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Abstract 
 

Organic phase change materials (OPCMs) are advanced energy storage materials with the ability to storage and release 
thermal energy at a constant temperature. Efficient energy storage systems using shape-stabilized PCMs (SSPCMs) are 
promising to adjust the gap between energy supply and demand. The performances of SSPCMs are influenced by multiple 
factors which are necessary to be considered in the fabrication process. In this regard, we summarized the desired properties 
for OPCMs and SSPCMs, then we systematically discussed the fabrication methods involving supporting materials, OPCMs, 
and fillers. At last, we elaborated on the thermal storage applications of SSPCMs from three kinds of energy sources. This 
review intends to provide in-depth and constructive insights into the fabrication and energy storage applications of SSPCMs, 
thereby contributing to the development and application of high-performance SSPCMs. 
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1. Introduction 

Energy consumption has been booming in the past decades 

and is predicted to increase rapidly shortly.[1] With the rapid 

exploitation and shortage of fossil energy sources, access to 

sustainable energy and high efficiency has been the 

cornerstone of both industrial development and economic 

growth.[2] Numerous attention is put onto discovering new 

energy sources while only one-fifth of present energy comes 

from efficient energy conversion and storage. On  

account of the adjustment of energy storage between the gap  

of energy utilization and supply, energy storage system 

especially the storage system based on thermal energy whose 

utilization and waste account for 90% of primary energy 

sources has attracted a growing amount of attention.[3,4] 

Thermal energy storage consists of three main categories: 

sensible heat storage, latent heat storage, and thermochemical 

energy storage.[5] Among these methods, phase change 

material (PCM)-based latent heat storage is the most 

promising thermal energy storage method attributing to higher 

energy capacity compared with sensible heat storage and 

stability outweighing thermochemical storage.[6] In addition, 

as the core working substances, PCMs are promising for its 

potentials in both cooling and heating with their capability to 

store and release thermal energy at a constant temperature.[7] 

Therefore, PCMs have attracted the most attention and have 

been used in various practical occasions such as water 

heating,[8] data center cooling,[9] building comfort,[10] thermal 

management, and[11] energy storage.[12] The classification of 

normally used PCMs is illustrated in Fig. 1, varied by the 

chemical composition, the PCMs are divided into classes of 

inorganic and organic.[13] 

Inorganic PCMs compose of metal, salt, and salt hydrate 

which always own high volumetric latent heat and high 

thermal conductivity.[14] Whereas, supercooling, as well as 

phase separation, severely constrain the widespread 

applications of inorganic PCMs which show unsatisfied  
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Fig. 1 Classification of normally used PCMs and corresponding characteristics. 

 

reusability in long-term service. Conversely, organic PCMs 

(OPCMs) distinguish for low supercooling, ignorable phase 

change, nontoxicity, high energy capacity, and chemical 

stability, exhibiting great potential in practical implements.[15-

17] In this regard, we will only discuss shape-stabilized PCMs 

(SSPCMs) based on OPCMs in this review. 

 
Fig. 2 The thermal energy storage of SSPCMs and influence 

factors. 

 

For the SSPCMs, multiple energy forms such as electricity, 

magneticity and solar energy, etc. could transform into thermal 

energy which broadens its energy storage application (Fig. 

2).[18] Considering the parameters influencing the energy 

storage properties, on one hand, SSPCMs are supported by 

skeletons that always combine with filler to hold PCMs. On 

the other hand, the fabrication methods could significantly 

influence the properties of SSPCMs. Specifically, taking the 

thermal conductivity as an example, the thermal conductivity 

of PCM and matrix are two critical factors. Whereas, highly 

conductive fillers are always introduced to reinforce the 

thermal conductivity owing to the low thermal conductivity of 

SSPCMs inherent in the OPCMs. In this situation, the thermal 

conductivity of filler and its dispersion also make many 

differences to the properties of SSPCMs. Same to thermal 

conductivity, the leakage-proof property is mainly related to 

the OPCM, filler, and matrix as well as the manufacturing 

method, on condition, all of the aforementioned factors 

significantly influence the interactions between each 

component.[19] Therefore, the performance of SSPCMs is 

determined by four factors: OPCM, skeleton, filler, and 

fabrication method which are necessary to be 

comprehensively considered. 

To the best of our knowledge, there are many systematic 

reviews concentrating on one of the crucial parts to discuss the 

development of SSPCMs. Zhou et al.[20] reviewed the 

application of CPCMs on energy storage, Usman and 

Ahmed[21] compared the fabrication of SSPCMs based on 

carbon and BN, Yuan et al.[22] summarized engineering on both 

the thermal conductivity enhancement and reduction of the 

SSPCMs, fabrication techniques[23] and applications[24-26] were 

also reviewed. However, there are few reviews considering 

comprehensive factors concerning the fabrication and energy 
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storage of OPCMs. The aspects including the classification 

and choice of OPCMs, fillers fabrication methods, and energy 

storage applications. Thereby, we provide a critical review 

with comprehensive considerations from initial developments 

of SSPCMs to final applications in energy storage. The review 

aims to inspire the initial stage of developing SSPCMs with 

practical potential. 

 

2. Desirable properties of organic OPCMs and SSPCMs 

Phase change process including heat storage and release is 

vital to all of the applications of SSPCMs. The typical phase 

change process is shown in Fig. 3, as the PCMs begin to absorb 

heat, the temperature begins to rise from the bottom, and the 

peak represents sensible heat storage. When the temperature 

reaches melting temperature, it keeps constant for a period, 

corresponding to latent heat storage. Then, the temperature 

goes on growing rapidly, the energy storage goes back to the 

sensible heat storage. Once the heat supply was cut off, the 

temperature would experience a reversible trend to the original 

level. Highlighting in the figure, there are many factors 

influencing the heat storage process. The temperature-

increasing rate is closely related to thermal conductivity while 

higher thermal conductivity means quicker temperature 

changes. On the other hand, the isothermal process 

corresponds to the solid-liquid (solid-solid) phase change 

process, with higher latent heat, the temperature could keep 

constant for a longer time. Besides, the supercooling 

represents the gap between melting and freezing temperatures 

which makes much difference in the reusability of SSPCMs. 

Thereby, to meet the requirements of energy storage systems, 

the PCMs should be carefully chosen at the beginning of 

SSPCMs developments.  

 

Fig. 3 Phase change process of PCM (SSPCM) and related 

parameters. 

 

Several desirable properties for OPCMs and SSPCMs are 

summarized below and the fabrication of SSPCMs should 

fulfill the properties as much as possible. 

In Detail, the properties of the OPCMs involve: 

(a) Suitable phase change temperature, practical utilization 

temperature must locate within the phase change temperature, 

otherwise the phase change process hardly takes effect. 

(b) High latent heat of transition, the value influences the 

volume or weight of whole SSPCMs which determines the 

application space. The high-capacity, small-volume, and light-

weight SSPCMs are preferred. 

(c) Narrow supercooling, narrow supercooling means a 

uniform melting and freezing process that benefits the 

reusability and precise thermal management property of 

SSPCM. 

(d) Compatibility with container materials, the OPCM is held 

by the supporting materials or container materials, thus 

compatibility is essential to avoid phase segregation, leakage, 

and deformation. 

(e) Low vapor pressure, evaporation was inevitable in the 

practical application in which low vapor pressure both reduces 

the weight loss of OPCM and the risk of vapor leakage.  

(f) Low price, in large-scale utilization, low price facilitates 

the widespread of the corresponding OPCM. 

For SSPCMs, the properties include: 

(g) Leakage-proof properties, the OPCMs melt into the liquid 

in a phase change process which would lead to leakage and 

corrosion of the container, deteriorating the performance of 

SSPCMs. 

(h) High thermal conductivity, thermal conductivity matters 

much in energy diffusion which is related to the energy 

charging rate. 

(j) Chemical stability, the resistance to the variable 

environmental is preferred. 

(k) Reusability, the properties of SSPCMs alter easily in long-

term service, therefore the reusability makes much difference 

in practical applications. 

(l) Non-toxicity, fire hazard, or flammability.  

Compared to the ideal properties of OPCMs and SSPCMs, 

plenty of features of SSPCMs are inherent in OPCMs. Despite 

the importance of PCMs on the fabrications of SSPCMs, there 

are still some other factors influencing the properties of 

SSPCMs such as the interaction between components and 

fabrication methods, and the relationship between the 

properties of SSPCMs and OPCMs is complicated. To acquire 

the desire properties of SSPCMs, all the factors need to be 

rationally taken into account. Taking high thermal 

conductivity as an example, the enhancement is not always 

ideal due to high thermal interfacial resistance. Some works 

reported launching chemical interaction to increase the contact 

area which could significantly improve the thermal 

conductivity. However, chemical reactions always involve 

pollution, toxic chemicals, and higher cost which are not 

proper in some practical occasions. Higher thermal 

conductivity always accompanies other costs. In a word, the 

implementation of one performance may affect another, the 

design of SSPCMs always faces a trade-off and is a systematic 

work that needs to be considered according to actual 

requirements rather than obey the unified specification. 

 

3. Classification and properties of OPCMs 

In the long history of PCM utilizations, the four main divisions 

of OPCMs are paraffin wax (PW), fatty acid, alcohol, and 

polyalcohol. 

PW, as a byproduct of crude oil, has been applied on 

varying occasions owing to the low cost and abundant 

supply.[27,28] Its application lasts a long history and has been 
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Table 1. Thermophysical properties of paraffin with carbon number (15-44).[29] 

 

Carbon 

Number 
Alkane 

MM 

(g/mol) 
Ttr (℃) ΔHtr (J/g) Tm(℃) ΔHm (J/g) 

Paraffin 

15 Pentadecane 212.42 2.3 43 9.9 163 

17 Heptadecane 240.47 10.6 46 21.7 167 

19 Nonadecane 268.53 22.3 51 31.7 170 

21 Heneicosane 296.58 32.4 55 40.0 161 

22 Docosane 310.61 40.0 93 43.6 157 

23 Tricosane 324.63 42.2 67 47.2 164 

24 Tetracosane 338.66 47.5 94 50.4 161 

25 Pentacosane 352.69 47.1 76 53.1 162 

26 Hexacosane 366.71 52.8 92 56.0 164 

27 Heptacosane 380.74 53.1 70 58.5 161 

28 Octacosane 394.77 57.3 89 61.0 165 

30 Triacontane 422.82 59.0 88 65.0 162 

32 Dotriacosane 450.88 64.0 91 69.3 168 

33 Tritriacontane 464.90 67.8 67 71.1 171 

34 Tetratriacosane 478.93 69.0 100 72.4 166 

35 Pentatriacontane 492.96 72.0 83 74.6 175 

36 Hexatriacosane 506.98 73.8 61 75.8 173 

used in the discovery of the neutron in 1932 by Chadwick.[30] 

Several investigations have been conducted to measure the 

thermal properties of linear alkanes since the 1930s (Table 1). 

PW is a mixture of alkanes with different numbers of carbon 

atoms whose chemical formula is CH3(CH2)nCH3, and n 

normally ranges from 15 to 50 to ensure the solid state at room 

temperature. The physical properties of PW differ with the 

length of the alkanes chain, thereby, properties like melting 

point could be tuned by controlling the average number of 

carbon atoms. However, the nature of the mixture makes it 

difficult to determine molecule weight which is associated 

with thermal properties. Generally, the H𝑚 (120 to 200 J/g) 

and T𝑚 (12 to 200 ℃) increases by the carbon atoms. 

Table 2. Thermophysical properties of fatty acids are normally used as PCMs.[31] 

 
Acid 

Chemical 

Formula 

MM 

(g/mol) 
Ttr (℃) 

ΔHtr 

(J/g) 
Tm(℃) 

ΔHm 

(J/g) 

Fatty 

acid 

Enanthic C7H14O2 130.18 -48.4 16 -7.4 107 

Caprilic C8H16O2 144.21 
  

16.5 148 

Pelargonic C9H18O2 156.24 10.2 34 12.3 127 

Capric C10H20O2 172.26 
  

30.8 159 

Undecylic C11H22O2 186.29 17.1 47 28.4 139 

Lauric C12H24O2 200.32 
  

42.8 191 

Tridecylic C13H26O2 214.34 33.9 41 41.8 157 

Myristic C14H28O2 228.37 
  

52.8 194 

Pentadecylic C15H30O2 242.4 
  

52.5 165 

Palmitic C16H32O2 256.43 
  

62.4 204 

Heptadecylic C17H34O2 270.45 56 27 62.8 193 

Stearic C18H36O2 284.48 
  

69 214 

Nonadecylic C19H38O2 298.5 64.8 31 68 193 

Arachic C20H40O2 312.53 
  

75 227 
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Table 3. Thermophysical properties of alcohols normally used as PCMs.[29] 

 
Alcohol 

Chemical 

formula 

MM 

(g/mol) 

Ttr 

(℃) 

ΔHtr 

(J/g) 
Tm(℃) 

ΔHm 

(J/g) 

Alcohol 

Dodecanol C12H25OH 186.34 
  

24.1 216 

Tridecanol C13H27OH 200.36 21.5 
 

31.6 223 

Tetradecanol C14H29OH 214.39 
  

37.8 231 

Hexadecanol C16H33OH 242.45 
  

49.1 238 

Octadecanol C18H37OH 270.5 55.2 
 

57.8 246 

Nonadecanol C19H39OH 284.53 55.5 
 

61.1 255 

Eicosanol C20H41OH 298.55 56.5 
 

64.5 247 

Docosanol C22H43OH 326.61 66.6 
 

70.4 263 

A fatty acid is mainly derived from biomass like vegetables 

and animal oil, the renewable nature ensures an abundant 

source. The molecular formula of fatty acid is 

CH3(CH2)nCOOH whose main body is an alkane group and 

ends up with a -COOH group (Table 2). 

Owing to its smaller temperature swing and potential to 

combine with other materials, it becomes an important group 

of materials in thermal energy storage. The SSPCMs based on 

the fatty acid are suitable for medium-temperature 

applications which are always accompanied by a high phase 

change entropy.[32] However, the bad odor and corrosivity are 

the main aspects hindering the applications of fatty acid, 

thereby sometimes fatty acid derivatives like ethers are served 

as alternatives. 

Alcohol has the same backbone as the PW. The alcohols 

used as OPCMs are mainly with carbon numbers beyond 12 

which is a solid state at room temperature. Different from PW, 

the end group -OH of alcohol enables it well dissolve in 

hydrophilic substances. Alcohol could be transformed from 

biomass and chemical with abundant supply, it also possesses 

comparable properties to PW and fatty acids such as good 

chemical and thermal stability, melting congruency, non-

toxicity, etc. The normally used alcohol and its corresponding 

properties are summarized in Table 3. 

 

Polyalcohol used as OPCMs is referred to the polyalcohol  

in solid condition at room temperature with a molecule weight  

beyond 600. The chemical formula of polyalcohol denotes 

HO(CH2CH2O)nH. Several normal polyalcohols are illustrated 

in Table 4. Worth mentioning, despite the general advantages 

inherent in OPCMs, polyalcohol distinguishes for its high 

latent energy capacity which approaches 300 J/g, remarkably 

higher than fatty acid and PW. 

Compared to PW, fatty acid, alcohol, and PEG, the obvious 

difference comes from latent heat. As shown in Fig. 4, the 

latent heat of fatty acid and alcohol shows an increase trend 

along with mole molecular weight while the latent heat and 

mole molecular weight of PW show little relationship. In 

addition, the latent heat of alcohols is relatively higher than 

fatty acid and PW. As for the PEG, the latent heat is firstly 

increased with mole molecular weight (<10000 g/mol). With 

the mole molecular further, increasing, the latent heat shows a 

reduction. Overall, the latent heat of alcohol is relatively 

higher while that of PW shows a small swing. 

Another difference between the OPCMs comes from the 

chemical structure especially the end group, the PW has an 

alkyl end group that is inert, it hardly reacts with another 

component, thus the interactions between PW and matrices 

are mainly physical. For the fatty acid and alcohol having the  

Table 4. Thermophysical properties of polyalcohols normally used as PCMs.[33] 
 

MM (g/mol) ΔHtr (J/g) Ttr (℃) ΔHm (J/g) Tm(℃) 

PEG 

400 85.0 -24 91.4 3.2 

600 116.1 6.9 121.1 18.5 

1000 147.7 27.5 156.1 36.9 

2000 139.7 26.2 154.1 52.5 

3400 159.0 29.0 174.1 56.6 

4000 152.9 32.3 164.9 62.8 

5000 168.7 34.2 172.4 62.2 

6000 177.9 39.6 181.5 59.6 

8000 178.0 48.9 189.5 63.0 

10000 201.1 46.7 197.2 67.0 

20000 154.2 49.4 176.2 61.2 



Review article                                                                                                            Engineered Science 

6 | Eng. Sci., 2022, 17, 1-27                                                                         © Engineered Science Publisher LLC 2022 

 
Fig. 4 The relationship between latent heat and mole molecular weight of PW, fatty acid, alcohol, and PEG. 

 

same backbone as the PW, the -COOH and -OH end group 

could form covalent bonds with matrices and fillers, the 

interactions strengthen the connections between PCMs and 

matrices which increase the loading rate of PCMs in the 

fabrication of SSPCMs. For example, fatty acid could react 

with various alcohols to conduct esterification reactions, 

otherwise, it may corrode the supporting materials. Moreover, 

the -COOH and -OH could assist the PCMs to attach to the 

matrices with hydrogen bonds to shape and stabilize the 

composite PCMs. It is worth mentioning that the -OH is 

hydrophilic, it could dissolve in water which would much 

influence the performance of SSPCM in a water-soluble 

environment. On different occasions, varied OPCMs could be 

chosen with different requirements. 

There are other OPCMs as working substances in 

developing SSPCMs which own remarkable advantages. Chen 

et al.[34] first exploited fatty amines as working substances to 

fabricate SSPCMs. The fatty amines exhibited exceptionally 

high latent heat ranging from 261 to 306 J/g. Furthermore, the 

graphene aerogel was developed to absorb fatty amine to 

fabricate SSPCMs.[35] As expected, the GA could absorb high 

content of fatty amine which leads to a high energy capacity 

of SSPCMs. 

On the other hand, in the merit of the nature of the blend to 

combine the properties of the composition, eutectic OPCMs 

distinguish for controlling phase change temperature and less 

phase separation compared with pure substances.[30] Through 

the self-polymerization method, Wang and coauthors[36] 

selected capric acid (CA), lauric acid (LA), myristic acid 

(MA), and stearic acid (SA) to prepare binary fatty acid 

eutectic for the sake of decreasing the phase change 

temperature. CA–LA, CA–MA, CA–SA, and LA–MA binary 

eutectics acting as the heat-absorbing materials and PMMA 

serving as the supporting material were compounded in a ratio 

of 50/50 wt.%. Although the phase change entropy of the 

SSPCMs is relatively low whose max value was only 80.75 

J/g, the phase change temperature varying from 21 to 35 ℃ is 

extremely suitable for building energy conservation. 

The polymers could be also used as phase change materials. 

The PLA blending with high-density polyethylene (HDPE) 

PCM shows great potential in solar energy storage.[37] With a 

weight ratio of 50:50, the latent heat for the PLA50/HDPE50 

blend during the melting and freezing process is 100.1 J/g and 

97.6 J/g, respectively, accompanied by the relative enthalpy 

efficiency reaching as high as 104.2 %.  

With much attention concentrating on PCMs, new PCMs 

with great potential are constantly emerging. Matuszek et al.[38] 

presented a group of organic salt PCMs based on pyrazolium 

cation (Pzy), the PCMs own working temperature ranging 

between 100 to 168 ℃ and latent heat ranging from 40 to 160 

J/g. Among the Pzy-based PCMs, the [Pzy][CH3SO3] is the 

most potential candidate for thermal energy storage with a 

melting temperature of 168 ℃ and latent heat of 160J/g. In 

addition, organic salts are famous for highly chemical and 

physical stability, nonflammability, and excellent heat transfer 

properties. The [Pzy][CH3SO3] salt could resist the 

temperature as high as 275 ℃ without pressure changes and 

long-term thermal cycling tests to keep it stable. Moreover, the 

costs between [Pzy][CH3SO3] and commercial PCMs 

(paraffin and salty hydrates) were compared. The Pzy-based 

PCMs were concluded to be inexpensive candidates to store 

energy. Overall, the work revealed a new kind of material 
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showing great potential in energy storage applications and 

provided some new insight into fabricating functional 

SSPCMs.  

With more requirements put on the PCMs, the further 

discovery of ideal OPCMs are essential in variable 

applications. 

 

4. Fabrication strategies for organic SSPCMs 

Despite the considerate advantages of OPCMs, there are still 

two main parameters hindering their utilization: a) leakage, 

and b) low conductivity. Therefore, multiple methods have 

been developed to get rid of these drawbacks.[39] Porous 

material absorption, encapsulation, and polymer shaping 

technology (PST) are the three main methods to shape and 

stabilize composite PCMs to avoid leakage. As for the low 

thermal conductivity inherent in OPCMs, the efficient 

approach is to introduce the matrix or filler with high 

conductivity, both of the former aspects are closely related to 

the fabrication process of SSPCMs, thus it is necessary to 

depict the fabrication methods below. 

 

4.1 Three-dimensional (3D) material absorption 

To counter the leakage and improve shape stability as well as 

absorption rate, materials with a 3D structure such as porous 

foam, and aerogel are ideal candidates. On a hand, 3D 

structures are beneficial to stabilize the shape of composite 

PCMs with capillary forces, surface tension as well as 

hydrogen bonding, and Van der Waal’s force which enables the 

porous and 3D supporting materials to hold the PCMs steadily. 

On the other hand, the high porosity and light weight increase 

the weight proportion of PCMs in SSPCMs, resulting in high 

latent heat of SSPCMs.[40] Besides, the 3D structures provide 

abundant space and sites for modification and interaction 

which could improve comprehensive properties of SSPCMs 

like thermal and electric conductivity. Thereby, various kinds 

of 3D materials have been used to fabricate the SSPCMs. 

 

4.1.1 Metal and derivatives 

Metal 

Metal is well known for its high electrical and thermal 

conductivity which are attractive in the fabrication of 

functional SSPCMs. However, high density and cost hinder 

the adoption of the metal matrix into SSPCMs. To get rid of 

the drawbacks, porous metal foam and 3D light-weight metal 

networks are introduced to fabricate SSPCMs. 

Zheng et al.[41] successfully fabricated a copper foam/PW 

SSPCM and a visible device was built to investigate the 

melting behavior of PW with and without copper foam. The 

copper foam was proved to be able to shape stabilized PW and 

shorten the melting time of PW. Besides, the heating position 

of SSPCM was reported to be of great significance on the 

melting rate as well as temperature difference. 

Using a vacuum impregnation method, Xiao et al.[42] 

developed cooper foam/PW SSPCM and nickel foam/PW 

SSPCM, the impregnation method obtained an absorption of 

PW ranging from 96.0 wt.% to 98.6 wt.%. Besides, the thermal 

conductivity characterization showed that the thermal 

conductivity of the nickel foam/PW SSPCMs is nearly three 

times larger than that of pure PW, while that of the copper 

foam/PW SSPCMs is nearly 15 times larger. With such huge 

thermal conductivity enhancements, the phase change 

temperatures of both SSPCMs only experience slight shifts, 

demonstrating great potential in thermal management. 

In Pan’s work, metal networks constructed by cutting 

copper fiber were used to absorb PW to dissipate the heat 

produced by lithium-ion batteries.[43] Based on solid-phase 

sintering technology, the cutting copper fiber with different 

weights is assembled into rigid skeletons to fabricate SSPCMs. 

Interestingly, the manufactured cooper fiber skeleton obtained 

a higher PW absorption rate (71.9 wt.%) than that of cooper 

foam (71.4 wt.%). Moreover, in four types of heat dissipation 

methods (natural wind cooling, filled with pure PW, copper 

foam/PW, and copper fiber/PW), the results showed that 

SSPCM can effectively dissipate the heat released by working 

battery, achieving about 50 % temperature decrease compared 

with natural wind cooling while the maximum temperature 

was kept below 60 ℃. Overall, the heat transfer in the battery 

module was much improved and the temperature difference 

was within 2 ℃ with the assistance of SSPCM, ensuring the 

long service of the battery module. 

3D Aluminum honeycomb[44] was also employed to 

enhance the thermal conductivity and mechanical properties 

of HDPE/EG/PW SSPCM where carbon fiber was added as a 

heat-conductive additive. The SSPCM acquired an ultrahigh 

thermal conductivity (5.723 W/m K). Simultaneously, the 

aluminum skeleton endowed the SSPCM with enhanced 

thermal conduction and heat dissipation capability, exhibiting 

improved battery thermal management. 

As reviewed above, the cooper skeletons are most widely 

used in the fabrication of SSPCMs. The first reason is the 

excellent thermal and electrical properties with low cost, the 

other reason is the remarkable chemical stability and 

mechanical properties which are suitable for practical 

applications. 

 

Metal derivatives  

Other than the conventional metal systems, serving special 

functions such as fluorescent, magnetic, antibacterial, and 

electrically conductive functions, hybrid metal, and metal 

derivatives were also introduced to fulfill the requirements.  

By particle-stabilized emulsion, a well-defined porous 

TiO2 foam was developed with a carbon layer which shows a 

62 vol.% PW absorption.[45] Assisted by continuous structure, 

the thermal conductivity increased from 0.302 W/m K to 1.059 

W/m K which showed reinforced thermal energy diffusion. In 

other systems, the TiO2 could also be used as thermoregulatory 

enzyme carriers with Fe3O4
[46] as well as dye-sensitized solar 

cells with Ag nanoparticles.[47] The dope of Ag could also make 

SSPCM acquire catalytic properties.[48] Zhu et al.[49] employed 

ZnMgAl-mixed metal oxides (MMO) matrix to impregnate 
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PEG, the PEG/MMO SSPCMs with a PEG content of 65 wt.% 

acquired excellent shape stability and sufficient phase change 

enthalpy. Besides, the SSPCM exhibits considerate 

temperature regulation and aging resistance to UV light, 

exhibiting the potential of SSPCM novel applications. 

Metal-organic framework (MOF), as an important porous 

material taking advantage of high porosity and surface area, 

was also used as a supporting material to absorb OPCMs.[50] 

Luan et al.[51] employed MOF as a matrix to absorb fatty acid, 

and the resulting SSPCMs exhibited SA absorption rate and 

latent heat as high as 80 wt.% and 147.3 J/g, respectively. 

Shown as in Fig. 5, the MOFs possess plenty of pores that are 

capable of absorbing PCMs. With the impregnation process, 

the MOF was filled with SA resulting in high absorption rates. 

Besides, after being grafted with the -NH2 group, the 

SA@MOF-NH2 SSPCM obtained remarkable thermal 

stability and durability. Coupled with excellent reusability, the 

MOF-based displayed great potential in energy-relevant 

implements. 

Except for the advantages of metal and derivatives, the 

performances of metal/PCM SSPCMs could also be tuned by 

designing the shape and geometry of the metal structure.[52,53] 

Coupled with the multiple functions of the metal matrix, the 

metal-based SSPCMs promise great potential in 

manufacturing advanced materials. 

 

4.1.2 Carbon materials 

For non-metal matrix, carbon materials were successfully 

employed to be supporting materials. Compared with metal 

matrix, the carbon materials are light-weight and the pores of 

3D porous carbon are smaller which means a stronger ability 

to hold PCMs without leakage. Besides, carbon materials are 

compatible with a wide range of materials and theoretically 

have high electrical and thermal conductivity.[54-56] Above 

promising feature highlights the importance of carbon 

materials in the fabrication of SSPCMs. Herein, carbon 

materials (EG, graphene, and CNT) are the hot points and 

much effort has been applied to combining carbon materials 

with the manufacture of SSPCMs. 

 

Expanded graphite (EG) 

Graphite is a kind of layered structure material which are 

bonded with van der Waals force between layers. Obtained 

from natural graphite flakes by high-temperature puffing. EG, 

which promises high thermal and electrical conductivity, is a 

loose and porous worm-structure material. In this regard, it is 

a highly efficient supporting skeleton to produce SSPCMs at 

a low cost. 

Li et al.[57] prepared an n-eicosane (C20)-based SSPCM 

with EG supporting material via a vacuum impregnation 

method to counter the low conductivity, the composite 

consisted of 86.47% C20 and exhibited a high conductivity 

(3.56 W m−1 K−1) with 15 wt.% EG. Additionally, it shows 

considerate thermal energy storage ability as well as high 

electro-to-heat storage efficiency (65.7%) under the voltage of 

2.1 V, revealing its possible application in both electro-to-

thermal conversion and thermal energy storage. With a similar 

EG/PW system[58], a new 3D EG block-based SSPCM has 

been developed which has also extraordinarily large thermal 

conductivity of 15.6 W/m K, much higher than previously 

reported EG-based PCMs and other carbon materials-based 

PCMs. EG shows sufficient potential in fabricating SSPCMs 

with high performances. 

 

 
Fig. 5 (a) Schematic illustration to incorporate fatty acid PCM into the micropores of the MOF support. (b) The SEM image of MOF-

NH2; (c) The SEM image of SSPCMs with 70 wt.% SA loading. (Reproduced with permission from [51], Copyright 2021 RSC). 
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Lin et al.[59] fabricated an EG (20 wt.%)/PW SSPCM which 

possessed a low electrical resistance and a remarkable 960 % 

thermal conductivity enhanced improvement compared with 

pure PW. The EG network served as both thermal and electric 

conductive pathways, novelly exhibiting full-temperature 

thermal management in which the battery module could be 

heated with joule heat and cooled with heat storage in cold and 

hot conditions, respectively. The temperature of the battery 

module could be controlled between -40 ℃ to 55 ℃ in the 

whole process, extending the single-direction thermal 

management property of SSPCMs. 

Intended for tankless solar water heaters, through a 

vacuum filtering method, different contents (2 wt.%, 6 wt.%, 

10 wt.%) of EG serve as supporting materials to absorb stearic 

acid. The EG/SA composites showed a latent heat beyond 160 

J/g and thermal conductivity was enhanced by 9.6 folds 

compared to pristine SA. Estimated by a compact solar water 

heater, the energy diffusion of the EG/SA was significantly 

enhanced in which the melting time of EG/SA was shortened 

by 63.3 % to SA, suggesting great potential in the solar water 

heater systems. 

Most works related to the EG-based SSPCMs hardly tune 

the arrangement of EG, the thermal conductivity 

enhancements are mainly inherited from the nature of EG. Wu 

et al.[60] innovatively developed a series of highly thermally 

conductive SSPCM based on graphite sheets by compression-

induced construction of large-size oriented graphite sheets 

(Fig. 6). The resulting graphite sheets are bridged with each 

other and construct a continuous conductive pathway with a 

low junction thermal resistance. Consequently, the SSPCM 

acquired extremely high thermal conductivity ranging in 4.4-

35.0 W/m K with graphite loadings less than 40.0 wt.%. 

 

Carbon nanotubes (CNTs) 

CNTs are a kind of lightweight one-dimensional material with 

a high specific surface area, it also distinguishes themselves 

for ultrahigh thermal and electrical conductivity, thereby it is 

always used as enhancing addictive to improve the 

comprehensive properties of various materials including 

SSPCMs. 

Realized by a facile organic solvent-free sacrificial 

template method, a flexible CNT hierarchical framework was 

constructed.[61] The CNT framework showing interconnected 

pores further served as a supporting skeleton to absorb PEG. 

Exhibiting much practical value, the novelly developed CNT 

framework has a large capacity for fine particulate matter. 

With the support of CNT, the CNT/PEG SSPCM acquired 

excellent shape stability and reusability. In addition, the 

SSPCM was applied to regulate the temperature in 

thermotherapy which was kept at the plateau of 43.5 ℃ for 

more than 30 minutes, achieving a remarkable thermotherapy 

effect. 

Despite the advantages of CNTs, CNTs are an inherently 

inert material and easy to agglomerate and entangle due to the 

size and high aspect ratio,[62] thereby, direct impregnation of 

PCMs into CNTs hardly made an ideal different to the good 

dispersion and following thermal conductivity 

enhancement,[63,64] proper distribution or arrangement needs to 

be guaranteed. Plenty of new methods were developed to 

enhance SSPCM with CNTs and had made some progress. 

To improve the thermal conductivity of SSPCM, Li et al.[65] 

grafted the CNTs with an alcohol mixture (octanol, tetradecyl 

alcohol, and stearyl alcohol), the grafted CNTs acted to be 

supporting materials to impregnate the paraffin. Supported by 

the grafted treatment, the CNTs were revealed to have reduced 

length and better dispersion with fewer agglomerations which 

led to a reinforced thermal conductivity. Via a green Diels-

Alder reaction, single/multi-wall CNTs were functionalized by 

hexadecyl acrylate (HDA) to make HDA-g-SWCNT and 

HDA-g-MWCNT SSPCMs.[66] The manufacturing process 

avoids the shortcomings of HDA including leakage during 

work, low thermal conductivity, and electrical isolation. In 

detail, the thermal conductivity shows 339% improvements 

and the electrical conductivity reaches 718 S/m Moreover, the 

light-to-thermal performance of the SSPCMs was excellent 

with a max light-to-thermal conversion efficiency of 79.1%. 

 
Fig. 6 Schematic diagram to construct large-size oriented graphite and develop SSPCM. (Reproduced with permission from [60], 

Copyright 2021 Wiley) 
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Fig. 7 (a) Fabrication scheme of CNTA-based SSPCM (b-d) digital pictures of CNTA, CNTA-C20, and CNTA-C20-c20% (e-j) 

microstructures of CNTA, CNTA-C20, and CNTA-C20-c20% and CNTA-C20-c40%. (Reproduced with permission from [67], 

Copyright 2021 ACS) 

 

By a chemical vapor deposition technique, a porous 

oriented CNTs array (CNTA) with an ordered anisotropic 

structure was designed to be a matrix to develop CNTA/C20 

SSPCM[67] (Fig. 7a). The structure exhibited a porous network 

in parallel and interval which provides enough space for C20 

to fill in and achieved about 90 wt.% C20 loadings in original 

and compressed CNTA-C20 composites. For both before and 

after compression, the CNTA-C20 SSPCM could keep the 

shape steady (Figs. 7b-d). After experiencing lateral 

compression at strains of 20% and 40%, the density of CNTs 

became dense (Figs. 7g-j). Meanwhile, the CNTA-C20 

SSPCM gets a thermal conductivity of 1.89 S/m and it can 

harvest electricity at voltages as low as 1V with efficiencies 

up to 74.7%. 

Qian et al.[68] investigated the different effects of single-

walled CNTs and graphene nanoplatelets (GNPs) on the PEG-

based SSPCM, respectively. Interestingly, the SSPCM with 8 

wt.% single-walled CNTs displayed comparable performance 

compared with SSPCM with 4 wt.% GNPs. The similar 

performances for CNTs and GNPs include: (a) latent heat 

value (92% and 96% of pure PEG), (b) thermal enhancement 

(950% and 1096% of pure PEG), and (c) solar-to-light 

conversion efficiency (78% and 86%). On the research 

condition, the GNPs were announced to be more efficient to 

enhance the SSPCMs, especially on the above parameters. The 

author attributed the differences to the filler dimension 

difference, providing some new insight into the development 

of SSPCM with better performance. 

 

Graphene 

Graphene as well has a trend to agglomerate similar to CNTs. 

Thereby compared with modification and blend methods, the 

ideal pattern of a graphene skeleton is to construct a highly 

thermally conductive 3D structure.[69,70] However, too much 

loading of graphene would lead to agglomeration while low 

loading results in imperfect 3D interconnected structures. To 
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Fig. 8 Scheme of SSPCMs fabrication based on Fe-doped carbon aerogel. (Reproduced with permission from [71], Copyright 2021 

RSC) 

 

disperse graphene evenly and build a continuous conduction 

pathway, graphene aerogels (GAs), foams, sponges, and 

graphene derivatives are introduced into SSPCMs.[72-74] 

Sun et al.[71] designed a Fe-doped carbon aerogel (FCA) as 

supporting materials to fabricate FCA/PW SSPCM whose PW 

weight absorption was as high as 85.80% and latent heat 

reached 212 J/g (Fig. 8). Apart from leakage-proof property, 

the SSPCM hardly lost any weight after 1000 cycles, replying 

the significant reusability. In addition, with benefits to the 

continuously conductive pathway and Fe element, the SSPCM 

exhibited a strong response to the solar, electric, and magnetic 

energy in which the electron-to-thermal conversion efficiency 

was calculated to be up to 94.83%, revealing its great 

efficiency to convert electricity into thermal energy. The 

multi-responsive SSPCM has a board application in the energy 

storage field. 

Wei et al.[75] fabricated a well-defined 3D GA with the 

assistance of lignin which could stabilize the shape of the GA. 

The lignin-modified GA was used to absorb PEG with a 

remarkably high weight fraction (99.0%) which is higher than 

that of previous GA-based SSPCMs. Meanwhile, the SSPCMs 

not only acquired reinforced light absorption from NIR to UV 

light but also exhibited high latent heat efficiency (96.71%) 

and relative latent heat efficiency (98.41%), both of the 

aforementioned factors could contribute to the good solar-to-

thermal conversion. 

Liao et al.[76] prepared a light-weight GA which was co-

carbonized with MF. The GA/MF composites served as 

supporting materials to impregnate PEG. Attributing to the 

interconnect structure of MF, the resulting GA/MF/PEG 

SSPCM obtained an enhanced thermal conductivity (1.32 

W/m K) compared with GA/PEG SSPCM (0.79 W/m K). 

Moreover, the GA/MF/PEG SSPCM acquired excellent shape 

stability and the GA/MF/PEG SSPCM could stabilize the 

shape at 100 ℃ while the GA/PEG entirely deformed. The 

combination of MF and GA broadened the application of 

SSPCM. 

In Chen’s work,[35] graphene sponge was adopted to absorb 

two kinds of fatty amine to fabricate SSPCMs, resulting from 

the super low density of graphene sponge, the SSPCM 

achieved a loading rate as high as 7063-10660 wt.% compared 

to a fatty amine. Additionally, both of the SSPCMs show high 

energy storage and low supercooling which ranges from 7-

9 ℃, the materials could be a good candidate for energy 

storage.  

Tian and coworkers[77] employed the GA to absorb 

octadecanoic acid (OA) with a weight fraction of 85 % to 

construct SSPCMs. Interestingly, the SSPCM has a thermal 

conductivity (2.635 W/m K) with 20 vol.% GA, about 14 

times that of the OA. The latent heat of the material reaches 

181.8 J/g, almost equal to the value of the pristine OA (186.1 

J/g), showing great crystalline OA. The phenomenon that the 

loading of GA hardly affects the phase change entropy of 

SSPCMs is different from other works.  

Using a similar method, Wang and coworkers[78] found that 

beyond a 0.5 wt.% threshold, GAs could possess a cellular 

architecture with a high degree of alignment. The GA skeleton 

endows the SSPCMs with ameliorated mechanical properties 

and fracture toughness. Besides, the SSPCM shows a 

remarkable electrical conductivity (2×10-3 S/cm) with only 

0.25 wt.% graphene, significantly higher than those of the 

composites produced by direct dispersion of GNPs or rGO into 

the matrix. 

 

4.1.3 Biomass 

There are lots of works that received inspiration from nature. 

Biomass, a natural production, could also be used as 

supporting material. The biomass always consists of special 

structures like pores, conduits, and cavities which could 

provide not only space to absorb PCM but also sites for 

modification.[79] In addition, biomass is an eco-friendly 

material that is underutilized and produces vast pollution  
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Fig. 9 Fabrication illustration and SEM images of radish-based SSPCMs. (Reproduced with permission from [80], Copyright 2021 

ACS) 

 

without proper treatment. Various biomass was used to 

fabricate SSPCMs and shows excellent properties. 

Atinafu et al.[81] developed a multiwalled carbon 

nanotube/n-dodecane SSPCM with a one-step hydrothermal 

method, the SSPCM achieved an 83.2% PCM loading and 

latent heat 152.3 J/g. The SSPCM simultaneously could hold 

the PCM and stabilize the shape steadily. 

Xie et al.[80] developed a PDA-modified freeze-dried radish, 

the radish matrix exhibited a well-defined porous structure 

which was used as supporting material to absorb PEG and the 

weight content of PEG reached 76.45% (Fig. 9). The 

radish/PDA/PEG SSPCM obtained a sandwich structure 

which could prove the strength of the SSPCM and avoid the 

PEG leakage during energy storage and release process. 

Besides, with the introduction of PDA, the SSPCM achieved 

a strong absorption in a wide light wavelength, showing great 

potential in thermal energy storage.  

Hu et al.[82] reutilized the reduced graphene oxide (rGO)-

modified spent coffee ground as a matrix to impregnate PEG, 

the SSPCM shows excellent shape stability and ignorable 

leakage during phase change. In addition, with the rGO 

modification, the SSPCM shows enhanced thermal 

conductivity and solar energy harvest ability. The work 

inspires the reutilization of biomass waste. 

Wood is another matrix exploited in SSPCM, Qiu et al.[83] 

produced a transparent wood (TW) with the assistance of a 

styrene/butyl acrylate network to stabilize the 1-octadecene 

PCM via copolymerization. The TW material was revised 

from opaque to transparent with the phase change process and 

the haze could be switched. Coupled with excellent flexibility 

attributed to the introduction of soft crosslinking networks 

which could, the material promises possible optical implement. 

Wen et al.[84] used diatomite to absorb CA-LA and added 

EG was added to enhance thermal conductivity. The thermal 

conductivity of CA-LA/diatomite contained 10 wt.% EG was 

successfully increased by 113.2% compared with CA-

LA/diatomite. However, the thermal enthalpy decreased due 

to the less impregnation ratio of PCMs in the composites. To 

simultaneously prove thermal conductivity and impregnation 

ratio,[35] EG was introduced as a support matrix together with 

diatomite at a weight ratio of 1:10 (EG to diatomite), devised 

LA-SA/ diatomite /EG SSPCM with 72.2% loading rate of 

LA-SA acquired a phase change temperature of 31.17 ℃, the 

material also showed latent heat value of 117.30 J g-1 for 

melting and 114.50 J g-1 for freezing. The thermal conductivity 

of LA-SA/ diatomite /EG was up to 3.2 times that of LA-SA/ 

diatomite. 

Other biomass like pepper,[85] diatom,[86] eggplant[87] even 

cotton is introduced into the SSPCM and were reported to 

have good shape stability. The biomass and its derivates still 

have sufficient value to be researched.  

 

4.1.4 Others 

Boron nitride (BN) 

BN possesses a similar crystal structure to graphene showing 

high thermal conductivity,[88] it was adopted into the SSPCM 

fabrication as well.  

Qian et al.[89] impregnated the h-BN porous skeleton with 

72 wt.% PW to manufacture SSPCMs. Relying on the 

continuous thermal conductive paths of h-BN scaffolds, the 

thermal conductivity increased by six folds (0.85 W/m K). In 

addition, the resulting SSPCM could stabilize the shape after 

melting with the support of the h-BN skeleton. 

Yang and coworkers[90] employed PDA-modified BN as 

supporting materials to obtain SSPCM. With the modification 

of PDA, the BN was better dispersed into the SSPCM which 

resulted in a thermal enhancement. Besides, the SSPCM 

exhibited excellent shape stability, light harvest, and electrical 
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Fig. 10 Flame-retardant of BN aerogel and thermal management properties of BN-paraffin SSPCMs. (Reproduced with permission 

from [91], Copyright 2021 ACS) 

 

insulation, endowing the SSPCM with better energy 

conversion and storage ability. 

To increase the interfacial adhesion, Wie et al.[92] exploited 

the PVA to load on the surface of BN, then the BN/PVA 

composite was driven to absorb PEG which would react with 

PVA to assist heat conduction. As a result, the mobility of PEG 

chains was limited leading to a reduction of latent heat. 

However, the thermal conductivity of BN/PVA/PEG SSPCM 

increased by 286% (0.89 W/m K) compared to pure PEG, and 

the crosslinking method was believed to be an efficient way to 

improve interfacial adhesion. 

Via the ice-templated self-assembly strategy, 

BN@chitosan scaffolds were obtained to encapsulate PEG,[93] 

apart from high phase change enthalpy and outstanding 

thermal repeatability, the SSPCM acquired a thermal 

conductivity of 2.78 W m−1 K−1 which is 804 % higher than 

that of pure PEG. It was assumed to be caused by effective 

thermal conductive pathways in the resultant scaffolds. The 

work revealed a novel method to construct 3D continuous 

skeletons. 

Wang et al.[91] firstly developed a flexible BN aerogel with 

96% porosity and a large specific surface area (Fig. 10). 

Serving as a thermal insulation, the BN aerogel could well 

resist fire (Fig. 10a). In addition, the porous structure endows 

the aerogel with low thermal conductivity which diffused heat 

slowly in electronics. Then, the BN aerogel was employed to 

absorb paraffin with a high content (79.3 wt.%) to 

manufacture SSPCM. The SSPCM shows obvious thermal 

management properties on a smart 5G phone whose 

temperature was always below the control sample and the max 

temperature gap was only 6 ℃ (Fig. 10b). 

Usman and Ahmed have reviewed the fabrication and 

properties of SSPCMs based on BN and carbon derivates such 

as graphene, expanded graphite, and carbon nanotubes[21]. As 

summarized, the BN-based SSPCMs always have a lower 

thermal conductivity compared with carbon-based SSPCMs. 

The BN was reported to enhance the thermal conductivity with 

less efficiency although other performances are comparable. 

However, the boron nitride still serves as a promising filler 

attributed to its excellent thermal properties. 

 

MXene 

MXene, a kind of 2D transition metal carbides/nitrides 

material with a thickness of a few atomic layers, is newly used 

in the development of SSPCMs for its high specific surface 

area, large layer spacing, rich hydrophilic groups, and  
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Fig. 11 (a) Structural illustration of the fabrication of MXene and (b) SEM pictures of Ti3AlC2 crystals and layered structure of 

MXene. 

 

excellent electrical and thermally conductive properties.[94] 

Multilayer Ti3C2Tx MXene is mainly developed by HF-

etching,[95] the illustration and SEM morphology is shown in 

Fig. 11. 

There are plenty of works concerning MXene in the 

literature about SSPCM development. MXene was first used 

as the supporting skeleton as well as thermally and electrically 

conductive filler to encapsulate PEG by Lu and coauthors.[96] 

Apart from an 80.3% enthalpy efficiency, the resulting 

SSPCM shows great thermal and electrical conductivity 

enhancement, showing high light harvest ability. In other work, 

light-weight MXene aerogel was employed to absorb PEG, the 

MXene/PEG SSPCM reaches a relatively high photothermal 

conversion whose value is 92.5%.[95] The above works 

demonstrate MXene is a good matrix for SSPCM. 

Apart from receiving a light-weight MXene@PEG whose 

density is about 30 mg/cm3, the MXene nanosheets improve 

the thermal stability of PEG at the same time, the thermal 

decomposition temperatures can be increased by 40 ℃ .[95] 

Besides, the actual fusion and solidification enthalpies of 

MXene@PEG aerogels reach 167.72 and 141.51 J/g, 

respectively. The photothermal storage efficiency of 

MXene@PEG aerogels reaches a relatively high value of 

92.5%. 

Only a dope of 0.3 wt.% MXene to PW was revealed to 

enhance specific heat capacity with a value of 43% and 

thermal conductivity of 16% compared to the pure PW70.[97] 

In a 3D porous skeleton system, MXene and bacterial 

cellulose (BC) were combined as supporting material to 

encapsulate PEG, the BC-MXene/PEG SSPCM exhibited 

efficient photothermal conversion ability and extremely high 

energy storage capacity, which sheds substantial light on the 

efficient utilization of solar energy.[98] As a popular 2D 

material, the MXene still leaves huge space to explore. 

 

Hybrid system 

The single component of carbon materials was difficult to 

achieve a continuous conductive pathway. Thus, the hybrid 

system of carbon materials was adopted to solve the problem 

with a synergetic effect.[99] 

 
Fig. 12 Thermal conductivity of SSPCMs with 50 vol.% CNTs, 

50 vol.% GNPs, and 20 vol.% CNTs/20 & vol.% GNPs. 

(Reproduced with permission from [100], Copyright 2021 ACS). 

 

The graphene and CNTs hybrid systems have attracted 

extensive attention since their first publication.[101] In an epoxy 
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composite, the composite with 20 vol.% CNTs and 20 vol.% 

GNPs possess a thermal conductivity of up to 6.31 W/m K 

which is much higher than that of the composites with 

individual 50 vol.% CNTs or 50 vol.% GNPs[100] (Fig. 12). The 

authors attributed the unusual thermal conductivity 

enhancements to the high quality of the composite samples in 

which the effective bridging between GNPs with CNTs and 

the nonoriented dispersion of GNPs induced by CNTs were 

achieved. The bridging and better dispersion drove the 

continuous conductive pathway constructed successfully. 

In a copper foam/PW hybrid system,[47] the CNT was 

coupled with EG. Through growing long CNT networks 

directly from the graphite struts of ultrathin graphite foams 

(UCFs) into the pore space, UGF@CNT matrix achieved 

extraordinarily high absorption of erythritol which reaches 

98.2 wt.%, the UGF-CNT/erythritol SSPCM got a significant 

thermal conductivity enhancement. With the dope of 0.68 wt.% 

CNT, the thermal conductivity was promoted to 3.49 W/m K 

from 0.105 W/m K of PW. From 2.26 ± 0.1 W/m K to 4.09 ± 

0.3 W/m K, increasing by as much as a factor of 1.8 compared 

to that of a UGF/erythritol composite. 

Huang et al.[102] produced rGO/BN anisotropic aerogels to 

impregnate PW, the obtained SSPCM acquired a thermal 

conductivity of 1.68 W/m K which was as higher as 504% than 

PW. In addition, the rGO/BN/PW SSPCM experienced phase 

change without any leakage, and the rGO/BN matrix was 

revealed to improve the energy storage efficiency of SSPCM. 

The hybrid system proved to be more efficient than single 

components. 

 

4.2 Encapsulation 

Another effective fabrication method to avoid PCMs from 

leakage and keep it from the atmosphere is the encapsulation 

method in which envelopes liquid droplets or fine solid 

particles to form microscopic capsules 1 nm to 1000 nm 

(nanocapsule) and 1 μm to 1000 μm (microcapsule) in 

diameter. As depicted in Fig. 13 the capsules compose of two-

part in which the core locates in the center and the shell is on 

the outside.  

The origin of the method could date back to the 1950s by 

Barret.[103,104] Now it is even used in perovskite to fabricate 

solar cells out from ambient air and humidity.[105,106] In the 

fabrication of SSPCMs, the method is employed to coat PCM 

in a shell, which further evades the causticity and phase 

separation of PCMs. Three major categories of the method are 

denoted as physical, chemical, and physicochemical methods. 

 

4.2.1 Physical method 

Physical microencapsulation is not associated with chemical 

reactions. The method consists of sprays drying and fluidized 

bed. 

Spray drying is a continuous and scalable drying process 

to encapsulate materials, the process can generate nano to 

micron-size particles that have a narrow distribution in a very 

short time.[107] It has been used in pharmaceutical 

processing[108-110] and the food industry[111] for a long time. The 

main advantage of spray drying is the waste reduction and the 

high efficiency of raw materials. Besides, the size distribution 

of resulting products could be controlled[112,113] as well as the 

scale of manufacture can be designed is of great benefit to 

industrial production.[114] Borreguero[115,116] did some work 

using spray drying to encapsulate PW, the method was 

confirmed to be able to encapsulate PW into carbon nanofibers 

shell, the nanofiber/PW SSPCMs have excellent cycling 

performance which could melt and solidify reversibly during 

3000 cycles. Nizori et al.[117] produced ascorbic acid (AA) 

microcapsules through spray drying, the obtained 

microcapsules exhibit a well-defined sphere shape, in addition, 

the microcapsule SSPCMs exhibited a loading content of AA 

as high as 54 %. 

 

Fig. 13 Encapsulation using micro-suspension polymerization. (Reproduced with permission from [118], Copyright 2021 RSC) 
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A typical spray-drying system consists of various 

components, and the choices of components and operating 

parameters have a crucial influence on the process output. In 

addition, the process requires professional equipment which 

makes the procedure kind of complex and extra effort is 

needed to learn about the mechanical, thus applications of 

spray drying in manufacturing SSPCMs are not widespread. 

The fluidized bed method has been used in food[119], 

agriculture[120], and corrosion protection before.[121] However, 

only several essays about SSPCMs manufacture are 

reported.[122-126] It was first announced to encapsulate inorganic 

PCMs in 1998.[127,128] Then the method was employed to 

encapsulate organic PCM Paulo[129] and proved to be a well-

established protocol to coat carnauba wax, the resulting 

composites with proper encapsulation material could maintain 

initial shapes beyond 100 ℃. However, the final properties of 

SSPCMs are associated with the good operation of fluidized 

beds, while the equipment is of a big scale.[130] Thereby, the 

method does not widespread to use in encapsulating PCMs. 

 

4.2.2 Chemical method 

In contrast to the complicated setup of the physical method, 

chemical methods gain much attention attributing to simple 

processes and convenient setup in the laboratory. The 

chemical microencapsulation takes place during in-site 

polymerization[131,132], which involves emulsion,[133] interfacial, 

and suspension polymerization. In addition, the chemical 

method enables the shell to cover the core more evenly. Both 

process and ratio of shell to the core are much easier to control. 

Emulsion polymerization is the most widely used 

encapsulation method. Typically, Zhang et al.[134] used a 

PEO−PPO−PEO triblock copolymer reacting with acrylate via 

emulsion polymerization to encapsulate PW-based SSPCM. 

The SSPCM exhibits latent capacity as high as 220 J/g and 

excellent reusability as well as energy storage. Kurniawan et 

al.[135] successfully produced SSPCM nanocapsules with urea-

formaldehyde shells and PEG cores through emulsion 

polymerization. The SSPCM could be applied to fabrics and 

keep the temperature steady to maintain comfort. By using 

emulsion polymerization and modified phosphorus-based 

flame retardant DEAMP as the crosslinking agent, novel 

octadecane/PMMA SSPCMs were successfully fabricated.[136] 

The SSPCMs possessed high encapsulation efficiencies for n-

octadecane in the range of 86.5 % to 94.0 %. The addition of 

DEAMP was proved to significantly suppress the heat as well 

as smoke releases and meantime showed great potential in 

thermal energy storage. 

Using suspension polymerization,[137] PMMA/n-dodecanol 

shell/core microencapsulated SSPCM was developed in which 

the effects of different emulsifiers and crosslinking agents 

were also investigated. The average SSPCM particle size is 

14.18 μm. Additionally, the SSPCM achieved a high 

encapsulation yield and excellent shape stability.  

Zhao et al.[138] prepared a novel polystyrene-shelled 

SSPCM with two kinds of paraffin via soap-free emulsion 

polymerization. The SSPCM obtained two phase change 

temperature ranges and encapsulation reached 91.28 % in 

which the average diameter of capsules was 136 nm. Using the 

building comfort, the SSPCM could suffice the indoor 

temperature adjustment in both winter and summer. 

Through interfacial polymerization[139], a novel 

polyurethane (PU) microencapsulated methyl laurate SSPCM 

was obtained with an encapsulation efficiency as high as 

75.18%. The SSPCM exhibits excellent thermal reliability and 

storage stability, moreover, the work comprehensively 

explored offers inspiration for the development of SSPCM 

with interfacial polymerization. 

Zhu et al.[140] firstly manufactured a PW core stabilized by 

regenerated nanochitin (RCH), the core subsequently 

interfacial polymerized with isocyanate to fabricate SSPCMs 

whose encapsulation efficiency and latent heat reached as high 

as 91.3% and 230 J/g, respectively. The average diameter and 

shell thickness could be tuned by changing the isocyanate and 

RCH concentrations. Besides, the SSPCM showed excellent 

thermal management on the processor of mobile phones. 

 

4.2.3 Physico-chemical method 

The other technique to encapsulate PCMs is a sol-gel method 

in which a polydensation reaction is launched firstly to form a 

homogenous solution and then the solution turns to gelation. 

Chen et al.[141] used the sol-gel method to encapsulate stearic 

acid with a SiO2 shell, the resulting composites encapsulate 

90.3% of stearic acid which is a significantly high absorption 

rate. At the same time, the SiO2 shell improves the thermal 

stability of composites and restrains the flammability of 

stearic acid.  

In a TiO2/C20 system,[142] via a nonaqueous oil-in-water 

(O/W) emulsion templating method, SSPCM with C20 core 

surrounded by TiO2 shell was fabricated in the sol-gel process. 

In the case, the formed SSPCM not only has a perfectcore–

shell structure but also achieves the crystalline TiO2 shell with 

photocatalytic effectiveness. 

In a natural rubber system,[143] a novel thermoregulated 

natural rubber was prepared by blending the water suspension 

of the encapsulated C20/ethyl cellulose/methyl cellulose 

(C20/EC/MC) microparticles with natural latex (Fig. 14). The 

obtained PCM/rubber composite exhibits remarkable 

thermoregulation property which could keep over 30 ℃ for 

more than 40 minutes which the control dropped to 29 ℃ in 

15 minutes for 46 ℃. In addition, at the same strain, the 

PCM/rubber composite could maintain a higher stress value, 

it also outweighs control rubber by 25% in breaking 

elongation. 

The shell sometimes could endow the capsules with novel 

functions. In a ZrO2 system, the C20 was encapsulated into a 

ZrO2 shell by in-situ polycondensation.[26] The ZrO2/C20 

SSPCM could generate purple-colored and green-colored 

luminescence after being excited by UV radiation. Inorganic 

matrix still owns unique characteristics which in the future 

could be combined with SSPCM. Via an emulsion method 
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starting with the Te/W-codoped VO2 microparticles, the 

PW@VO2 SSPCM for the first time was developed.[27] The 

SSPCM shows suitable Tc = 58.2 °C and a decent fusion latent 

heat of 163 J/g. The doped VO2 matrix endows the SSPCM 

with high conductivity which reveals a new method and new 

matrix to fabricate SSPCM. The encapsulation method 

increases the diversity of SSPCMs with new functions. 

 
Fig. 14 Representative (a) SEM, (b, c) TEM, and (d) optical 

microscopic images of the C20/EC/MC particles prepared with a 

9 % (w/w) polymer content. (Reproduced with permission from 

[143], Copyright 2021 ACS) 

 

4.3 Polymer shaping 

Polymers are widely used in daily life, the properties such as 

viscoelasticity are extraordinary and unique to an inorganic 

matrix which enables SSPCMs to resist ambient influence and 

even acquire distinctive new features. Plastics and rubber are 

two main categories of polymer, both of which could be 

employed as a matrix for SSPCMs, and the resulting SSPCMs 

exhibit various potentials. 

Traditional plastic materials are promising materials to 

support PCMs. Both high- and low-density polyethylene are 

employed as a matrix to fabricate SSPCMs attributing to 

excellent mechanical properties and compatibility with 

organic PCMs. 

Mu et al.[144] investigated the impact of two PW with 

different phase change ranges on the SSPCMs. Interestingly, 

the PW with high melting temperature showed greater 

mechanical properties, irrespective of the mode of 

deformation, moduli, and stress after compositing with HDPE 

compared with the PW with low melting temperature. Besides, 

the fabrication process was launched on twin screw extrusion 

which achieved industrial production. Lv et al.[145] developed 

a kind of low-density polyethylene (LDPE)/EG/PW SSPCM 

and combined it with low fins to develop a novel battery 

thermal management system. The SSPCM was endowed with 

better mechanical and leakage-proof properties by LDPE 

supporting material. Moreover, the combination of 

LDPE/EG/PW SSPCM with low fins accelerated the thermal 

energy diffusion and dissipation which enhanced the 

temperature regulation property of the entire module. 

Polymethyl methacrylate (PMMA) is a light weight 

polymer with high mechanical strength which was also used 

in SSPCM fabrication.[146] Chen[34] uses PDVB-SO3H and 

PDVB-SO3Na as supporting materials to encapsulate ODA, 

showing extraordinarily high phase change entropy which 

reaches 437 J/g which has never been reported before in 

organic PCMs. 

For renewable concerns, biodegradable polymer PLA has 

been applied to support sodium carboxymethyl cellulose-

based lauric acid to develop SSPCMs,[147] the phase change 

temperature of SSPCM is closed to human body temperature, 

with the biocompatibility of PLA, the combination could be 

promising in artificial skin to improve comfort.  

Rubber, well known for its high elasticity, endows the 

SSPCM with excellent flexibility which could help SSPCM 

deform into multiple shapes to fit into various occasions. Up 

to now, there are few traditional rubbers involved in the 

SSPCMs, Minna, et al.[148] used to employ natural rubber as a 

supporting material and PW as a working substance to develop 

SSPCM. Other SSPCM mainly concerns the ethylene-

propylene-diene monomer (EPDM) and silicone rubber. 

Based on PST, our group[149] developed a series of flexible 

EPDM-based SSPCMs through melt-mixing in the 

preliminary work. Except for excellent leakage-proof 

properties and flexibility, the obtained SSPCMs acquired good 

shape recovery to recover initial shape upon thermal stimulus 

in which EPDM with lasting strong resilience was used as the 

“soft phase” and PW with phase change property as the “hard 

phase”. The polymer could endow the SSPCMs with many 

novel features. Chen et al.[150] mixed polyethylene and EPDM 

as a polymer matrix to prepare the PW/EG composite by 

extrusion technology. The SSPCM exhibits a tensile strength 

of 8.1 MPa and a bending strength of 14.7 MPa which is much 

higher than that of other SSPCMs.  

Silicone rubber is a novel kind of rubber whose backbone 

is made of silicon and oxygen atoms, the rubber was always 

introduced into SSPCM fabrication. To absorb more PCMs, 

silicone rubber was combined with SiO2,[151] the silicone 

rubber and the SiO2 blend were used as a matrix, owing to the 

strong interfacial bonding between SiO2 and silicone rubber, 

the SSPCM exhibits a low leakage rate and high absorption 

ratio reaching 76.05%. Besides, the introduction of silicone 

rubber endows the SSPCM with excellent mechanical 

properties in which the tensile strength reached up to 1.041 

MPa. Interestingly, proper combination improves the 

interaction between matrix and PCMs, the changes in 

modification of SiO2 could worsen the interaction 

conversely.[152] The silica modified by -OH groups inhibited 

the phase change of PEG due to the extremely strong 

interaction between silica and PEG, which restrained the 
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movement of PEG chains in nanochannels and dramatically 

exacerbated the phase transition. Comparatively, modified by 

-NH2 weakened the interaction between silica and PEG which 

facilitates the PEG crystalline, and the corresponding phase 

change enthalpy increased from 0 J/g to 58.76 J/g. Thereby 

coupling suitable PCM and matrix is essential. 

In a practical application such as novel smart textile, or 

thermal management, the introduction of polymers especially 

could be a future direction.[153,154] 

 

5. Energy storage applications 

In the past, studies focusing on SSPCMs to storage energy are 

mainly concentrating on converting solar energy to thermal 

energy. Nowadays, growing attention is attracted to other 

energy conversion categories: (1) electrical-to-thermal 

conversion, transporting electricity energy into thermal energy 

which is in the merit of improved conductivity; (2) magnetic-

to-thermal conversion, transporting magnetic energy to 

thermal energy. The combination of these subjects could lead 

to novel applications of SSPCMs in the future. Thereby, the 

below text describes the SSPCMs with solar-to-thermal, 

electrical-to-thermal, and magnetocaloric energy storage. 

 

5.1 Solar-to-thermal energy storage 

Sun is a substantial, economical, and green energy source. 

Nowadays, much effort has been consumed in the 

development of efficient solar energy harvest, especially in 

photovoltaics. Nevertheless, the utilization of sunlight is still 

constrained by the low conversion efficiency and storage 

method. The SSPCM transforming light into thermal energy 

has gained plenty of attention. 

Typically, the SSPCMs with excellent solar-to-thermal 

conversion have supporting materials with notable light 

absorption. In this regard, various dark-color matrices and 

fillers are introduced into the SSPCMs. Yang et al.[155] adopted 

graphene oxide (GO) and graphene nanoplatelets (GNPs) 

hybrid aerogels to impregnate PEG. Except for the initial 

aiming properties such as high thermal conductivity, energy 

storage density, excellent shape stabilization, and thermal 

repeatability, the SSPCM also obtained a 92 5% light-to-heat 

conversion efficiency with an addition of 0.45 wt.% GO and 

ca. 1.8 wt.% GNP. With such low dope of filler, the conversion 

efficiency is high. 

To realize the enhanced light harvest, the supporting 

materials could be modified with light-harvest materials. Our 

group modified the MF/MXene supporting matrix with PDA 

to impregnate PEG, considering that the PDA and MXene 

were well-known for their high light absorption ability.[156] The 

results showed the SSPCM maintains excellent solar harvest 

performance by the energization effect of PDA and MXene 

(Fig. 15). The method represents a type of approach to enhance 

the light harvest ability. 

Wang and coworkers[157] creatively used organic dyes as 

light capturers to design an efficient light-harvest PCM for 

both the conversion and storage of solar energy. The organic 

phase change material is divided into two functional parts (Fig. 

16): (a) dyes, responsible to harvest light; (b) MPEG, mainly 

constructed by PEG and capable of undertaking absorbed 

energy during solid-liquid phase change. The PCM achieved a 

remarkably high solar-to-thermal energy conversion 

efficiency (94 %). In addition, the material is capable of 

various adjustments in which many parameters such as phase 

change temperature, and latent heat could be controlled. The 

work displayed an entirely new method to design and fabricate 

the SSPCMs. 

 
Fig. 15 Illustration of the MXene/PDA-based SSPCMs with the enhanced light harvest. (Reproduced with permission from [156], 

Copyright 2021 ELSEVIER)
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Fig. 16 (a) Chemical structures of solar thermal conversion materials with phase change energy storage. (b) Schematic diagram of 

light-to-heat conversion and storage. (Reproduced with permission from [157], Copyright 2021 RSC) 

 

5.2 Electrical-to-thermal energy storage 

As is wildly known, organic PCMs are generally electrically 

insulated, to obtain composites with electrical-to-thermal 

conversion ability, the conductive pathway is indispensable. 

The solution is to impregnate the organic PCMs into highly 

conductive skeletons which transform the electricity into 

thermal energy. 

In Chen’ work,[158] a deformable carbon nanotube sponge 

was reported to encapsulate PW to obtain tailored-

conductivity SSPCMs (Fig. 17a). By changing the fraction of 

CNT and PW from 2:8 to 1:9, the thermal conductivity of 

SSPCM increased by 40% and the enhancement of thermal 

conductivity appears to be saturated. Interestingly, the SSPCM, 

driven by small voltage, acquired high electro-to-thermal 

conversion efficiencies, which are 40.6 % under 1.5 V and 

52.5% under 1.75V. Additionally, the efficiency of solar 

energy harvesting ranges from 40% to 60% which increased 

with light intensity. The work constructs a highly conductive 

nanotube network during both the melting and freezing of PW. 

What’s more, the tailored thermal conductivity endows the 

material with wilder practical potential. 

Wu and coworkers[159] employed cellulose nanofiber and 

graphene nanoplatelet to coat melamine foam which was used 

as a skeleton to impregnate PEG (Fig. 17b). The SSPCM 

showed great light and electricity-induced shape memory 

effect attributing to the elasticity of melamine foam and phase 

change of PEG. Besides, light and electricity could be 

efficiently transformed into thermal energy and storage by the 

SSPCM which also obtained excellent multi-responsive self-

adhesion properties, exhibiting great potential in various 

installation and application occasions. 

High electric conductivity graphene, is always employed 

as a supporting material and filler to enhance both thermal 

conductivity and electric conductivity, which further results in 

high electro-to-thermal conversion. In Zhou’s work [160], 

HNTs-hybrid graphene aerogel fabricated through facile 

chemical reduction and air-drying was impregnated with 

polyurethane to fabricate SSPCMs. Except for excellent 

thermal stability and reliability, the HNTs-GA skeleton 

endows the system with considerate light-to-thermal (η = 

75.6 %) and electro-to-thermal (η = 67.2 %) conversion. 

Besides serving as a skeleton, in Wei’s work[161], via a 

combination of pre-refrigeration and freeze-drying techniques, 

graphene was reported to be a filler to modify the cellulose 

matrix. Interestingly, with only 1.51 wt.% of graphene, high 

thermal conductivity (1.03 W/m K) was obtained and the 

SSPCMs display simultaneously light-to-thermal and electro-

to-thermal behaviors, the study cut down on the usage of 

graphene which greatly reduces the cost of manufacture. 

Novel biomass-derived material, hollow carbon fiber, was 

reported to encapsulate PW whose fraction could reach up to 

85% by Umir.[162] The developed SSPCM exhibits 

interconnected electrically conductive pathways in the matrix 

which results in outstanding energy conversion and storage 

efficiencies under low input voltage and light. Notably, the 

electrothermal energy conversion efficiency was significantly 

high with a value of 81.1 % under 3.0 V voltage. 

The present works already get relatively high electron-to- 
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Fig. 17 (a) Illustration of energy storage and structure of PW/CNTs (b) fabrications of CG@MF/PEG and electron-to-thermal conversion. 

(Reproduced with permission from [158] and [159], Copyright 2021 ACS). 

 

thermal conversion, however, there are only a few works 

concerning the corresponding practical implements, leaving 

vast space for future explorations. 

 

5.3 Magnetic-to-thermal energy storage 

The magnetocaloric material consists of metal, and metal 

oxide which absorb energy from the magnetic field to 

transform magnetic energy into thermal energy through N´eel 

relaxation or Brownian relaxation.[163,164] It has great 

application in drug delivery[165], thermal therapy[166], both of 

which are relied on the magnetic-to-thermal energy 

conversion and storage. However, in existing SSPCMs, The 

Fe3O4 is the most popular filler to endow PCMs with magnetic 

ability attributed to nontoxic and excellent biocompatibility.  

Jiang’s work[167], designed a type of dual-functional 

magnetic microcapsules containing a PCM core and an 

organo-silica shell for the electromagnetic shielding and 

thermal regulating PI (polyimide) films. The magnetic 

microcapsules were synthesized through interfacial 

polycondensation in a reverse emulsion templating system. 

Zhang’s group[168] also design magnetic SSPCMs whose 

skeleton is poly(MMA-MAA) modified by Fe3O4 and the 

working substance is n-octadecane. The SSPCM exhibits high 

enthalpy of 132 J/g with a 20 emu/g saturation magnetization. 

A dual-functional SSPCM with thermal energy storage and 

superparamagnetic nature was developed by 

microencapsulation in Li’s work.[169] The SSPCM has a C20 

core that was shelled with Fe3O4/SiO2 hybrid material. The 

SSPCM presents a uniform morphology with 4–6 μm perfect 

spherical particles. The manufacturing process demonstrates 

that both energy storage capacity and encapsulation of 

magnetic shell are determined by C20/TEOS ratio which 

reveals a novel method to develop magnetic 

microencapsulated SSPCMs. And resulting of its dual function, 

the materials have great potential for temperature regulation 

and anti-radiation, stealth aircraft, anti-jamming coatings, etc.  

Tang’s group did lots of meaningful work concerning 

magnetocaloric material. A novel magnetic and sunlight-

driven SSPCM was reported to design based on Fe3O4 and the 

matrix is a graphene nanosheet (Fig. 18).[170] The developed 

SSPCM displays high efficiency (41.7%) of conversion from 

magnetic energy to thermal energy. Meanwhile, it can absorb 

storage thermal energy under solar illumination with solar to 

thermal energy conversion reaching 92.3%. The conductivity 

is also revealed to have a slight enhancement.  

In a SiO2/Fe3O4 system,[171] PEG was used as be working 

substance. Through sol–the gel method, the synthesized 

Fe3O4/PEG/SiO2 SSPCM have a high absorption of PEG 

whose fraction reached 80%, besides, the composites exhibit 

excellent magnetic-to-thermal effect under an alternating 

magnetic field.  

Thermotherapy is another important application of 

magnetic-to-thermal energy storage which accumulates heat 

to kill harmful cells and bacteria. A simple and effective 

approach for temperature control in magnetic thermotherapy 

through phase transition is reported.[172] Specifically, 

extracorporeal magnetic thermotherapy materials are 

synthesized by introducing superparamagnetic nanoparticles 

into SSPCM with high-phase transition enthalpy in the 

thermotherapy temperature range of 41 °C – 47 °C. The 

SiO2/Fe3O4 system was adopted to absorb TTIPU/PW 

composites, and the fabricated magnetic thermotherapy 

materials acquired a high melting enthalpy (>113 J·g-1) and 

were able to regulate temperature fluctuation within 41 to 

47 °C under alternating magnetic field. The significance of the 

work is to reveal an effective way to control the ambient 

temperature which is important to temperature-sensitive 

occasions, especially in the human body. 

Ghosh [173] developed two kinds of Fe3O4 magnetic 

nanoparticles (Fe3O4 MN)-based magnetocaloric material by  
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Fig. 18 The magnetic-to-thermal and light-to-thermal energy conversion of Fe3O4-GNS/SiO2. (Reproduced with permission from 

[170], Copyright 2021 RSC) 

 

a co-precipitation method. The Fe3O4 is capped with PEG 

(Fe3O4-PEG-MN) and oleic acid (Fe3O4-OA-MN), 

respectively, which both reduce the aggregation of final 

magnetic materials. As designed, the magnetic materials show 

the excellent capability to kill human breast cancer cells. 

Compared with the control group, Fe3O4-OA-MN treatment 

exhibited a 35% killing rate, and the rate further enhanced to 

65% under heating conditions. Magnetic material shows 

remarkable improvement in cancer treatment and displays 

itself as a suitable material for hyperthermia application. 

 

6. Conclusion and perspective 

Herein, a comprehensive review based on phase change 

materials focusing on fabrication and energy storage 

applications has been presented. The desired properties for the 

PCMs and SSPCMs are firstly summarized to provide a 

guideline for the fabrications of SSPCMs. Meanwhile, the 

multiple methods to develop high-performance SSPCMs were 

discussed, including 3D porous materials absorption, 

encapsulation, and polymer shaping technology involving all 

the factors affecting the properties of SSPCMs. Moreover, the 

energy storages based on SSPCMs from the light, electricity, 

and magneticity to thermal energy were discussed. Overall, 

both the fabrications and energy storage applications are 

witnessed great improvements and widespread utilizations. 

Several critical challenges and future research directions 

are highlighted below. (1) The discovery and development of 

new PCMs with controlled thermal and chemical properties 

especially high latent heat. (2) The modification methods and 

development for high-performance supporting materials on 

account of the limitation caused by the present supporting 

materials. (3) The further thermal transfer improvements of 

SSPCMs and systematical enhancement mechanisms as well 

as reduction of interfacial thermal resistance in SSPCMs. (4) 

High and controlled electron and magnetic-to-thermal 

conversion. (5) Design and development of advanced 

multifunctional SSPCMs and their further specific 

applications. 
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