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ABSTRACT

This study begins by exploring the typical practical applications of phase-change materials (PCMs) in various industries,
highlighting their importance in energy storage, temperature regulation, and thermal management. It then emphasizes the
necessity of flame-retardant functionalization tailored to the specific application scenarios of PCMs, especially considering their
use in safety-critical environments such as electronics, automotive, and construction. The classic characterization methods for
assessing the flame-retardant properties of PCM are introduced in detail, including the limiting oxygen index, the vertical
burning test, and the cone calorimeter, which are widely recognized standards in material safety testing. Additionally, newly
developed methods for evaluating combustion safety are discussed, such as direct combustion tests, candle combustion ex-
periments, and back temperature response, which offer a more comprehensive understanding of the material's fire resistance.
Following this, this study provides a thorough summary and categorization of the flame-retardant strategies used in PCMs,
divided into four main approaches: (1) incorporation of external flame retardants, (2) use of flame-retardant microcapsules,
(3) development of flame-retardant support materials, and (4) creation of intrinsic flame-retardant PCMs. Each strategy is
critically analyzed in terms of effectiveness, applicability, and potential challenges. Lastly, the conclusion provides an overview
of the current state of flame-retardant PCMs, offering insights into future development directions, including the pursuit of more
sustainable and efficient flame-retardant solutions, as well as prospects for their broader adoption in various industries.

1 | Introduction heat storage systems and thermochemical reactions, PCM has

distinctive characteristics that render it particularly advanta-
Phase-change materials (PCMs) represent a class of substances geous for thermal regulation applications [1]. These materials
capable of absorbing and releasing thermal energy through demonstrate superior operational efficiency, characterized by
phase transformation processes. In contrast to conventional their ability to maintain nearly isothermal conditions during
thermal energy storage (TES) approaches, including sensible energy exchange, thereby establishing themselves as one of the
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Summary

« Systematized research and summary are presented of
the applications of phase-change composite materials in
thermoelectric energy harvest/conversion, battery mod-
ules’ thermal management, electronic device thermal
management, construction energy saving, and smart fi-
bers/textiles.

A detailed explanation of the testing methods for flame-
retardant phase-change composite materials is
presented.

A detailed discussion of the flame-retardant strategies
for functionalized phase-change composite materials is
presented, providing guidance for future development
and expansion of research on flame-retardant phase-
change composites.

most effective solutions for thermal energy management and
storage applications [2]. Some prospective and practical appli-
cations include building energy storage materials [3, 4], smart
textiles [5-7], handheld devices [8, 9], food packaging [10],
medical field [11, 12], renewable energy systems [13, 14], and
TES systems [15, 16], among others. A key advantage of PCM is
its remarkable tunability in the operational temperature range,
enabling precise control over phase transition temperatures.
This flexibility is particularly evident in organic PCM, where,
for example, paraffin-based materials can be tailored by sys-
tematically adjusting the hydrocarbon chain length, thereby
achieving phase transition temperatures spanning from —62°C
to 86°C [17, 18].

PCM can be broadly classified into three categories: organic,
inorganic, and eutectic PCM [19, 20]. The inorganic PCM
family, which includes water, salt hydrates, molten salts, met-
als, and metal alloys, is frequently plagued by issues of high
supercooling and phase separation, leading to phase transition
hysteresis, reduced reversibility, and a shortened operational
lifespan [21]. Eutectic PCMs are low-melting mixtures created
by blending two or more components in specific ratios, cate-
gorized into inorganic-inorganic (e.g., NaCl-H,0), organic-
organic (e.g., lauric-palmitic acid), and organic-inorganic (e.g.,
fatty acid-metal salt) types [22]. As a typical example, Saher
et al. [23] developed a eutectic phase-change system composed
of boric acid and succinic acid that integrates latent heat stor-
age, thermochemical transformation, and sensible heat capacity
into a single trimodal energy storage strategy. This synergistic
design achieves a high reversible energy storage density of
394 J/g, exceptional thermal cycling stability over 1000 cycles,
and demonstrates strong potential for sustainable, low-cost TES
in renewable energy applications. Common organic PCMs, such
as paraffin wax (PW), fatty alcohols, fatty acids, polymers, and
sugar alcohols, have attracted considerable attention due to
their exceptional chemical stability, noncorrosive nature, and
resistance to phase separation. Among these, PW is one of the
most extensively studied due to the high phase-change enthalpy
and favorable temperature range. For example, Wu et al. [14]
developed an innovative strategy utilizing physically cross-
linked dual-polymer networks combined with shear-aligned
graphene nanoplatelets, achieving highly efficient paraffin

encapsulation in multifunctional phase-change composites
(PCCs). The resulting composite simultaneously shows high
latent heat capacity, tunable mechanical strength, and en-
hanced thermal conductivity, demonstrating exceptional per-
formance in thermal management applications for electronic
devices and wearable systems. Fatty acids and alcohols, noted
for their excellent biocompatibility, are well-suited for bio-
medical applications. Li et al. [24] developed a novel en-
capsulation strategy for fatty acid-based PCM by incorporating
bio-based lauric acid into a flexible eugenol-derived epoxy resin
(ER) network, achieving excellent compatibility, a high en-
capsulation rate, and a high enthalpy value. Although sugar
alcohols offer the highest phase-change temperatures and en-
thalpies among organic PCM, their practical use is hindered by
supercooling effects. Yang et al. [25] presented an effective
thickening strategy by introducing carrageenan into erythritol,
which substantially improves supercooling stability by enhan-
cing both viscosity and solid-liquid interfacial energy. The
resulting composite achieves an ultrastable supercooled state
below —30°C for over 60 days while retaining a high latent heat
(>2001J/g), with crystallization controllably triggered via ul-
trasonication. Additionally, low-cost and functional polymer-
based organic PCMs, such as polyethylene and polyethylene
glycol (PEG), are increasingly being investigated for energy
storage and thermal management applications.

Organic PCMs represent the most extensively studied and
widely used category of PCMs, serving as attractive candidates
for TES and thermal management applications [26]. However,
the practical use of organic PCM is often constrained by the
inherent flammability and relatively low thermal conductivity
[27-30]. To address these limitations, significant advancements
have been made in developing organic flame-retardant PCM
(FRPCM). These include the incorporation of halogenated
compounds, phosphorus-based additives, and nanomaterials to
improve flame retardancy without compromising thermal per-
formance [31-34]. Such innovations have significantly ex-
panded the range of applications for organic PCMs, making
them viable for high-performance systems in sectors such as
battery modules, electronics, smart textiles, and building ma-
terials [35]. In addition, the development of eutectic organic
PCM has further enhanced their performance by combining the
beneficial properties of different components, resulting in a
more synergistic effect for thermal energy management [36, 37].
These impacts might emerge as improved thermal conductivity
or precisely tailored operational temperature ranges. As illus-
trated in Figure 1A, numerous research articles and review
papers have been published on PCMs, exploring their applica-
tions in building materials, solar water heating systems, and
sustainable technologies [38-42]. However, relatively few
studies have specifically addressed the flammability of PCM.
This issue presents a significant challenge that must be over-
come before their widespread adoption, particularly in appli-
cations where fire safety is critical, such as building materials,
electronics, and protective clothing. In light of this, the fire
safety of PCM in essential applications has garnered increasing
research attention (Figure 1B). Meanwhile, PCMs can absorb
and release substantial latent heat through phase transition
processes at specific temperatures, enabling effective thermal
management and thus showing extensive interdisciplinary ap-
plications (Figure 1C). Consequently, enhancement of flame
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FIGURE 1 | (A) Data visualization of main application fields of organic PCMs. (B) Number of academic publications of fire-safe PCMs from 2001
to 2025. Data were extracted from Web of Science (May 2025). (C) Data visualization of the extensive application of organic PCMs.

retardancy can be regarded as a crucial prerequisite for the
broader implementation of PCM in green buildings and other
advanced fields.

In this review, we will begin by exploring the typical practical
applications of PCMs (Figure 2) across various industries, em-
phasizing their importance in energy storage, temperature regu-
lation, and thermal management. We then highlight the necessity
of flame-retardant functionalization tailored to specific application
scenarios, particularly in safety-critical fields such as electronics,
automotive, and construction. Next, we will provide an in-depth
overview of the flammability testing methods commonly used
under laboratory conditions. The primary strategies to reduce the
flammability of organic PCMs, as illustrated in Figure 2, will be
examined in detail. Typically, a comprehensive investigation into
the incorporation of various flame retardants into PCMs follows,
covering strategies such as developing composite shape-stabilized
PCMs, using bulk physical mixing processes, adding flame re-
tardants to the shell or core of encapsulated PCMs, and designing
intrinsically flame-retardant PCMs. The focus of these studies is on
their impact on both flammability and phase-change properties.
Finally, we provide an outlook on the research of PCM. We hope
to collaborate with fellow researchers, inspire each other, and
promote the safety, multifunctionality, and digitalization of PCMs,
opening a new chapter for their widespread and scientifically
efficient application.

2 | Typical PCM Applications

Against the backdrop of the “Carbon Peak and Carbon
Neutrality” strategy, PCMs have emerged as pivotal compo-
nents in energy management and thermal control due to
their exceptional heat storage and temperature regulation
capabilities. By leveraging reversible phase transitions,
PCMs can efficiently absorb, store, and release substantial
latent heat, thereby mitigating temperature fluctuations and
enhancing energy utilization. These unique properties have
enabled their widespread adoption in (1) thermoelectric
conversion, (2) battery modules thermal management, (3)
electronic device thermal management, (4) construction
energy saving, and (5) smart fibers/textiles applications. In
the following sections, we will discuss these five represent-
ative applications in detail, one by one.

2.1 | Thermoelectric Conversion

Thermoelectric generators (TEGs) use the Seebeck effect to
convert heat directly into electrical energy, making them a
viable option for emergency power supply. Their power gener-
ation efficiency is primarily determined by the temperature
gradient between the hot and cold surfaces. PCMs effectively
maintain and even increase this temperature difference, thereby

3 of 39

35UBD| T SUOWILWOD BAIIER1D) 3|eal(dde au Aq pausenof ale sajonte YO ‘asn Jo Sa|nJ 1o} Arlq1auluQ A3]IA UO (SUO N IPUOD-PUR-SWL)W0D" A3 1M Al 1 U lUuo//:Sdiy) SUORIPUOD pue SWid | U} 38S *[9202/T0/80] Uo A%iqiTauluQ 43| ‘(Pepiues ap OLBISIUIN) UOSIAOC [eUOIRN aURIYD0D UsiUeds AQ 600/ 2480/200T OT/I0p/wo0 A 1Mm Areiqpuluo//sdny wolj papeojumod ‘TT 'S20Z ‘89862£92



%

‘f%fetardan

FIGURE 2 | Overview of typical applications and main flame-retardant strategies of flame-retardant PCMs.

improving the overall efficiency of TEGs. As illustrated in
Figure 3A,,A,, PEG@thermoplastic polyurethane (TPU)/boron
nitride nanosheets (BNNSs) act as a heat sink on the cold side of
a TEG, effectively enhancing power generation. The TEG cou-
pled with the composite can be used as an emergency power
source during outdoor activities such as camping vacations and
scientific expeditions. Notably, when using burning firewood as
a heat source, this system remains operational during the night
when solar power generation is inefficient (Figure 3A;). This is
a typical example of PCMs used on the cold side. In most cases,
PCM is used on the hot side. We will present some examples to
illustrate this below.

Covering approximately 71% of the Earth's surface, oceans
receive solar energy at an average density of nearly 1367 W/m?
[48]. However, most of this absorbed solar radiation is rapidly
dissipated, influencing oceanic temperature and salinity
dynamics [49, 50]. At present, solar-thermal-electric conver-
sion technology based on the Seebeck effect is an attractive
option for gathering clean and renewable solar energy [51, 52].
The combination of PCM (in the hot side) and optimized solar
thermoelectric generator (STEG), rather than direct exposure of
the thermoelectric module to incident solar radiation, provides
excellent thermal conduction and conversion efficiency for
long-term and stable power generation [53-55]. However,
achieving complete leakage resistance across diverse

application scenarios remains a significant challenge. Typically,
in some cases, this is largely owing to the water solubility of
frequently used organic PCMs and the low confinement
capacity of supporting materials [56, 57]. Zhou et al. [44] de-
veloped a super-flexible PCM (SFPCM) with enhanced photo-
absorption, mechanical properties, and thermal conductivity by
incorporating MXene into a natural rubber (NR) network with
dispersed PW microcapsules. The SFPCM-based STEG
(Figure 3B) achieved an impressive 92% photothermal conver-
sion efficiency, expanding the potential for efficient solar energy
harvesting in oceanic applications. In addition, Ruirui Cao's
research group [58] developed a phase-change aerogel (PCA)-
based TEG to improve solar-thermal-electric energy conver-
sion. The persistent thermal release of PCAs ensures that power
production continues even after the heat source is eliminated.
Proof-of-concept experiments in the study demonstrate the
superior power capability of the PCA-loaded TEG, successfully
lighting LEDs, powering portable electronics, and charging
capacitors, with a voltage difference of up to 1.74 V compared to
the bare TEG.

In recent years, thermoelectric devices have been widely used to
power advanced low-power electronics [59-64]. However, the
intermittent nature of natural sunlight poses challenges for
stable energy harvesting and consistent power generation.
Efficient photo-thermoelectric conversion requires high
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FIGURE 3 | Schematic mechanism of (A;) TEG, (A,) loaded with PEG@TPU/BNNS-es (PCN) exposed to air, and (A;) conception diagram of
potential application of TEGs integrated with the PCN film for outdoor activities. Reproduced with permission: Copyright 2023, Springer Nature [43].
(B) Experimental setup for solar-thermoelectric energy conversion of SFPCM. Reproduced with permission: Copyright 2023, The Royal Society of
Chemistry [44]. (C,) Designed device for light—thermal—electric conversion. (C,) Output voltage and current of light thermoelectric device (LTED)
based on the ethylene vinyl acetate/PW film with the stable light (one sun). (C;) Output current of LTED based on ethylene vinyl acetate/PW film in
a cycle. Reproduced with permission: Copyright 2023, Wiley [45]. (D) Schemes of a solar-thermal-electric conversion system. Reproduced with
permission: Copyright 2024, American Chemical Society [46]. (E) Schematic of a homemade STEG system under environmental sunshine and power
generation of a homemade STEG system. Reproduced with permission: Copyright 2021, Wiley [47].

conversion efficiency and a significant temperature gradient  film ensures stable heat input, maintaining a constant output of
[65]. Achieving a sufficient temperature gradient requires rapid 0.46 V and 0.30 A under illumination (Figure 3C). Even after the
thermal charging of the heat source, which in turn depends on light is removed, the stored thermal energy sustains power
efficient and rapid collection of solar energy [66]. Thus, mate- generation, highlighting the potential of PCM-based designs
rials with high light-to-heat conversion efficiency and sustained as a simple and effective strategy for improving thermoelectric
energy delivery are necessary for improving the performance of  energy. Shi et al. [46] developed a magnetic phase-change
traditional thermoelectric devices. In this regard, biomimetic composite with a 3D porous carbonized polyimide (PI)/Kevlar
composites have demonstrated great potential for enabling nanofiber aerogel, CoFe,0, nanoparticles, PEG, and a poly-
continuous solar energy harvesting and stable power generation pyrrole photothermal coating for efficient solar-thermal-electric
in practical applications when integrated with thermoelectric energy conversion. This unique structure enables efficient heat
systems [67]. Hu et al. [45] initially proved that the addition of and electron transfer, ensuring high photothermal conversion
PCM may considerably increase the photothermal-to-electrical (Figure 3D). This study highlights the potential of PCM-based
conversion efficiency of thermoelectric devices, increasing the magnetic materials in solar-thermal-electric conversion systems,
overall thermoelectric efficiency by 11.3%. The phase-change expanding TES options and enhancing power generation
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TABLE 1 | Summary of the performance of solar-thermo-electric energy conversion.
Solar
Melting Thermal irradiation  Solar-thermal Output voltage Output
PCM work enthalpy conductivity power conversion (mV)/ power
substances J/g Wm™ K™ (mW cm™?) efficiency (%) current (mA) (mW) References
PW 126.8 0.38 200 92.0 410/- — [44]
PW 160.5 — 100 — 236.1/136.5 138.00 [45]
PEG-4000 150.0 0.41 200 84.8 259.7/27.1 7.01 [48]
400 405.9/36.9 15.03
D-mannitol > 90 10.00 78 — 3410/1191 20.83 [47]
PEG-10000 138.2 22.36 800 — ~25 — [56]
Methoxy poly 158.0 — 200 — 144/14.8 2.13 [59]
(ethylene glycol)
mono-
methacrylate
PEG-10000 145.9 0.33 400 82.9 ~120/~25 — [68]
800 ~200/~45 —
PEG-10000 122.2 1.30 400 72.7 ~130/~28 — [69]
800 ~120/~26 —
PEG-10000 147.5 2.94 78 80.5 251/64.2 — [67]
PW 146.4 0.85 200 97.1 246.9/- — [70]
PEG-8000 107.1 0.56 500 92.9 323.1/100.7 35.8 [71]
PEG-8000 101.2 0.59 200 94.4 491/100.5 54.8 [72]
PW 144.9 — 495 81.7 720/~ — [60]

efficiency. Zhang et al. [47] developed a phase-change composite
with a circular truncated cone structure and actinomorphic
polybenzobisoxazole fibers, enabling efficient TES and
discharge. Integrated into an STEG system with a Fresnel lens for
solar concentration, the composite reached a record high power
of 651.31mW, comparable to commercial photovoltaics
(Figure 3E).

Notably, Table 1 lists the key parameters for the use of PCMs in
STEG systems. PEG- and PW-based work substances are widely
explored. Using common PCM, such as PW, the output voltage is
generally low, typically ranging between 100 and 400 mV. However,
with D-mannitol, the output voltage can reach up to 3V. The
possible reason for this could be the difference in melting points
between the PCM, which provides a higher temperature gradient.

2.2 | Battery Modules’ Thermal Management

The long cycle or intermittent charge and discharge elec-
trochemical processes for power battery, overheating, and
uneven temperature distribution at high discharge rates will
inevitably lead to severe degradation of power system per-
formance, decrease in reliability, and early failure of the
power system [73, 74]. However, traditional thermal man-
agement systems for battery modules focus on air cooling
and liquid cooling technologies. Natural convection air
cooling systems are less efficient, and forced-air cooling
systems have large space requirements and uneven

temperature distributions [75]. Among various cooling
technologies, PCM cooling systems stand out for their
energy-free operation, ease of installation, and low main-
tenance requirements [76, 77]. In particular, organic PCM is
capable of efficiently absorbing a substantial quantity of
heat produced by the power battery. Owing to its high latent
heat, it further mitigates the temperature increase and
maintains outstanding temperature uniformity. This allows
the PCM cooling system to not only maintain the peak
temperature within a reasonable range but also ensure a
uniform temperature distribution [78, 79].

However, the majority of existing organic composite PCMs
currently available are susceptible to combustion, leading to
potential thermal risks, including fires and detonations within
battery modules [80]. Therefore, the advancement of high-
performance flame-retardant phase-change composites for
large-scale power battery systems can restrict the maximum
temperature to a reasonable level and ensure consistent tem-
perature distribution among battery modules [81]. As a typical
example, Weng et al. [82] developed a novel tubular organic
PCM with a cellular structure using physical flame-retardant
modification technology to improve the thermal safety of PCM-
based battery modules, and the study provided valuable insights
into improving battery safety. In addition, more studies have
explored battery safety at multiple levels, including intrinsic
safety through material development, active safety through fault
avoidance control, and passive protection through fault energy
limitation [83, 84].
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Various functional components to improve the intrinsic safety
of batteries have also been developed in recent years (Table 2).
The following are some typical examples. Li et al. [85] dem-
onstrated that smart firewalls combining non-flammable PCM
with flexible silica nanofiber mats show thermally triggered,
switchable thermal properties. As shown in Figure 4A, these
firewalls incorporate a variety of functions, such as cooling, fire
suppression, and thermal insulation. Compared to pure thermal
insulation materials, the PCM-enhanced firewalls offer superior
heat absorption and cooling capabilities. As shown, commonly
used PCMs include PEG, PW, stearyl alcohol, and other work-
ing substances. It can be observed that organic PCMs are widely
selected as suitable materials for battery thermal management
due to their appropriate phase-change temperature range
(35°C-65°C). The temperature regulation performance of the
final battery pack is largely influenced by factors such as ther-
mal conductivity, melting enthalpy, and battery model. Among
these, the regulation capability is generally positively correlated
with the melting enthalpy of the PCM. In fact, this is one of the
core development indicators for PCM—the key technical chal-
lenge for multifunctional PCM lies in maximizing melting en-
thalpy while maintaining good thermal conductivity, flame
retardancy, and leakage resistance.

A multifunctional composite PCM (MTPCM) tailored for end-
of-life battery modules was developed by Mingyu Cheng et al.
[88]. The MTPCM3 module effectively mitigates heat accumu-
lation, ensuring that battery temperatures remain below 50°C
and maintaining a uniform temperature distribution (within a
5°C range) during long-cycle operations (Figure 4B). This study
has significant potential to improve the safety and performance
of battery systems. Hu et al. [79] have successfully developed an
intrinsically flexible, high-enthalpy phase-change composite
(PW-SBS/CNT) and demonstrated its efficacy in controlling the
operating temperature of commercial lithium-ion batteries
(LiBs). When applied to the battery's base, the composite sig-
nificantly reduces temperature gradients compared to areas
without the material, thereby enhancing thermal uniformity
(Figure 4C,—C3). The PW-SBS/CNT composite can also be used
as a photo-thermal and temperature-controlled board to main-
tain the temperature of the roof. The application mechanism of
the PW-SBS/CNT energy-saving board is briefly illustrated in
Figure 4C,. During the day, under sufficient solar radiation, the
PW is in a melting state due to the thermal excitation of the
solar energy, which enables energy storage. The phase-change
process will absorb the excess heat in the house and maintain a
cool indoor environment. At night, without solar radiation, the
liquid PW will return to a solid state, and the stored heat will be
slowly released into the room, because of which an optimal
temperature can be maintained in the room. The temperature
evolution curves of samples under solar irradiation are illus-
trated in Figure 4Cs. This study provides insight into the
design of flexible PCM for electronic thermal management and
solar TES. Wu et al. [87] developed phase-change composites
(PCCs) with a dual encapsulation strategy, utilizing a poly-
urethane/graphite nanoplatelet hybrid network to achieve
superior cooling performance. The composite efficiently
manages thermal conditions in LiBs by preheating at low
temperatures and absorbing excess heat at high temperatures
through phase transition and latent heat (Figure 4D;,D,).
Infrared images show a more uniform temperature

distribution, highlighting the exceptional cooling capability of
the PCCs (Figure 4D3).

As lithium battery technology becomes widely used, an effective
thermal management system is essential to maintaining battery
performance and safety in all climates. Cheng et al. [88] deve-
loped a dual-layer thermal management system for lithium bat-
teries using a PW/olefin block copolymer/expanded graphite (EG)
(POE). This integrated active-passive system uses a two-layer
PCM structure to achieve multifunctional thermal regulation.
During preheating, the POE layer forms a thermal loop with the
battery, whereas under high-temperature conditions, it effectively
mitigates heat accumulation, ensuring optimal thermal manage-
ment (Figure 4E). Wu et al. [83] addressed the problem of low
thermal conductivity in PCM by developing highly thermally
conductive PCCs incorporating large, aligned graphite sheets.
When heat flows along the alignment of the graphite sheets, the
thermal charging power is more than twice that observed when
heat flows across the alignment (Figure 4F;,F,).

2.3 | Electronic Device Thermal Management

The growing demand for high-performance portable electronic
devices has spurred rapid advancements in thinness, light-
weight design, miniaturization, integration, and intelligence
[95, 96]. Generally speaking, portable electronic systems with
integrated smart units often have increased power density,
which leads to excessive heat build-up due to the limited heat
dissipation of miniaturized devices [97, 98]. Thus, this
unwanted heat build-up can lead to degraded performance of
the electronics and thermal discomfort or even injury to the
skin [99]. To address this practical issue, scientists have utilized
the characteristics of PCMs, such as heat absorption during
phase change and a relatively narrow phase-change tempera-
ture range, to regulate the operating temperature of devices like
mobile phones and digital cameras (Figure 5). Below, some
recent typical reports are presented.

Thermal management strategies for portable devices have been
developed using boron nitride (BN) aerogel films, as reported by
Wang et al. [100]. The BN aerogel film effectively reduced heat
transfer from electronics to the skin, demonstrated by its ability
to protect a green leaf from burning when placed on a flame for
15 s (Figure 5A1,A,). Additionally, BN PCC films (PCCFs), with
organic PCMs, absorbed excess heat through a solid-liquid
phase transition, cooling the electronics (Figure 5A;). Infrared
images from a 5G phone test further highlighted the thermal
protection, maintaining a temperature of around 52.4°C during
heavy use (Figure 5A,). In addition, the composite film has low
thermal conductivity, which promotes the thermal insulation
effect (Figure 5As). Li et al. [101] developed shape-stable phase-
change composites (SSPCCs) made from polypropylene, carbon
nanotubes (CNTs), ferroferric oxide, and PW, which show
superior thermal management and flexibility. Demonstrations
of the SSPCC with 8 wt% Fe;0, (P8) applied to a smartphone
showed its ability to effectively regulate temperature, prevent
rapid heat accumulation, and maintain thermal stability
(Figure 5B). The simple manufacturing process underlines its
promising potential for advanced thermal management in
future integrated circuits.
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FIGURE 4 | (A) Fabrication process for the smart firewalls. Reproduced with permission: Copyright 2021, Elsevier [85]. (B) Schematic diagram
of the battery temperature distributions of (B;) the PW/ethyl vinyl acetate (PE) Module, (B,) the PW/EG/melamine PCM (MPCM) Module, and (B3)
the MTPCM3 Module. Reproduced with permission: Copyright 2022, Elsevier [86]. (C,) Digital photos of batteries with a wrap of PW-styrene-
butadiene-styrene (SBS)/carbon nanotube (CNT). (C,, C3) Infrared images of batteries during charging. (C,) Schematic illustration of a flexible PW-
SBS/CNT composite charged by solar irradiation for energy-saving buildings. (Cs) Time-temperature evolution curves of PW-SBS/CNT composite as
a function of irradiation light power. Reproduced with permission: Copyright 2022, Elsevier [79]. (D;) Schematic of PCC-based battery thermal
management for electrothermal-driven active preheating at low temperature and phase-change-driven passive cooling at high temperature. The
digital images on the right side show a LiBs pack wrapped with a PCC block. (D,) Comparison of temperature evolution curves of the LiB packs with
and without PCC cooling in a hot environment (35°C). (D) Digital photos of LiB packs with and without a PCC wrap and the corresponding infrared
images during the charge/discharge process. Reproduced with permission: Copyright 2021, Wiley [87]. (E) Schematic illustration of the battery packs
and working instructions for different processes. Reproduced with permission: Copyright 2022, Elsevier [88]. (F;) Comparison of 1D coordinated and
uncoordinated heat conduction. The temperature of the heating plate is maintained at 90°C. (F,) Temperature profiles of the measured points. The
inset shows a digital photo of the composite block. (F;) Temperature profiles for two battery monomers. The insets show the digital photos of tested
battery monomers and their infrared images during the discharging process from 50 to 72 min. Reproduced with permission: Copyright 2019,
Wiley [83].

Bioinspired PCCs with high thermal conductivity hold great
potential for effective thermal management. Hu et al. [102] mi-
micked the hierarchical structure of trees by using a phloem-
inspired cross-linked ethylene-vinyl acetate copolymer (EVA)/PW
film for heat storage and a xylem-inspired EVA/EG film for fast
heat conduction. The composite, with annual-ring and multilayer
structures, shows rapid heat diffusion and excellent thermal

management (Figure 5C;). The above two components were as-
sembled to develop PCCs with annual-ring and multilayered
structures. The heat diffusion from the center of the PCCs was
monitored by an IR camera (Figure 5C,), and the speed of heat
diffusion can be roughly judged via the color and area of real-time
pictures. The MEP-9.0 with higher thermal conductivity diffuses
the absorbed heat out of the center more rapidly, and thus, no
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FIGURE 5 | Examples of PCM applications for thermal management of electronic devices. (A;) Thermal insulation and protection of a BN
aerogel film on the flame. (A,) Temperature—time curves of a BN aerogel film. (A;) Chart of the temperature difference between a BN aerogel film
and a heater. (A,) Photograph and infrared (IR) images of the backside of a working 5G smartphone. (As) Thermal conductivity of a BN aerogel film
and other materials. Reproduced with permission: Copyright 2020, American Chemical Society [100]. (B;) Schematic illustration of the setup for
thermal management. (B,) Temperature-time curves of P8 and the bare substrate of a working smartphone. (B;) Photographs and IR images of a
smartphone. Reproduced with permission: Copyright 2021, Elsevier [101]. (C) Thermal conductivity and thermal management characterizations of
multilayered EVA/EG (MEPs). (C,) Thermal conductivities of MEPs. (C,) Setup for temperature monitoring of MEPs and in-time IR pictures of
MEPs heated from the center. (C;) Highest temperature, (C,) temperature gradient, and (Cs, Cs) average temperature curves of MEPs heated from
the center. (C;) In-time IR pictures of thermal management characterization of MEP on a mobile phone. Reproduced with permission: Copyright
2023, Elsevier [102]. (D) Thermal comfort of smartphones for users in terms of touch. Reproduced with permission: Copyright 2023, American
Chemical Society [103]. (E) Schematic illustration showing cooling of a mobile phone by a silicone sheet containing micro PCM, and thermal IR
images of mobile games during and after the game. Reproduced with permission: Copyright 2020, Elsevier [104].

obvious temperature gradient is observed. The time-temperature Li et al. [103] developed a flexible, leakproof sodium alginate
curves simultaneously quantitatively differentiate the different (SA)/carboxymethyl cellulose@CNT-PEG film using a simple, eco-
temperature distributions (Figure 5C;-C¢). When applied to a friendly method with a stainless-steel mesh. The film demonstrated
mobile phone, the MEP-9.0 composite effectively prevented rapid excellent shape stability and thermal management performance in
temperature rise, demonstrating its potential for advanced thermal electronic devices. Thermal tests on a smartphone showed that the
management solutions (Figure 5C;). Despite numerous investiga- PCCF-0.7 reduced its peak temperature by 5.3°C, enhancing user
tions into encapsulating solid-liquid PCMs within porous networks comfort (Figure 5D).

for thermal energy dissipation in electronic devices, the synthesis

methods often remain intricate and expensive [105]. The obtained ~ The above examples use aerogel or polymer blending techniques to
PCCF often shows insufficient mechanical strength to withstand prepare PCMs. Additionally, many researchers have widely utilized
external pressure, and its thickness is too large for integration into microencapsulation technology to produce PCMs. Specifically, Zhu
electronic devices. In addition, their in-plane dimensions are usu- et al. [104] developed a microencapsulated PCM with a core-shell
ally not suitable for applications in larger devices such as tablets or structure and high payload, prepared using a Pickering emulsion
laptops. Therefore, there is an urgent need to develop PCCFs that stabilized by regenerated nano chitin and interfacial polymeriza-
combine high thermal conductivity, superior structural stability, tion with isocyanate. They tested the performance of MPCM2,
high phase-change enthalpy, and ultrathinness to manage heat combined with silicone rubber in sheet form, to delay temperature
distribution in smartphones and other electronic devices efficiently. rise under high processor demands, such as gaming and
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multitasking. As shown in Figure 5E, without micro PCM, the
sample reached 50°C in 235 s, whereas MPCM2/SR50 delayed the
temperature rise by 8.7°C at 265s, protecting devices from over-
heating during processor surges.

2.4 | Construction Energy Saving

As living standards improve, the demand for thermal comfort in
buildings is increasing [106]. In building applications, the phase-
change process—such as melting and solidification—results in
significantly higher heat storage and release compared to sensible
heat alone [107]. Generally, PCM absorbs solar energy during
the day and releases stored heat energy at night, improving the
indoor temperature distribution, reducing indoor temperature
fluctuations, and having the effect of peak shaving and troughing
[108], which can be applied as thermal regulators either in new
construction buildings or for thermal energy. Solid-liquid PCMs can
be used to regulate indoor temperatures in buildings, thereby
reducing energy consumption and saving energy [109]. At the same
time, PCMs used in building structures and decorative materials
can improve the usable area and space utilization efficiency of a
building to a certain extent compared to conventional air con-
ditioning systems or other heat transfer devices.

For typical examples, Lei et al. [110] investigated the energy per-
formance of building envelopes incorporating PCM to reduce
cooling loads in Singapore using numerical simulations. The study
found that the incorporation of PCM into the building envelope can
reduce the effect of cooling loads in tropical air-conditioned build-
ings. Also, the addition of a 10 mm layer of PCM with a phase-
change temperature of 28°C to the external surface of vertical
concrete walls in heating, ventilation, and air conditioning (HVAC)
systems effectively reduced heat gain in the building envelope. This
highlights the significant advantages of using PCM in tropical
regions compared to other climates.

An active phase-change heater for buildings in marine climates has
been proposed by Zhang et al. [111]. This system utilizes low-cost
electricity during off-peak periods to store thermal energy and dis-
charges it during peak periods (Figure 6A). A numerical model was
developed to simulate phase change and convective heat transfer
between PCM and indoor air. The study evaluated the heater's
performance in regulating indoor temperature, phase-change
behavior, and operation, reducing energy consumption in build-
ings. Kalbasi et al. [108] conducted an annual analysis of a building
using numerical methods to simulate PCM phase change and
account for radiation effects from all directions. Adding PCM to the
walls improved both sensible and latent heat performance, with
installation near the uppermost layer enhancing energy savings by
3.72kWh/m? (Figure 6B). The study also highlighted the efficiency
of thermally activated building systems (TABS), where liquid
(typically water) circulates through pipes embedded in ceilings,
walls, floors, or roofs for heat transfer. Figure 6C illustrates the
differences between buildings equipped with conventional HVAC
systems and those with TABS incorporating PCM into their struc-
tural partitions. It shows how TABS with PCM can reduce indoor
temperature variations and maintain thermal comfort throughout
the day when the system is optimally installed. Anter et al. [106]
studied the long-term thermal performance of building walls
incorporating different types and thicknesses of PCMs during the

hot summer season in Aswan, Egypt. The analysis compared the
performance of the wall with and without the PCM layer under
different external weather conditions. Figure 6D shows that placing
the PCM on the outside of the wall improved the internal per-
formance. In addition, dividing the PCM thickness between the
exterior and the interior yielded better results than placing it on
either side alone. Zhang et al. [113] proposed a novel building wall
design incorporating a PCM layer, optimized by computational fluid
dynamics analysis. The PCM layer dynamically exchanges positions
with the insulation layer, sandwiched between the outer brick layer
and the insulation during the day, and reverses at night. Compared
to two control walls—one with no PCM and one with a static PCM
layer—the proposed design demonstrated superior thermal per-
formance, achieving up to 89% energy savings for heating in cold
winters (Figure 6E). Schossig et al. [115] investigated the integration
of microencapsulated PCM into building materials like plaster and
walls. The results indicated that temperatures above 26°C could be
effectively reduced, as shown in Figure 6F. In addition, Li et al.
[116] investigated the thermal performance of different types of
roofs, both with and without PCM, in the northeastern and cold
regions of China, including conventional roofs and PCM-integrated
roofs. The results showed that PCM roofs significantly delayed
temperature peaks in the room, with a delay of over 3 h compared
to conventional roofs, as shown in Figure 6G. The graph clearly
demonstrates the remarkable peak-shaving and valley-filling effect
of the PCM. Yu et al. [117] found that roofs with an external PCM
layer help to release condensation heat during summer nights,
significantly reducing heat transfer through the roof and lowering
the peak internal surface temperature. This makes such roofs more
suitable for energy saving in buildings in hot regions with long
summers.

Although organic PCMs maintain the temperature of building
elements constant by absorbing a large amount of latent heat
during the phase-change process, thus reducing room-temperature
fluctuations, one of the drawbacks of organic PCMs in building
applications is the possible risk of their leakage from the molten
state, which can lead to safety issues [113, 118]. Organic PCMs also
have the disadvantage of being flammable, especially hydrocarbon
PCM, so when organic PCMs are incorporated into building ma-
terials, appropriate fire and environmental safety measures are
required, in addition to leakage prevention [119]. Research on fire
safety will be further discussed in Section 4.

2.5 | Smart Fibers/Textiles

Smart temperature-regulating textiles originate from smart fibers,
which in turn rely on the integration of PCMs into fibers using
various techniques to achieve thermal regulation. The typical
fabrication methods can be broadly categorized into three main
types: (1) microcapsule technology; (2) core-shell fiber-based
encapsulation technology; and (3) coating technology.

2,51 | Microcapsule Technology

Encapsulated PCM capsules are micro-sized core-shell parti-
cles, with PCM as the core and a protective shell. This en-
capsulation not only prevents leakage and reduces the reactivity
of the core material (e.g., n-alkanes) but also increases the heat
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FIGURE 6 | Typical examples of PCMs for building energy saving. (A) Building coupled with an active PCM heater. Reproduced with permission:
Copyright 2023, Elsevier [111]. (B) Schematic illustration of the setup for thermal management. Reproduced with permission: Copyright 2022, Elsevier [108].
(C) Schematic showing the difference between a conventional HVAC-cooled office and an office integrated with TABS and PCM. Reproduced with
permission: Copyright 2019, Elsevier [112]. (D) Wall without a PCM and with a PCM layer, outdoor varied boundary conditions, and computational domain.

Reproduced with permission: Copyright 2023, Elsevier [106]. (E) Room with a dynamic PCM wall system and PCM orientations, with position 1 during the
daytime and position 3 during the nighttime. Reproduced with permission: Copyright 2021, Elsevier [113]. (F) Plaster and wall with and without PCM.
Reproduced with permission: Copyright 2023, Elsevier [114, 115]. (G) Average temperature and heat flux of the upper surface in base layer heat flux and

temperature. Reproduced with permission: Copyright 2015, Elsevier [116].

exchange surface area [120-122]. Microencapsulation refers to
the process of encapsulating PCMs in protective capsules.
Among several techniques, in situ polymerization is commonly
used due to its ability to form strong, fast capsules ideal for TES.
At present, encapsulated n-alkanes are widely studied for TES
applications, including solar energy storage, waste heat recov-
ery, thermally regulated textiles, and energy-efficient con-
struction [4, 123, 124].

Recently, flexible multifunctional textiles have gained signif-
icant attention for their ability to respond to external stimuli
and maintain a comfortable microclimate. Smart textiles are
increasingly being integrated into wearable devices and pro-
tective systems, playing a key role in personal thermal man-
agement. Textiles embedded with microencapsulated PCMs
can efficiently regulate temperature by absorbing and releas-
ing latent heat, offering both thermoregulatory and energy-

saving benefits. For example, Yu et al. [125] developed a
biomimetic strategy to produce corncob-like, super-
hydrophobic, and phase-changeable nanofibers through one-
step electrospinning (Figure 7A). The resulting nanofibrous
membranes showed excellent water repellency and hybrid
thermoregulatory performance. This makes them promising
candidates for the next generation of smart clothing. Wang
et al. [126] designed a core-sheath fiber incorporating phase-
change microcapsules to capture and store solar energy,
thereby mitigating extreme temperature fluctuations on the
skin (Figure 7B). This thermoregulating textile shows slow
heating and cooling rates, enhancing thermal comfort and
providing adaptable solutions for personal temperature con-
trol. He et al. [127] developed an elastic, multi-responsive
PCM-based fiber via continuous wet spinning for efficient
personal health care and thermal management (Figure 7C).
This highly elastic fiber, with strong Joule heating and
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FIGURE 7 | (A)Schematic demonstration of water-repellent, breathable, and thermoregulating performance of FPU/PCC membranes. Reproduced with
permission: Copyright 2020, American Chemical Society [125]. (B) Schematic illustration of solar energy conversion and storage in the fibers under sunlight
and latent heat release to keep warm without sunlight. Reproduced with permission: Copyright 2019, Royal Society of Chemistry [126]. (C) Temperature
regulation schematic of heat storage and release processes in smart CNTs-G-PCM@PU-based fabrics. Reproduced with permission: Copyright 2023, Elsevier
[127]. (D;, D,) Graphical abstract and schematic description of the processes of hydrophobic conductive phase-change fibers. Reproduced

with permission: Copyright 2021, Elsevier [128]. (E) Joule heating and solar heating diagram of a phase-change fiber membrane with flexible core-shell
structure. Reproduced with permission: Copyright 2022, American Chemical Society [129]. (F) Schematic illustration of the thermoregulating performance of
PI-BN/PEG textile. Reproduced with permission: Copyright 2022, Elsevier [130]. (G) Schematic of solar-thermal conversion and storage mechanism of
PEG-KF@Ti;C,T,. Reproduced with permission; Copyright 2023, Elsevier [131]. (H) Schematic description of the processes of graphene/PCM smart
fibers. Reproduced with permission: Copyright 2018, Wiley [132]. (I) Schematic diagram of the thermoregulating performance of structural colored textiles
with high stability and color visibility for intelligent thermoregulating performance and the obtained textiles. Reproduced with permission: Copyright 2023,
Elsevier [133]. (J) Temperature curves of the textiles under heating and cooling conditions and the corresponding infrared thermal images. Reproduced with

permission: Copyright 2023, Elsevier [134].

photothermal effects, maintains excellent responsiveness even
under mechanical deformation, making it ideal for self-
powered, personalized thermal management.

2.5.2 | Core-Shell Fiber-Based Encapsulation
Technology

In addition to the above-mentioned microcapsule technology,
leakage-free and flexible PCM fibers can also be obtained by directly
preparing fibers with a core-shell structure. Typically, Niu et al.
[128] presented a phase-change fiber (PCF) with tunable phase-
change temperature and high energy storage using a novel wet
spinning method (Figure 7D,). This high-performance PCF inte-
grates conductive nanoflowers, PEDOT:PSS, and fluorocarbon

resins with fast electronic and photonic responsiveness for efficient
solar thermal energy conversion under sunlight (Figure 7D,). By
integrating solar and Joule heating, these fibers provide multi-
source energy, enabling efficient energy storage, longer life, and
broader application scenarios. Herein, Wu et al. [129] reported a
fibrous membrane with a core-sheath structure for tri-mode ther-
mal management (Figure 7E). The membrane encapsulates high-
enthalpy-density PCM to buffer temperature fluctuations in the
clothing microclimate. It achieves a photothermal saturation tem-
perature of 70.5°C and an electrothermal conversion temperature of
73.8°C through a conductive coating. Integrating reversible phase
change, multi-source heating, and energy storage, these membranes
show significant potential for energy-efficient wearable thermal
management. Zhang et al. [130] fabricated PI/BN composite aerogel
fibers with high porosity and mechanical strength by freeze
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spinning (Figure 7F). This textile is promising for advanced smart
clothing applications. Guo et al. [131] successfully developed a
form-stable PEG-kapok fiber@Ti;C,T, nanosheet composite,
achieving high thermal conductivity and solar-thermal conversion
efficiency, as shown in Figure 7G. The strong solar absorption of
Ti;C,T, and the composite's black surface enabled efficient thermal
conversion, demonstrating the composite’s potential for thermal
energy management and high solar-thermal conversion. Further-
more, Li et al. [132] developed robust graphene aerogel (GA)
composite fibers with tunable thermal conversion and storage
capabilities (Figure 7H). Composed of porous GA and an organic
PCM coated with hydrophobic fluorocarbon resin, these fibers show
a wide range of phase transition enthalpies. When woven into
fabrics, these fibers show self-cleaning superhydrophobic surfaces,
excellent multi-responsive properties to external stimuli (electronic,
photonic, and thermal), and reversible energy storage and
conversion.

2.53 | Coating Technology

Intelligent textiles with structural color are gaining attention for
their potential in advanced photonic applications. A key mecha-
nism to enhance color visibility and thermoregulating perform-
ance is essential for advancing these textiles. Herein, Kong et al.
[133] developed structural colored textiles with high color visibility
and stability, incorporating PCM for intelligent thermoregulation
(Figure 7I). These textiles adjust to temperature changes by
absorbing and releasing energy around the phase-change tem-
perature, providing effective solutions for personal thermal man-
agement. Liang et al. [134] developed multifunctional polymer
textiles incorporating silver nanowires (AgNWs) encapsulated
within a solid-solid PCM coating using a scalable dip-coating
method. The coating was achieved by cross-linking PEG with
3-isocyanatopropyltriethoxysilane, preserving the phase-change
behavior while ensuring shape stability. The resulting textiles
have high Joule heating efficiency, effective heat storage and
release, superior heat dissipation, and infrared anti-counterfeiting
capabilities (Figure 7J). These properties make them highly
promising for applications in wearable smart clothing, thermal
management, and electromagnetic radiation protection.

Coating technology provides a flexible and efficient pathway for
the application of microencapsulated PCM, supporting thermal
management solutions across various fields. The integration of
microencapsulated PCM with coating processes not only en-
hances their adaptability but also expands their potential ap-
plications in diverse scenarios. Typically, Su et al. [135]
presented microencapsulated PCMs with four distinct melting
temperatures and applied them to flame-resistant fabrics for
thermal protective clothing. The PCM layer's bidirectional
thermal regulation enhances the comfort of firefighters by
reducing the risk of skin burns due to overheating.

2.6 | Brief Summary

In addition to the five important applications mentioned
above, PCMs have many other applications, such as solar
heat collectors, solar water heaters, and cold chain trans-
portation. However, a significant drawback of organic PCM

is their inherent flammability, as they are generally com-
posed of combustible materials. In environments with
fluctuating temperatures or potential ignition sources, this
flammability poses serious safety risks. For instance, if
organic PCMs are used in building materials or electronic
devices, they could accelerate fire spread in case of over-
heating or electrical malfunctions. This fire hazard limits
the application scope of organic PCM, especially in sectors
where safety standards are stringent. The research content
and core aspects of flame-retardant PCMs include flame-
retardant characterization techniques, equipment, and
methods, as well as flame-retardant strategies and advanced
technologies for PCMs. In the following chapters, we will
elaborate on these two major modules in sequence.

3 | Characterization Methods for
Flame-Retardant PCMs

3.1 | General Pathways

Scientific and standardized flammability testing methods are
essential for evaluating the performance of flame-retardant
materials. They provide a fundamental basis for the design
and optimization of flame retardants, while also serving as a
key reference for ensuring the safety of product applications.
The most commonly used methods for evaluating flame re-
tardancy are currently the limited oxygen index (LOI), cone
calorimetry, and vertical flammability tests. The LOI test
measures the minimum oxygen concentration required to
sustain combustion, providing a direct indication of a mate-
rial's intrinsic flammability. Cone calorimetry simulates
realistic fire conditions and provides comprehensive data on
heat release rate (HRR), total heat release (THR), ignition
time, and smoke production. Vertical flammability tests assess
flame spread and dripping behavior, which are critical for
evaluating fire propagation risks in real-world scenarios.
Together, these complementary methods provide a compre-
hensive framework for characterizing and comparing flame-
retardant performance.

3.1.1 | Cone Calorimetry

Cone calorimetry is the most powerful laboratory flammability
evaluation tool because it provides quantitative information on
the flammability of a material, as illustrated in Figure 8A. The
sample is exposed to a constant heat flux (typically 35 kW/m?>
for ISO 5660 and 50kW/m?> for ASTM E1354). Typically,
using the ASTM E1354-2009 test criteria, each specimen
(approximately 100 X 100 X 3.0 mm3) was wrapped in alumi-
nized paper within an iron holder. The results accurately pre-
dicted the burning characteristics of composites in real-fire
scenarios [136]. Various parameters, including the HRR, smoke
production, mass loss rate, ignition time, flame extinction time,
and total heat of combustion, are monitored during the sample
combustion process. In addition, the peak heat release rate
(pHRR) can be conveniently obtained, which is one of the most
important parameters indicating the ease of combustion and the
intensity of the flame [137].
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FIGURE 8 | Schematic diagram of (A) a cone calorimeter, (B) a UL-94 horizontal flame, (C) a UL-94 vertical flame, and (D) the limited LOI test.

3.1.2 | Vertical Burning (UL-94) Test

UL-94 testing is performed on both horizontal (Figure 8B)
and vertical burn meters. The vertical way is currently
widely used for polymeric composites. The specimens are
clamped vertically and exposed to an ignition source for
10s twice, as illustrated in Figure 8C. The flame-retardant
effect depends on the time taken for the flame to self-
extinguish and whether burning droplets are observed.
UL-94 test results are classified as V-0, V-1, V-2, or NR (no
rating) burning ratings [138]. The best burning rating is V-0,
which requires the sample to self-extinguish within 10s,
and no flame droplets are observed. For example, Zhao et al.
[139] fabricated a polymethylsilsesquioxane/cellulose/-
MXene composite aerogel with excellent fire resistance,
thermal insulation, and hydrophobicity. In the vertical
UL-94 tests, whereas the bacterial cellulose sample ignited
and burned out within 10s, PCM-3 self-extinguished
within 1s after 10s of ignition. Infrared thermal imaging
confirmed the rapid temperature drop of PCM-3 once the
heat source was removed (Figure 9A). This study expands
the potential of biomass-based aerogels in high fire safety
applications.

313 | LOI

The LOI is measured using a high-temperature oxygen
index meter in accordance with the ASTM D2836 standard. The
dimensions of the samples are 130 x 6.5 x 3 mm?> [136]. The LOI
represents the minimum oxygen concentration required to
support combustion of the material. If the LOI falls below 21
(the atmospheric oxygen concentration), the material will
continue to burn after the ignition source has been removed.
The test is conducted by igniting a sample in a nitrogen-oxygen
mixture within a vertical glass column [139], as illustrated in
Figure 8D.

3.2 | Direct Combustion
3.21 | Self-Extinguishment Test
Generally, the self-extinguishing performance of flame-

retardant PCMs is evaluated using the candle burning test [143].
By designing a candle test to compare the effect of pure PCMs,
the flame-retardant self-extinguishing performance of flame-
retardant modifiers on PCCs can be further analyzed. Burning
time and residual rate are important indicators for evaluating
the self-extinguishing properties of materials. Chen et al. [140]
designed a candle test to evaluate the self-extinguishing prop-
erties of flame-retardant PCMs (Figure 9B). The introduction of
flame-retardant additives, particularly phosphorus groups, sig-
nificantly reduced the burning time of hexadecanol. Phospho-
rus free radicals and phosphorus acid released during
combustion helped to extinguish the flame. In the vertical
burning test (Figure 9C), the TPCM composite burned intensely
with rapid flame spread, whereas the phosphorus/ammonium-
based non-formaldehyde flame-retardant modified wood-
stabilized PCM composites (PTPCM-1 and PTPCM-5) self-
extinguished quickly, maintaining structural integrity [141].

For another type of non-three-dimensional shape-stable regular
sample, a similar method can also be applied. In a combustion test
using a homemade candle setup, loose polystyrene and polystyrene
microcapsules were placed in separate beakers. Upon ignition
of the wick, the candle containing loose polystyrene continued to
burn, whereas the candle with polystyrene microcapsules self-
extinguished after a few minutes. During the combustion of mi-
croencapsulated polystyrene, nitrogen was released, leading to the
formation of a char layer on the surface. This char layer acted as a
barrier, blocking oxygen and resulting in self-extinguishment [144].
It is worth noting that this mainly applies to new types of PCM
working substances, which do not have fixed external dimensions
or phase-change shape stability. The typical advantages of this
method are its ease of operation and direct test results. However,
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FIGURE 9 | (A) Video snapshots of the UL-94 tests and the corresponding thermographic images of bacterial cellulose and PCM-3. Reproduced
with permission: Copyright 2023, Elsevier [139]. (B) Self-extinguishment test of PCM candles. Reproduced with permission: Copyright 2019, Elsevier
[140]. (C) Digital photos of the UL-94 test. Reproduced with permission: Copyright 2023, American Chemical Society [141]. (D) Infrared ther-
mography of P-0-B, P-Pal-B, and P-PCN-B during combustion. Reproduced with permission: Copyright 2022, Elsevier [142].

the resulting drawback is that the test results are only a qualitative
assessment.

3.2.2 | Direct Combustion Test

The combustibility of pure PEG, MXene@PEG, and
MXene@PEG/Mg(OH), films was evaluated through com-
bustion experiments [145]. This is somewhat similar to the
UL-94 test, except that the test samples are of non-standard
dimensions. Combustion tests were carried out using a spirit lamp,
with each sample lit for 4 s before being withdrawn from the flame.
Pure PEG melted and became liquid after 2, indicating low heat
stability. In contrast, the MXene@PEG film retained its form near
the flame, indicating much increased thermal stability. Finally, the

MXene@PEG/Mg(OH), film maintained better thermal stability
throughout the test, showing that Mg(OH), greatly improved the
film's flame retardancy.

3.23 | Temperature Monitoring

In addition, researchers have also used back temperature
monitoring methods to characterize the fire integrity of PCM.
To visualize the difference between the real-time temperature of
the material and the background temperature, the data are
accurately recorded using a thermal infrared imager. The
samples were treated with a flame gun combustion while placed
on a bracket, and surface temperatures were recorded
using infrared thermal imaging. Infrared thermal images of
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the Palygorskite-based building materials (P-0-B), PW-paly- acid) (PGI)-loaded PEG (Figure 10A). The results showed that
gorskite-based building materials (P-Pal-B), and PW-porous increasing APP content greatly improved flame retardancy,
composite microspheres-based building materials (P-PCN-B) with the LOI increasing from 21.6% to 28.7% at 15 wt% APP. At
during combustion are shown in Figure 9D. The results indicate this level, the material obtained a UL-94 V-0 rating and lowered
that PW absorbs heat, delaying temperature rise and providing pHRR by 36.15%.
more time for escape in a fire [142].
APP is often used in combination with other charring agents
and expandable graphite. For example, (1) Triazine char-
4 | Flame-Retardant Strategies for Organic PCM forming agent (CFA). Flame-retarded PCMs have been created
by combining eutectic mixtures of solid and liquid PW with
4.1 | Physical Incorporation of Flame Retardants polypropylene, a triazine CFA, and APP, as reported by Li
et al. [151]. The PCM received a UL-94 V-0 rating at 30%
4.1.1 | Typical Flame Retardants APP/CFA loading. Furthermore, cone testing revealed a
decrease in pHRR, THR, and smoke output, emphasizing the
Both the original ammonium polyphosphate (APP) and its material's outstanding flame retardancy. (2) EG. A flame-
modified form (f-APP) have demonstrated excellent flame- resistant composite PCM for battery modules was created by
retardant performance in the modification of PCMs. As a spe- Zhang et al. [89] using PW, EG, APP, red phosphorus, and ER
cific example, a fire-safe PCM has been developed by Yin et al. (Figure 10B). The composite PCM provided considerable
[146] by directly combining APP into poly(glycerol-itaconic cooling and temperature balancing benefits for battery
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precursor induced by dibenzoyl peroxide (BPO), and mixing an APP flame retardant at 80°C, and the reversible phase transition illustration and
sample (PCM-15%) as a typical example to show the fire resistance. Reproduced with permission: Copyright 2022, Elsevier [146]. (B) Schematic
diagram showing the preparation of a flame-retardant composite PCM. Reproduced with permission: Copyright 2020, Elsevier [89]. (C) Preparation
of microencapsulated APP. Reproduced with permission: Copyright 2022, Elsevier [147]. (D) Shape-stabilized PCM intumescent formulations.
Reproduced with permission: Copyright 2006, Elsevier [148]. (E) Possible reaction mechanisms of char formation during the combustion of the
PW/HDPE/IFR system with iron [149]. (F) Schematic of the melting and crystallization mechanism of a novel phosphorus- and silica-containing
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modules, lowering the peak temperature by 44.7% while
maintaining a maximum temperature differential of 1.36°C at
a 3C discharge rate at 25°C. In addition, a flame-retardant
solid-solid PCM for battery heat control was created by Xu
et al. [147], using PEG as the phase-change matrix and N,N’-
methylenebisacrylamide as the crosslinking agent. A flame-
retardant material was created by combining microcapsule-
coated ammonium polyphosphate (MFAPP), EG, and a carbon
source (Figure 10C). The results revealed that the composite
with 19% MFAPP had outstanding flame retardancy, having an
LOI of 32.6% and passing the V-0 grade vertical combus-
tion test.

In addition to its inherent flame-retardant properties, APP can
show a pronounced intumescent flame-retardant effect when
combined with other flame retardants in specific systems. Here, we
present several representative examples. Shape-stabilized phase-
change nanocomposites have been prepared by Cai et al. [148]
using a twin screw extruder. These nanocomposites are based on a
high-density polyethylene (HDPE)/EVA alloy, organophilic mont-
morillonite (OMT), PW, and an intumescent flame retardant (IFR).
The composition of 60% PW, 15% HDPE-EVA, 5% OMT, and 20%
APP-pentaerythritol (PER) showed good flame retardancy
(Figure 10D). Zhang et al. [149] created a flame-retardant shape-
stabilized PCM (FSPCM) made of PW, HDPE, an IFR (containing
APP, PER, and melamine), and iron. The study found that iron
could be successfully disseminated in the composite matrix made
of HDPE and PW (Figure 10E). Because of iron's strong intrinsic
thermal conductivity, the inclusion enhanced the IFR's flame re-
tardancy as well as the thermal conductivity of the FSPCM.

In addition to the commonly used APP, phosphorus-
containing flame retardants also include diethyl phosphite.
When used in combination with silicon-containing flame
retardants, they can also achieve excellent flame-retardant
performance. As reported by Jiang et al. [150], the synthesis
process involves transesterifying diethyl phosphite with al-
cohols, followed by ring-opening and hydrolytic condensa-
tion with the silane coupler KH-560. The cross-linked silicon
network efficiently stopped the leaking of molten higher
alcohols. The combination of phosphorus and silica en-
hanced char formation, which improved thermal stability
and fire resistance (Figure 10F).

4.1.2 | Advantages and Disadvantages Analysis

The series of parameters for the flame-retardant PCM
research cases reported above are listed in Table 3. The direct
incorporation of flame retardants into conventional PCM
systems represents the most straightforward and widely
adopted strategy for flame-retardant modification. However,
achieving effective flame retardancy often necessitates high
loading levels, which can markedly reduce the phase-change
enthalpy and result in suboptimal thermal efficiency
(typically < 70%). This performance degradation is primarily
attributed to the diminished proportion of active PCM
components, as well as the impurity effect introduced by
excessive flame retardants, which can impede PCM crystal-
lization and lower its crystallinity.

We thus believe that blending modification has the following
typical advantages: simple modification process, flexible proces-
sing form, and the ability to achieve functionality through tradi-
tional step-by-step processes. Of course, the addition of exogenous
flame retardants has significant shortcomings. Because the intro-
duction of exogenous flame retardants may lead to a decrease in
crystallization and reduce the load efficiency of PCM, the enthalpy
value of phase transition will also decrease accordingly. The
addition of external additives can significantly reduce the core
performance of PCM. Therefore, development of efficient flame
retardants is central to the preparation technology of flame-
retardant PCCs. Additionally, the development of bio-based, en-
vironmentally friendly flame retardants is an essential pathway in
the field of flame-retardant PCMs and the entire flame-retardant
industry.

4.2 | Flame-Retardant Microcapsules

The initial approach to address the flammability of PCMs involved
incorporating flame-retardant additives directly into the bulk
material. However, the flame-retardant additive reduces the amount
of PCMs, decreasing energy storage efficiency, and the flame
retardant is not sufficiently dispersed, reducing long-term stability.
The development of flame-retardant phase-change microcapsules
represents a key area of research in material science, aiming to
combine TES and enhanced fire safety. The advancement of
microencapsulation technology offers a more effective approach to
incorporating flame retardants. By integrating flame-retardant ele-
ments such as phosphorus, boron, and nitrogen into the shell ma-
terials encapsulating the PCM, this technique imparts flame
resistance while preserving the PCM's functionality. It significantly
enhances thermal stability, prevents PCM leakage, and achieves
higher flame-retardant efficiency compared to methods of directly
introducing additive. Below are some specific reports. Kang et al.
[152] developed halloysite nanotube (HNT)-doped PCM micro-
capsules (H-PCM) for ER coatings (H-PCM-EP) to improve tem-
perature control. H-PCM microcapsules, with a distinct core-shell
structure, show higher thermostability and thermal conductivity
than pure PCM microcapsules. The addition of HNT decreased the
melting temperature of capric acid while increasing the latent heat.
Flammability studies revealed that adding HNT to PCM micro-
capsules considerably decreased fire risks in epoxy composites.

4.2.1 | SiO, Shell-Based Flame-Retardant
Microcapsules

Layered double hydroxide (LDH) has great application potential in
the flame-retardant field, and it has attracted considerable attention
due to its nontoxicity, high water content, and remarkable smoke
reduction effect [153]. Zhang and colleagues [154, 155] created two
new flame-resistant phase-change microcapsules to improve tem-
perature control and fire safety in silicone rubber foam (SRF). The
first, M-EPCM, has a SiO, shell modified with LDH, which im-
proves both thermoregulation (latent heat of 15.4J/g) and flame
retardancy (LOI> 31%, pHRR decrease of 36.4%), as shown in
Figure 11A. Flame-retardant mechanisms include barrier effects
and catalytic crosslinking. The second design combines PW core
capsules with a multilayer shell that includes SiO,, tannic acid, and
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FIGURE 11 | (A) Schematic representation of the thermal management capability and flame-retardant properties of silicone rubber foams filled with

flame-retardant phase-change capsules. Reproduced with permission: Copyright 2023, Elsevier [154]. (B) Schematic illustration of preparation of a multilayer
shell PCM. Reproduced with permission: Copyright 2022, Elsevier [155]. (C) Synthetic route of hollow mesoporous multilayer-coated silica (HM-SiO,@CS@
PCL). Reproduced with permission: Copyright 2017, Elsevier [156]. (D) Schematic illustration of formation of microcapsules with a silica shell and an
octadecane/TBP hybrid core. Reproduced with permission: Copyright 2021, American Chemical Society [157]. (E) Schematic fabrication of NanoC18.
Reproduced with permission: Copyright 2018, American Chemical Society [158]. (F) Schematic diagram of the preparation process of flame-retardant PCMs.
Reproduced with permission: Copyright 2021, Elsevier [159]. (G) Schematic fabrication of the nano PCM and synthetic route of DEAMP. Reproduced with
permission: Copyright 2018, Royal Society of Chemistry [160]. (H) Experimental flowchart of the experiment. Reproduced with permission: Copyright 2023,
Elsevier [161]. MC, microcapsule; MTMS, methyltrimethoxysilane; TBP, tributyl phosphate.

LDH layers for increased flame resistance (Figure 11B). The
resultant SRF composite obtains UL-94 V-1 certification and self-
extinguishes, showing improved fire safety. Jiang et al. [156] cre-
ated a multifunctional bio-based polyelectrolyte hollow mesopor-
ous multilayer-coated silica (HM-SiO,@CS@PCL) by layering
hollow mesoporous silica, chitosan, and phosphorylated cellulose
(Figure 11C). This flame retardant enhanced the thermal properties
and fire resistance of ER, with the synergistic effects of P, N, and Si,
reducing the pHRR by 51%, highlighting its potential for improved
fire safety. In addition, Hu et al. [157] successfully synthesized
silica- and poly(urea formaldehyde)-shelled microcapsules
using octadecane/tributyl phosphate as hybrid core materials

(Figure 11D). This method of encapsulating PCM/flame retardants
in an inorganic shell has considerable promise for fire protection in
buildings and environmental sustainability.

4.2.2 | Other Polymer-Based Flame-Retardant PCMs

4.2.21 | Phosphorus-Nitrogen-Containing  Diamine
(PNDA) Shell. A flame-retardant n-octadecane (nanoC18)
with a PNDA-modified melamine-formaldehyde (MF) shell
was synthesized by Du et al. [158] via in situ polymerization
(Figure 11E). The incorporation of PNDA significantly
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increased the LOI value, residual weight, and fire resistance of
ER/nanoC18 composites while reducing heat and smoke
release. This flame retardant nanoC18 has significant promise
for TES in energy-efficient buildings and thermoregulated
fabrics.

4.2.2.2 | PMMA + P-Compound. FRPCMs with a
1-octadecane core and a bio-based magnesium phytate (PAMg)
shell were successfully synthesized by Liao et al. [159] using a
chelation-deposition strategy (Figure 11F). The PAMg shell effec-
tively prevents leakage and enhances flame resistance, increasing
the LOI and lowering the THR. The composite shows promise in
heat energy storage and thermal management. Du et al. [162]
synthesized flame-retardant nano-PCM with n-octadecane as the
core and PMMA as the shell, using a phosphorus-based flame
retardant (DEAMP) as the cross-linking agent (Figure 11G). The
incorporation of DEAMP significantly reduced the heat and
smoke release while increasing the LOI value and residual weight
of the EP/nano-PCM composites. HNTs are widely used as flame-
retardant fillers. Kang et al. [161] successfully incorporated 9,10-
dihydro-9-oxa-10-phospha-phenanthrene-10-oxide (DOPO) and
Cu-doped HNTs (c-HNTs) into MPCM to improve flame re-
tardancy and heat transfer (Figure 11H). The modified c-HNTs
reduced pHRR and THR, demonstrating their effectiveness in
improving fire safety.

4.2.3 | Microspheres

Interestingly, there are some reports of flame-retardant en-
capsulation similar to microcapsules in spherical shape. Zhao
et al. [163] developed a PW/expanded perlite (P/EP) composite
FSPCM with high latent heat storage (174.6 +2.20J/g) and
long-term stability. EP acted as a noncombustible shell, effec-
tively inhibiting heat and fire transfer, enhancing the compo-
site's flame retardancy.

We present a summary of some recent reports on flame-
retardant PCM parameters (Table 4). Based on the above
research reports, it is not difficult to find that microcapsules are
typically not used as the final form of PCM. They often require
further compounding, processing, and shaping. As listed in
Table 4, both enthalpy and enthalpy efficiencies are usually
lower than those encapsulated in 3D aerogels [165-169]. In
addition, the LOI index is also low, which may be because it is
compounded in a polymer matrix. However, it is undeniable
that microencapsulation technology has irreplaceable and sig-
nificant advantages. Specifically, it can be used as a multi-
functional filler to realize flame-retardant composite materials
with smart fabrics and other thermal regulation functions.

4.3 | Flame-Retardant Support Materials
43.1 | Inorganic Aerogels

Aerogels, which are known as potential thermal protective
materials, have sparked great research interest due to their high
porosity and light weight [170, 171]. Silica aerogels, for ex-
ample, have been intensively researched as fire-protective

Summary of typical parameters of flame-retardant PCMs fabricated by a microcapsule strategy.

TABLE 4

THR

reduction (%) References

pHRR
reduction (%)

Thermal conductivity

Enthalpy
efficiency (1)

LOI (%)

(Wm™7K™)

Shell AH, (J/g)

PCM (core)

Flame retardant

[152]
[155]

20.25

100.8 59.21%

PMMA
SiO,

Capric acid

Halloysite nanotube

1.109

120

PW

Layered double
hydroxides
PNDA

[158]

30.3

32.8

25.1

52.22%

Melamine- 125.9

formaldehyde

N-octadecane

[159]
[161]
[162]
[164]

26.31-39.5

18.5-25.1

19.5-21.6

53.08%-71.3%

118-158.5

PAMg
PMMA
PMMA
PMMA

Magnesium phytate N-octadecane

DOPO/Cu-HNTs

DEAMP
M-CNT

17.77
18.43

30.23

80.17%
45.25%
63.93%

113.2
109.1

Capric acid

39.68
43.24

25.1

0.263

N-octadecane

16.57

90.3

Capric acid

Abbreviations: DEAMP, diethyl bis (2-hydroxyethyl acrylate) aminomethylphosphonate; DOPO/Cu-HNTs, 9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide/Cu-halloysite nanotubes; M-CNT, 4,4’ - methylene diphenyl

diisocyanate (MDI)-grafted carbon nanotube; PNDA, phosphorus—nitrogen-containing diamine.
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clothing coverings due to their ultra-low heat conductivity and
intrinsic non-flammability. Niu et al. [172] developed a low-
thermal-conductivity flame-retardant PCC to mitigate thermal
runaway propagation in battery modules. The flame-retardant
coating enables the material to achieve a V-0 rating in the
UL-94 test and an LOI of 56.31%, together with effective ther-
mal insulation at 700°C.

43.1.1 | EG-Based PCM. EG is widely used as a porous
inorganic material for PCM encapsulation due to its superior
adsorption capacity. Its high thermal conductivity, surface
compatibility, fire resistance, non-toxicity, and chemical sta-
bility make it an ideal candidate for PCM retention. Wang et al.
[173] developed a cost-effective thermal management material
for LiBs by stabilizing a hydrated salt-PW composite (HPC) in
porous EG (Figure 12A). The HPC@EG composite showed ex-
cellent shape stability and improved thermal conductivity, and
the intrinsic fire resistance of the hydrated salt and EG further
enhanced its safety performance. Alkhazaleh et al. [177] deve-
loped a leakage-free thermal storage composite by incorporating
an 80/20 butyl stearate/isopropyl palmitate eutectic PCM into
EG. With 10% of this composite integrated into a cemented test
room's south wall, flammability analysis confirmed its potential
for enhancing indoor thermal regulation and reducing building
energy consumption. Wang et al. [178] developed a flame-

retardant PCM with enhanced thermal performance by incor-
porating MXene to improve enthalpy and conductivity, and the
synergistic effect of APP and zinc hydroxy stannate increased
the carbon residue, achieving a V-0 flame-retardant rating.

43.1.2 | Graphene Porous Materials-Based PCM.
Inspired by the intricate structural synergy in hydrocotyle vul-
garis, Zhu et al. [174] designed a plant leaf mimetic network
using a laser-induced graphene method to encapsulate PCM
(Figure 12B). The structured 3D porous graphene enabled
efficient heat transfer and self-extinguishing behavior, high-
lighting its potential for solar energy harvesting and thermal
management.

43.1.3 | MXene-Supported PC. Composite PCMs with a
3D porous biomass aerogel matrix were synthesized by Huang
et al. [175], where Ag/MXene enhanced conductivity and
structural stability, enabling efficient energy conversion and
promising flame-retardant potential (Figure 12C). Luo et al.
[179] synthesized flame-retardant PCMs by incorporating
phosphorus-modified stearyl alcohol into an MXene frame-
work. Increasing the MXene content significantly reduced the
pHRR and THR, highlighting its low flammability and potential
for TES. Liang et al. [180] developed 3D MXene/wood-derived
porous carbon aerogels with excellent electrical conductivity,
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(A) Components of the disperse and continuous phases in a HPC and schematic illustration of the preparation process of

HPC@EG. Reproduced with permission: Copyright 2021, Elsevier [173]. (B) Schematic design of a layered energy transfer pathway for PCC of laser-

induced graphene. Reproduced with permission: Copyright 2023, Elsevier [174]. (C) Schematic diagram of composite PCM synthesis. Reproduced

with permission: Copyright 2022, Elsevier [175]. (D) Synthetic route of mes

oporous silica and nano Zn-AMP. Reproduced with permission: Copyright

2020, Elsevier [176]. AMP, amino-tris-(methylenephosphonate); CTAB, cetyltrimethylammonium bromide; KGM, konjac glucomannan; MCKA,

MXene/CNC/KGM/Ag; TEOS, cetyltrimethylammonium bromide.
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lightweight structure, and enhanced flame retardancy. The
MZXene aerogel/WPC composites showed superior compressive
strength, thermal insulation, and flame-retardant properties,
making them effective as PCM substrates.

4.3.1.4 | SiO, Aerogels-Based PCMs. Silica is widely
used in microencapsulation technology, and the relevant aero-
gel can also serve extensively as a supporting material for PCM.
For example, Fang et al. [181] developed flame-retardant
n-hexadecane/SiO, composites where SiO, improved thermal
stability and fire resistance (Figure 12D). The addition of EG
increased the char residue, improving thermal stability and
flammability by forming a continuous, compact residue after
combustion. Zhu et al. [176] synthesized mesoporous
silica@nano-zinc amino-tris-(methylene phosphonate) spheres,
enhancing flame retardancy, smoke suppression, and mechan-
ical properties of ER. The Si, P, N, and Zn components pro-
moted compact char formation and the release of inert
substances during combustion.

43.1.5 | BN Aerogels-Based PCM. Zhou et al. [182]
prepared BN aerogels by self-assembly, lyophilization, and heat
treatment. The resulting BN/PEG PCM showed excellent phase-
change enthalpy, shape stability, and high thermal conductivity,
improving TES and heat dissipation, especially for electronic
applications requiring electrical insulation. Pan et al. [183] re-
ported an epoxy-based composite with a 3D carbonized cellu-
lose/boric acid-modified boron nitride aerogel (CCA/m-BN)
network, which demonstrated superior flame retardancy by
significantly reducing the THR and smoke production. This
CCA/m-BN/EP composite, with high thermal conductivity and
excellent flame retardancy, shows great potential as a next-
generation thermal management material for electronics. We
present a summary of the thermal behavioral parameters of
inorganic porous support material-based flame-retardant PCMs
(Table 5).

4.3.2 | Polymer-Based Support Materials

4.3.21 | Polymeric Porous Support = Materials.
Recently, flame-retardant PI fabrics have been developed
through co-polymerization or surface treatment with agents like
phosphoric acid [189]. Although PI fabrics offer superior flame
resistance compared to most polymers, their fire resistance
remains limited. To enhance fire safety, inorganic flame re-
tardants such as graphene oxide [190], CNTs [191], montmo-
rillonite [192], and hydroxyapatite [193] have been incorporated
into the polymer matrix.

43211 | PI aerogel+BN. A form-stable, flame-
retardant PCC was developed by Shen et al. [194] using
lignin-modified boron nitride (LBN) and PI aerogels with PEG
(Figure 13A). The composite showed improved thermal con-
ductivity, enhanced latent heat, and significantly better flame
retardancy, with a 23.3% reduction in the pHRR and a 17.3%
reduction in the THR compared to pure PEG. In addition,
Zhang et al. [195] developed a double-layer smart textile with a
flame-retardant outer layer and a phase-changeable inner layer
(Figure 13B). This fabric composite extended the pain threshold

time to 280.0s, far outperforming commercial aramid and fi-
berglass fabrics, thereby demonstrating considerable potential
for advanced firefighting protective clothing.

43.2.1.2 | PI Aerogel + MXene. MXene/PIQPEG PCCs
with high heat storage density, excellent flame retardancy, and
good solar thermal conversion were synthesized [184]. The
combination of MXene nanosheets and PI reduced the HRR and
the THR while increasing the carbon yield, which significantly
improved the flame retardancy of the composite.

4.3.2.1.3 | Polyvinyl Alcohol (PVA) Aerogel and MF.
Furthermore, Yin et al. [196] designed a coral-like organic-
inorganic graphene-modified PVA aerogel (GP) that can
host PEG, resulting in PEG-GP with improved flame re-
tardancy and solar-responsive heat storage (Figure 13C).
The PEG-GP composite demonstrated a 37.5% reduction in
the pHRR and a 25% decrease in the overall heat emission,
indicating enhanced fire safety. Hu et al. [200] developed an
APP/PEG@PVA-modified melamine foam (PMF) composite by
combining IFRs with PMF, yielding a 22.6% oxygen index and
increased fire safety. Tian et al. [197] created an ionic liquid
crystal (ILC)-armored BNNS/PVA aerogel film with excellent
flame retardancy and a maximum HRR of 44.5kW/m?2
(Figure 13D). The ILC-BNNS enhanced both fire resistance and
thermal conductivity, demonstrating the potential for use in
thermal interface materials in electronics. Furthermore, Liao
et al. [185] used a lightweight, mechanically robust GA within
commercial MF (c-GA/MF) to encapsulate PEG (Figure 13E).
This c-GA/MF/PEG showed light energy harvesting, TES, and
thermal control potential for buildings, as well as improved fire
safety.

43.22 | Polymer Blend-Based PCMs. The flame re-
tardancy of shape-stabilized PCMs based on PW/polymer
matrix/organically modified montmorillonite has been im-
proved by using surface coatings, such as acrylic resin/EG,
alkyd resin/EG, and ER/EG, as reported by Xu et al. [187].
These coatings dramatically enhanced flame resistance,
attaining UL-94 V-0 with reduced smoke output. Huang et al.
[198] prepared a flame-resistant, flexible composite PCM for
battery heat control. The composite, which contained 15 wt.%
flame retardants, performed optimally, with an LOI of 35.9%.
This material successfully reduced heat buildup and
increased thermal stability during battery operation, as
demonstrated by infrared thermal imaging under thermal
circumstances (Figure 13F). Ge et al. [199] designed a
PW/CNT/BN/silicone gel composite (PCBS4) with superior
features such as anti-leakage, mechanical flexibility,
re-ignition resistance, and waterproofing (Figure 13G). The
combination of PCM with silicone gel improves thermal
performance and stability. Similarly, Gao et al. [186] deve-
loped a flexible, flame-retardant PCM composite (CPCM)
comprising PW, an olefin block copolymer, and MXene that has
good thermal stability and flame retardancy. The addition of MXene
allows the CPCM to self-extinguish after 12s. Zheng et al. [201]
developed a form-stable PCM (FSPCM) from phosphorus-modified
hexadecanol, PEPA, and PER, which has excellent heat storage and
flame-retardant properties. FSPCM (P3) with 9% PEPA and 3% PER
achieved an LOI of 29.5% and a UL-94 V-0 certification. Liu et al.
created a scaffold-PCM crosslinking approach to address
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inadequate charring in organic PCM, resulting in a composite with We present a summary of the thermal and flame-retardant
high heat storage density, 13.1% char residue, and a low pHRR performance from recent reports on flame-retardant PCM
(231 W/g). Zhang et al. [202] developed flame-retardant PCCs by =~ parameters (Table 6). Using aerogels as supporting materials is
combining MXene@PTA with phytic acid dicyandiamide in a wa- an effective method for preparing high-enthalpy PCMs, as
terborne polyurethane matrix. This lowered the pHRR and the THR presented. However, aerogels prepared by freeze-drying are
by 6.7%-35.8% and 13.2%-19%, respectively, resulting in a syner- almost entirely open porous, making it challenging to achieve
gistic flame-retardant effect. complete leakage-proof performance.
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FIGURE 13 | Legend on next page.
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4.3.3 | Natural Macromolecule or Wood-Based Porous
Materials

4.3.3.1 | SA-Based Aerogel. A double-crosslinked net-
work structure in an SA composite with Al,O5 fibers was
designed by Xu et al. [203], utilizing Ca** to induce sol-gel
transition and enhance flame retardancy. The Al,O; fiber/SA
aerogels showed outstanding flame retardancy, self-
extinguishing capabilities, and minimal smoke release (pHRR
of 9.7kW/m2). Yang et al. [204] developed a bio-based guano-
sine/boric acid/sodium alginate (GBS) aerogel using guanosine,
boric acid, and SA, obtaining exceptional flame retardancy with
an oxygen index of 47.0%-51.1% and a V-0 rating while mini-
mizing heat and smoke output.

4.3.3.2 | Wood-Based Support Materials. Wood is a
renewable, porous material with a distinct hierarchical struc-
ture, excellent mechanical strength, and cheap cost [205]. De-
lignified wood (DW), following lignin and hemicellulose
removal, provides excellent support for n-alkane encapsulation.
N-alkanes are popular PCMs because of their excellent energy
storage, chemical stability, and appropriate working tempera-
ture [206]. However, leakage during phase transition limits
their ability to store thermal energy efficiently. Recent research
has focused on encapsulating n-alkanes in wood to overcome
this problem.

A shape-stabilized composite PCM was synthesized by Yuan
et al. [207] by soaking DW decorated with phytic acid and
dopamine in n-eicosane. Flame retardancy is enhanced by low-
ering pHRR from 467.6 to 350.2W/g and THR from 26.4 to
19.8 kJ/g (Figure 14A). Yue et al. [208] prepared shape-stabilized
PCM composites by injecting molten n-docosane into phytic acid-
modified, zinc oxide-deposited, and surface-carbonized DW. The
addition of phytic acid considerably increased flame retardancy,
demonstrating their potential for effective thermal storage and
fire safety applications (Figure 14B,,B,). Wang et al. [141]
synthesized a phosphorus/ammonium-based non-formaldehyde
flame retardant (APA) from phytic acid and utilized it to
make wood-based form-stable PCM composites. Increasing APA
concentration decreased pHRR and THR, improving flame
resistance while retaining thermochromic performance following
thermal cycling (Figure 14C,,C,).

Finally, we summarize the thermal and flame-retardant prop-
erties in the relevant flame-retardant support material or PCM
reported in the list in this section (see Table 7). Wood, as a

renewable natural material, is rich in cellulose and other
polyhydroxy natural macromolecules. Through extensive
research, we have observed that phytic acid is widely used for
flame-retardant modification of wood-based supporting mate-
rials. Depending on the method of treating wood with phytic
acid, different phase-change latent heats can be achieved.
Typically, for shape-stabilized PCMs supported by materials
such as DW, the enthalpy can exceed 1601J/g.

4.3.4 | Advantages and Disadvantages Analysis

The usual flame-retardant strategy is to obtain a multifunctional
(such as high thermal conductivity, flame retardancy, and digital
shape design) high-performance flame-retardant aerogel by incor-
poration flame retardants, and then use the flame-retardant porous
material as the supporting material of PCM work substances. The
aerogel encapsulation pathway has the following typical technical
advantages: (1) carried out in separate steps, (2) easy to achieve
multifunctions, and (3) high porosity with high PCM loading,
thereby ensuring high latent heat. Its typical disadvantage is that
many aerogels are expensive, and almost all aerogels are perforated
(to ensure convenient adsorption of PCM) and have open pores, so
it is difficult to make it completely leakage-free. Moreover, it is
challenging to achieve a perfect balance between high PCM load-
ing and high flame retardancy. This is because higher PCM loading
often results in a reduced proportion of flame-retardant fillers.

4.4 | Intrinsic Fire-Safety Enhancement

Traditional flame retardancy strategies often rely on physical
encapsulation or additive-based approaches, which can result in
phase separation and reduced thermal reliability. In contrast, an
intrinsically fire-safe design approach, which involves chemi-
cally integrating flame-retardant elements or functional groups
into the molecular structure of PCM substances, offers a more
stable and effective solution by fundamentally altering the
material's combustion behavior. This strategy can be im-
plemented in two ways: (1) chemical modification of PCM
molecules to introduce flame-retardant functional groups (e.g.,
phosphorus-, nitrogen-, or silicon-containing moieties) and (2)
chain extension or polymerization of typical PCM molecules,
such as PEG, to form high-molecular-weight polymers with
integrated thermal and flame-retardant properties. These
molecular engineering approaches enhance fire resistance by
reducing heat release, promoting char formation, and

FIGURE 13 | (A) Preparation of LBN and LBN@PI aerogels. Reproduced with permission: Copyright 2022, Elsevier [194]. (B;) Schematic

illustration of fabrication of double-layer textile comprising of PI-hydroxyapatite-reduced graphene oxide (PI-HAP-rGO) aerogel fabric and
PI-HAP/eicosane (C20) fabric. (B,) Schematic illustration of the function of double-layer textile. (B;) Photographs of a PI-HAP-rGO aerogel fabric
before and after ignition for 15s. (B4) Photographs of the double-layer textile supporting a flower on an alcohol lamp. Reproduced with permission:
Copyright 2022, Elsevier [195]. (C) Schematic diagram for the preparation of PEG-PVA aerogel (P-GP) nanocomposites. Reproduced with permission:
Copyright 2023, American Chemical Society [196]. (D) Schematic diagram of the preparation of an ILC-BNNS/aramid nanofiber/PVA aerogel film.
Reproduced with permission: Copyright 2023, American Chemical Society [197]. (E) Fabrication process of carbonized-GA/melamine foam
(MF)/PEG. Reproduced with permission: Copyright 2020, Elsevier [185]. (F) Infrared thermal imaging cloud images of PS-Module, PSE-Module, and
PEF15-Module at the center region. Reproduced with permission: Copyright 2021, Elsevier [198]. (G;) Molecular formula of silica gel and (G;)
schematic diagram of waterproof of PCBS4. Reproduced with permission: Copyright 2022, Elsevier [199]. (H) Schematic diagram of the fabrication of
a PW/olefin block copolymer (OBC)/MXene composite PCM. Reproduced with permission: Copyright 2023, Elsevier [186].

26 of 39 Carbon Energy, 2025

88UBD 17 SUOWILIOD SAIIBID) 3|qedt|dde au Aq peueAoh a.e Sap e WO ‘SN JO Sa|NJ 0y ARIgITaUIUO AB|IA UO (SUORIPUOD-PUR-SWLBY WD A3 1M Aeiq 1)U 1 UO//:SdN) SUORIPUOD PUe SWiS | 8U} 89S *[9202/T0/80] U0 ARlq1 8uljuo AS|IM ‘(PepiUes ap OLBISIUIN) UOSIAOL [RUOTN SURIL00D UsiUeds Ad 600/ 2/A80/200T OT/I0p/Woo" A3 1M Areiq 1pu1Uo//Sdny Woi) popeojumod ‘TT ‘G202 ‘89662692



26379368, 2025, 11, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/cey2.70079 by Spanish Cochrane National Provision (Ministerio de Sanidad), Wiley Online Library on [08/01/2026]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

‘ureoy surwredw/joyodre [Autrkjod ‘qIN/VAd oprxo suayderd paonpar-anedesxorpAy-opruikfod ‘00I-JVH-Id oprurijod
/3pIIIU U0I0q PayIpow-urusy] ‘Id/Ng'T $S199YSouLU SPLIIIU U0I0q/[e}sh1d pmbiy oruor ‘SNNF-OTI {(duaikis-auaipeinq-auaikls) Ajod/susjAyyekiod Lsusp-ysiy ‘SS/AdH OPLIIU UOI0G/2qNIOUBU U0GIEd ‘NF/LND :SUONRIAIqY

27 of 39

uonyeudardur sueylainkjod

[coz] 61 8'Ge — — 1121 wnnoeA Ddd suIoqIare

[Toz] — 018 0-A — szl Surpusiq IPIN [0UBO9PEXSH S4S/ddaH
uoneudardur

[o0z] - - 0-A €10 091 wnnoeA Ddd AN/VAd
uoneugaidurr

[661] — — Surysmsunxa-J[os Lo LTSS WnnoeA md [98 2u0dI[IS/NH/LND

uoneudardur D /oud1k)s

[861] S'LY T'eL 0-A 'L (48 wnnoeA Md -oURIPeING-9UAIAIS

uoneudardur 980198 VAd

[961] Y4 S'LE — S¥SL0 TH91 wnnoeA DHd payrpow-audyder)

JuIqe]

[s61] 8'8S 0'0L 0-A — ceo6l uorsnjuy QUBS0ITH [e8o1se 0DI-dVH-Id
uoneudardur

[v61] €LT £'¢eC — 982¢°0 C0°LST wnnoeA Ddd [93019e 14/NdT
uoneugardurr

[61] €LT 0'1¢ — L'LT — wnnoeA Md SNN{F-DTI

SOOUAIAYIY % UONONPAI % UonINPAI 61N (- _wmm) /) uonesrqey WHd Jouelsqns rerdyew 3xoddng

dHL TyHd £)ATIONPUOD [RWLIAYL, “HV Jom NDd

SINDd pare[nsdeous-1ajioddns orrowAjod Jo soueuriofiod juepIelaI-owelj pue [euLIdy) 3y jo ArewwinS | 9 HIIV.L




(A)

s
3 7 HO_ on 0

0
P
z v O, .
L 0 (Q HO
o 5 S
~¥

on HoO on

n
APDW main molecular chain

(In) Phytic acid-

(1) Delignification decorating
- —
(1) Bleaching (IV) Zinc oxide-
filling

PWs

S

(VI) vacuum
impregnation

(V) Surface <<
carbonization

£Cooling)
%ating

coolt - ©/@ Methyl red
(4]

+ HO—C—(CHy)s~CH, I 1
n

~30°C | | ~42°C I

coon ) 1

" ‘ - ° 4 \ N=N: / \ NCly), '-v‘- m)—E—(‘un ~CH,
TC compound TPCM PTPCM-3 PTPCM-4 PTPCM-5 | ‘_ e P |

— — — — — —— — — — — — — —
N R N N N NN N R SN R NN N SN SN R R SN N NN NN SN N S N N SN NN R R N N NN N S SN R SN N RN N R R N N N SN R N

FIGURE 14 | (A) Schematic description of the formation of novel form-stable pristine wood, dopamine-decorated DW, phytic acid/dopamine-
decorated DW (APDW), and flame-retardant phase-change composites (ADPCM). Reproduced with permission: Copyright 2022, Elsevier [207]. (B;)
Schematic representation of synthetic phytic acid-modified, zinc oxide-deposited, and surface-carbonized DW PCM composite (PZPCM). (B,) Main
molecular chain of phytic acid-modified DW. Reproduced with permission: Copyright 2023, American Chemical Society [208]. (C,) Leakage
resistance test of the thermochromic compound (TC), TPCM, PTPCM-3, PTPCM-4, and PTPCM-5. (C,) Thermochromic mechanism of the TC
compound. Reproduced with permission: Copyright 2023, American Chemical Society [141].
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Summary of thermal and flame-retardant performance of wood-based support material fire-safe PCMs.

TABLE 7 |
Support material
APDW

AHy, (J/g) Thermal conductivity (Wm ' K™) pHRR reduction % THR reduction % References

PCM fabrication

PCM type

[207]
[209]
[141]
[208]

13.3
64.24

11.6

205.2
86.02-88.29

Impregnation

N-eicosane

68.6

0.17

Lauric acid Blending

RDP/EP/EG

28.5

6.7

165.3

Myristyl myristate Vacuum impregnation

APA-grafted DWs
PZCDWs

15.99

48.12

1.200

185.2

Impregnation

N-docosane

Abbreviations: APA-grafted DWs, phosphorus-nitrogen—-containing intumescent flame retardant-grafted delignified woods; APDW, phytic acid/dopamine-decorated delignified wood; CS/AICl;/PVA, chitosan/aluminum chloride/
polyvinyl alcohol; CS-MA/PA, chitosan-melamine/phytic acid; GBS, guanosine/boric acid/sodium alginate; HANRs/SAB, hydroxyapatite nanorods/sodium alginate/boric acid; PZCDWs, phytic acid-modified, ZnO-deposited, and

surface-carbonized delignified woods; RDP/EP/EG, resorcinol bis(diphenyl phosphate)/expanded perlite/EG; SAA, Al,O; fiber/sodium alginate.

suppressing flame propagation without relying solely on ex-
ternal additives.

44.1 | Molecular Engineering of PCM Work Substance

In the aforementioned studies, researchers have utilized
various techniques to encapsulate materials, including
aerogel encapsulation and polymer blending. Fundamen-
tally, these approaches rely on physical methods to support
or integrate PCM. Additionally, some studies have reported
that chemical methods, such as bonding flame-retardant
elements like phosphorus and nitrogen to traditional PCM
substances, can effectively enhance the flame-retardant
properties of PCM composites [210]. Organic PCMs are
flammable, which limits their applications in heat storage
and conversion. Chen et al. [140] reported a flame-resistant
PCM by combining phosphorus-grafted hexadecanol and
PER phosphate. Cone calorimeter data showed a more than
50% reduction in pHRR and THR, and self-extinguishment
tests confirmed quicker flame suppression than hexadecanol
(Figure 15A). Li et al. [143] created a flame-retardant, form-
stable PCM film by chemically attaching stearyl alcohol to
phosphorous oxychloride and encapsulating it within a
single-wall CNT skeleton. This change greatly increased the
heat storage capacity and decreased the pHRR and THR by
24.4% and 24.3%, respectively (Figure 15B).

4.4.2 | PEG Chain Extension

PEG, as a typical PCM work substance, has double-terminal
hydroxyl groups and can be used for chain extension to
prepare high-molecular-weight polymers. Taking advantage
of this principle, researchers often use PEG chain extension
to prepare leakage-resistant PEG-based PCMs. Du et al.
[211] wused nucleophilic substitution to create a tri-
maleimide end-capped cyclotriphosphazene flame retardant
(TMCTP), which they then used to create flame-retardant
PCMs with self-healing capabilities and high flame re-
tardancy (Figure 15C). The dynamic covalent binding of
TMCTP inside the polymeric network lowered flammability,
which improved the material's overall performance.
Zhang et al. prepared a form-stable polyether PCM
using PEG 10000, toluene-2,4-diisocyanate, and toluene-
2,4-diisocyanate as raw materials through two-step polym-
erization in toluene, with polyurethane acting as the heat
storage phase-change segment and the supporting material
for the flame retardant (Figure 15D). The composite has a
latent heat of 86.69J/g and an LOI of 21.3, indicating good
fire resistance and high TES density. These characteristics
provide a new platform for developing form-stable PCMs
with good fire resistance, thus opening up a field of energy
materials with enhanced fire resistance and energy storage
performance. Wang et al. [213] prepared a solid-solid PCM
using functionalized graphene oxide and PEG, which
reduced the pHRR by 33.4%. Similarly, Luo et al. [188]
developed a high flame-retardant, form-stable PEG/EG
composite including PEG/EG, diphenylmethane diisocya-
nate and melamine with DOPO that considerably reduced
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FIGURE 15 | (A) Chemical reaction and formulas of different modified hexadecanol. Reproduced with permission: Copyright 2019, Elsevier
[140]. (B) Schematic diagram of the preparation process of the PCMF and comparison of the pHRR and THR of PCMFs and stearyl alcohol (SAL).
Reproduced with permission: Copyright 2022, American Chemical Society [143]. (C) Schematic illustration of the synthesis of novel dynamically
cross-linked PCM composites (FPCM) and thermally induced recycling of FPCM-3 (Inset). Reproduced with permission: Copyright 2021, American
Chemical Society [211]. (D) Schematic of the preparation route for a hybrid form-stable polyether PCM. Reproduced with permission: Copyright

2016, Elsevier [212].

the THR and pHRR, indicating strong fire resistance
potential for battery modules.

4.43 | Advantages and Disadvantages Analysis

There are usually two general approaches for flame re-
tardancy in this type of PCM. One is to use chemical
methods, such as chain extension condensation to obtain
high polymers containing flame retardants, while achieving
flame retardancy and phase-change effects. After chain ex-
pansion, the melting point significantly increases [214], in
turn increasing the sensible heat storage capacity. The typ-
ical advantage of a PCM obtained using this approach is that
it can be flexible and completely leak-free. However, there is
also a significant drawback of low latent heat of phase
transition. In addition, the selection of PCM functional
components is also highly limited, and they must be
bifunctional, with PEG diols being a common example.
Another approach is to introduce flame-retardant elements
into phase-change small molecules. The major change
brought about by this is the change in the melting point. The
cost often increases because higher purity is required to
ensure high crystallinity, which significantly increases the
material fabrication cost.

4.5 | A Brief Overview of Flame-Retardant
Mechanisms on PCMs

PCMs are typical organic functional materials that generally
follow conventional flame-retardant mechanisms. With the
rapid development of flame-retardant PCM research, various
classical systems have been used to fabricate safe MTPCMs,
which predominantly rely on well-established flame-retardant
mechanisms. As illustrated in Figure 16, the flame-retardant
behavior of these systems aligns with classical mechanistic
models. For a comprehensive summary of flame-retardant
mechanisms in PCM systems, as well as a discussion of their
advantages and limitations, please refer to the review articles
[215, 217]. Here, we provide only a brief overview. As shown in
Figure 16A, the flame retardants used in flame-retardant PCM
systems are similar to those used in traditional flame-retardant
materials and primarily include phosphorus-, nitrogen-,
silicon-, and nanofiller-based flame retardants and IFRs.
These function through various mechanisms such as gas-phase
action (dilution effect), condensed-phase char formation, radi-
cal trapping, and synergistic effects to achieve effective flame
retardancy [218]. In practice, it is often difficult to achieve high-
performance flame retardancy using a single mechanism or
individual flame retardant. Rather, effective flame-retardant
behavior typically results from the synergistic combination of
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FIGURE 16 | (A) Representative categories of flame retardants and corresponding flame-retardant mechanisms. Reproduced with permission:
Copyright 2024, Wiley [215]. (B) Representative examples of synergistic flame-retardant PCM systems. Reproduced with permission: Copyright 2025,

Elsevier [216].

multiple flame retardants. For example, the simultaneous
incorporation of charring agents along with phosphorus- and
nitrogen-based compounds can enable integrated mechanisms,
including radical scavenging, flammable gas dilution, and
thermal/oxygen barrier formation in the condensed phase—
leading to multifunctional and highly efficient flame-retardant
effects [216] (Figure 16B).

5 | Remarks and Perspectives

Organic PCMs are classic sustainable energy storage mate-
rials and have a long history of research. They have ex-
tensive use value and potential applications in traditional
building energy conservation, electronic device thermal
management, emerging battery thermal management, solar
energy capture and storage, and other fields. The related
research fits the objectives of the sustainable development
goals. Therefore, at present, the research on PCM still at-
tracts a large number of scientific researchers. This review
systematically presents the analytical methodologies used in
the study of flame-retardant PCMs, including conventional
techniques such as the cone calorimeter test, the UL-94
vertical burning test, and the LOI, as well as other methods
like direct combustion tests, candle tests, and back-surface
temperature monitoring. Furthermore, the recent modifi-
cation strategies for flame-retardant PCMs are summarized
into four main approaches: (1) incorporation of external
flame retardants, (2) use of flame-retardant microcapsules,
(3) development of flame-retardant support materials, and
(4) creation of intrinsic flame-retardant phase-change small
molecules. It is worth noting that, for each strategy dis-
cussed, we have highlighted both its significant advantages
and major limitations, given the broad application prospects
of PCMs, the inevitable trend toward the development of
environmentally friendly materials, and the various short-
comings and practical challenges associated with current
PCM systems. Combining the summary of this review article
and the author's research experience, some general insights

and prospects will be put forward below for readers to
consider and discuss.

5.1 | Sustainable, Fully Bio-Based, and Fire-Safe
PCM Development

Sustainable, fully bio-based, and fire-safe PCM development
combines the benefits of bio-based materials and fire safety to
create innovative solutions for TES and management. The fol-
lowing are some key considerations for sustainable, fully bio-
based, and fire-safe PCM development:

(1) Bio-based feedstocks: Sustainable PCMs can be derived from
bio-based feedstocks, such as plant oils or agricultural waste,
instead of relying on fossil fuel-based sources. Utilizing
renewable resources reduces the environmental impact and
promotes a circular economy.

(2) Fire safety: Incorporating fire safety considerations into PCM
development is crucial to ensuring the materials' safe use. Bio-
based PCMs should have inherent fire-resistant properties or be
treated with bio-based fire-retardant additives to meet relevant
safety standards and sustainable regulations.

(3) Environmental impact: Sustainable PCM development considers
the entire life cycle, including the environmental impact of raw
material extraction, production processes, use phase, and end-of-
life disposal, minimizing energy consumption and emissions dur-
ing manufacturing, ensuring safe and responsible disposal meth-
ods, and promoting recycling and reuse contribute to the
sustainability of these materials.

(4) Application-specific requirements: Fully bio-based and fire-safe
PCM can find applications in various sectors, including buildings,
textiles, electronics, and transportation. Each application may have
specific requirements regarding thermal properties, fire safety
standards, durability, and compatibility with other materials. Cus-
tomization of PCM formulations and their integration into different
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products and systems require close collaboration between re-
searchers, material manufacturers, and end-users.

5.2 | Multifunctional PCM With Low Cost, High
Performance, and Practical Applications

The pursuit of a single performance improvement is difficult to
meeting the needs of practical applications, such as weight gain,
which is an obvious drawback for the thermal management of
sporty devices. Multifunctional PCMs are materials that not
only have the ability to store and release thermal energy during
phase transitions but also show additional functionalities that
enhance their overall performance in specific applications.
Some promising examples of multifunctional PCM and their
applications are as follows:

(1) Solar-driven interfacial desalination: Given the challenges of
freshwater shortage and fossil energy storage, solar-powered in-
terfacial evaporation has been identified as a potential and sus-
tainable saltwater desalination solution. Solar-driven desalination
based on PCMs with latent heat storage capability is the key to
solving the problem of intermittent solar radiation and is more
capable of realizing efficient hydropower cogeneration outside of
daylight hours. Several researchers have introduced PCMs in the
field of solar-powered desalination, developing high-performance
interfacial evaporators with antimicrobial and salt-resistant prop-
erties for sustainable desalination production of pure water and
efficient dual-hydro cogeneration performance [219-222].

(2) Thermoregulating and moisture management textiles: PCM-
enhanced textiles can help regulate body temperature by
absorbing excess heat during warm conditions and releasing it
when the temperature drops. Additionally, some multi-
functional PCMs integrated into textiles can also manage
moisture by wicking away perspiration, promoting evaporation,
and enhancing overall comfort.

(3) Energy storage and conversion: PCMs can serve as effective
TES mediums for various applications, including solar energy
systems, batteries, and thermal management in electronics.
Multifunctional PCMs with additional properties like high
thermal conductivity or electrical conductivity can enhance
energy storage and conversion efficiency.

The development of multifunctional PCM requires a combination
of materials science, engineering, and application-specific knowl-
edge. Researchers and industry stakeholders collaborate to opti-
mize the properties of PCM and tailor them to meet specific
requirements in various sectors. This kind of interdisciplinary
approach enables the design and implementation of innovative
solutions that offer enhanced performance and multiple function-
alities for a wide range of applications.

5.3 | Integrated Structural Materials or Devices

(1) PCMs are integrated with other functional components: For ex-
ample, for thermal management of chips, thermoelectric converters,
sensors, and so forth, Xiaodong Wang's team developed a series of
novel phase-change microcapsules, utilizing microcapsule-modified

working electrodes to integrate highly electroactive layers with
covalently bonded bioenzymes (catalase, penicillinase, horseradish
peroxidase, tyrosinase, diamine oxidase, and so on), and designed a
thermo-self-regulating smart biosensor, which realizes micro-
environmental temperature regulation of biosensors through
reversible phase change to prevent enzyme deactivation at high
temperatures, thus enhancing the biosensor response to electro-
chemical biosensing [222-227]. The biosensor developed by the
team is expected to be sensitively regulated over a wide temperature
range in practical applications.

(2) New topology design: The advanced applications of PCM con-
tinue to expand as researchers and engineers explore new possi-
bilities and optimize their performance for specific industries and
requirements. These applications offer energy efficiency, thermal
comfort, improved system performance, and reduced environ-
mental impact in various sectors, contributing to a more sustainable
and efficient future. Jing et al. [228] designed a sandwich-like PCC
from crosslinked PI aerogel and medium-erythritol, which provides
good long-term high-temperature infrared stealth and thermal
camouflage. The composite has potential for use in security and
counter-surveillance applications.
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