storage density. (2) Equally important,
the reduction of the thermal conductivity of PCMs plays an
important role in thermal protection.”” Integrating aerogels
with low 3D thermally conductive networks with PCMs can
design satisfactory thermal protection products. (3) It is
imperative to develop multiresponse thermal energy capture
and storage systems, including solar energy, electric energy,
magnetic energy, and acoustic energy.%25 However, pristine
PCMs are not conducive to converting these into thermal
energy due to inferior solar-trapping capacity, electrical
conductivity, and magnetic permeability.”" " Integrating
PCM:s into functional aerogels can respond to multiple energy
sources quickly. (4) Interestingly, the ingenious integration of
PCMs and aerogels accelerates the development of advanced
multifunctional composite PCMs, such as mechanical flexi-
bility, shape memory, thermal infrared stealth, and flame
retardancy.”’ 7> These advanced functions provide an
innovative application platform, such as wearable thermal
management, thermoregulating textiles, and intelligent grip-
pers.

To date, many reviews on the application of aerogels for
adsorption, battery storage, and sensing are available, and
many reviews have also been published on nanoporous
supporting materials for the performance enhancement of
PCMs, especially various carbon materials. However, a timely
and comprehensive review of aerogel frameworks for shape
stabilization of PCMs is still lacking, especially focusing on the
relationships between the structures of aerogels and the
thermophysical performances of composite PCMs. Herein, we
provide a timely and comprehensive review highlighting the
state-of-the-art advances of aerogel-based composite PCMs.
This review retrospectively describes the fundamental develop-
ment of versatile aerogels, focusing on the relationships
between the physical properties of aerogels and the

thermophysical properties of PCMs. This review highlights
energy conversion pathways of PCMs responding to multiple
energy sources (such as solar energy, electric energy, magnetic
energy, and acoustic energy) to harvest thermal energy. In
particular, we emphasize the direct power generation energy
conversion pathways based on PCMs using solar energy, which
is a breakthrough for solar energy utilization. This review also
provides particular emphasis on state-of-the-art advances in
advanced cutting-edge multifunctional aerogel-based compo-
site PCMs, such as flexible PCMs, thermal infrared stealth,
shape memory, and intelligent grippers (Figure 1). The review
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Figure 1. Layout structure of this review. Highlighting main
advanced multifunctional applications of various aerogel-based
composite PCMs.

also showcases the discovery in interdisciplinary research fields
combining aerogels and 3D printing technology, which will
serve well to pioneer cutting-edge PCMs. Finally, we introduce
critical considerations on the opportunities and challenges in
the development of advanced high-performance and multi-
functional aerogel-based composite PCMs, hoping to provide
constructive references for the rational design of advanced
multifunctional PCMs and facilitate their significant break-
throughs in both fundamental research and commercial
applications.

2. OVERVIEW OF PCMs AND AEROGELS
2.1. Overview of PCMs. 2.1.1. Classification of PCMs.

Phase change materials can absorb and release large amounts
of latent heat during the reversible isothermal phase change
process.”*"** PCMs are divided into solid—gas PCMs, liquid—
gas PCMs, solid—solid PCMs, and solid—liquid PCMs based
on phase transition. Comparatively, solid—liquid PCMs are
more practical in TES systems due to their relatively high
latent heat and small volume change (approximately 10% or
less), stable phase change temperature, and ease of
control.**~*" Furthermore, solid—liquid PCMs are divided
into inorganic PCMs, organic PCMs and eutectic PCMs.
Organic PCMs exhibit small supercooling degree, noncorrosive
and no phase separation, including paraffins, alcohols, and fatty
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acids. Inorganic PCMs exhibit high latent heat and relatively
high thermal conductivity (0.40—0.70 W/m'K), including
hydrated salts, salts or metals. The irreversible salts binding
lower hydration numbers emerge due to the inconsistent
melting of salt hydrates. Their large phase separation and
supercooling degree seriously hinder the far-ranging applica-
tions. Comparatively, organic PCMs are more popular in
practical applications due to the advantages of easy handling
and relatively low cost. Nevertheless, the inherently low
thermal conductivity (usually less than 0.40 W/m-K), liquid
phase leakage, and flammability seriously hinder their far-
ranging applications.*” To address these issues, the integration
of PCMs with various supporting materials has been
recognized as an effective way. Good chemical compatibility
between PCMs and supporting materials is a prerequisite for
maintaining high heat storage. Organic PCMs, such as fatty
acids and their derivatives, alkanes and their mixtures, and
PEG, have been proven to have good compatibility with
inorganic porous materials (including expanded clay, expanded
fly ash, and expanded perlite) and organic porous materials
(including expanded graphite, carbon nanotubes, graphene,
and carbon nanofibers). Certainly, the phase change behavior
of PCMs can be regulated by suitable surface functional design,
thereby improving the heat storage and release characteristics.
Notably, it is a competitive advantage for aerogels that the
porous structures can be tailored by modifying the functional
groups or the ratio between the precursors to better match
PCMs in terms of morphology and surface chemistry.

2.1.2. Confinement Strategies of PCMs. Confinement is
defined as encapsulating PCMs into supporting materials for
the preparation of shape-stabilized composite PCMs, realizing
leakage-proof, corrosion-proof and avoiding reacting with the
external environment.”> Confinement strategies are divided
into nanoconfinement, microconfinement, and macroconfine-
ment based on the size of the supporting materials.**”** The
advent of nanoscience and technology has revolutionized the
development of shape-stabilized PCMs. It has been found that
adhesion, van der Waals interactions, capillary interactions, and
surface chemistry are more effective in the encapsulation of
PCMs on the nanoscale. Depending on the dimensions of the
supporting materials, confinement strategies are divided into
(I) core—shell confinement (0D), (II) longitudinal confine-
ment (1D), (III) interface confinement (2D), and (IV) porous
confinement (3D). In core—shell confinement, PCMs are
encapsulated by shell materials. Through coaxial electro-
spinning technology, PCMs are penetrated into the inner
cavity of carbon nanotubes (CNTs) (tubular confinement) or
nanofibrous materials, realizing the longitudinal or 1D
confinement of organic PCMs. In interface confinement,
such as MXenes, boron nitride (BN) nanosheets, graphene, or
graphene oxide, PCMs are confined between the nanomaterial
layers through interfacial interaction. In nanoporous confine-
ment, the nanomaterials self-assemble into interconnected 3D
nanoporous frameworks, and PCMs are infiltrated into these
nanoporous frameworks. Depending on the confinement steps,
confinement strategies can be classified into two-step methods
and a one-step in situ synthesis method. The two-step methods
refer to the design and synthesis of supporting materials
followed by the infiltration of PCMs into the supporting
materials. Generally, melt impregnation, solvent impregnation,
and vacuum-assisted impregnation methods are very versatile.
The one-step in situ synthesis method synchronously
completes the generation of shell or nanoporous networks

and the encapsulation of PCMs, meaning that PCMs are
encapsulated in situ within the pores during the formation of
shell or interconnected nanoporous supporting networks.*”

Intriguingly, different from traditional manufacturing
methods, additive manufacturing methods can produce objects
with high precision, shape fidelity, additional functionality, and
excellent material properties.***” Strikingly, researchers have
applied 3D printing strategies to the preparation of composite
PCMs, providing flexible solutions for complex and program-
mable PCMs.”"~> 3D printing technology for PCMs pushes
their application to the forefront and will allow PCMs to be
integrated into advanced multimaterial architectures.

2.2. Overview of Aerogels. 2.2.1. Aerogel Species.
Aerogels are a kind of ultralight nanoporous materials with
3D network structure. Benefiting from their ultralow density,
ultrahigh porosity, ultrahigh specific surface area, and excellent
mass transfer properties, aerogels integrate a variety of
fascinating physical properties.”> From inception in 1931,>*
Kistler developed the silica aerogels, and since then, aerogels
have received continued attention from researchers and
engineers. A particularly important contribution to this field
was the discovery of polymer-derived carbon aerogels by
Pekala in the 1980s.” Subsequently, the carbon aerogel family
exhibits fascinating developments, including CNT fieroégels,
carbon nanofiber aerogels, and graphene aerogels.”*™>® In
recent years, various aerogels have emerged in an endless
stream, and the properties of aerogels have been diversified,
mainly including oxides, carbon, polymers, metals, biomass,
and non-oxide ceramic aerogels. The most common silica
aerogels exhibit good thermal stability and ultralow thermal
conductivity. However, traditional silica aerogels usually suffer
from weak mechanical strength and high brittleness. Silica
aerogels with longer durations and higher strength can be
obtained by the appropriate selection of silane precursors and
reinforcement with polymers.sg Comparatively, carbon aero-
gels have the advantages of mechanical flexibility, high
electrical conductivity, and resistance to acid and alkali
corrosion.”’ Polymer aerogels, such as polyimide and poly-
(vinyl alcohol) aerogels, also exhibit good flexibility. However,
polymer aerogels generally suffer from inferior thermal
stability.”’ Metal aerogels typically exhibit high electrical
conductivity and durability. In 2009, Eychmiiller et al.’”
prepared noble metal aerogels, monometal (Pt, Ag, and Au),
and bimetal (Pt/Ag and Au/Ag) aerogels composed of metal
nanoparticles via sol—gel chemical gelation. Some metal
aerogels composed of metal nanowires exhibit good mechan-
ical flexibility.”> Compared to conventional aerogels, biode-
gradability is an important feature of biomass aerogels, which
are sustainable and more environmentally friendly materials.
Biomass aerogels are usually synthesized from extracted
biomass through cross-linking reactions. The corresponding
raw materials are abundant, sustainable, and environmentally
friendly.”*° Intriguingly, these biomass aerogels are generally
biodegradable and biocompatible. Recently, some non-oxide
ceramic aerogels have been developed, such as BN aerogels®’
and MXene aerogels.”” These 2D lamellar materials no longer
undergo restacking and reagglomeration due to 3D structure of
aerogels.

2.2.2. Fabrication Strategies of Aerogels. Aerogels are
typically prepared via a sol—gel method, a process involving
the conversion of molecular precursors into highly cross-linked
inorganic or organic gels. Then the liquid components of wet
gels are replaced by gas (usually air) using appropriate drying
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techniques (e.g, supercritical drying, freeze-drying, and
ambient pressure drying) to obtain a 3D solid network.’®
Classically, the construction of silica aerogels generally requires
three steps: (I) gel formation, (II) aging, and (III) drying. The
aging step is considered to strengthen the gel after the gelation
of silica aerogels.”” Carbon aerogels are generally prepared by
carbonizing organic aerogels, including polymerization, drying
and carbonization. CNTs, graphene, and graphene oxide
aerogels are usually prepared via a sol—gel method without
carbonization. In addition, the preparation methods of
graphene aerogels also include a hydrothermal reduction/
self-assembly method, a chemical reduction method, and a
template-directed reduction method.®”’® The preparation of
nanocellulose aerogels is generally divided into three steps: (I)
dispersion of nanocellulose, (II) gelation of nanocellulose, and
(II1) gel drying process.” Traditional preparation methods of
metal aerogels include dealloying, powder metallurgy, templat-
ing, and sol—gel methods.”

Interestingly, 3D-printed aerogels were reported by ex-
trusion 3D printing with GO-based inks in 2015, which
overturned traditional preparation technology. This is
interdisciplinary research area combining aerogels and 3D
printing technology. The feasibility of additive manufacturing
of aerogels has been demonstrated for graphene, graphene
oxide, carbon nitride, gold, resorcinol formaldehyde, cellulose,
and MXenes.”*”> A recent achievement in additive manu-
facturing of silica aerogels has been made by Malfait et al. They
printed silica aerogels with silica aerogels powders in n-pentyl
alcohol-based silica sols using direct-write shaping technique.”®

2.2.3. Properties of Aerogels. Aerogels are more com-
petitive in obtaining high-performance composite PCMs due
to their excellent properties in terms of density, porosity,
specific surface area, and tunable mechanical properties.
Researches related to PCMs and aerogels have been growing
in the past decade, and they have been kept hot in multiple
fields (Figure 2).

2.2.3.1. Density. One fascinating property of aerogels is
ultralow density, making them the lightest solid in the world.””
Lightweight composite PCMs are the pursuit of the future, and
the energy storage density of composite PCMs, expressed as
phase change enthalpy, basically decreases as the content of
supporting materials increases. Therefore, the weight of
supporting materials should be kept to a minimum.
Attractively, aerogels are ultralight materials that are suitable
to encapsulate PCMs to ensure the high gravimetric energy
density of composite PCMs.

2.2.3.2. Textural Properties. Porosity, specific surface area
and pore size are particularly important physical parameters in
aerogels. A hierarchically porous structure with a high porosity
and specific surface area can facilitate the accommodation of
large amounts of PCMs, enabling ultrahigh loading of
PCMs.”*”” Generally, the movement of molecular chains of
PCMs is restricted in micropores, thus limiting their free
crystallization of PCMs, while large macropores are insufficient
to accommodate liquid PCMs due to weak capillary forces.*”*"
Comparatively, aerogels with mesopores are more appropriate
for adsorption and stabilization of PCMs due to considerable
surface tension and capillary force. More importantly, the
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Figure 3. Timeline of major breakthroughs of aerogel-based composite PCMs in recent years.

porous structure of aerogels can be tailored by modifying the
functional groups or the ratio between the precursors to better
match PCMs in terms of morphology and surface chemistry.

2.2.3.3. Thermal Properties. Depending on the application
scenarios of PCMs, thermal conductivity is requisite to be
stimulated or suppressed. Aerogels composed of thermally
conductive or nonthermally conductive materials are consid-
ered as promising supporting materials to regulate the thermal
conductivities of PCMs. Highly thermally conductive PCMs
can facilitate heat transfer and thermal energy charging/
discharging rates, while PCMs with low thermally conductive
are suitable candidates for thermal protection.

Generally, the thermal conductivity of aerogels is ultralow
due to the severe scattering effect of nanopores on phonons,
which reduces the average free path of phonons. The pore
walls of nanoporous aerogels with a higher porosity constantly
reflect and refract thermal radiation, thus reducing the heat
transferred by radiation.””*’ For instance, 3D graphene
aerogels containing a low volume fraction of graphene still
exhibit a low thermal conductivity, even though graphene has
an extremely high thermal conductivity.** However, interest-
ingly, once the air in aerogels is replaced by PCMs, the thermal
conductivity of composite PCMs will be effectively enhanced
because the heat flow along the interconnected graphene
nanosheets is collected at the junctions and is then transported
to the adjacent graphene nanosheets, thus forming continuous

heat transfer channels.”> Therefore, a highly thermally
conductive network of graphene aerogels allows rapid heat
transfer throughout the PCMs. This concept is also applicable
to aerogel-based composite PCMs composed of other highly
thermally conductive materials, such as BN aerogels, MXene
aerogels, and metal aerogels. Conversely, when PCMs are
encapsulated in aerogels composed of low thermally
conductive components, such as silica aerogels, polymer
aerogels, and cellulose aerogels, the thermal conductivity of
aerogel-based composite PCMs will be suppressed.

2.2.3.4. Mechanical Properties. The mechanical properties
of traditional silica aerogels can be enhanced with the
assistance of nanofillers and polymers. Graphene aerogels,
cellulose aerogels, and polymer aerogels generally exhibit
outstanding mechanical performance under external forces,
including compressive strength and flexibility, due to the high
strength of the components and the stable porous structure of
the formed aerogels. This is a prerequisite to guarantee
excellent shape stability of composite PCMs due to their stable
porous structure. Intriguingly, flexible aerogels can also endow
composite PCMs with good flexibility. The resulting flexible
aerogel-based composite PCMs further broaden advanced
multifunctional applications of PCMs. Emerging flexible PCMs
offer great application potential in thermal management of
wearable devices, thermoregulating textiles, and shape memory
materials.”!
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Up to now, carbon aerogel-based, silica aerogel-based,
polymer aerogel-based, metal aerogel-based, boron nitride
aerogel-based, and MXene aerogel-based composite PCMs
have attracted extensive interest from researchers and
engineers. Figure 3 shows the timeline of major breakthroughs
in various aerogel-based composite PCMs in recent years.

3. CARBON AEROGEL-BASED PCMs

Carbon aerogels (CAs) typically have a continuous 3D
network structure composed of interconnected colloidal
carbon particles or polymer carbon chains that can be
controlled and adjusted on the nanoscale.**™** Based on the
type of carbon precursors, CAs can be divided into three
categories: phenolic resin-derived CAs, carbon nanotubes and
graphene CAs, and biomass-derived CAs. Such materials are
produced by the pyrolysis process of organic aerogels or the
self-assembly route of precursors. Carbon-based aerogels have
all the structural properties of aerogels, but also have the ability
to conduct electricity. Currently, they have attracted extensive
research interest as supporting materials for the encapsulation
of PCMs due to their distinct advantages of ultrahigh porosity,
ultralow density, and large specific surface area. The high
porosity of CAs facilitates the encapsulation of a high fraction
of PCMs and ensures the high thermal storage capacity of
composite PCMs while preventin% leakage of melted PCMs
through strong capillary force.”” Meanwhile, the highly
interconnected 3D thermally conductive framework of CAs
ameliorates the inherent low thermal conductivity of PCMs for
faster heating—cooling response rates. Furthermore, CA-based
composite PCMs are considered as promising candidates for
photothermal and electrothermal conversion and storage due
to their superior solar trapping ability and high electrical
conductivity.go’91 Hence, CAs are promising supporting
materials for the preparation of high-performance comprehen-
sive composite PCMs.

3.1. Graphene Aerogel-Based PCMs. Graphene aerogels
(GAs) are ultralight porous materials composed of aggregated
graphene nanosheets with fascinating properties, including
high electrical conductivity, excellent compressibility and high
mechanical strength, and outstanding photothermal conversion
performance.”””"* Recently, GAs have been popularly
considered as supporting materials for the encapsulation of
PCM:s, and the corresponding research results have taken a big
step forward.

3.1.1. Thermal Storage. In composite PCM systems,
increasing the encapsulation content of PCMs is an effective
strategy to increase the thermal energy storage density.' A
compelling advantage of GAs is their high encapsulation
capacity for PCMs due to their lightweight, high porosity, and
high specific surface area, which solves the problem that the
introduction of large amounts of supporting materials
significantly reduces the thermal energy storage density of
composite PCMs. For example, Xia et al”> prepared n-
octadecane (OD)@GA composite PCMs by a vacuum
impregnation method. The composite PCMs presented a
high encapsulation efficiency of 96.7 wt % with a high latent
heat of 196.7 J/g, which were slightly lower than the
theoretical values compared with pristine OD (197.3 J/g).
To enhance the shape stability by a few supporting materials
without significantly sacrificing the phase change enthalpy, Ye
et al”® designed core—shell structured paraffin@graphene
composite PCMs. Typically, graphene oxide (GO) nanosheets
were reduced and self-assembled into 3D GAs consisting of

numerous hollow graphene nanoshells through a modified
hydrothermal method. After paraffin molecules were encapsu-
lated into the shells in the form of micron-sized droplets, the
resulting composite PCMs exhibited a high paraffin encapsu-
lation of 97 wt % and a large melting enthalpy of 202.2 J/g and
freezing enthalpy of 213 J/g, which were even comparable to
the enthalpy of pristine paraffin (201.5 and 213 J/g). These
results indicated that GAs prepared by a modified hydro-
thermal method had an enhancement of the phase change
enthalpy. For graphene or CNT-based composite PCMs, the
additional enthalpy does not depend on the paraffin content
and is generally attributed to the interactions between the
paraffin and the nanofillers.”””® Although many studies have
reported enthalpy enhancement of composite PCMs, the
enhanced mechanisms have not been fully elucidated and
deserve to be explored, which is of great significance for
obtaining high enthalpy composite PCMs.

To further enlarge the encapsulation content of PCMs, Zhao
et al.”’ prepared reduced graphene oxide aerogels beads
(rGOABs) for the infiltration of 1-tetradecanol (TD) by wet
spinning and thermal reduction of GO slurry. The rGOABs
exhibited a highly porous structure with interconnected
micropores, thus providing sufficient capillary forces and
permeation pathways for PCMs. The encapsulation fraction
of TD in rGOABs was as high as 98.83 wt %, and the obtained
TD@rGOAB composite PCMs exhibited a high latent heat of
232.2J/g. Xie et al.'” introduced lignin as a modifier to obtain
GAs with an ultralow density. Lignin facilitated the support
and expansion of the originally significantly shrunken GA
skeleton. Lignin-modified graphene aerogels (LGAs) success-
fully constructed a good 3D porous structure with the help of
lignin. The LGA skeleton showed extremely high absorption of
PEG (~99.2 wt %). Qiu et al.'” developed GO aerogel-based
composite PCMs with the highest PCMs loading by improving
the pore size and pore ratio of aerogels. The authors proposed
a method for the fabrication of composite PCMs by
encapsulating PEG in situ in 3D network structural GO
aerogels constructed by Ca’* cross-linking. The 3D network
space of GO aerogels was maximized by the side-to-side cross-
linking mode of GO nanosheets. Ultimately, the PEG loading
content in GO aerogels was increased to 99.5 wt %, and the
prepared composite PCMs exhibited an ultrahigh thermal
energy storage density of 218.9 J/g, which was infinitely close
to the theoretical latent heat of pristine PEG (221.7 J/g).

3.1.2. Thermal Conductivity. In general, the thermal
conductivity of composite PCMs is enhanced when PCMs
are infiltrated into thermally conductive nanofillers.'
However, the thermal conductivity enhancement is not
significant due to the formation of large interfacial thermal
resistance of PCMs and conductive nanofillers, as well as
conductive nanofillers-nanofillers.'’* Especially, graphene is a
well-recognized excellent thermally conductive material with
an ultrahigh theoretical thermal conductivity of over 5000 W/
m-K at room temperature.'”> Therefore, the construction of
3D highly interconnected GAs can efficiently reduce the
interfacial thermal resistance, and this structure is indispen-
sable to substantially improve the thermal conductivity of
PCMs. Notably, 3D lightweight GAs can absorb large amounts
of PCMs, improve the thermal conductivity, and maintain a
high latent heat.

3.1.2.1. Single Graphene Aerogels. The continuous 3D
graphene skeleton can provide accelerated heat transfer
channels for PCMs.'* Therefore, GAs can greatly reduce
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Figure 4. (a) Digital photos of models prepared based on the highly processable GO paste. (b) Thermal conductivities of GA-based
composite PCMs. Adapted with permission from ref 107. Copyright 2018 Royal Society of Chemistry. (c) Thermal conductivities of GA-
based composite PCMs. Adapted with permission from ref 113. Copyright 2021 Elsevier. (d) Anisotropic thermal conductivities of GA-
based composite PCMs. (e,f) Longitudinal view and transversal view SEM images of GA-based composite PCMs. Adapted with permission

from ref 125. Copyright 2018 Wiley-VCH.

the internal contact thermal resistance in their continuous 3D
architectures. For example, Zhong et al.'®® developed
octadecanoic acid (OA)@GA composite PCMs with tightly
integrated interfaces due to the good wettability between the
two phases. Good continuity at the interfaces and throughout
the 3D structure provided excellent heat transfer paths. The
thermal conductivity of OA@GA composite PCMs with 15 wt
% GAs was 2.64 W/m-K, which was approximately 1332%
higher than that of pristine OA (0.18 W/m-K). Furthermore,
considering that large interfacial thermal resistance between
GAs and PCMs would limit the enhancement of thermal
conductivity, Li et al.">® modified the surface of GAs to reduce
the interfacial thermal resistance between GAs and PCMs and
further improved the thermal conductivity of GA-based
composite PCMs. Specifically, functionalized GAs were
obtained by grafting lauric acid (LA) onto GO. The interfacial
compatibility was strengthened by the esterification reaction
between LA and GAs and reduced the phonon vibration
mismatch between the surface of LA—GAs and LA. Attributed
to the covalent functionalization, the thermal conductivity of
LA@LA—GA composite PCMs was 1.207 W/m K, which was
32.6% higher than that of LA@GAs and 352.1% higher than
that of pristine LA. The functionalization of the thermally
conductive additive has been demonstrated to be an effective
way to reduce interfacial thermal resistance and improve
interfacial heat transfer. However, GA-based composite PCMs
suffer from unsatisfactory thermal conductivity enhancement

due to residual defects and abundant oxygen-containing groups
in rGO nanosheets. Therefore, high-quality GAs with high
thermal conductivity were obtained via annealing at 2800 °C
to effectively remove the oxygen-containing groups and repair
the defects. High-quality GA-based composite PCMs with only
5.0 wt % graphene showed a high thermal conductivity of 4.28
W/m-K, which was approximately 1760% higher than that of
pristine 1-octadecanol (Figure 4a,b)."’

3.1.2.2. Hybrid Graphene Aerogels. Generally, thermally
conductive nanofillers, such as CNTs, graphene, expanded
graphite (EG), and metal nanoparticles, are used to improve
the thermal conductivity of PCMs.'**'*” Benefiting from the
advantages of these materials, the compatible incorporation of
thermally conductive nanofillers in GAs can yield high-
performance thermally conductive frameworks. Liang et al."'’
reported shape-stabilized composite PCMs encapsulated with
hybrid graphene aerogels (HGAs) consisting of GO and
graphene. In this study, the thermal conductivity of LA@GO
composite PCMs was only 0.60 W/m-K due to the abundant
oxygenated groups of GO. The introduced graphene enhanced
the thermal conduction of HGAs by prompting electron
transfer. Ultimately, the thermal conductivity of HGA-based
composite PCMs with 1.8 wt % graphene was 1.29 W/m'K,
which was 144% higher than that of GO aerogel-based
composite PCMs and 227% higher than that of pristine LA.
Similarly, Yang et al.'"" reported GO/graphene aerogel-based
composite PCMs with a thermal conductivity of 1.43 W/m-K.
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Notably, graphene can also act as an enhancer to avoid
excessive volume shrinkage during environmental drying, as
reported by Yu et al."'> HGAs exhibited a high modulus of
~23.8 MPa when the ratio of graphene to GO was 5:1. The
composite PCMs with 11.4 wt % graphene and 0.6 wt % rGO
exhibited a very high thermal conductivity of 5.92 W/m'K,
which was 2473% higher than that of pristine 1-octadecanol.
Liu et al.'"® designed rGO/graphene hybrid aerogels as a
lightweight porous framework to accommodate PCMs and as a
thermally conductive network to enhance the thermal
conductivity of PCMs. The synthesized composite PCMs
exhibited an ultrahigh thermal conductivity of 9.50 W/m-K at a
graphene content of 13.3 wt % (Figure 4c). In addition,
graphene foam (GF) prepared by the chemical vapor
deposition (CVD) technique is a monolith 3D graphene
network formed by covalently bound graphene, providing a
continuous pathway for phonon transport. Compared with
GAs prepared from the self-assembly technique, GF can
improve the thermal conductivity of composite PCMs more
effectively because the physical cross-linking of GAs is formed
by van der Waals contacts, hydrogen bonds, and n—n
superposition interactions, which still generate large interfacial
thermal resistance between graphene nanosheets. However, the
macropores of GF are not favorable for the shape stability of
PCMs. Therefore, Yang et al.''* integrated rGO/graphene
hybrid aerogels (HGAs) into 3D GF by combining self-
assembly and CVD to obtain GF/HGA (GH) hybrid structure.
The thermal conductivity of parafin@GH composite PCMs
was 1.82 W/m-'K, improved by 574% and 98% compared to
the pristine paraffin and parafin@GF, respectively.

CNTs with lightweight and excellent heat transfer properties
can serve as secondary heat conductive nanofillers and
construct extended surfaces on skeletal structures to further
improve the heat transfer performance of GA-based composite
PCMs.'"® Cao et al.''® investigated the effect of 3D thermally
conductive skeletons with different ratios of GO and CNTs on
the thermal conductivity of composite PCMs. The results
indicated that the disorderly arrangement of excess CNTs
induced the disorganization of the heat transfer paths of the
composite PCMs, resulting in the reduction of thermal
conductivity. The optimal thermal conductivity enhancement
was achieved when the ratio of GO to CNTs was 2:1.
Similarly, Chen et al."'” prepared GO/CNT hybrid aerogel-
based composite PCMs with a thermal conductivity of 0.46
W/m:-K when the content of HGAs was 2.2 wt %, which was
76% higher than that of pristine paraffin and 46% higher than
that of parafin@GA. Furthermore, Cao et al.''® prepared
rGO/CNT hybrid aerogel-based composite PCMs with an
enhanced thermal conductivity (0.84 W/m-K), which was
increased by 318% over pristine paraffin.

Expanded graphite (EG) is also considered one of the best
thermally conductive nanofillers because of its low density,
high thermal conductivity, excellent chemical stability and
compatibility.'”"'” Ren et al.'*’ prepared rGO aerogels with
the assistance of EG, and the resulting composite PCMs
exhibited better thermal properties and shape stability due to
the uniformly distributed EG attached on the rGO. As EG
content increased to 6.06 wt %, the thermal conductivity of
rGO/EG aerogel-based composite PCMs was improved to
0.79 W/m'K, which was about 295% higher than that of
pristine paraffin.

Silver (Ag) nanoparticles are also considered for heat
transfer applications due to their high thermal conductivity of

429 W/mK at room temperature.'”’ Hu et al.'"*> compared
the thermal conductivities of rGO aerogel-based composite
PCMs and rGO/Ag aerogel-based composite PCMs using a
one-pot hydrothermal method. The stearic acid (SA)@rGO
composite PCMs with 10 wt % rGO exhibited an obviously
enhanced thermal conductivity of 3.21 W/m-K. More
interestingly, a fraction of graphene was substituted by Ag
nanoparticles, and the thermal conductivity of SA@rGO/Ag
composite PCMs can be as high as 5.89 W/m-K. The
compared results demonstrated that the synergistic effect of
the rGO network and Ag nanoparticles was beneficial to
significantly enhance the thermal conductivity of PCMs.
However, Ag nanoparticles are not suitable for the thermal
conductivity enhancement due to their high cost and the
complicated preparation process.

3.1.2.3. Anisotropic Graphene Aerogels. Graphene with
highly anisotropic configurations can greatly improve thermal
conductivity along a directional path.'”’ Thus, some
researchers have proposed anisotropic GAs with a regular
arrangement of graphene nanosheets to greatly improve
thermal conductivity in one direction of composite PCMs. In
a study by Huang et al,'** they prepared high-quality
anisotropic graphene aerogels (AGAs) using a heat flow
method with vacuum microwave treatment, which significantly
reduced the oxygen and nitrogen contents of AGAs. After
impregnation of paraffin, the axial thermal conductivity of the
obtained composite PCMs with only 0.32 vol % AGAs reached
1.07 W/m'K, which was increased by 995% compared with
pristine paraffin. Min et al.'*> employed high-quality graphene
to construct AGAs monoliths by directionally freezing aqueous
suspensions of polyamic acid salt and GO, followed by freeze-
drying, imidization at 300 °C and graphitization at 2800 °C.
The corresponding composite PCMs exhibited a high
transversal thermal conductivity (2.68 W/m'K) and a higher
longitudinal thermal conductivity (8.87 W/m-K), which were
665 and 2434% higher than pristine paraffin (0.35 W/m'K),
respectively (Figure 4d—f). Hence, heat can be easily diffused
into the interior of composite PCMs due to high thermal
conductivity in the thickness direction. Li et al.'*° designed
structurally, mechanically, electrically, and optically AGAs.
After infiltration of paraffin, the thermal conductivity of
parafin@AGA composite PCMs significantly increased up to
2.99 W/m-K in the axial direction, which was 1323% higher
than pristine paraffin.

In addition to single AGAs, Li et al."*” prepared anisotropic
rGO/EG hybrid aerogels by directional freezing. The
longitudinal thermal conductivity of the obtained composite
PCMs was 0.79 W/m-K when the content of rGO/EG
aerogels was 8.7 wt %, which was almost four times higher than
pristine paraffin. Similarly, Zhang et al."*® prepared anisotropic
graphene/silver hybrid aerogels using an ice crystal template
method. During the preparation process, silver was tightly
attached to the interfaces of graphene nanosheets to reduce the
thermal resistance between graphene and PCMs. Significantly,
the maximum axial thermal conductivity of composite PCMs
was 1.20 W/m-K, which was increased by 362% compared to
pristine paraffin. Responding to the time-consuming and
complicated ice-crystal template method, Huang et al.'*’
proposed a one-step heat flow method to synthesize
anisotropic rGO/BN hybrid aerogels. The axial thermal
conductivity of the corresponding composite PCMs was 1.68
W/m-K, which was 504% higher than that of pristine paraffin.
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Figure 5. (a) Schematic diagram of PCA-loaded TEGs. (b) Temperature/voltage/current—time curves of PCA-loaded TEG. (c) Contrast
diagram of electrical properties between PCA-loaded and blank TEG. Adapted with permission from ref 140. Copyright 2020 Royal Society
of Chemistry. (d) Schematic diagram of the solar/electric response of composite PCMs based on rGO/graphene/MF. Adapted with
permission from ref 145. Copyright 2019 Elsevier. (e) Mechanism schematic of acoustic—thermal conversion of PEG@Fe;0,-GO. (f)
Infrared thermal images of PEG@Fe;0,-GO in acoustic—thermal conversion test. Adapted with permission from ref 150. Copyright 2021

Elsevier.

3.1.3. Energy Conversion. To achieve thermal energy
conversion from solar energy, electric energy, magnetic energy,
or acoustic energy, energy conversion systems based on
functional responsive materials should be constructed to
respond to various energies rapidly and convert those energy
sources into thermal energy. The smart integration of graphene
and PCMs can realize multiple energy conversion and storage,
including solar—thermal conversion, solar—thermal—electric
conversion, electric—thermal conversion, and acoustic—ther-
mal conversion.

3.1.3.1. Solar—Thermal Conversion. Inexhaustible solar
energy is the cheapest and most environmentally friendly;
however, the intermittence of sunlight hinders its effective
utilization. In this regard, PCMs have triggered considerable
attention as candidates for solar—thermal energy storage.
However, pristine PCMs are not conducive to storing solar
energy due to their inferior solar-capturing ability."*”'*" At
present, various photothermal materials have been investigated

for driving solar—thermal conversion, especially carbon
materials due to their structures and properties in sunlight
absorption and conversion."”’ Due to high thermal con-
ductivity and light absorbing nature, GA-based composite
PCMs are considered as solar—thermal conversion materials
for real-time energy storage. For example, Tang et al.'’’
employed GAs as photonic antennas to achieve photon capture
and solar—thermal conversion. Xue et al."*® prepared GAs by
co-mediating melamine foam (MF) and cellulose nanofibers.
After paraffin was impregnated into GAs, the obtained
composite PCMs exhibited a good photothermal conversion
efficiency of 78%. Graphene aerogels can further improve the
photothermal conversion performance by modification with
metal nanoparticles. Yu et al.">* improved the optical
properties of composite PCMs using oxygen-deficient TiO,
(TiO,-x) and increased the thermal conductivity of composite
PCMs to 1.22 W/m-K. The solar—thermal conversion
efficiency of the composite PCMs was 89.9% due to the
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broad-spectrum absorption of TiO,-x. TiO,-x/rGO aerogels
will bring a paradigm for PCMs as a working medium for solar
energy absorption. Furthermore, Yang et al. 14 prepared rGO/
graphene hybrid aerogels into 3D GF for the encapsulation of
paraffin to realize efficient solar—thermal conversion and
storage. The rGO/graphene/GF hybrid aerogels behaved as
effective photon traps and molecular heaters that absorb and
convert solar radiation into thermal energy due to their low
reflection and effective light capture. As a result, the composite
PCMs achieved a high solar—thermal conversion efficiency of
above 90%. Fang et al.'"*® encapsulated paraffin into a copper
foam (CF) containing GAs to improve the solar—thermal
conversion capacity. The composite PCMs showed excellent
solar—thermal conversion efficiency (up to 97%).

3.1.3.2. Solar—Thermal—Electric Conversion. Recently,
thermoelectric power generation from solar radiation or
waste heat has attracted great attention. In particular, solar
thermoelectric generators (TEGs) are expected to be a
promising technology for collecting and converting clean
solar energy.Bé Integrating TEGs with GA-based composite
PCMs is more advantageous because of their long-lasting
energy generation, regardless of the variation of actual solar
energy over time and weather."*” "% In addition, GA-based
composite PCMs can maximize the average temperature
difference (AT) of thermoelectric devices due to their
excellent solar energy absorption and solar—thermal con-
version capability. For example, Cao et al."*" prepared TEGs
based on phase change aerogels (PCAs) to improve the solar—
thermal—electricity energy conversion. Under simulated solar
light radiation, the voltage (144 mV) and current (14.8 mA)
output of the PCA-loaded TEGs were approximately 3 and 2.7
times higher than those of the blank TEGs (48 mV, 5.4 mA),
respectively. The optimal solar—thermal—electric conversion
efficiency was increased by approximately 61.3% compared to
that of blank TEGs (Figure Sa—c). Using waste heat as a
source, the thermoelectric energy-harvesting system was
optimized by Yu et al.'*' The thermoelectric energy harvesting
was achieved by placing two different PCMs (PEG and 1-
tetradecanol) on both sides of the N-type and P-type
semiconductors. The maximum output current was 10 mA
during both heating and cooling, and the calculated thermo-
electric conversion efficiencies were 52.81 and 30.29%,
respectively. Song et al.'*> prepared graphene/cysteamine
cross-linked aerogels (GCAs) by a cysteamine vapor method.
The GCAs could accommodate a large amount of PCMs in the
internal space due to their high specific surface area. The
harvesting solar—thermal—electric conversion efficiencies of
the TEG with composite PCMs were 67.92 and 41.72% under
light irradiation and light source removal conditions,
respectively.

3.1.3.3. Electric—Thermal Conversion. Similar to solar—
thermal conversion, it is difficult to drive pristine PCMs with
electricity as the heat source due to their low electrical
conductivity."*>'** Supporting materials with superior elec-
trical conductivity are applied to encapsulate PCMs, which can
effectively manage the conversion from electric energy to
thermal energy. Xue et al."** prepared composite PCMs based
on GO/graphene aerogel-decorated MF (Figure Sd). The
results showed that paraffin was completely insulated, while the
electrical conductivity of GA-based composite PCMs was
278.7 S/m when the GA content was 4.89 wt %. However, the
electric—thermal conversion efficiency was only 62.5%. To
further improve the electric—thermal conversion efliciency of

GA-based composite PCMs, Li et al."* prepared structurally
and electrically anisotropic GA-based composite PCMs. The
electrical conductivity reached 341.3 S/m in the axial direction,
which was approximately 4 times that of the isotropic GAs (87
S/m). Attractively, the composite PCMs can be driven for
electric—thermal conversion by applying a small voltage (1—3
V) with a high electric—thermal efficiency of 85%.

Generally, GA-based composite PCMs can achieve simulta-
neous integration of solar—thermal and electric—thermal
conversion functions. Zhou et al.'*® prepared halloysite
nanotube (HNT)-GA/polyurethane-based composite PCMs.
The HNTSs not only promoted the reduction of GAs, but also
enhanced the latent heat of the system through heterogeneous
nucleation effects. The HNT-GA system exhibited a solar—
thermal efficiency of 75.6% and an electric—thermal efficiency
of 67.2%. Furthermore, they'*” prepared polyurethane-based
composite PCMs containing ZnO nanoparticles and GAs. The
solar—thermal and electric—thermal conversion efficiencies of
the systems were 80.1% and 84.4%, respectively, due to the
excellent light absorption of ZnO nanoparticles and GA as well
as the excellent electrical conductivity of GA.

3.1.3.4. Acoustic—Thermal Conversion. As a kind of
mechanical wave, acoustic wave with high energy and high
penetration can be converted into thermal energy by the
ultrasound thermal effect, showing important applications in
the fields of denoising and minimally invasive thermal
therapy.'*® GO nanomaterials are capable of absorbing
acoustic waves and converting them into thermal energy
through the molecular friction in solid domains in vibrational
mode.'*’ Based on this mechanism, Tang et al.">* developed
advanced PEG@Fe;0,-GO aerogel-based composite PCMs
for acoustic—thermal conversion (Figure Se). The 3D network
structure of GO aerogels not only improved the thermal
conductivity but also effectively enhanced the acoustic
absorption capacity. In addition, the vibrational heat
generation of Fe;O, nanoparticles further enhanced the
acoustic—thermal conversion capacity. As shown in Figure 5f,
the temperature of the sample steadily increased with
increasing sonication time. In this process, the mechanical
energy caused by acoustic waves was converted into thermal
energy by reflection, scattering and microvibrations in the
tortuous network structure of GO-Fe;0,.

3.1.4. Advanced Utilization. Compared with nonflexible
PCMs, flexible PCMs can withstand a certain degree of
deformation and guarantee closer contact with complex
structural surfaces, which can improve the thermal manage-
ment capability of complicated device surfaces. In addition,
flexible PCMs are also applied in smart wearable thermal
management devices, which is a very promising direction."*!
Pristine PCMs are well-known to be inherently highly rigid and
inferiorly processable. Therefore, most of the developed
composite PCMs insufficiently satisfy the flexible requirements
due to their high mechanical rigidity.

To solve the rigid problem of PCMs, Sun et al.'>” designed a
flexible GA-based composite phase change film with excellent
thermal performance, advanced flexibility, and outstanding
solar—thermal conversion capability for wearable personal
thermal management. GAs were synthesized by lyophilization
and high-temperature reduction of GO. Then polyvinylidene
fluoride—hexafluoropropylene (PVDF—HFP) was introduced
to form a flexible film. Finally, the obtained flexible GA-based
phase change film exhibited a high phase change enthalpy of
154.64 J/g, and a high solar—thermal conversion efficiency of
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Figure 6. (a) Synthesis procedure of GA-based phase change film. (b) Images of flexible phase change film. (c) Infrared thermal images of
human model with phase change film. Adapted with permission from ref 152. Copyright 2021 Elsevier. (d) Aerogel-directed smart fiber and
SEM images of the cross section of PEG@ASF. (e) Infrared thermal images of PEG@ASF fabric under solar illumination. Adapted with

permission from ref 153. Copyright 2018 Wiley-VCH.

95.98%. More importantly, the phase change film showed
excellent and stable flexibility even after extensive bending and
can be further customized to for humans (Figure 6a—c). The
flexible phase change film showed great application potential in
the field of wearable thermal management and the thermal
management of complicated surfaces on devices. In another
study, Li et al.'s? developed flexible, strong, self-cleaning
graphene aerogel-directed phase change smart fibers (ASF)
with thermal storage ability under multiple stimuli. The
graphene nanosheets were stacked and wrapped in parallel,
aligned with the long axis of the fibers, and the nanopores were
filled with PEG (Figure 6d). The obtained PEG@ASF can
produce a warm surface at a comfortable human temperature
of approximately 19—21 °C when exposed to the sun (Figure
6e). Furthermore, PEG@ASF showed good multiple response
properties to external stimuli (electrons/photons) with
reversible energy storage and conversion. Such graphene
aerogel-oriented smart fibers are expected to be widely used
in next-generation wearable thermal management systems.

3.2, Biomass-Derived Carbon Aerogel-Based PCMs.
Typically, the synthesis of GAs involves complex processes,
high cost and harmful precursors. Therefore, it would be
advantageous to develop more economical and environ-
mentally friendly high-performance CAs by convenient
strategies.'"'>> Recently, the exploration of biomass-derived
CAs using easily available and inexpensive biomass raw
materials has been of great practical value. The direct
conversion of biomass materials to CAs provides a low-cost
method for the development of supporting materials for
PCMs.

3.2.1. Thermal Storage. Biomass-derived CAs ensure high
loading of the PCMs in the substrate and significantly improve
the thermal stability of the composite PCMs. Fang et al."*°
carbonized chitosan to synthesize biomass-derived CAs, which

was a low-cost and eco-friendly approach. The loading of 1-
hexadecanol in CAs was approximately 98.08 wt %. The
melting enthalpy of the composite PCMs was approximately
220 J/g, which was only 8% lower than that of pristine 1-
hexadecanol. Similarly, Sheng et al."”>” prepared CAs by the
direct carbonization of sustainable biomass cotton. The
obtained hollow carbon fiber aerogels exhibited a high paraffin
loading of 95.5 wt % by capillary and intermolecular forces,
and a high melting enthalpy of 209.3 J/g. In another study, by
combining flexible carbon resources from biomass guar gum
with hard brittle carbon from polyimide, Zhang et al.'>®
constructed homogeneous reinforced CAs with well-inter-
connected porous structure to overcome the severe shrinkage
and poor mechanical properties of conventional CAs. The
results showed that the compressive strength of the composite
PCMs was 1.60 MPa. Moreover, PEG can be uniformly
dispersed in CAs to form dense a 3D network. Therefore, the
composite PCMs with a high loading of 95 wt % PEG
exhibited high energy storage capacities of 171.50 and 169.50
J/g, which were very close to the theoretical values (171.57
and 169.48 J/g).

3.2.2. Thermal Conductivity. Biomass-derived CAs usually
possess outstanding thermal conductivity, which benefits the
high heat transfer efficiency of PCMs. Zou et al."*” fabricated
pumpkin-derived carbon aerogels (PCAs) via a hydrothermal
and postsintering method, and the corresponding composite
PCMs were prepared by infiltrating palmitic acid (PA)/thiol—
ene resin (TE). The thermal conductivity of PA/TE@PCAs
(0.149 W/m'K) was 60.5% higher than that of PA/TE (0.093
W/m-K). Wei et al.' used succulent-based carbon aerogels
(SCAs) to stabilize paraffin by vacuum impregnation. In the
composite PCMs, the carbon network was the key factor
maintaining leakage-proof performance and enhancing thermal
conductivity (0.427 W/m'K). To simultaneously achieve a
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Figure 7. (a) Schematic synthetic route and digital photograph of biomass-derived CAs. (b) Phase change enthalpies of pristine mannitol
and mannitol@CAs. (c) Thermal conductivities of pristine mannitol and mannitol@CAs. (d,e) Nonisothermal 3D heat flowcharts of pristine
mannitol and mannitol@CAs. Adapted from ref 161. Copyright 2021 American Chemical Society.

high thermal energy density and a high thermal conductivity,
Liu et al.'®" prepared composite PCMs by combining mannitol
with CAs derived from watermelon rinds (Figure 7a). The
mannitol@CA composite PCMs had a high latent heat of more
than 280 J/g, and a reduced supercooling degree. Importantly,
mannitol@CA composite PCMs exhibited a high thermal
conductivity of 1.09 W/m-K, which was 67.6% higher than that
of pristine mannitol at the CA loading of 12 wt % (Figure
7b,c). The 3D heat flow diagram of mannitol@CAs was
slightly different from that of pristine mannitol. Compared to
pristine mannitol, the much broader heat flow peak of
mannitol@CAs indicated a longer heat charging—discharging
period during the heating and cooling processes (Figure 7d,e).

3.2.3. Energy Conversion. 3.2.3.1. Solar—Thermal Con-
version. CAs are used as the sunlight-driven heating unit of the
composite PCMs, which can effectively capture photons and
subsequently transform solar energy to thermal energy. As
reported by Wang et al.,'®> sunflower receptacle sponge carbon
aerogels (r-CAs) and sunflower stem carbon aerogels (s-CAs)
served as porous supporting materials for PCMs. The obtained
CA-based composite PCMs exhibited a solar—thermal
conversion efficiency of 75.6% for 1-hexadecanamine@r-CAs
and 67.8% for 1-hexadecanamine@s-CAs. Furthermore, Wei et
al."® reported composite PCMs based on CAs derived from
succulents for solar—thermal conversion. The solar—thermal

conversion efficiency of composite PCMs was approximately
82%.

3.2.3.2. Solar—Thermal-Electric Conversion. It is a
challenge to harvest thermoelectric energy in a uniform
environment temperature without an appropriate temperature
gradient that is necessary for the Seebeck effect.'®®
Considering this issue, Niu et al.'o* designed a sustainable
and highly efficient thermal-driven and solar-driven energy-
harvesting system composed of two different PCM@carbon
nanofiber aerogels (CNFAs) from wood-derived cellulose
nanofibers. The prepared composite PCMs can instantly
convert thermal energy into electric energy in a suitable
temperature environment or under sunlight radiation. As the
temperature increased, 1-tetradecanol@CNFA composite
PCMs underwent a melting transition process due to the
lower melting temperature, while the temperature of stearic
acid@CNFA composite PCMs continued to increase. This
created a temperature difference between the two ends of the
semiconductor, and the collected thermal energy could be
converted into electric energy at a uniform environmental
temperature. The maximum voltages generated by the energy-
harvesting system were 5SS and 80 mV, respectively,
corresponding to the thermally driven thermoelectric and
solar-driven thermoelectric energy conversion process, and the
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Figure 8. (a) Synthesis schematic of composite PCMs. (b) Magnetic property curves and magnetic—thermal conversion curves of composite
PCMs. (c) UV—vis absorption spectra of and solar—thermal conversion curves of eicosane and composite PCMs. (d) LED lights of “DICP”
characters with composite PCMs and electric—thermal conversion curves of composite PCMs. Adapted with permission from ref 167.

Copyright 2021 Royal Society of Chemistry.

maximum power densities of each process were 0.5 and 1.2 W/
m?, respectively.

3.2.3.3. Electric—=Thermal Conversion. Biomass-derived
CAs can also improve the electrical conductivity of PCMs.
In view of this advantage, Li et al.'® reported the composite
PCMs with the dual functions of solar—thermal and electric—
thermal conversion. CAs were derived from various melon
(winter melon, watermelon, and pumpkin) via a hydrothermal
carbonization and a postpyrolysis process, followed by the
encapsulation of paraffin using a vacuum infusion method. The
obtained parafin@CA composite PCMs exhibited high solar
adsorption capacity (96%) over the whole ultraviolet—visible—
near-infrared (UV—vis—NIR) range because biomass-derived
black CAs served as an effective photon captor and molecular
heater. Therefore, biomass-derived CA-based composite PCMs
can effectively absorb solar radiation to convert solar energy
into heat energy and store it in the form of latent heat in
PCMs. In addition, paraffin was an excellent insulator with an
electrical conductivity of only 107 S/m, while the electrical

conductivity of biomass-derived CA-based composite PCMs
was as high as 3.4 S/m, an increase of 14 orders of magnitude
over that of paraffin. Hence, biomass-derived CA-based
composite PCMs can be triggered for electric—thermal
conversion, and the electric—thermal conversion efficiency
was 71.4%.

3.2.3.4. Magnetic—Thermal Conversion. Magnetic energy
is also a source of energy, which can be converted into thermal
energy by a composite PCMs system.”***1%° For example, Sun
et al."”” designed biomass-derived CA-based composite PCMs
with multifunctional energy conversions, such as solar—
thermal, electric—thermal, and magnetic—thermal (Figure
8a). Surprisingly, the solar—thermal and electric—thermal
conversion efficiencies reached 93.32 and 94.83%, respectively
(Figure 8b,c). In the preparation process, the chelation of Fe**
with gelatin was utilized to enhance the carbon skeleton, and
the magnetic network was from the introduction of Fe;O,
nanoparticles. The magnetic hysteresis loop of composite
PCMs indicated their superparamagnetic behavior. When the
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Figure 9. (a) Synthesis schematic of functionalized MSA and composite PCMs. (b) Schematic comparison of paraffin penetration in MSA
with various surface properties. Adapted with permission from ref 173. Copyright 2020 Springer. (c) Structural change schematic of aerogels
during compression—decompression. (d) Schematic of hydrophobic interaction of aerogels. Adapted with permission from ref 179.
Copyright 2019 Elsevier. (e) Thermal protection of silica aerogel-based PCMs. Adapted with permission from ref 180. Copyright 2020

Elsevier.

sample was exposed to an alternating magnetic field for 350 s,
the temperature increased to approximately 47, 60, and 111 °C
with the alternating input currents at 10, 12, and 14 A,
respectively. The platform occurred from 33 to 40 °C in the
heating process, corresponding to the latent heat storage
process (Figure 8d). These results indicated that biomass-
derived CA-based composite PCMs can convert magnetic
energy into thermal energy and store it in the phase change
system. Song et al.'®® reported that carbonized kapok fiber
aerogel (CKF)-based composite PCMs incorporating Fe;O,
nanoparticles as magnetic guest and lauric acid as thermal
guests. The obtained composite PCMs achieved efficient
solar—thermal conversion and magnetic—thermal conversion.
Our group169 integrated polypyrrole/Fe;O, into hollow kapok
fiber (KF) aerogels and encapsulated paraffin to prepare
composite PCMs with enhanced thermal conductivity. The
resulting composite PCMs exhibited high-efficiency solar/
magnetic—thermal energy conversion properties.

3.2.4. Advanced Utilization. Electronic devices are
increasingly miniaturized, integrated, functional, and net-
worked. Heat dissipation and electromagnetic pollution of
electronic devices have become urgent problems to be solved
with the improvement of operating speed and efficiency.'”’
Therefore, it is critical to develop functional materials with
both thermal management and electromagnetic interference
(EMI) shielding capabilities. Song et al.'®® fabricated
carbonized kapok fiber (CKF) aerogel-based composite PCM
by decorating Fe;O, nanoparticles on the microtubule as
multifunctional supporting materials and encapsulating lauric
acid (LA). The integration of Fe;O, contributes to the
composite PCMs with excellent microwave absorption
performance by achieving an optimal balance between
impedance matching and high loss characteristics. The
minimum reflection loss for composite PCMs was —17.3 dB
at 8.4 GHz within a thickness of 5.5 mm, far exceeding the
practical demand of —10 dB. Furthermore, the composite
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PCMs can also realize efficient solar/magnetic—thermal
conversion.

In summary, the porous structure of CAs can accommodate
PCMs by capillary force and surface tension to ensure the
maximum loading ratio of PCMs in composites due to their
ultrahigh specific surface area and porosity. CA-based
composite PCMs can achieve both enhanced thermal and
electrical conductivity. Generally, there is a trade-off between
the thermal storage capacity and thermal conductivity of
composite PCMs. A high thermal storage capacity requires a
high loading of PCMs, while small thermally conductive
supporting material content usually yield limited thermal
conductivity enhancement. Therefore, it is imminent to
develop CA-based composite PCMs integrating high thermal
storage capacity and high thermal conductivity. More
appealingly, CA-based composite PCMs can also realize
multiple energy conversions, including solar—thermal, elec-
tric—thermal, magnetic—thermal, acoustic—thermal, and
solar—thermal—electrical energy conversions. Among these
conversions, the combination of high-performance PCMs and
N/P-type semiconductors has made a breakthrough in
thermoelectric conversion systems, which can convert low
grade waste heat and solar energy into electricity. Although
thermoelectric technology based on PCMs is a promising
conversion method, its conversion efficiency is still low and
urgently needs to be enhanced. In addition, it is worthy of
attention that emerging highly thermally conductive GA-based
flexible PCMs have broad prospects for thermal management
of complex surfaces and wearable thermal management as well
as thermal management of electronic devices in the 5G era.

4. SILICA AEROGEL-BASED PCMs

Silica aerogels are promising inorganic porous materials with
ultralow thermal conductivity, high specific surface area and
excellent thermochemical stability.'”" In recent years, silica
aerogels have been used as supporting materials to maintain
the shape stability of PCMs and prevent leakage throughout
the phase change process due to their large porosity and high
specific surface area. Benefiting from ultralow thermal
conductivity of silica aerogels and the high thermal storage
capacity of PCMs, silica aerogel-based composite PCMs have
great potential in thermal protection applications.

4.1. Thermal Storage. According to reports, the hydroxyl
ends of silica aerogels have a significant impact on the
infiltration fraction and thermal storage capacity of organic
PCMs.'”” It is essential to investigate the effect of the
interaction between the surface properties of silica aerogels and
PCM:s on the thermal storage properties of composite PCMs,
especially in extreme environments, such as high humidity
environments. With respect to this problem, Yu et al'”?
engineered mesoporous SiO, aerogels (MSA) to regulate the
interactions between paraffin and SiO, aerogels. MSA were
modified with various functional terminals, such as HO-MSA,
CH;/HO-MSA, and CH;-MSA (Figure 9a). The authors
found that molten paraffin spontaneously adhered to the
surface of HO-MSA due to the high surface energy and
interfacial tension of the polar surface of HO-MSA. Addition-
ally, the pore size shrank to some extent during the
hydroxylation modification process, resulting in increased
capillary blood flow. As a result, paraffin molecules were firmly
adsorbed on the surface of HO-MSA, but poorly adsorbed
within the pores. For parafin@CHj;-MSA, the molten paraffin
was penetrated into the pores of MSA due to the low surface

energy of CH;-MSA. The adsorption state of paraffin in CH;/
HO-MSA was between HO-MSA and CH;-MSA (Figure 9b).
In conclusion, the modified alkyl groups on the pore surface of
MSA eliminated the separation of PCMs caused by the
hydrogen bonding interaction between MSA and water
molecules. The enthalpy of parafin@CH;-MSA was 154 J/g,
and there was no liquid leakage above the melting point of
paraffin in a high humidity environment. As reported by Huang
et al,'”* to overcome the moisture absorption problem of SiO,
aerogels, the surface of hydrophilic SiO, aerogels was alkylated
for the effective impregnation of hydrophobic PCMs. The
adsorption capacity of PCMs was increased by 20.9—34.7%,
and the corresponding thermal energy storage capacity was
153.7 ]/g.

In addition, some researchers pay attention to high-
temperature PCMs. Wu et al.'”® developed Al,0;—SiO,
hybrid aerogel-based composites PCMs with high heat
resistance. The obtained high-temperature composite PCMs
was composed of a core—shell structured Na,SO,@SiO,
PCMs with high melting temperature (878 °C) and Al,O;—
SiO, aerogels with high thermal resistance (about 1000 °C).
The latent heat of Na,SO,@810,@ALO0;—SiO, was 153.8 J/g
when the mass percentage of Na,SO,@Si0, PCMs was 36.7
wt %. This designed Na,SO,@SiO,@Al,0;—SiO, can store
thermal energy under high-temperature conditions. However,
there are still relatively few research studies on aerogel-based
high-temperature PCMs, and further systematic research is
needed in the future.

4.2. Thermal Conductivity. As mentioned previously,
many studies have focused on improving the thermal
conductivity of PCMs, while relatively few studies have been
conducted to reduce the thermal conductivity of PCMs.
Similarly, reducing the thermal conductivity of PCM:s is also
important for thermal protection applications. An effective
method to reduce the thermal conductivity of PCM is to apply
porous substrates with low thermal conductivity.”® Fittingly,
silica aerogels with ultralow thermal conductivity have been
used to encapsulate PCMs for thermal insulation. Zhou et
al.'”® adopted silica aerogels to impregnate erythritol to obtain
composite PCMs with a high heat storage capacity of 289.9 J/
g. The authors simulated a thermal measurement device for an
aircraft thermal environment and confirmed that the
erythritol@silica aerogel-based composite PCMs accomplished
thermal protection. The temperature of the cold side of the
erythritol@silica aerogels was kept below 150 °C for 1600 s at
a hot surface temperature of 600 °C. In another study, Shaid et
al.'”” prepared eicosane@silica aerogel microparticles by
dispersing silica aerogels in liquid eicosane via melt-infiltration,
solvent dissolution and combined melt dissolution, which can
serve as thermal protective textile coating additives over a wide
temperature range. Based on surface modification techniques,
Wang et al.'”® employed short chain alkyl-modified SiO, (M-
Si0,) aerogels to encapsulate technical grade paraffin (RT).
The adsorption rate of RT in SiO, aerogels was increased by
38%, and the obtained RT@M-SiO, aerogel exhibited a high
latent heat of 180 J/g and a lower thermal conductivity of 0.17
W/m-K compared to that of RT. The low thermal conductivity
of RT@M-SiO, aerogels was caused by the lower thermal
conductivity of SiO, aerogels (0.02 W/m-K).

However, the above silica aerogels still have the disadvan-
tages of poor mechanical properties and high production cost
due to the complex pregparation technology. Regarding these
problems, our group17 prepared flexible monolithic silica
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aerogels using low-cost ambient pressure drying by controlling
the cross-linking degree of the network and in situ
modification of methyl groups to the siloxane backbone
(Figure 9c). The aerogels were strongly hydrophobic (contact
angle was 140°) because of abundant methyl groups on the
siloxane backbone (Figure 9d). The monolithic paraffin@
aerogels exhibited a reduced thermal conductivity of 0.13 W/
m-K. To enhance the compressive strength of silica aerogel-
based PCMs, our group'® further developed monolithic silica
aerogel-based composite PCMs by a in situ one-step strategy.
This method ensured uniform distribution of PCMs inside the
pores of silica aerogels and the stable interconnected network
of silica aerogels. Importantly, the resulting monolithic
octadecanol@silica aerogels exhibited a low thermal con-
ductivity of 0.12 W/m-K and large compressive strength of
~11 MPa. The monolithic silica aerogel-based composite
PCMs showed potential promise for direct application to the
thermal insulation and thermal protection devices due to the
synergistic effect of low thermal conductivity and high latent
heat (Figure 9e).

4.3. Energy Conversion. Solar thermal collection systems
based on silica aerogel-based composite PCMs are usually
designed by introducing high-performance photosensitive
materials. Dye molecules can be used as a sunlight capturer.
Yan et al.'®" prepared PEG@SiO,—dye composite PCMs
based on dye-grafted silica aerogels using a sol—gel method for
solar—thermal conversion and storage. The dye molecules
captured UV—vis sunlight well and efficiently converted light
into heat through nonradiation thermal decay under solar
irradiation, and the generated heat energy was stored in PEG
through the phase change process. Moreover, PEG@SiO,—dye
composite PCMs were more homogeneous and stable due to
the grafting of dye molecules onto the inorganic supporting
material through chemical bonding. PEG@SiO,—dye compo-
site. PCMs exhibited high solar—thermal conversion and
storage efficiencies (85—88%). In another study, Huang et
al.'"”* carbonized silica aerogels to better capture solar energy
for solar—thermal conversion and storage.

In addition, the loss of stored heat is inevitable as the heat
transfer rate increases. The solar heat collection can be
increased by reducing the heat loss of the solar receiver. Silica
aerogels are used in solar energy storage systems to ensure that
the stored heat does not diffuse too much to the outside
environment. As reported by Zhang et al.,'"®” porous GO/silica
aerogels with a low thermal conductivity were prepared by a
sol—gel method. The prepared GO/silica aerogel-based
composite PCMs exhibited ultralow thermal conductivity of
only 0.08 W/m-K, which was 72% lower than that of pristine n-
octadecanol (0.30 W/m-K). The low heat transfer rate ensured
that the stored heat was not easily diffused outward.
Nonetheless, harvesting solar energy and suppressing heat
loss remains a technical challenge. In a study, Zhao et al.'*’
fabricated a silica aerogel-based solar thermal receiver that was
capable of reaching stagnation temperatures exceeding 265 °C
at a unconcentrated solar flux (1000 W/m?). The device
consisted of a blackbody absorber covered with optimized
silica aerogels as a solar—thermal receiver. Silica aerogels with
low-scattering and highly transparent simultaneously trans-
mitted sunlight and suppressed heat loss by conduction,
convection, and radiation. This study provides ideas for the
design and fabrication of silica aerogel-based composite PCMs
for photothermal conversion, which is promising to promote

the application of medium-temperature PCMs in photothermal
conversion.

4.4. Advanced Utilization. Currently, most aerogel-based
composite PCMs are monolithic blocks. Compared with
aerogel-based monolithic block composite PCMs, aerogel-
based phase change films may yield more fascinating
properties, such as low area density and good flexibility. Lyu
et al'®" reported a free-standing and form-stable energy
storage PCMs film composed of paraffin and polytetrafluoro-
ethylene/silica (PTFE/SiO,) aerogels. Interestingly, the phase
change film had multiple responsiveness to thermal stimuli,
including wettability, transmittance, and mechanical evolu-
tions. For instance, the contact angle decreased when paraffin
in the laminate film was heated and melted. The UV—vis
transmittance of the phase change film increased with the
increase of temperature. The intelligently responsive phase
change aerogel films have potential applications such as
thermal management of small electronic devices and shape
memory materials.

In summary, porous silica aerogels can stabilize PCMs
without leakage through surface tension. Intriguingly, silica
aerogels can reduce the thermal conductivity of PCMs, so that
silica aerogel-based composite PCMs can effectively retard the
surface temperature rise through the synergistic effect of
insulation from silica aerogels and latent heat absorption from
PCMs when subjected to high heat fluxes. Furthermore, the
smart combination of high light transmission and low heat
transfer of silica aerogels can increase the temperature of solar
absorbers under unconcentrated sunlight and may unexpect-
edly improve the effect of energy conversion and storage of
silica aerogel-based composite PCMs.

5. POLYMER AEROGEL-BASED PCMs

Polymer aerogels have become competitive candidates for
energy storage due to their properties of ultralow thermal
conductivity, ultralight density, high porosity, low dielectric
constant, excellent mechanical properties, and flexible molec-
ular design.'*>~"%

5.1. Cellulose Aerogel-Based PCMs. Environmental
issues have stimulated researchers to utilize native biobased
materials for the development of advanced materials and
applications. Cellulose aerogels derived from cellulose nano-
fibers (CNFs), cellulose nanocrystals (CNCs), or bacterial
cellulose (BC) have received wide attention because of their
abundant resources, good biodegradability, easy degradation,
and environmental friendliness.'**™'"" Cellulose aerogels
combine the lightweight, high porosity and large specific
surface area of conventional aerogels with the excellent
properties of cellulose itself (good biocompatibility and
degradability, high mechanical strength).'”" Impregnating
PCMs into cellulose aerogels is considered an effective
technology to prevent liquid leakage due to the superior
surface tension and capillary force. Most notably, cellulose
aerogels have attractive mechanical properties, such as large
compressibility and excellent flexibility. The smart integration
of cellulose aerogels and PCMs can yield advanced flexible
multifunctional composite PCMs.

5.1.1. Thermal Storage. Incorporating PCMs into robust
cellulose aerogels can develop high-density thermal storage
composite PCMs. For example, Wang et al.'”” improved the
thermophysical properties of PEG via a surface functional
strategy. In this work, PEG@cellulose aerogel—dopamine
composite PCMs were constructed using a simple in situ
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Figure 10. (a) Schematic diagram of latent heat enhancement after dopamine modification. (b) SEM images of cellulose aerogels and
modified cellulose aerogels, respectively. (c) SEM image of composite PCMs. Adapted with permission from ref 192. Copyright 2021
Elsevier. (d) Digital image of CNF aerogels. (¢) SEM images of paraffin@CNF composite PCMs. (f,g) Mechanical properties of paraffin@
CNF composite PCMs. Adapted with permission from ref 193. Copyright 2021 Elsevier.

preparation method based on freeze casting. The morphology
and structure of the cellulose aerogels did not change
significantly after dopamine modification. The cellulose
aerogels with well-aligned porous structures provided a large
encapsulation space for PEG, and the encapsulation capacity
reached 95 wt %. The abundant hydroxyl groups on the
cellulose aerogels surface tended to form strong hydrogen
bonds (O—H:-O) with the hydroxyl groups of PEG, which
was not conducive to the phase transition and latent heat
release of PEG. After dopamine modification, the functional
groups of cellulose aerogels (—OH), dopamine (N—H), and
PEG (—OH) formed weaker hydrogen bonds (O—H:---N and
N—H--O) (Figure 10a—c). The latent heat of composite
PCMs was further increased from 172.2 to 194.3 J/g.

For loading alkanes, Song et al.'”® prepared CNF aerogel-
based PCMs by oil-in-water Pickering emulsion using paraffin

as the oil phase based on the amphiphilic nature of 2,2,6,6-
tetramethylpiperidine 1-oxyl (TEMPO)-oxidized CNFs (Fig-
ure 10d,e). The obtained paraffin@CNF aerogels can with-
stand loads over 3000—5000 times their own weight with little
shape change due to the enhanced mechanical properties and
good shape stability (Figure 10fg). Nevertheless, the loading
of n-alkanes in cellulose aerogels is much lower than the
theoretical value due to the poor affinity between cellulose
aerogels and n-alkanes, and the latent heat of composite PCMs
was 173.59 J/g, approximately 84.4% of paraffin. To improve
the affinity between cellulose aerogels and n-alkanes, Du et
al.'"”* prepared composite PCMs by impregnating n-octacosane
into the alkylated nanofibrillated cellulose (NFC)/CNT hybrid
aerogels. NFC/CNT aerogels were functionalized by grafting
with organic acid chloride via an esterification reaction. The
affinity between NFC/CNT aerogels and n-alkanes was
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significantly improved after modification by alkylation, and the
alkane encapsulation ratio of NFC/CNT aerogels reached 94.9
wt %. Moreover, the resulting composite PCMs exhibited
extremely high phase change enthalpies ranging from 250.9 to
2529 J/g. It can be concluded that favorable surface
modification can fully induce the phase transition behavior
of PCMs and achieve high phase change enthalpy.

5.1.2. Thermal Conductivity. Generally, the thermal
conductivity of cellulose aerogel-based composite PCMs is
relatively low. To meet the unremitting pursuit of improving
the thermal conductivity of PCMs, the combination of
thermally conductive nanofillers and cellulose aerogels was
considered. On the one hand, the governing cellulose aerogels
ensure uniform dispersion of thermally conductive nanofillers
due to the high porosity, high specific surface area, and
thermally conductive nanofillers are not easily agglomerated.
On the other hand, cellulose aerogel-based composite PCMs
exhibit enhanced thermal conductivity without significantly
sacrificing heat storage capacity because of their ultralow
density. Yang et al.'” fabricated lightweight cellulose/
graphene aerogels by combining defect-free graphene and
microcrystalline cellulose (MCC), and the corresponding
composite PCMs by a vacuum-assisted impregnation method

(Figure 1la). Graphene annealed at 2200 °C was used as
thermally conductive nanofiller. The thermal conductivity of
composite PCMs with 5.3 wt % graphene was 1.35 W/m'K,
which was 463% higher than that without graphene. Moreover,
the latent heat of composite PCMs was 156.1 J/g, which was
very close to the theoretical enthalpy of 159.5 J/g, indicating
that the mass specific heat loss of PEG was negligible after
adding cellulose/graphene aerogels. Wei et al.'”® also prepared
porous MCC/graphene hybrid aerogels, followed by impreg-
nation with PEG. When the graphene content was 1.51 wt %,
the thermal conductivity of PEG@MCC/graphene increased
to 1.03 W/m'K, which was 232% higher than PEG@MCC.
Furthermore, PEG@MCC/graphene had a high latent heat of
182.6 J/g, which was 99.84% of pristine PEG.

Additionally, considering hydroxylated boron nitride (BN—
OH) as a thermally conductive nanofiller, Zhang et al.'”’
prepared porous sodium alginate/Kapton fiber (KF)/BN—OH
aerogels (Figure 11b). BN—OH was attached to the surface of
KF and sodium alginate to form a highly thermally conductive
network, thus reducing the interfacial thermal resistance.
Consequently, the thermal conductivity of composite PCMs
increased to 0.671 W/m-K for 10 wt % BN and 0.684 W/m-K
for 10 wt % BN—OH, which were 179 and 181% higher than
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that of PEG, respectively. The thermal conductivity of KF/
BN—OH aerogel-based composite PCMs was enhanced
because BN—OH can adhere more tightly to the surface of
the gel skeleton, and the hydroxylation of BN facilitated the
formation of hydrogen bonds between sodium alginate and KF
with polyhydroxy structures, thus reducing the interfacial
thermal resistance and accelerating the heat transfer (Figure
11c,d).

5.1.3. Energy Conversion. Cellulose aerogels can effectively
encapsulate solid—liquid PCMs to overcome the liquid leakage
of PCMs during the phase change process. Unfortunately,
inferior solar—thermal conversion performance of PCM@
cellulose aerogels still severely limits their direct response to
solar energy. The photothermal materials exhibit effective
broadband absorption and high solar—thermal conversion
efficiency across the whole solar spectrum.'*™*°" Therefore,
integrating photothermal materials (such as MXenes, gra-
phene, black phosphorus, polypyrrole, and polydopamine) and
cellulose aerogel-based composite PCMs can realize effective
solar—thermal conversion.

5.1.3.1. MXenes/Cellulose Aerogels. 2D transition-metal
carbides/carbonitrides (MXenes) exhibit excellent solar—
thermal conversion performance due to their strong light
absorption and localized surface plasmon resonance (LSPR)
effect.”’> Therefore, MXenes can be introduced into cellulose
aerogel-based composite PCMs to improve the solar—thermal
conversion and storage efficient. Tang et al.’”’ employed
MXene/BC hybrid aerogels to prepare solar-driven composite
PCMs. A very low concentration of BC with large aspect ratio

can build a 3D porous supporting skeleton, and the PEG
loading in BC aerogels was up to 97.9 wt %. Under light
conditions, pristine PEG could not undergo phase change due
to weak light absorption. The MXene/BC hybrid aerogel-
based composite PCMs with only 0.2 wt % MXene rapidly
increased in temperature and underwent a phase transition. Du
et al”®" synthesized 2D-layered polymerized dopamine-
decorated Ti;C,T, MXene (P-Mxene) and cellulose hybrid
nanofiber aerogels. The solar—thermal conversion efficiency of
composite PCMs was significantly improved due to the
introduction of P-Mxene. In addition, composite PCMs
exhibited solar—thermal—electricity conversion capacity with
a maximum output voltage of 0.63 V.

5.1.3.2. Graphene/Cellulose Aerogels. Graphene as an
effective photon trap can effectively improve the solar—thermal
conversion efliciency of cellulose aerogel-based composite
PCMs. Du et al.”” synthesized PEG-grafted nanofibrillated
cellulose (NFC-g-PEG) aerogels and PEG@NFC-g-PEG/
graphene composite PCMs. The added graphene greatly
improved the solar—thermal conversion efficiency (84.7%)
and the thermal conductivity (0.76 W/m-K) of composite
PCMs due to the excellent affinity between PEG and PEG-g-
NFC/graphene aerogels. Additionally, the phase change
enthalpy of PEG-grafting composite PCMs was increased to
185.9 J/g compared with unmodified NFC/graphene aerogel-
based composite PCMs (183.2 J/g).

5.1.3.3. Black Phosphorus/Cellulose Aerogels. Black
phosphorus (BP) nanosheets, a two-dimensional (2D) nano-
material, have superior photothermal effect, large specific
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surface area and high thermal conductivity, as well as flame
retardancy.’”® Du et al.””’ impregnated n-octacosane into
CNE/BP aerogels to form composite PCMs. The addition of
BP not only significantly enhanced the solar—thermal
conversion efficiency of CNE/BP aerogel-based composite
PCMs (up to 87.6%), but also increased the thermal
conductivity by 87% than without BP. The flame retardancy
property of CNE/BP aerogel-based composite PCMs was
significantly improved due to the formation of protective
carbon layers by BP.

5.1.3.4. Polypyrrole/Cellulose Aerogels. Polypyrrole (PPy)
has a high molar absorption efficiency in the NIR region, which
can significantly improve the solar—thermal conversion
capability of cellulose aerogel-based composite PCMs.”** Xu
et al.””” introduced PPy into porous CNF aerogels to prepare
composite PCMs for solar—thermal conversion through in situ
polymerization. The solar—thermal conversion efficiency of
PPy/CNF-based composite PCMs was improved to 85.9% due
to the presence of PPy. Moreover, PPy/CNF-based composite
PCM:s exhibited high latent heat of 239.4—258.4 J/g and high
loading rate of up to 96 wt %.

5.1.3.5. Polydopamine/Cellulose Aerogels. Polydopamine
(PDA) has high photothermal effects in broad sunlight
spectrum and can be used for near-infrared photothermal
therapy of cancer.”'” Tan et al.”'" prepared NFC/PDA hybrid
aerogels (NPAs) by cation-induced gelation of NFC/PDA
suspension. Then NPA-based composite PCMs were synthe-
sized by impregnating n-octadecane into NPAs. In the
photothermal experiments, PDA acted as a photon trap to
effectively improve the solar—thermal conversion efficiency of
composite PCMs (up to 86.7%). The NPA-based composite
PCMs exhibited an extremely high thermal energy storage
density of 248 J/g.

5.1.4. Advanced Utilization. Flexibility is a very attractive
property of cellulose aerogels. Infiltrating rigid PCMs into
flexible cellulose aerogels can yield flexible composite PCMs.
Wang et al.*'* reported CNF/PU hybrid aerogels with robust
mechanical properties as an efficient supporting material for
octadecane. The latent heat of octadecane@CNF/PU
composite PCMs can reach 223.3 J/g. CNF/PU hybrid
aerogels had outstanding flexibility with a compressive stress of
510 KPa and a tensile strength of 247 KPa at 80% strain
(Figure 12a,b). The octadecane@CNF/PU composite PCMs
presented excellent shape memory function due to the
synergistic effects of the elastic CNF/PU framework and
octadecane. The samples could be fixed to the temporary
shape of “S” below melting temperature and quickly recovered
to the original shape within 30 s at 80 °C (Figure 12c). In
addition, CNF/PU hybrid aerogel-based composite PCMs
could reduce installation difficulties in thermal management
owing to excellent flexibility and toughness.

In summary, cellulose aerogels possess inherent excellent
properties, such as good biocompatibility, degradability, and
high mechanical strength. They usually exhibit good
mechanical properties under external forces, showing high
encapsulation ability for PCMs. In addition, cellulose aerogels
can also be used as compatible carrier for compounding
thermally conductive nanofillers and photothermal conversion
materials, which is conducive to improving the thermal
conductivity and solar—thermal conversion capacity of
cellulose aerogel-based composite PCMs. Surprisingly, ad-
vanced composite PCMs with mechanical flexibility and shape
memory function have been prepared by smart integration of

high-strength and flexible cellulose aerogels and PCMs with
soft and hard state changes. This integration strategy can
effectively overcome the inherent rigidity and brittle failure of
pristine PCMs.

5.2. Synthetic Polymer Aerogel-Based PCMs. A
synthetic polymer aerogel combines the benefits of an aerogel
with the conveniences of a plastic process route (i.e., poly(vinyl
alcohol), polypropylene, and polyimide). They are very
promising for exploring advanced multifunctional composite
PCMs such as flexible PCMs, infrared stealth, shape memory,
and thermal protection.

5.2.1. Thermal Storage. Poly(vinyl alcohol) (PVA)
aerogels, which are easily cross-linked, water-soluble, biode-
gradable, and biocompatible polymers, are competitive
supporting materials for the encapsulation of PCMs.”"® Yang
17'* prepared PVA aerogels with hierarchically porous
structures by freezing/thawing and introduced PEG into the
prepared PVA aerogels by vacuum impregnation. The prepared
PVA aerogels can effectively accommodate PEG with leak-
proof due to their suitable pore size, large specific surface area
and hydrogen bonding interactions. The melting enthalpy of
PEG@PVA aerogel was 146.7 J/g, which was 95.6% of pristine
PEG. Additionally, PEG@PVA aerogel exhibited pronounced
shape stability at 80 °C for 60 h. Furthermore, Hong et al.>"
reported polypropylene aerogels with superwetting property as
a porous scaffold for the fabrication of composites PCMs. The
polypropylene aerogels were easily obtained from bulk
chemical materials or industrial polypropylene wastes through
dissolution, precipitation and lyophilization processes. The
latent heat of polypropylene aerogel-based composite PCMs
ranged from 141.1—-159.5 J/g, and the latent heat remained
almost constant even after 50 melting/freeze cycles, indicating
the excellent thermal cycling stability.

5.2.2. Thermal Conductivity. Polymer aerogels are consid-
ered very attractive insulation materials due to low thermal
conductivi?r coupled with their great flexibility and mechanical
strength.”'°"*'"® The combination of PCMs and polymer
aerogels with low thermal conductivity provides interesting
benefits for heat insulation and preservation. For conventional
thermal insulation materials, heat is not preserved because
conventional insulation materials cannot store and retain heat.
In contrast, polymer aerogel-based composite PCMs are used
as thermal insulation materials, in which heat can be retained
and released from the insulation materials due to the presence
of PCMs. As reported by Wang et al,”"” single-component
supramolecular aerogels (SMAs) were synthesized from
supramolecular hydrogels formed by the self-assembly of R-/
y-cyclodextrin and PEG by supercritical liquid drying (SCLD).
The surface temperature of SMAs was below 60 °C due to
their low thermal conductivity (0.05 W/m-K) after operating
on a heater at 100 °C for 0.5 h, while PEG was melted after
only 10 min due to the high thermal conductivity (0.31 W/m-
K). The thermal conductivity of SMAs was only slightly higher
than silica aerogels (0.04 W/m-K). For SMA insulation
materials, most of the heat was not only insulated, but the
heat of the insulation materials was preserved at high
temperatures and heat was released at low temperatures due
to the presence of PEG.

Attractively, aerogel fiber-based composite PCMs can be an
alternative to synthetic fibers for thermal insulation due to
their excellent thermal regulation properties. Liu et al.**’
prepared phase change aerogel fibers by incorporating PEG
into Kevlar (KNF) aerogel fibers (Figure 13a). The aerogel
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Adapted with permission from ref 221. Copyright 2020 Elsevier.

fibers were promising fibers for heat insulation, and the
thermal conductivity of the prepared aerogel fiber mats was
0.04 W/m-K. The aerogel fabrics provided better insulation
than cotton fabrics whether at liquid nitrogen temperature or
at room temperature (Figure 13b). The phase change fibers
showed a high energy storage density with a phase change
enthalpy of 162 J/g (Figure 13c). Inspired by polar bear hair
for thermoregulation in extreme environments, Wang et al**!
reported polyimide (PI) aerogel fibers as protective clothing in
high-temperature environments by a facile freeze-spinning
method. The obtained PI aerogel fibers exhibited a high tensile
strength (14.7 MPa) and an excellent thermal insulation
performance due to the aligned porous structure, especially at
high temperature. In particular, the thermal conductivities of
the PI aerogel fibers were only 0.04 and 0.16 W/m-K at 25 and
300 °C, respectively. The aligned porous structure of PI
aerogel fibers facilitated the encapsulation of PCMs. The
temperature regulation ability of PI aerogel fibers can be
further enhanced by osmotic treatment with n-octadecanols. As
the temperature increased to 100 °C, a delay and narrow
temperature fluctuation was clearly displayed, reflecting the
temperature regulation function of the PCMs textiles. The
temperature of the PCMs textiles finally did not reach the
temperature of the hot stage due to the heat insulation of PI

aerogels (Figure 13d). Therefore, multifunctional PI aerogel
fibers show great application potential in intelligent textiles and
high-temperature protective clothing.

5.2.3. Energy Conversion. The design of aerogel-based
composite PCMs for solar—thermal conversion energy storage
has been receiving much attention. Polymer aerogels possess
excellent mechanical properties, such as high flexibility, and
high-temperature stability compared to traditional inorganic
aerogels. The polymer aerogels are expected to serve as an
ultralight and robust supporting material to fabricate highly
flexible photothermal conversion composite PCMs. Zheng et
1.>** fabricated a composite PCMs based on polyimide (PI)/
phosphorene (PR) hybrid aerogels and PEG to realize effective
photothermal energy conversion. The introduction of PR
nanosheets effectively enhances the solar—thermal conversion
and energy storage capacity of the composite PCMs due to
their excellent infrared absorption and internal photothermal
conversion capability. The resultant PEG@hybrid aerogel
composites exhibited a high solar—thermal conversion
efficiency of 82.5%. The composites also demonstrated good
thermal impact resistance, maintaining high thermal cycle
stability after 500 cycles of thermal cycling. In another report,
they’”’ also developed PI/MXene hybrid aerogel-based
composite PCMs for sustainable seawater desalination. The
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introduction of MXene nanosheets as a high-efficiency sunlight
absorber significantly improved the solar—thermal conversion
efficiency (87.28%) of composite PCMs. In the absence of
sunlight, thermal energy was released into the desalination
system through the crystalline phase transition of PEG, thereby
realizing continuous production of pure water for a long time.
Cao et al.”** prepared MXene/PI aerogel-encapsulated PEG
composite PCMs with excellent solar—thermal conversion
capability. In addition, the composite PCMs possessed good
flame retardancy because MXene promoted charring of the
pyrolysis products of PEG through catalysis, thus facilitating
the formation of stable graphitized char and reducing heat
release. Interestingly, the integration of luminescent particles
into PCMs to prepare self-luminescent composites expands its
applications in the optical field. Zhou et al.”** introduced
luminescent particles into aerogel-based composite PCMs,
realizing the dual storage of heat and light energy. Composite
PCMs absorbed and stored ultraviolet and visible light during
the day, and then emitted fluorescence slowly in the dark for
long periods of time. This work provides the basis for research
on solar energy acquisition, thermal and light storage.

5.24. Advanced Utilization. 5.2.4.1. Thermal Infrared
Stealth. Infrared stealth technology has received increasing

attention in recent decades because of its commercial and
military value. Reducing the temperature of surface and
modulating the infrared emissivity of surface are the two
main ways to achieve thermal camouflage. Previous studies
have established that PCMs have been explored as tunable
infrared emission materials. Attractively, compared with other
infrared stealth materials, aerogel-based composite PCMs show
better infrared stealth performance due to the excellent
thermal insulation of aerogels and temperature regulation of
PCMs. As reported by Zhang et al.,”*° flexible Kevlar nanofiber
aerogel (KNA) films were employed to infiltrate PEG to
fabricate composite PCMs. The KNA films had a high porosity
(~98%) and a high specific surface area (~365.99 m’/g) as
well as excellent thermal insulation performance (0.04 W/m-
K). The infrared emissivity of the obtained PEG@KNA films
was 0.94, which was comparable to the IR emissivity of most
backgrounds. Thus, targets covered with PEG@KNA films can
incorporate their thermal appearance into the background in
the outdoor environment with varying solar illumination. To
further achieve the concealment of thermal targets from IR
detection, they proposed a hybrid structure consisting of
insulation layer (KNA films) and ultralow IR transmittance
layer (PEG@KNA), which has promising application in the
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field of infrared thermal stealth. In another study, Hu et al.**’
synthesized low molecular weight poly(p-phenylene tereph-
thalamide) (PPTA) aerogels with adjustable thermal con-
ductivity and superior mechanical properties. The content of
PEG in PPTA aerogels was as high as 952 wt %, exhibiting
superior infrared stealth performance. The infrared radiation
was absorbed by PEG to prevent the target from radiating
outward when heat radiated to the PEG@PPTA composite
PCMs. Shi et al.”** prepared flexible and foldable composite
PCMs films based on the PI/phosphorene (PR) hybrid
aerogels and PEG. Thermal insulation and cooling effects are
generated through thermal shielding of aerogels and thermal
buftering of PCMs, resulting in a synergistic effect of reducing
the surface temperature of the thermal target. It can be
concluded that polymer aerogel-based composite PCMs show
great potential for industrial applications, such as thermal
insulation and infrared stealth.

5.2.4.2. Thermoresponsive Shape Memory. Considering
the good flexibility of polymer aerogels and the response of
PCMs to heat stimulus, it is envisaged that polymer aerogel-
based composite PCMs will be endowed with thermores-
ponsive shape memory function by external thermal
stimulation. Thermally induced shape memory and powerful
thermo-mechanical conversion technologies are expected to be
applied to artificial muscles, actuators, and soft robotics, Cheng
et al.”*’ developed Kevlar aerogel-based composite PCMs with

thermoresponsive shape memory function. 3D Kevlar aerogel
auxetic architectures (3D-KAAA) with excellent mechanical
properties were fabricated by a 3D printing technology that
combined direct ink writing (DIW) and freeze-casting with
dimethyl sulfoxide (DMSO)-based inks, followed by a special
drying technology (Figure 14a). Finally, thermally responsive
shape memory composite PCMs were prepared by impregnat-
ing PCMs (PEG or paraffin) into 3D-KAAA. The highly
interconnected 3D architectures of 3D-KAAA retained a high
percentage of PCMs (93.5 wt % for PEG and 91.8 wt % for
paraffin) due to 3D-KAAA induced strong capillary force. Base
on the response of the soft and hard states of PCMs to phase
transition temperatures, PEG@3D-AAA exhibited thermally
responsive shape memory behavior driven by external thermal
stimuli. Interestingly, PCMs and 3D printing technology were
linked together, which provided an advanced on-demand
manufacturing platform for developing more versatile synthetic
structures and devices for advanced multifunctional applica-
tions.

Shape memory functional materials offer promising
possibility for the design of intelligent grippers. As reported
by Bao et al,”** hydrophobic Kevlar aerogel-encapsulated
paraffin fibers (paraffin@H-KAFs) were prepared using
hydrophobic KAFs (H-KAFs) as a porous host and paraffin
as a functional guest. The prepared paraffin@H-KAFs
exhibited high tensile strength of 30 MPa. The parafin@H-
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(b) Fabrication illustration of AgNWAs by bidirectional freezing. (c) SEM image of AgNWAs. (d,e) Electrical and thermal conductivities of
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KAFs with bending stiffness higher than the critical stiffness in
a solid state of paraffin can be used as shape memory materials
due to the transition between stiffness and flexibility caused by
phase change. To demonstrate shape memory function,
paraffin@H-KAFs (400 ym in diameter) as a dynamic gripper
was developed for low-temperature gripping and high-temper-
ature release items. In addition, parafin@H-KAFs showed
great application potential in smart thermoregulated scenarios
due to their low bending stiffness at room temperature (Figure
14b), such as intelligent temperature-regulated fabrics and
automatic temperature-controlled systems.

5.2.4.3. Flame Retardancy. Flammability is a severe
problem associated with organic PCMs and the preparation
of flame-retardant phase change films is still challenging.”*" To
address flammability issue, Yang et al.”>* developed polydop-
amine—aramid nanofiber (PANF) aerogel films by in situ
polymerization of dopamine on ANFs, and nonflammable deep
eutectic solvent (DES) served as PCMs (Figure 15a).
Interestingly, PANF-DES host—guest films exhibited fast self-
extinguishing property and good shape retention property, and

no collapse in fire, thus ensuring safety in the actual application
(Figure 15b). Another advantage was that PANF-DES films
had excellent temperature regulation capacity in low temper-
ature environments. Specifically, the prepared PANF-DES
films had a high energy storage capacity of 225 J/g and a low
phase transition temperature of —21 °C.

In summary, flexible polymer aerogels are intriguing
candidates to stably encapsulate PCMs. Polymer aerogel-
based composite PCMs are very suitable for making temper-
ature-regulating fibers and heat-insulating fibers, bringing
people more comfortable and intelligent lives. In addition,
some advanced fascinating features of polymer aerogel-based
composite PCMs have been proposed, especially to take
advantage of the superflexibility of polymer aerogels. Since the
report on 3D-printed aerogels in 2015, an interdisciplinary
research field combining aerogels and printing technologies has
emerged, pushing the boundaries of their structure and
property, and further broadening their applications. In
follow-up studies, more attention should be given to
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working 5G smart phone. Adapted from ref 85. Copyright 2020 American Chemical Society.

integrating PCMs into 3D-printed materials to develop
advanced multifunctional aerogel-based composite PCMs.

6. OTHER AEROGEL-BASED PCMs

6.1. Metal Aerogel-Based PCMs. Metal aerogels are 3D
porous materials made of metal nanomaterials. They combine
the porous features of aerogels with the typical properties of
certain metals, which are highly desirable in energy storage,
piezo electronics, and electro-optical sensors.”*”*° A key
motivation for using metal aerogels to improve the perform-
ance of PCMs is attributed to their very high intrinsic thermal
conductivity and electrical conductivity. Feng’s group”*’
pioneered copper nanowire (CuNW) aerogels to improve
the thermal conductivity and electrical conductivity of PCMs.
In this work, CuNW aerogels were fabricated based on the
“bubble-controlled assembly” mechanism, then the corre-
sponding composite PCMs were prepared by impregnating
paraffin (Figure 16a). Compared to pristine paraffin, CuNW
aerogel-based composite PCMs with 2.0 wt % CuNW showed
an increased thermal conductivity from 0.21 to 0.28 W/m-K
and an increased electrical conductivity from 0 to 3.03 S/m, as
well as a slight change in latent heat (<1%). Furthermore, the
authors systematically studied the influence of filler—filler and
filler—matrix interfacial interactions on the thermal perform-

ances of composite PCMs. To obtain the optimal thermal
conductivity enhancement for PCMs, it is necessary to achieve
advantageous interfacial interactions not only between fillers
but also, more importantly, between filler and matrix.
Notably, silver possesses the highest electrical conductivity
(6.3 X 107 S/m) and the thermal conductivity (429 W/m-K)
among all the metals.”*” Therefore, silver nanowires (AgNWs)
have great potential to improve the electrical conductivity and
the thermal conductivity of PCMs. In particular, silver
nanowire aerogels (AgNWAs) are independent 3D networks,
which contribute to the formation of a continuous heat
conduction and electrically conductive channel. Feng et al.>**
developed bidirectionally aligned AgNWAs via a bidirectional
freeze-casting technique and synthesized parafin@AgNWA
composite PCMs (APC) by vacuum impregnation (Figure
16b,c). Paraffin had no measurable electrical conductivity (o),
while the o along the axial and transverse directions of
AgNWAs and APC showed strong anisotropy. For APC, the
axial ¢ (~0.6 S/cm) was 3.5X of the radial ¢ (~0.17 S/cm)
(Figure 16d). Compared to pristine paraffin, the thermal
conductivity of APC with 5 wt % AgNWs was increased by
67% due to the anisotropic thermal property of AgNWAs
(Figure 16e). Given that one-step synthesis of AgNW aerogels
has never been realized, Feng et al.**” developed a one-step
hydrothermal synthesis to directly fabricate Ag/polyvinylpyr-
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rolidone (PVP) nanowire aerogels (AgPNWAs) with ultrahigh
porosity (~99.4%) and ultralight density (61.5 + 6.4 mg/cm?).
Compared with pristine paraffin, the thermal conductivity of
AgPNWA-based composite PCMs containing 5.4 wt %
AgPNWAs was increased by ~133% due to the superior
thermal conductivity of AgPNWAs. Yi et al.”*’ prepared
montmorillonite nanosheet and silver nanowire aerogel as
supporting material for PCMs. The supporting material
provided heat transfer path constructed of cross-linked thermal
filler, which greatly enhanced the heat transfer capacity and
contributed to excellent solar energy collection performance.

In summary, metal aerogels have the characteristics of metals
(such as high electrical conductivity and thermal conductivity),
as well as continuous thermal and electrical conduction paths.
Benefiting from these advantages, metal aerogels are promising
candidates to prepare highly thermally and electrically
composite PCMs. However, to date, there are still few studies
on metal aerogel-based composite PCMs. Therefore, more
systematic studies on metal aerogel-based composite PCMs are
urgently needed, especially energy conversion and advanced
function.

6.2. Boron Nitride Aerogel-Based PCMs. Hexagonal
boron nitride (h-BN) with similar structure to graphite, also
called white graphite, exhibits excellent electrical insulation
properties, high thermal conductivity, high thermal stability
and oxidation resistance.”*'~>** Unlike carbon-based nano-
fillers for the enhancement of both thermal and electrical
conductivities of PCMs, BN usually imparts higher electrical
insulation properties and thermal conductivity to PCMs.**’
Therefore, infiltrating PCMs into BN aerogels will help to
prepare highly thermally conductive but electrically insulating
composite PCMs, which are expected to be used in
microelectronic devices. However, it is still difficult to
construct BN aerogels due to inert surface feature of BN and
weak interactions between the networks. Recently, BN aerogels
have been popularly constructed by using compatible binders,
such as polymers, graphene oxide and cellulose nanofibers, to
assist h-BN or boron nitride nanotubes (BNNTs) or boron
nitride nanosheets (BNNSs).

GO-assisted dispersion technology was proposed for the
preparation of BNNT aerogels. The BNNTs/rGO aerogels
were obtained by taking full advantage of the stable dispersion
of GO nanosheets in water and the self-assembly ability during
the subsequent reduction process.”*” The obtained BNNTs/
rGO aerogels exhibited good elasticity and fatigue resistance,
which could recover to the original volume and remain more
than 85% of the maximum stress even after 100 cycles of 50%
compression. The thermal conductivity of PEG@BNNTSs/
rGO with a low filler content of 1.5 wt % was improved to 0.43
W/mK. In addition, the phase change enthalpy of PEG@
BNNTs/rGO reached 195.6 J/g, which was higher than rGO/
PEG of 182.3 J/g. Similarly, GO was used to assist the
impregnation of BN nanosheets into MF framework and then
deposited on the surface of MF, as reported by Xue et al.***
The MF/rGO/BN aerogels were fabricated via hydrothermal
reaction, freeze-drying and carbonization treatment. The
thermal conductivity (0.35 W/m-K) of PEG@MF/rGO
composite PCMs was enhanced by 16.67%, while the thermal
conductivity (0.79 W/m-K) of PEG@MF/rGO/BN composite
PCMs was increased by 163% compared to PEG (0.3 W/m-
K), indicating the significant synergistic enhancement effect of
rGO and BN (Figure 17a,b). In addition, the fabrication of BN
aerogels can also be tactfully achieved by combination of

cellulose. Lei et al.”*’ fabricated robust cellulose/BNNS
aerogels via a self-assembly strategy. High-strength cellulose/
BNNS aerogels displayed an excellent compressive strength of
3.03 MPa due to the synergistic reinforcement of cellulose
nanofibers and BNNSs. The composite PCMs with 10 vol %
BNNSs showed a significantly enhanced in-plane thermal
conductivity (4.76 W/m-K), which was about 1300% higher
than that of pristine PEG. To make BNNSs disperse in water
well, Wan et al.>*° functionalized BNNSs with amino acid and
carboxyl groups. The L-glutamine-grafted BNNSs (BNNSs-g)
dispersed well in water at a concentration of above 30 mg/mL.
Subsequently, cellulose nanofibers as cross-linking agents were
added to form robust aerogels (Figure 17c). The PEG@
BNNS-g composite PCMs showed excellent shape stability due
to the hydrogen bonding interaction between PEG and the
functional groups of CNF and BNNSs-g. In addition,
composite PCMs exhibited a high phase change enthalpy of
150.1 J/g, which reached about 94% of pristine PEG. In
another study, Kashfipour et al.”*' applied sodium carbox-
ymethyl cellulose (SCMC) to improve the mechanical strength
of BN aerogels. In this work, isotropic composites were
prepared by incorporating xylitol crystals into to BN aerogels
via an ice template method, and exhibited a high thermal
conductivity of 4.53 W/m-K at BN loading of 18.2 wt %.

With the advent of the SG era, the thermal management of
electronic systems requires higher efficiency and more
functionality. As mentioned above, BN is a promising
candidate for thermal management of microelectronic device
due to the insulating property. In this regard, Wang et al.*
proposed two thermal management strategies (thermal
insulator and thermal regulator) based on BN aerogel films.
The flexible BN aerogel films were prepared through molecular
precursor assembly, sublimation drying, and pyrolysis reac-
tions. The obtained BN aerogel films showed high porosity
(~96%), large specific surface area (~982 m?/g), controllable
thickness (50—200 ym), low thermal conductivity (0.06 W/m-
K) and excellent flame retardancy (Figure 17d). Subsequently,
BN phase change composite films were prepared by
impregnating paraffin into BN aerogel films (Figure 17e).
The thermal conductivity of BN phase change composite films
was higher than pristine paraffin because the air in BN aerogel
films was replaced by paraffin. The low thermal conductivity of
the BN aerogel films could be mainly attributed to that the
nanoribbons could partition the 3D aerogels into nearly
isolated cells to efficiently mitigate the air conduction and
convection. However, once the air in aerogels was replaced by
PCMs, the heat flow along the interconnected BN nanosheets
was collected at the junctions and was then transported to the
adjacent BN nanosheets; therefore, the thermal conductivity of
composite PCMs will be enhanced. The thermal conductivity
of the BN aerogel phase change composite films was 0.29 W/
m-K, which was larger than that of pristine paraffin (0.2 W/m-
K). Interestingly, parafin@BN aerogel films were capable of
absorbing large amounts of heat and suppressing electron
overheating due to enhanced thermal conductivity and large
latent heat. Therefore, BN phase change composite films can
be used as a thermal protection layer for portable electronics
and significantly reduce the heat transfer from electronics to
skin (Figure 17f).

In summary, the application of PCMs can be surprisingly
broadened by masterly designing the supporting materials and
their existing forms. It is meaningful to develop an appropriate
strategy for design and synthesis of porous BN aerogels. BN
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Figure 18. (a) Preparation schematic of PEG@MXene aerogels. (b) SEM images of PEG@MXene aerogels; the loadings of PEG4000 were
70, 80, 90, and 95% (from left to right). (c) UV—vis—NIR absorption spectra of MXene. (d) Solar—thermal conversion curves of PEG@
MXene aerogels. Adapted with permission from ref 256. Copyright 2020 Elsevier.

can significantly enhance both the thermal conductivity and
the solar—thermal conversion capability of PCMs, therefore
thermal storage systems based on BN aerogels for solar—
thermal conversion are worthy of further development. BN
also significantly enhance electrical insulation of PCMs, which
has vigorous competency in thermal management of electronic
devices.

6.3. MXene Aerogel-Based PCMs. MXenes are emerging
two-dimensional materials derived from MAX phases, or
layered hexagonal carbides and nitrides, where A is an A-
group element, usually aluminum or gallium. MXenes are
defined by a general formula M, ,,X, T,, wherein M represents
an transition metal, X is carbon or nitrogen, T represents the
surface termination group (—O, —OH, and/or —F), and «
represents the number of termination functional groups.”**~>>*
MXenes have sparked various emerging research hotspots in
fundamental theory and engineering applications since they
were creatively synthesized by Gogotsi in 2011. Recently,
MXene aerogels have become fascinating supporting materials
for PCMs to harness the efficient use of solar energy due to

AA

high thermal stability, high thermal conductivity and nearly
100% internal photothermal conversion efficiency.”>> MXenes
exhibit prominent photothermal conversion performance by
virtue of their excellent electromagnetic wave absorption,
LSPR, and interlayer structures. Lin et al.**® constructed
MXene aerogel-based composite PCMs for solar—thermal
conversion and storage (Figure 18a,b). MXene nanosheets
were attractive photothermal agents due to their characteristic
absorption bands in the NIR region from 750—800 nm and
high extinction coefficients in the UV—vis—NIR region (Figure
18c). The solar—thermal conversion efficiency of PEG@
MZXene aerogel was as high as 92.5% (Figure 18d). Similarly,
taking advantage of effective photothermal conversion and the
high thermal conductivity of MXene, Liu et al.”>” prepared
MXene/gelatin hybrid aerogels by a freeze-drying method, and
then paraffin was impregnated into the aerogels by vacuum
impregnation. The resulting composite PCMs exhibited a high
loading rate (96.3—97.7 wt %) and large thermal storage
density (184.7—199.9 J/g). The thermal conductivity of
parafin@MXene/gelatin aerogels was 0.92 W/m-K, which
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Table 1. Versatile Aerogel PCMs for Thermal Energy Storage”

composite PCMs

PCM loading K of PCMs AH,,/AH;¢
aerogels PCMs (wt %) (W/mK) K (W/m-K) n (%) T,./T (°C) (J/g) ref
parafﬁn 92.42 0.20 0.79 295 52.9/46.2 210.6/209.2 120
paraffin 0.35 8.87/2.68 2434/665 179.0/— 125
paraffin 97 0.207 0.274 32 41.0/58.0 202.2/213.0 96
parafﬁn 97.8 0.26 0.46 77 50.8/45.8 121.0/116.9 117
paraffin 98.15 0.2 0.836 318 46.6/— 245.5/- 118
parafﬁn 99.83 40.0/— 232.2/228.4 99
n-octadecane 96.7 0.15 0.47 215 35.1/13.8 195.7/196.7 95
graphene aerogels PEG10000 97.75 0.31 1.43 361 64.8/41.8 185.6/177.8 111
PEG2000 98.79 0.227 0.760 23S 53.8/— 162.2/— 116
PEG4000 99.2 0.384 61.0/42.0 168.7/165.1 100
PEG6000 99.5 0.211 0.344 63 42.0/61.0 218.9/213.2 17
1-octadecanol 86.7 0.21 9.50 4423 62/48,53 196.2/234.1 113
1-octadecanol 88 0.23 5.92 2473 59.0/53.9,49.3 202.8/250.8 112
1-octadecanol 95 0.23 4.28 1761 61.0/53.9 225.3/289.0 107
lauric acid 94.31 0.267 1.207 352 43.3/40.6 207.3/205.8 106
paraffin 95 0.248 0.427 72 63.5/54.5 83.6/98.8 160
paraffin 95.5 0.250 0.358 43 74.5/58.0 202.2/200.2 157
) ) eicosane 97 0.46 0.53 15 40.0/29.0 211.7/209.8 167
b‘;’if;‘jf carbon  pRGe000 95 0.31 0.62 100 582/37.4 171.5/169.5 158
mannitol 97 0.65 0.78 20 160/114 281.9/258.3 161
1-hexadecanol 98.08 0.24 0.50 108 220/— 156
stearic acid 99.1 0.333 0.621 86 71.4/66.8 223.1/221.6 164
paraﬂin 70 0.25 0.13 —48 59.2/49.8 112.9/122.7 179
paraffin 80.42 65.0/43.2 154.0/131.6 173
eicosane 84.3 36.8/33.7 198.4/197.4 177
- erythritol 85 123.8/— 289.2/— 176
silica aerogels
PEG2000 60 0.29 0.08 =72 57.4/25.1 90.6/83.1 180
PEG6000 88.5 - - - 58.4/40.6 167.0/168.2 181
octadecanol 60 0.25 0.12 -52 60.1/53.1 127.7/129.9 180
n-octadecanol 75 0.3 0.08 =72 52.5/42.3 145.6/126.3 182
paraffin 0.037 55.4/48.1 173.6/171.9 193
n-alkanes 94.9 0.23 0.58 152 68.5/48.3 252.9/252.3 194
n-octacosane 0.228 0.448 96 66.0/52.2 251.6/250.2 207
n-octacosane 96 65.6/50.9 239.4/235.3 209
cellulose aerogels
PEG6000 0.31 1.03 232 62.0/— 182.6/— 196
PEG6000 89.2 0.24 1.35 463 63.0/44.3 156.1/148.9 195
PEG2000 95 59.3/40.9 194.3/193.3 192
PEG4000 97.9 67.0/41.5 196.7/191.7 203
PEG10000 52.8 0.307 0.052 —-83 71.8 219
PEG2000 93.5 50.2/40.9 186/135 229
polymer aerogels PEG1500 94.3 49.9/— 162.9/— 226
PEG1000 95.6 39.0/19.4 146.7/140.4 214
deep eutectic solvent 92 —21.0/- 225.0 232
metal aerogels paraffin 94.6 0.21 0.49 133 55.0/— 239
paraffin 94.99 0.21 0.35 67 55.0/— 238
paraffin 98 0.21 0.277 32 55.0/— 173.0/— 236
paraffin 79.3 0.2 0.29 45 42.4/47.0 183/— 85
PEG10000 0.33 4.764 1344 60.2/41.6 136.8/122.8 249
BN aerogels
PEG1500 0.28 0.59 110 42.3/15.2 143.5/136.1 250
PEG4000 98.5 0.29 0.43 48 59.1/38.5 195.6/175.9 247
MXene aerogels paraffin 97.7 0.26 0.92 248  60.1/383 191.7/192.9 257
PEG4000 95 57.5/33.8 112.3/108.5 256
phosphorus-modified stearyl 80 0.353 0.486 37 79.2/50.7 120.1/122.7 258

alcohol

“K, thermal conductivity; 77, growth rate of thermal conductivity, 7 = K. — K,,/(K,,), where K_ and K,,, are the thermal conductivity of composite
PCMs and pristine PCMs, respectively; T,,, melting point; Ty, freezing point; AH,,, melting enthalpy; AHj, freezing enthalpy.

was 3.48 times higher than that of pristine paraffin. Moreover, gelatin aerogels was greatly improved due to the introduced
the solar—thermal conversion efficiency of parafin@MXene/ MXene nanosheets as efficient photon trapper. In another
AB https://doi.org/10.1021/acsnano.2c05067
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Table 2. Thermal Properties of Aerogel-Based Composite PCMs for Energy Conversion and Storage

aerogel-based composite PCMs for solar—thermal conversion and storage

absorber loading melting point latent heat light intensity efficency
solar absorber PCMs (wt %) (°C J/g) mW/cm?) (%) ref
graphene aerogels paraffin 4.1 52.4 154.3 100 78 133
rGO/graphene aerogels 1-octadecanol 13.3 48/53 196.2 100 84 113
TiO,-x/rGO aerogels paraffin 7.6 58.7 127.8 100 89.9 134
RGO/GF/CAs paraffin 57.3 145.2 100 90 114
graphene/copper foam paraffin 5.19/29.34 45.6/60 133.6 100 97 135
aerogels
sunflower-derived CAs hexadecanamine 50.13 239.4 100 75.6 162
sunflower-derived CAs hexadecanamine 49.33 271 100 67.8 162
succulent-derived CAs paraffin 37 63.5 83.6 125 82 160
gelatin-derived CAs eicosane 40 2117 300 93.32 167
carbon nanofiber aerogels 1-tetradecanol 3893 2622 96.2 164
SiO,—dye aerogels PEG6000 2.7 58.3 158.3 100 88.1 181
graphene/cellulose aerogels PEG6000 68.8 185.5 300 84.7 205
BP/cellulose aerogels n-octacosane 66 251.6 250 87.6 207
PPy/cellulose aerogels n-octacosane 65.6 239.4 300 85.9 209
PDA/cellulose aerogels n-octacosane 64.3 250.4 250 86.7 211
PI/PR aerogels PEG10000 16 65 174.4 300 82.5 222
PI/MXene aerogels PEG10000 20 62.45 177.1 300 87.28 223
MXene aerogels PEG4000 30 - 72.8 100 92.5 256
aerogel-based composite PCMs for solar—thermal—electric conversion and storage
absorber loading melting point latent heat light intensity output
solar absorber PCMs (wt %) (°C J/g) %mW/ cm?) U (mV)/I (mA)/P (uW) ref
graphene aerogels m-PEGMA 58.7 177 200 144/14.8/2130 140
graphene/cysteamine 1-tetradecanol 42.87 213.7 1s —/11/511.58 142
aerogels
graphene aerogels 1-tetradecanol 44.68 2204 —/10/437 141
carbon nanofiber aerogels 1-tetradecanol 38.93 262.2 80/13.5/1080 164
MXene/cellulose aerogels  erythritol 128.3 330.6 250 630/—/— 204
aerogel-based composite PCMs for electric—thermal conversion and storage
conductive additives PCMs additives loading (wt %)  melting point (°C)  latent heat (J/g)  input voltage efficency (%) ref
GO/graphene aerogels paraffin 0.38/4.51 62.4 188.5 2.9 62.5 145
graphene aerogels PEG4000 12 574 92.1 10 67.2 146
graphene aerogels paraffin 6 64.7 193.7 3 85 126
ZnO/graphene aerogels PEG4000 0.97/1.32 57.1 108.1 15 84.4 147
melon-derived CAs paraffin S 53.5 115.2 15 71.4 165
gelatin-derived CAs eicosane 40 211.7 94.83 167

study, MXene aerogel-based flame retardant composite PCMs
were designed by chemically modifying stearyl alcohol with
phosphorus-containing molecules (P-SAL) by Luo et al,***
which can be utilized for safe and efficient solar storage
application. Hu et al.**” fabricated photodriven and flexible
composite PCMs based on a flexible water-borne polyurethane
(WPU)/MXene aerogels. The obtained PEG@WPU/MXene
composite PCMs possessed excellent dimension retention
along with a high phase change enthalpy value (154.6 J/g).
The composite PCMs realized excellent light-actuated shape
memory and self-healing functions due to excellent photo-
absorption ability of MXene combined with the elasticity of the
WPU/MZXene aerogel and the solid—liquid phase change of
PEG.

In summary, benefiting from their high thermal stability,
high thermal conductivity and nearly 100% internal photo-
thermal conversion efficiency, MXenes are very promising for
solar energy storage. It is worth noting that assembling MXene
nanosheets into aerogels has more fascinating advantages,
including low density, high porosity, and large specific surface
area. Importantly, MXene nanosheets no longer undergo

AC

restacking and reagglomeration. Recently, solar energy-harvest-
ing and utilization strategies are mainly focusing on carbon
nanotubes, graphene, graphite, and BN. However, the
composite PCMs for solar energy storage based on MXene
aerogels are relatively less discussed, deserving further
attention and research.

In this review, Table 1 summarizes various aerogel-based
composite PCMs for thermal energy storage. Table 2
summarizes the various forms of energy-harvesting perform-
ances of composite PCMs. Among them, solar energy is
abundant, clean and sustainable, and it is one of the important
clean energy sources that is easy to popularize and popularize.
Therefore, the solar—thermal conversion is the most
economical and safe among the various energy conversion,
and has the highest energy conversion efficiency. However,
solar energy suffers from intermittent, unstable disadvantages,
which requires additional charging modes, such as electric or
magnetic, to keep the energy storage system working
continuously. The electric—thermal conversion and storage
technology can store thermal energy by using low-cost electric
energy for heating during the valley electricity period at night,

https://doi.org/10.1021/acsnano.2c05067
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Table 3. Comparison of Thermal Properties of Aerogel-Based Composite PCMs and Other Composite PCMs

supporting materials PCMs loading (wt %)
expanded graphite paraffin 90
carbon foam paraffin
graphene foam paraffin
biological porous carbon PEG4000 85.36
silica PEG10000 85
cellulose network paraffin 722
high density polyethylene paraffin 77
olefin block copolymer/EG paraffin 80
copper foam paraffin 98.6
BN scaffolds paraffin 74
MXene PEG6000 85
expanded perlite/ CNT paraffin 60
graphene aerogels PEG6000 99.5
graphene aerogels 1-octadecanol 86.7
bioderived carbon aerogels stearic acid 99.1
silica aerogels octadecanol 60
cellulose aerogels n-alkanes 94.9
polymer aerogels PEG2000 93.5
metal aerogels paraffin 98
BN aerogels PEG4000 98.5
MXene aerogels paraffin 97.7

latent heat (J/g) K (W/m-K) ref review
117.5 3.83 260 Huang et al.”’
164.98 1.19 261 Wu et al.*
153.1 2.28 262 Yang et al.**
175.6 4.48 264 Yang et al.>*
162.9 0.36 265 Wu et al.*
139 - 266 Zou et al.*’
1622 0.26 267 Wu et al.*
176.7 5.5 268 Zou et al.*'
132.5 4.9 269 Huang et al.*”’
135.1 1.33 270 Yang et al.>*
171.5 0.293 271 Tang et al.>"!
157.3 0.32 272 Huang et al.®o
2189 0.344 17 this review
196.2 9.50 113 this review
223.1 0.333 164 this review
127.7 0.12 180 this review
252.9 0.58 194 this review
186 229 this review
173 0.277 236 this review
195.6 0.43 247 this review
191.7 0.92 257 this review

and then release the thermal energy for heating during the day,
which plays the role of shaving peaks and filling valleys, and
reducing economic costs. However, the electric—thermal
conversion efficiency is not high enough, resulting in a part
of the electrical energy wasted. Magnetic—thermal conversion
can not only be used for energy supply, but also to control
temperature in specific field, such as magnetothermal therapy.
Specifically, the magnetic energy is stored in the form of latent
heat, and the temperature of the material is controlled to
prevent excessive temperature from causing damage to the
body. However, the conversion efficiency of magnetic—thermal
composite PCMs is still relatively low and needs to be further
improvement. Solar—thermal—electric conversion is a secon-
dary application of solar—thermal composite PCMs. Solar
energy is converted and stored by the PCMs, and then thermal
is utilized to generate electricity via thermoelectric modules.
The composite PCMs exhibit excellent solar energy absorption
and solar thermal conversion capability, which can maximize
the average temperature difference (AT) of thermoelectric
devices, and when the external energy source disappears, the
PCMs-based TEGs can still achieve sustainable power output
because the accumulated heat in the PCMs can be released for
thermoelectric power generation. TEGs have the advantages of
quiet operation, high reliability, low production cost, long
operating life, and environmental friendliness, however, low
thermoelectric conversion efficiency has been considered a
major obstacle to the development of thermoelectric power
generation. In addition, acoustic—thermal energy conversion
and storage is another emerging energy-harvesting application
of composite PCMs, and its specific conversion principle and
preparation need further study.

The most popular nanoencapsulated composite PCMs have
always been an effective means to overcome the disadvantages
of using PCMs alone for energy storage systems. Research so
far, porous materials such as natural minerals, metal foams,
expanded graphite, porous carbon-based materials, aerogels,
polymers, BN and MZXenes emerging materials have been
chosen as shape stabilizing supporting materials. Taking the
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widely used paraffin and PEG as examples, the thermophysical
properties of aerogel-based composite PCMs are compared
with those of other commonly used porous material-based
composite PCMs (Table 3). Notably, it is challenging to
balance between shape stability and high energy storage
density in the preparation of composites PCMs, since energy-
free supporting materials energy storage replaces part of the
workpiece. Among these supporting materials, benefiting from
the inherent properties of ultralight, ultrahigh porosity,
ultrahigh surface area, aerogel-based composites PCMs have
extremely high loading capacity and large energy storage
density.

In terms of improving the thermal conductivity of PCMs,
metal foam can significantly enhance the thermal conductivity
of the composite PCMs, but its relatively large pores exhibit
poor binding force on the PCMs, which leads to the easy
leakage of the PCMs during melting. Generally, there is a
trade-off between the thermal storage capacity and thermal
conductivity of composite PCMs. High thermal storage
capacity requires a high loading of PCMs, while thermally
conductive supporting materials with small content usually
yield limited thermal conductivity enhancement. Therefore, it
is imminent to develop aerogel-based composites PCMs
integrating high thermal storage capacity and high thermal
conductivity.

7. CONCLUSION AND FUTURE PROSPECTS

Aerogels are porous solid materials with ultralow density, high
porosity, large specific surface area, and tailorable properties
and are ideal substrates for encapsulating PCMs. This review
systematically summarizes the state-of-the-art research progress
of aerogel-based composite PCMs. In this review, aerogel-
based composite PCMs are divided into: (I) carbon aerogel-
based, (II) silica aerogel-based, (III) polymer aerogel-based,
(IV) metal aerogel-based, (V) boron nitride aerogel-based, and
(VI) MXene aerogel-based. Most importantly, 3D intercon-
nected porous aerogels can prevent melted PCM leakage due
to strong capillary forces and surface tension. Benefiting from
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Figure 19. Advanced multifunctions of aerogel-based composite PCMs. (a) Images of flexible paraffin@graphene aerogels. Adapted with
permission from ref 152. Copyright 2021 Elsevier. (b) Photographs of the folding and releasing of PEG@Kevlar aerogels. Adapted from ref
226. Copyright 2019 American Chemical Society. (c) Photos showing the shape recovery process of octadecane@cellulose aerogels. Adapted
from ref 212. Copyright 2020 American Chemical Society. (d) Light-actuated shape fixing and recovery behaviors of PEG@WPU and PEG@
WPU/MXene. Adapted with permission from ref 259. Copyright 2021 Elsevier. (e) Infrared thermographic images of PEG@PI/PR aerogels
film. Adapted with permission from ref 228. Copyright 2022 Elsevier. (f) Infrared stealth synergistic performance of PEG@Kevlar aerogels.
Adapted from ref 226. Copyright 2019 American Chemical Society. (g) Thermal protection performance of octadecanol@silica aerogels.
Adapted with permission from ref 180. Copyright 2020 Elsevier. (h) Thermal protection performance of paraffin@BN aerogels. Adapted
from ref 85. Copyright 2020 American Chemical Society. (i) Flame retardancy of polydopamine—aramid nanofiber aerogels. Adapted with
permission from ref 232. Copyright 2021 Wiley-VCH. (j) PCM@graphene aerogels smart fibers. Adapted with permission from ref 153.
Copyright 2018 Wiley-VCH. (k) Fabrication of Kevlar aerogel fibers and applications. Adapted from ref 220. Copyright 2019 American
Chemical Society. (I) Dynamic gripper. Adapted from ref 230. Copyright 2020 American Chemical Society. (m) Microwave absorption
performance. Adapted with permission from ref 168. Copyright 2021 Elsevier. (n) Solar-driven evaporation device. Adapted with permission
from ref 223. Copyright 2022 Elsevier. (0) Luminescence application of PEG@functionalized PVA aerogels. Adapted with permission from
ref 225. Copyright 2022 Elsevier.

the ultralight weight, high porosity, and large specific surface electrical conductivity of PCMs, which are conducive to the
area of aerogels, aerogel-based composite PCMs have fast response of PCMs to electric energy for electric—thermal
extremely high load-bearing capacity and large energy storage conversion and storage. BN aerogels enhance the electrical
density. In addition, versatile aerogels ameliorate the inherent isolation and thermal conductivity of PCMs, showing great
inferior defects of low thermal and electrical conductivities, application potential in microelectronic devices. (2) Silica and
and the weak solar-capturing capacity of pristine PCMs. polymer aerogels with low thermal conductivity can reduce the
Aerogel-based composite PCMs integrate multiple energy thermal conductivity of PCMs and realize their application in
conversion and storage models, such as acoustic—thermal and heat insulation and heat preservation. (3) To allow PCMs to
solar—thermal—electricity energy conversion and storage. harvest thermal energy generated by other alternations apart
More importantly, the smart marriage of aerogels and PCMs from temperature, PCM systems can be designed based on
endow PCMs with advanced multiple functions, such as functional aerogels with the ability to respond to solar energy,
mechanical flexibility, flame retardancy, shape memory, electric energy, magnetic energy, and acoustic energy and are
intelligent grippers, and thermal infrared stealth. Figure 19 converted into thermal energy in the form of latent heat.
summarizes the various emerging advanced functions of Specifically, carbon, MXene, and BN aerogel-based composite
aerogel-based composite PCMs. PCMs can realize solar—thermal energy conversion and storage
Specifically, (1) carbon, BN, metal, and MXene aerogels can due to their excellent solar-absorbing ability. In addition, CAs
greatly improve the thermal conductivity of PCMs without also effectively improve the electrical conductivity of PCMs, so
sacrificing much latent heat due to high thermally conductive CA-based composite PCMs simultaneously integrate solar—
paths. Meanwhile, carbon and metal aerogels can improve the thermal and electric—thermal conversion functions. Further-
AE https://doi.org/10.1021/acsnano.2c05067
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Figure 20. Summary of different aerogel-based composite PCMs in terms of their advantages, challenges, energy conversion, and advanced

utilizations.

more, magnetic—thermal and acoustic—thermal conversion
and storage are achieved by introducing magnetic particles into
the carbon aerogels. (4) To better accommodate electronic
devices and wearable thermal management, the flexibility of
PCM:s is a key feature. For example, graphene and BN aerogel-
based composite PCMs can be designed as flexible phase
change films. Attractively, highly flexible cellulose and polymer
aerogel-based composite PCMs also exhibit shape memory
function due to their excellent mechanical properties and
flexibility, which are expected to be used for intelligent
grippers. (S) Phase change aerogels can be made into different
dimensions. Shaping phase change aerogels into 1D fibers can

AF

facilitate the design and manufacturing of smart thermoreg-
ulating textiles. Shaping phase change aerogels into 2D films
may be accompanied by more attractive features (e.g., low area
density and superior flexibility) (Figure 20).

Despite the recent advances in aerogel-based composite
PCMs for thermal energy storage, heat transfer, energy
conversion, thermal management, and advanced multifunc-
tional applications, there are still several issues that need to be
further studied and addressed.

(1) The world of aerogels is exciting and fascinating.
Although BN, metal, and MXene aerogels have been applied to
encapsulate PCMs, there are relatively few studies, deserving
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more systematic research in the future. Attempts should be
made to exploit more interesting properties of aerogel-based
composite PCMs by combining the properties of aerogels. (2)
It is worth exploring how aerogels can bring more advanced
functions to PCMs, such as BN aerogels and MXene aerogels.
(3) Although PCMs can harvest thermal energy from solar
energy and the efficiency of energy conversion has been greatly
improved, there is a lack of practical industrial application
strategies. In the future, an implementable strategy needs to be
developed for practical and commercially viable large-scale
applications considering the technoeconomic benefits. (4) The
electric—thermal conversion efficiency of composite PCM:s is
still low and needs to be improved further. Metal aerogels
possess high electrical conductivity, but relatively little research
has been done on their energy conversion pathways, which can
be tapped for application in electrothermal conversion. (S)
Magnetic—thermal energy conversion is still in its infancy, and
much further research is needed. (6) Thermoelectric
conversion technology, as a green energy conversion
technology, can realize the direct conversion from thermal
energy to electric energy, which is highly valued by the country
and researchers. Although solar-electric and heat-electric
conversion routes have been described in articles, the
development of high-performance composite PCMs for
thermoelectric conversion is still imminent. (7) High-enthalpy
lightweight composite PCMs are worth investigating for
thermal energy storage. It is possible to take advantage of
aerogels to obtain composite PCMs with high energy density
by regulating the structure and properties of aerogels, which is
worthy of further development, while the combination of
sensible and latent heat can also be considered. (8) Most
aerogel-based composite PCMs are 3D monolithic blocks or
0D microspheres. More strategies need to shape phase change
aerogels into 1D fibers or 2D films, which leads to more
attractive properties for thermal management systems of
microelectronic devices, wearable thermal management, and
shape memory composites. (9) At present, the utilization of
advanced functions of PCMs is still in the initial stages.
Researchers should deeply grasp the inherent properties of
PCMs and explore the applications of PCMs in advanced
functions, not limited to energy storage applications of PCMs.
For example, real-time optical communication using the real-
time evolution of optical transparency during crystallization.
Specifically, materials with a change in optical transparency
through melting/crystallization should be designed and
prepared. The infrared signals of composite PCMs during
heating and subsequent cooling were detected to convey
specific information through the dynamic evolution of phase
change enthalpy. (10) Currently, the preparation methods of
composite PCMs are relatively traditional and require bold
innovation, such as combining advanced 3D printing

technology.
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VOCABULARY

aerogel, an ultralightweight solid material with an 3D porous
nanostructured skeleton; phase change material, a material for
the storage and release of latent heat during the isothermal
phase change process; latent heat, the absorbed or released
heat of a material changing one phase to another under
isothermal process; thermal conductivity, the transferred heat
of a material through a unit of heat transfer surface in unit time
and unit temperature gradient; energy conversion, the process
of converting energy from one form to another
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