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SUMMARY

Efficient thermal energy harvesting using phase change materials (PCMs) has
great potential for thermal energy storage and thermal management applica-
tions. Benefiting from these merits of pore structure diversity, convenient
controllability, and excellent thermophysical stability, SiO2-based composite
PCMs have comparatively shown more promising prospect. In this regard, the
microstructure-thermal property correlation of SiO2-based composite PCMs is
still unclear despite the significant achievements in structural design. To enrich
the fundamental understanding on the correlations between the microstructure
and the thermal properties, we systematically summarize the state-of-the-art ad-
vances in SiO2-based composite PCMs for tuning thermal energy storage from
the perspective of tailoring chemistry strategies. In this review, the tailoring
chemistry influences of surface functional groups, pore sizes, dopants, single
shell, and hybrid shells on the thermal properties of SiO2-based composite
PCMs are systematically summarized and discussed. This review aims to provide
in-depth insights into the correlation between structural designs and thermal
properties, thus showing better guides on the tailor-made construction of high-
performance SiO2-based composite PCMs. Finally, the current challenges and
future recommendations for the tailoring chemistry are also highlighted.

INTRODUCTION

To promote sustainable development and alleviate environmental pollution, large-scale development and

utilization of renewable energy has recently received tremendous attentions, such as solar energy, wind en-

ergy, biomass energy, hydropower energy, geothermal energy, and tidal energy (Chen et al., 2020c; Neill

et al., 2018; Shchukina et al., 2018; Tong et al., 2019; Yuan et al., 2020). However, these energy sources vary

with the period of generation. Hence, they are not sufficient to shoulder the responsibility for solving the

entire energy needs in the future. As a low-grade energy source, thermal energy is considered as one of the

most abundant forms of energy and the basis for many domestic industrial applications. However, the

discontinuous supply and awful waste of thermal energy normally reduce the energy utilization efficiency

and cause a gap between energy demand and supply in time and space. To improve the thermal energy

utilization efficiency and bridge the gap, thermal energy storage techniques (thermochemical energy stor-

age (TCS), sensible heat storage (SHS), and latent heat storage [LHS]) have been extensively explored since

the last century (Gao et al., 2018; Huang et al., 2019; Li et al., 2019; Pielichowska and Pielichowski, 2014;

Umair et al., 2019; Yang et al., 2019c; Yu et al., 2019).

Among thermal energy storage techniques, TCS has the highest thermal energy density, which is around 5

to 10 times higher than SHS and LHS (Pardo et al., 2014; Shchukina et al., 2018). TCS can be captured

through reversible thermochemical reactions. TCS reactions must have a constant conversion efficiency

without the reduced energy storage capacity for a long time. Despite the advances and its potential in

high-temperature applications, TCS still has long-term stability issue. Therefore, now TCS is primarily

tested on a laboratory scale. Conversely, SHS has been developed to an industrial level. SHS refers to

heat that can be detected (‘‘sensed’’) with the change of temperature, which depends on the specific

heat capacity of SHSmaterials. Comparatively, SHS is the easiest andmost developed form of thermal stor-

age. However, SHS has the disadvantages of low thermal energy density and thermal energy loss at any

temperature. LHS, also known as phase change thermal storage, achieves thermal storage and release dur-

ing the phase transformation process of phase change materials (PCMs) (Tu et al., 2019; Yang et al., 2019d).
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Compared with TCS and SHS, LHS based on PCMs is particularly attractive owing to its high thermal energy

storage density, nearly constant temperature, and operational simplicity, which can remedy current

increasing needs of energy management and energy efficiency (Aftab et al., 2018; Du et al., 2018; Liu

et al., 2015; Luan et al., 2016; Yang et al., 2019b). LHS has reached the scale of the pilot plant. In the

past century, LHS has been extensively utilized in off-peak electricity storage system, building energy con-

servation, industrial waste heat recovery, battery thermal management, and smart wearable clothing, etc.

(Chen et al., 2018b; Hu, 2020; Huang et al., 2017; Jiang et al., 2018; Lv et al., 2020a, 2020b; Saffari et al., 2018;

Saxena et al., 2019; Xiao et al., 2020). According to the chemical compositions, PCMs are divided into

organic PCMs, inorganic PCMs, and eutectic PCMs. To date, organic PCMs have been extensively devel-

oped in recent years due to large energy storage density, chemical stability, little phase separation, and

supercooling degree (Atinafu et al., 2018a, 2018b; Chen et al., 2019a, 2019c, 2019d; Fredi et al., 2017,

2019b, 2018; Li et al., 2018a; Sharma et al., 2015; Tang et al., 2018).

However, pristine PCMs have leakage issue during the solid-liquid phase change process, which seriously

hinders their widespread utilization. The best solution is to prepare composite PCMs by packaging PCMs

into supporting materials (Chen et al., 2020a; Lin et al., 2018b; Qureshi et al., 2018). To date, the most pop-

ular is carbon supporting materials, especially graphene and carbon nanotubes (CNTs) materials (Aftab

et al., 2019; Cao et al., 2019; Hu et al., 2020; Qian et al., 2018; Shin et al., 2016; Song et al., 2019; Tang

et al., 2019; Wang et al., 2019b; Wu et al., 2019; Xue et al., 2019; Zhang et al., 2019a, 2019b, 2019d; Zhang

and Liu, 2019). Undoubtedly, highly thermally conductive carbon materials can accelerate thermal transfer

and boost the charging/discharging rates of composite PCMs. In this regard, several reviews have been

presented (Chen et al., 2020b; Huang et al., 2019; Ibrahim et al., 2017; Lin et al., 2018b; Tong et al.,

2019; Wu et al., 2019; Yang et al., 2019a; Yu et al., 2019). Considering large-scale practical applications

of composite PCMs, there are some negative factors in graphene- and CNT-based composite PCMs,

such as complex preparation process, low yield, and high cost. These shortcomings have severely hindered

their talent display in the fields of practical thermal management. In addition, it is also worth mentioning

that composite PCMs may require a low thermal conductivity according to different application scenarios.

For instance, PCMs with low thermal conductivity can be used in building architecture, biological thermo-

therapy, and high technology (like infrared stealth). Ma et al. (2019) prepared the wallboard containing mi-

croencapsulated PCMs composed of binary cores and acrylate-based copolymer shells showing excellent

thermal insulation performance. Chen et al. (2020a) prepared 3D freestanding flexible CNT sponge-based

PCMs with a low thermal conductivity for high-performance thermotherapy of allergic rhinitis. Lyu et al.

(2019) prepared nanofibrous Kevlar aerogel-based composite PCMs with a low thermal conductivity for

highly efficient infrared stealth.

Benefiting from pore structure diversity, convenient controllability, and excellent thermophysical stability,

SiO2-based composite PCMs have shown greater prospects in practical applications. Pristine SiO2-based

composite PCMs usually have relatively low thermal conductivity, and doping highly thermally conductive

additives can improve the thermal conductivity of SiO2-based composite PCMs. Therefore, SiO2-based

composite PCMs can achieve low or high thermal conductivity. Herein, to guide the tailor-made construc-

tion of high-performance SiO2-based composite PCMs, state-of-the-art advances in SiO2-based compos-

ite PCMs are provided for thermal energy storage from the perspective of tailoring chemistry strategies. In

this review, the influences of surface functional groups, pore sizes, dopants, single shell, and hybrid shells

on the thermal performances of SiO2-based composite PCMs (Figure 1) are systematically summarized and

discussed, aiming to provide in-depth insights into the relationships between structural designs and ther-

mal properties and a better guide on the construction of high-performance SiO2-based composite PCMs.

Finally, the current challenges and future research directions are also highlighted. This review can

contribute a small force to promote the large-scale practical applications of SiO2-based composite

PCMs in the thermal management systems.
CLASSIFICATION AND PACKAGE OF PCMS

Classification of PCMs

PCMs can reversibly utilize latent heat to realize thermal energy storage and release during the phase

change process (Li et al., 2018b; Zhang et al., 2019c). PCMs are divided into organic PCMs, inorganic

PCMs, and eutectic PCMs according to the chemical compositions (Figure 2) (Wu et al., 2020). Eutectic

PCMs are a blend of inorganic and organic PCMs. Compared with inorganic PCMs, organic PCMs have ad-

vantages of high LHS density, wide phase transition temperature, no phase separation, little supercooling
2 iScience 23, 101606, October 23, 2020



Figure 1. Tailoring Chemistry Strategies of Silica-Based Composite PCMs for Thermal Energy Storage
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degree, and low density. The working principle of organic PCMs is as follows: when the solid organic PCMs

are subjected to heat, they store thermal energy in the form of sensible heat in the initial stage. With the

accumulation of heat, the temperature gradually rises until the melting temperature of organic PCMs is

reached. At this moment, solid organic PCMs start melting, undergo phase transition process, and thermal

energy is stored in the form of latent heat of fusion until the thermal energy is completely stored into PCMs.

During phase transition process, the temperature of organic PCMs remains substantially unchanged. With

the further accumulation of heat, thermal energy is stored again in the form of sensible heat. The cooling

process is similar to the heating process.
Package of PCMs

In practical applications, the leakage issue of pristine PCMs during the solid-liquid phase change process

seriously hinders their widespread utilizations. The best solution is to prepare composite PCMs by pack-

aging PCMs into supporting materials. Currently, the two most popular packaging strategies are porous

package (shape-stabilized PCMs) (Grosu et al., 2020; Huang et al., 2019; Lu et al., 2019; Shen et al., 2019;

Zhang et al., 2020b) and core-shell package (micro/nano-encapsulated PCMs) (Alehosseini and Jafari,

2019; Erdem and Gürbüz, 2019; Kakar et al., 2019; Xia et al., 2020), as shown in Figure 3. In the composite

PCMs, PCMs are working substances for thermal energy storage and supportingmaterials are employed to

restrict the flow of liquid PCMs. Generally, the thermal performances of composite PCMs are between

those of solid-solid PCMs and solid-liquid PCMs. In general, shape-stabilized PCMs are usually prepared

using two-step method: porous supporting materials are first constructed, and then melted PCMs are

impregnated into the porous supporting materials via pore-induced capillary force and surface tension

(Gao et al., 2018). Micro/nano-encapsulated PCMs are usually prepared using one-step method: PCMs

and raw shell materials are simultaneously mixed in a pot to prepare core-shell structural capsules (Jame-

khorshid et al., 2014). In this review, SiO2-based composite PCMs are classified into porous shape-
iScience 23, 101606, October 23, 2020 3



Figure 2. Classification of PCMs Based on Chemical Compositions
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stabilized SiO2-based composite PCMs (referred to as porous SiO2-based composite PCMs) and micro/

nano-encapsulated SiO2-based composite PCMs.
SILICA-BASED COMPOSITE PCMS FOR THERMAL ENERGY STORAGE

Among numerous composite PCMs, SiO2 supporting materials have attracted tremendous attention due

to their unique pore structure, high adsorption capacity, desirable thermal conductivity, thermochemical

stability, non-flammability, ecofriendly nature, and low cost (Li et al., 2013; Zhang et al., 2019e; Zhu

et al., 2019). In this review, according to the microstructure of SiO2, SiO2-based composite PCMs are

divided into two categories: porous SiO2-based composite PCMs and micro/nano-encapsulated SiO2-

based composite PCMs. In the section on porous SiO2-based composite PCMs, the influences of functional

group types, pore size, and doping additives on the thermal properties of composite PCMs are
Figure 3. Packaging Strategies of PCMs

(A) Porous package. Adapted with permission from (Gao et al., 2018). Copyright 2018, Elsevier.

(B) Core-shell package. Adapted with permission from (Shen et al., 2019). Copyright 2019, Elsevier.
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systematically reviewed. In micro/nano-encapsulated SiO2-based composite PCMs section, the influences

of single shell and hybrid shells on the thermal properties of composite PCMs are systematically reviewed.

In general, single SiO2 shell is unable to satisfy some special functional requirements. In contrast, hybrid

SiO2 shells (including SiO2-organic shells and SiO2-inorganic shells) usually harvest the enhanced thermal

performances or novel special functions. The corresponding comparison data are summarized in Table 1.

These systematic analyses aim to provide profound theoretical and experimental bases for the construction

of high-performance SiO2-based composite PCMs.
Porous Silica-Based Composite PCMs

Mesoporous SiO2, as a favorable class of supporting materials for the preparation of shape-stabilized com-

posite PCMs, has attracted much attention due to its high specific surface area (Min et al., 2015; Qian et al.,

2016), large pore volume (Feng et al., 2011; Kadoono and Ogura, 2014), adjustable pore size distribution

(Hu et al., 2009; Johari, 2009), excellent chemical stability (Qian et al., 2015a; Zhang et al., 2013) and strong

adsorption ability (Qian et al., 2015a; Wang et al., 2016b). Numerous studies have confirmed that mesopo-

rous SiO2 has apparent influences on the phase transition behaviors of PCMs, such as latent heat and phase

change temperature. This is because themovement of liquid PCMs confined in a narrow nanoporous space

of SiO2 with special functional groups is limited. As a result, the phase change behaviors of the confined

PCMs are quite different from the phase change behaviors of PCMs in the free state (Feng et al., 2011;

Hu et al., 2009; Zhang et al., 2007). In addition, traditional porous SiO2-based composite PCMs have rela-

tively low thermal conductivity and poor light-thermal conversion. Herein, the influences of functional

group types, pore size, and doped additives on the thermal properties of porous SiO2-based composite

PCMs are systematically analyzed.

Tailoring Chemistry of Functional Groups

In the porous SiO2-based composite PCMs, functional group types of PCMs and SiO2 both have significant

effects on the phase change behaviors of PCMs. To clarify the phase changemechanisms of different PCMs

confined in SiO2, Liu et al. (2017a) introduced three types of PCMs into mesoporous silica (MS), including

octodecane (OCC) with -CH3, octadecanol (OCO) with –OH, and stearic acid (SA) with -COOH (Figure 4A).

Differential scanning calorimetry (DSC) results indicate that there are no endothermic and exothermic

peaks in the SA/MS composite PCMs when SA is less than 30 wt %. The same phenomenon also emerges

in OCC/MS andOCO/MS composite PCMs whenOCC andOCO are less than 30 and 60 wt %, respectively.

Namely, the latent heat values are zero during the phase change process. Interestingly, the latent heat

starts to appear and gradually increases along with the increase of PCM content when PCMs exceed the

limit of the ‘‘special mass fraction.’’ However, the latent heat of composite PCMs is much lower than theo-

retical value. Moreover, the melting temperature decreases, whereas the solidification temperature of

composite PCMs increases with the increase of SiO2. The corresponding mechanisms are as follows: the

movement of PCM molecules confined in mesoporous SiO2 is strongly restricted and the liquid molecules

could not crystallize even at a low temperature when the content of PCMs is below the critical level. When

the mass fraction of PCMs is higher than the critical level, the crystallization process emerges due to the

newly emerging free-moving PCM molecules in SiO2.

In the porous SiO2-based composite PCMs, a non-melting interface layer is usually formed between PCMs

and SiO2. This non-melting interface layer severely reduces the available pore volume, thereby reducing

the thermal energy storage density of PCMs (Matei et al., 2019). A straightforward method for regulating

the thermal performances of porous SiO2-based composite PCMs is the functionalization of SiO2 with

different functional groups. Matei et al. (2019) studied the functionalization (methyl, phenyl, amino, and car-

boxylic acid groups) of mesoporous SiO2 for engineering the non-melting layer and enhancing the thermal

energy storage of SA/SiO2 composite PCMs (Figure 4B). The experimental results (Figure 4C) indicate that

methyl and phenyl groups are present inside the non-melting layer, and the non-melting layer volume is

similar to the unfunctionalized SiO2. In contrast, carboxylic acid functionalization markedly reduces the

non-melting layer volume because carboxyl groups easily form hydrogen-bonded dimers, thereby obtain-

ing the highest nanoconfined latent heat of 34.5 J/g. This increased nanoconfined latent heat is 15% higher

than unfunctionalized SiO2. As a result, the total latent heat of carboxylic acid-functionalized SiO2-based

composite PCMs is up to 130 J/g. Therefore, the appropriate surface functionalization of SiO2 can actively

suppress the non-melting layer formation and improve the heat storage potential of SiO2-based composite

PCMs.
iScience 23, 101606, October 23, 2020 5



Supporting

Materials

Type of

PCMs

Loading

Content (wt

%)

Melting

Point (�C)
Freezing

Point (�C)
Melting

Enthalpy (J/

g)

Decline Ratio

of Melting

Enthalpy

Freezing

Enthalpy (J/

g)

Decline Ratio

of Freezing

Enthalpy

Thermal

Conductivity

(W/mK)

Ref.

SiO2 PEG4000 80 57.2 39.0 129.6 15.4% 118.3 13.9% – (Min et al., 2015)

SiO2 PEG6000 66 57.8 43.5 114.8 12.3% 104.6 11.5% 0.61 (Liu et al.,

2017b)

SiO2 Paraffin 45 43.7 38.7 113.3 2.7% 112.0 4.3% 0.13 (Qu et al., 2020)

SiO2 Myristic acid 65 54.7 46.9 92.0 23.2% 86.0 32.9% 0.37 (Chen et al.,

2018a)

SiO2 Stearic acid 70 71.5 62.4 135.3 16.2% 133.5 15.7% 0.56 (Fan et al., 2017)

SiO2 Na2HPO4$12H2O/

Na2SO4$10H2O

70 28.5 – 67.5 – – – – (Wu and Wang,

2015)

SiO2 Sodium acetate

trihydrate-urea

80 43.5 36.1 164.0 14.7% – – – (Fu et al., 2019)

SiO2 Sodium acetate

trihydrate-urea

75 43.3 34.6 155.2 13.9% – – – (Fu et al., 2019)

SiO2 Sodium acetate

trihydrate-urea

70 35.8 31.2 151.6 9.9% – – – (Fu et al., 2019)

SiO2 Sodium acetate

trihydrate-urea

65 34.4 28.6 136.5 12.7% – – – (Fu et al., 2019)

Sn2+/SiO2 PEG6000 66 57.9 44.0 114.7 12.4% 104.1 11.9% 0.77 (Liu et al.,

2017b)

Ag/Sn2+/SiO2 PEG6000 66 58.0 44.3 113.9 13.0% 103.8 12.2% 0.84 (Liu et al.,

2017b)

Diatomite Galactitol hexa

myristate

52 44.9 44.3 83.8 6.8% 81.1 7.5% 0.19 (Sarı and Biçer,

2012)

Diatomite/Ag PEG4000 63 59.5 41.0 111.3 2.0% 102.4 1.3% – (Qian et al.,

2015b)

Diatomite/Ag PEG4000 63 59.8 39.5 110.7 2.5% 103.3 0.3% 0.82 (Qian et al.,

2015b)

SBA-15 Stearic acid – 69.1 66.7 69.8 – 68.1 – – (Kadoono and

Ogura, 2014)

Table 1. Summary of SiO2-Based Composite PCMs for Thermal Energy Storage

(Continued on next page)
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MCM-41 Paraffin 50 26.0 20.0 68.0 19.0% 50.0 33.8% – (Zhang et al.,

2018b)

MCM-41 Paraffin 55 26.5 23.0 80.0 13.4% 71.0 14.5% – (Zhang et al.,

2018b)

MCM-41 Paraffin 60 25.5 22.0 95.0 5.8% 70.0 22.7% – (Zhang et al.,

2018b)

HO-MCM-41-

OH

PEG2000 60 – – 0 – 0 – – (Wang et al.,

2016b)

NH2-MCM-41-

CH3

PEG2000 60 – – 79.6 14.4% 70.9 15.6% – (Wang et al.,

2016b)

MCF Lauric acid 80 42.4 41.3 110.5 16.8% 110.3 15.6% – (Mitran et al.,

2015)

MCF Lauric acid 83 42.3 41.2 123.7 10.2% 118.8 12.4% – (Mitran et al.,

2015)

MCF Lauric acid 86 41.9 41.0 123.6 13.4% 120.2 14.5% – (Mitran et al.,

2015)

SiO2/TiO2 Paraffin 40 29.0 – 93.7 0.6% – – – (Li et al., 2018c)

SiO2/b-AlN PEG1000 – 60.9 44.8 137.7 – 117.6 – 0.52 (Wang et al.,

2009)

SiO2/Al2O3 PEG6000 – 57.1 42.0 123.8 – 126.4 – 0.44 (Tang et al.,

2014b)

SiO2/melamine Paraffin 98.8 – – 179.9 – 169.5 – 0.22 (Shi and Zhou,

2019)

SiO2/carbon

fiber

PEG6000 – 57.5 34.8 142.6 – 154.4 – 0.45 (Liu et al.,

2018b)

SiO2/expanded

graphite

n-Hexadecane 73 20.3 17.9 147.6 0.1% 145.1 1.7% – (Fang et al.,

2010)

SiO2/graphene

oxide

Stearic acid – 68.5 64.4 134.4 – 132.5 – 0.28 (Lin et al., 2019)

SiO2/

polystyrene

n-Tetradecane – 2.1 0.4 83.4 – 79.4 – 0.40 (Fu et al., 2017)

Table 1. Continued (Continued on next page)
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SiO2/Fe3O4 n-Eicosane – 37.5 30.8 172.5 – 170.9 – – (Qian et al.,

2019)

SiO2/SnO2 PEG600 52 3.1 2.6 58.8 0% 55.5 0.8% 0.71 (Hussain et al.,

2018)

SiO2/TiC/

polymethyl

methacrylate

n-Octadecane – 24.3 14.9 93.0 – 94.2 – – (Wang et al.,

2018b)

Table 1. Continued
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Figure 4. Tailoring Chemistry of Functional Groups

(A) Preparation scheme of various composite PCMs. Adapted with permission from (Qian et al., 2017). Copyright 2017,

American Chemical Society.

(B) Schematic representation of mesopores with different functional groups.

(C) Volume fractions for the non-melting layer and nanoconfined phase. Adapted with permission from (Matei et al., 2019).

Copyright 2019, Elsevier.

(D) Typical force-extension curves on the surfaces of SiO2-NH2, SiO2-OH, SiO2-NH2, and SiO2-OH.

(E) Scanning electron microscopic (SEM) and transmission electron microscopic (TEM) images of HO-SBA-15-OH.

(F) X-ray diffraction (XRD) patterns.

(G) DSC curves. Adapted with permission from (Wang et al., 2016b). Copyright 2016, Elsevier.
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In addition to the small molecular PCMs, polymeric PCMs (such as polyethylene glycol [PEG]) confined in

SiO2 also have a certain volume of non-melting layer or even complete non-melting layer (Wang et al.,

2016b). To reduce the non-melting layer volume and arouse the phase transition behaviors of the nanocon-

fined PEG in the channels of SiO2, our group (Wang et al., 2016b) functionalized SBA-15 (Santa Barbara

Amorphous) with different functional groups (-NH2 and -CH3) on the inner and outer surfaces. The results

indicate that functional group species on the inner and outer surface of SBA-15 significantly affect the

phase transition behaviors of PEG molecules confined in SBA-15 (Figures 4E–4G). Typical force-extension

curves indicate that PEG chains exhibit a loop structure in the amino-modified SBA-15, whereas a train

structure in the hydroxyl-modified SBA-15 (Figure 4D). These results indicate that the modified methyl

groups on the outer surface of SBA-15 are conducive to preventing the leakage of PEG molecules due

to the repulsive interaction of the outer methyl groups (Geisler et al., 2010). Therefore, the stronger

hydrogen bonds between PEG molecular chains and OH-silicon surface are adverse to the stretching of

PEG chains because OH-silicon surface can provide more adsorption sites for PEGmolecules than NH2-sil-

icon surface (Rudner et al., 2005; Wang et al., 2012, 2014a). Moreover, after 50 heating/cooling cycles of

PEG/NH2-SBA-15-CH3, their phase change temperature and latent heat are also similar to those of the
iScience 23, 101606, October 23, 2020 9



Figure 5. Tailoring Chemistry of Functional Groups

(A) Structural model of MCM-41-OH.

(B) Structural model of MCM-41-NH2.

(C) Distribution of PEG atoms in MCM-41.

(D) Extension angle of PEG molecules in MCM-41.

(E) Molecular dynamics simulation of PEG molecules in MCM-4. Adapted with permission from (Feng et al., 2020).

Copyright 2020, Elsevier.

(F) Preparation scheme of SiO2 aerogel-based composite PCMs. Adapted with permission from (Li et al., 2020). Copyright

2020, Elsevier.

(G) Schematic of hydrophobic interaction of SiO2 aerogel. Adapted with permission from (Gao et al., 2019). Copyright

2019, Elsevier.
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original composite PCMs, and no obvious leakage of PEG is observed, indicating that the modified NH2-

SBA-15-CH3 is a good supporting material for PEG stabilization.

Similarly, Feng et al. (2020) also functionalized MCM-41 (Mobil Composition of Matter) with different func-

tional groups (-NH2 and -OH). Surprisingly, the resultant PEG/MCM-41-OH composite PCMs have no

phase transition behavior even at a maximum loading of 70 wt %, while PEG/MCM-41-NH2 composite

PCMs have excellent thermal properties. The latent heat of PEG/MCM-41-NH2 is 58.76 J/g even at 30 wt

% loading. Molecular dynamics simulations (Figures 5A–5E) are used to clarify the mechanism: -NH2 can

reduce the host-guest hydrogen bonding interactions compared with the stronger hydrogen bonding in-

teractions between -OH and PEGmolecules. Therefore, amino-functionalized MCM-41 is conducive to the

crystallization of PEGmolecules. It can be concluded that the interactions between PCMs andmesoporous

SiO2 can be regulated to affect the loading content and phase change behavior of PCMs in mesoporous

SiO2 through surface modification strategy. This surface modification strategy can be extended to other

nanopore-based composite PCMs.

Recently, porous SiO2 aerogel-based composite PCMs have been studied due to the robust mechanical

strength, light weight, and adjustable physical and chemical properties (Chen et al., 2019b; Shi et al.,

2018; Wu et al., 2018). However, SiO2 aerogel has a drawback of hydrophilicity, thereby resulting in a

poor impregnation of PCMs especially for organic PCMs (Gurav et al., 2010; Sun et al., 2013; Xiangfa

et al., 2012). To overcome this disadvantage, Huang et al. (2015) prepared hydrophobic SiO2 aerogel by

replacing Si-OH with Si-CH3. Based on the hydrophobicity of SiO2 aerogel, organic hydrophobic PCMs
10 iScience 23, 101606, October 23, 2020



Figure 6. Tailoring Chemistry of Pore Sizes

(A) Preparation scheme of MCM-41.

(B) Preparation scheme of SiO2-based composite PCMs and schematic orientation of paraffin molecules in SiO2.

(C) SEM images of MCM-41, EP-diatomite, and LJ-diatomite. Adapted with permission from (Zhang et al., 2018b).

Copyright 2018, Elsevier.
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(palmitic acid and octadecanol) are infiltrated into SiO2 aerogel using vacuum infusion. The resultant octa-

decanol/SiO2 aerogel composite PCMs have the highest latent heat of 153.71 J/g. Moreover, the hydro-

phobicity-modified SiO2 aerogel shows good thermal stability at high temperature. Liu et al. (2020) also

prepared hydrophobic monolithic octadecanol/SiO2 aerogel composite PCMs with high latent heat

(127.73 J/g), low thermal conductivity (0.12 W/mK), good hydrophobicity (contact angle of 124�), large
compressive strength (11 MPa), and superior thermal cycling stability (Figure 5F). Similarly, Gao et al.

(2019) prepared hydrophobic monolithic paraffin/SiO2 aerogel composite PCMs. During the preparation

process, CH3-rich trimethylmethoxysilane molecules effectively transform SiO2 clusters from a rigid

network structure with high cross-linking degree to a flexible network structure with low cross-linking de-

gree. Such unique SiO2 cluster not only enhances the flexibility of silicone rubber but also exhibits good

hydrophobicity of 140�. The excellent hydrophobicity (140�) is ascribed to the synergistic effect between

the surface -CH3 groups (Figure 5G) and rough surface of SiO2 aerogel (Nadargi et al., 2009; Yun et al.,

2014). The resultant paraffin/SiO2 aerogel composite PCMs integrate high loading content (70 wt %), large

latent heat (122.7 J/g), and outstanding thermal stability (�400�C). These monolithic porous SiO2 aerogel-

based composite PCMs could satisfy large-scope-specific requirements and could be directly utilized in

the thermal insulation and thermal protection device due to the synergistic effect between high latent

heat and low thermal conductivity of composite PCMs.

Tailoring Chemistry of Pore Sizes

In addition to the surface functional groups, pore sizes have also great influence on the thermal perfor-

mances of silica-based composite PCMs (Feng et al., 2011; Kadoono and Ogura, 2014). To clarify the cor-

responding mechanisms, Zhang et al. (2018b) prepared three kinds of SiO2 supporting materials (MCM-41,

EP-diatomite, and LJ-diatomite) with different pore sizes for the encapsulation of paraffin (Figure 6A).
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Figure 7. Tailoring Chemistry of Pore Sizes

(A) Latent heat comparison in different pore sizes. Adapted with permission from (Nomura et al., 2015). Copyright 2015,

Elsevier.

(B) Scheme of polymorphism of hexadecane in SBA-15, CPG, C-SBA-15, and KIT-6. Adapted with permission from (Wang

et al., 2015). Copyright 2015, American Chemical Society.

(C) Scheme of different mesoporous materials (MCM-41, SBA-15, and MCF) and DSC curves.

(D) N2 adsorption-desorption isotherms for MCF0.5, MCF1, and LA1-MCF0.5.

(E) Thermal performances of SBA-15-, MCF0.5-, and MCF1-based composite PCMs. Adapted with permission from

(Mitran et al., 2015). Copyright 2015, American Chemical Society.
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MCM-41 has an ordered mesoporous structure with an average pore size of 2.56 nm and a relatively narrow

pore size distribution. EP-diatomite has a hierarchical structure with an average pore size of 5.78 nm. LJ-

diatomite has a hierarchical structure with an average pore size of 5.65 nm (Figure 6C). After paraffin

was infiltrated into different SiO2 supports, the result SiO2-based composite PCMs have different thermal

properties (Figure 6B). Especially, the free movement of paraffin molecules confined in MCM-41 is strong

restricted because the pore size (2.56 nm) of MCM-41 is similar to the length (2.40 nm) of paraffinmolecules.

The interference of MCM-41 without interconnectivity with the crystallization limits the crystal alignment of

paraffin molecules. As a result, the regularities of crystalline regions are reduced and the non-melting layer

is increased, thereby reducing the crystallinity of paraffin in MCM-41. In contrast, for EP-diatomite and LJ-

diatomite, the natural hierarchical larger pore is rather complex with interconnected and easy-to-access

active sites. Therefore, the movement of paraffin molecules in EP-diatomite and LJ-diatomite is relatively

free, thereby obtaining a relatively high crystallinity.

Nomura et al. (2015) studied the effect of different pore sizes of SiO2 on the thermal property of octade-

cane. The crystallinity and latent heat of the resultant SiO2/octadecane composite PCMs are increased

from 51.6% to 83.6% and from 98.5 J/g to 101 J/g with the increase of the pore size from 11.6 to 50 nm,

respectively (Figure 7A). This is due to the formation of a non-melting interface layer in the tiny pore

size, thereby reducing the radius of octadecane during the interfacial interactions (Zhang et al., 2018b).

In addition, the hydrogen bonding between PCMs and SiO2 can adjust the strength of the interfacial inter-

actions, and thus affect the phase change behaviors. Wang et al. (2015) also systematically studied the in-

fluence of different pore sizes of SiO2 on the thermal property of hexadecane, including SBA-15 (7.8 and

17.2 nm), controlled porous glass (CPG) (8.1 and 300 nm), carbon-coated SBA-15 (C-SBA-15, 15.6 nm),

and KIT-6 (8.6 nm), as shown in Figure 7B. Surprisingly, hexadecane exhibits an only triclinic phase in
12 iScience 23, 101606, October 23, 2020



Figure 8. Tailoring Chemistry of Dopants

(A) Preparation scheme of AgNPs-decorated diatomite.

(B) Preparation scheme of composite PCMs.

(C) TEM image of PEG/AgNPs-decorated diatomite composite PCMs.

(D) Energy-dispersive spectrometer (EDS) analysis of AgNPs-decorated diatomite. Adapted with permission from (Qian

et al., 2015b). Copyright 2015, Royal Society of Chemistry.
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CPG (300 nm), whereas hexadecane exhibits a stable or metastable rotator phase RI or RII in other SiO2

(7.8–17.2 nm). These results indicate that the stabilization of the rotators is better in smaller pore

(<20 nm) or with stronger pore surface interaction due to the substantial involvement of interface energy.

Similarly, Mitran et al. (2015) investigated the effect of different mesoporous SiO2 (MCM-41 with 2.8 nm,

SBA-15 with 6.3 nm, and two disordered mesocellular foams [MCF] with 27–34.9 nm spherical pore con-

nected by 10.4- to 14.9-nm window) on the thermal properties of composite PCMs (Figure 7C). The results

indicate that MCF-based composite PCMs have dual temperatures due to two melting or crystallization

processes of lauric acid (LA) in the voids and on the external of SiO2, respectively. To construct theoretical

model of nanoconfined LA, the authors measured the specific surface area, pore volume, and pore size dis-

tribution of pristine silica. The BET (Brunner-Emmett-Teller) test (Figure 7D) reveals that LA molecules are

preferentially adsorbed on the smaller window pore surface. These experimental results are in good agree-

ment with the theoretical results (Figure 7E). DSC results illustrate that two melting peaks at 41.9�C and

31.7�C are detected in LA6-MCF0.5, corresponding the fusion heat of 104.8 and 17.1 J/g, respectively.

Similarly, two crystallized peaks at 41.0�C and 14.0�C are detected in LA6-MCF0.5, corresponding to the

solidification heat of 105.8 and 17.1 J/g, respectively.

Tailoring Chemistry of Dopants

In general, traditional SiO2-based composite PCMs have relatively low thermal conductivity (Manoj Kumar

et al., 2020). For instance, Ranjbar et al. (2020) prepared n-heptadecane-SiO2 composite PCMs with a ther-

mal conductivity of 0.28 W/mK for indoor temperature regulation in the buildings. To enhance the thermal

conductivity, metal (Qian et al., 2015b), metal oxide (Tang et al., 2014b), and carbon materials (Tang et al.,

2014a) are usually introduced into SiO2-based composite PCMs. For instance, considering the high con-

ductivity of Ag nanoparticles (AgNPs), Qian et al. (2015b) prepared AgNPs-decorated diatomite-based

composite PCMs (Figures 8A and 8B). However, the pores of raw diatomite are usually blocked by several
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impurities, thereby reducing its porosity. To enlarge its pore size and specific surface area, a facile alkali-

leaching method is used in this study. As a result, the large pore size is increased and the micropore size is

reduced, thereby enlarging the specific surface area. The pore size distribution shows a similar narrow

range of 5–10 nm. The spherical AgNPs with a diameter ranging from 3 to 10 nm are uniformly decorated

onto diatomite (Figures 8C and 8D). After PEG is infiltrated into AgNPs-decorated diatomite, themaximum

loading content of PEG is 63 wt %, which is 31% higher than that of the raw diatomite. The latent heat of

PEG/diatomite/Ag is as high as 111.3 J/g, which is very close to the theoretical value of 113.6 J/g. The ther-

mal conductivity of PEG/diatomite/Ag with 7.2 wt % Ag is 0.82 W/mK, which is 127% higher than that of

PEG/diatomite (Figure 8A). Moreover, the supercooling degree of PEG/diatomite/Ag is reduced by

16.3% compared with pristine PEG due to the doped AgNPs. The composite PCMs also exhibit excellent

thermal and chemical stability even after 200 melting/freezing cycles.

Similar to Agdoping for the thermal conductivity enhancement of PEG/SiO2 composite PCMs, Tang et al. (2012)

in situ doped Cu into PEG/SiO2 via in situ chemical reduction of the metal salt solution using an ultrasound-as-

sisted sol-gel method (Figure 9A). The latent heat of PEG/SiO2/Cu composite PCMs with 2.1 wt % Cu is 110 J/g,

and the corresponding thermal conductivity is enhanced by 38.1% compared with pristine PEG. To further

enhance the thermal conductivity of PEG/SiO2 composite PCMs, Tang et al. (2014b) in situ doped Al2O3 into

PEG/SiO2 using an ultrasound-assisted sol-gel method (Figure 9B). The latent heat of PEG/SiO2/Al2O3 compos-

ite PCMs with 3.3 wt % Al2O3 is 124 J/g, and the corresponding thermal conductivity is enhanced by 46.5%

compared with pristine PEG. However, the enhancement effect of thermal conductivity for PEG/SiO2 using

doped Al2O3 and Cu is still very limited. To dramatically improve the thermal conductivity of PEG/SiO2 compos-

ite PCMs, Liu et al. (2018b) in situ doped carbon fiber (CF) into PEG/SiO2 through a sol-gel process. As a result,

the latent heat of PEG/SiO2/CF composite PCMs with 3 wt % CF is 142.6 J/g, and the corresponding thermal

conductivity is enhanced by 164.7% compared with pristine PEG. Moreover, the thermal stability of PEG/

SiO2/CF composite PCMs is greatly improved to 340�C. Attractively, CF-doped PEG/SiO2 composite PCMs

exhibit high absorbability at almost all UV-visible wavebands. High light absorption endows PEG/SiO2/CF com-

posite PCMs high light-thermal energy conversion efficiency.

In addition to the enhancement of thermal performances of SiO2-based composite PCMs, advanced mul-

tifunctions also need to be developed. Based on this idea, Tang et al. (2017) in situ doped titanium black

(Ti4O7) into PEG/SiO2 using acid and alkali catalytic sol-gel method for light-thermal conversion and stor-

age. Similarly, they introduced multiwall carbon nanotubes (MWCNTs) into PEG/SiO2 using an ultrasound-

assisted sol-gel method for light-thermal conversion and storage (Figures 9C and 9D) (Tang et al., 2014a).

The thermal conductivity of PEG/SiO2/MWCNTs is 0.46 W/mK, which is enhanced by 53.1% compared with

pristine PEG. Importantly, the dopedMWCNTs serve as an effective photon capturer andmolecular heater

of light-thermal energy conversion. Therefore, the resultant PEG/SiO2/MWCNTs composite PCMs can

realize highly efficient light-thermal energy conversion and storage (91.8%). Huang et al. (2015) carbonized

the treated SiO2 aerogel to get a hydrophobic framework with a blackened surface (Figure 9E). As a result,

only the carbonized PCMs-impregnated SiO2 aerogel exhibits superior light-thermal energy conversion

and storage, compared with un-carbonized PCMs-impregnated block and PCMs-impregnated carbon

block under the same solar illumination (Figure 9F). This carbonization strategy can significantly improve

the thermal energy storage and release response to optimize the solar energy utilization allocation.

In summary, functional group types and pore sizes and doped additives have obvious influences on the

thermophysical properties of porous SiO2-based composite PCMs, such as latent heat, phase change tem-

perature, thermal conductivity, and light-thermal conversion efficiency. The main reason is that the thermal

movement behaviors of liquid PCMsmolecules confined in the nanoporous space of SiO2 are different from

bulk PCMs in the free state. Therefore, not all porous SiO2 is suitable for the encapsulation of PCMs.

Although porous SiO2-based composite PCMs have made great progress in the thermal energy storage

and thermal conductivity regulation, more efforts are still needed to study how to further improve the

comprehensive thermophysical properties of porous SiO2-based composite PCMs. Regretfully, to date,

what kind of porous SiO2 is more suitable for the encapsulation PCMs is still inconclusive. This big chal-

lenge needs to be overcame experimentally and theoretically in the future.
Micro/Nano-encapsulated Silica-Based Composite PCMs

In addition to the aforementioned porous SiO2 for the encapsulation of PCMs, microencapsulation and

nanoencapsulation of PCMs are also considered as important packaging technologies and have been
14 iScience 23, 101606, October 23, 2020



Figure 9. Tailoring Chemistry of Dopants

(A) Doped Cu for thermal conductivity enhancement of PEG/SiO2. Adapted with permission from (Tang et al., 2012).

Copyright 2012, Elsevier.

(B) Doped Al2O3 for thermal conductivity enhancement of PEG/SiO2. Adapted with permission from (Tang et al., 2014b).

Copyright 2014, Elsevier.

(C) Doped CNTs for thermal conductivity enhancement of PEG/SiO2.

(D) Scheme of light-thermal energy conversion and storage. Adapted with permission from (Tang et al., 2014a). Copyright

2014, Elsevier.

(E) Scheme of the hydrophilic-to-hydrophobic surface modification and carbonization process.

(F) Temperature-time curves of PCMs-impregnated compact block, carbonized PCMs-impregnated compact block, and

PCMs-impregnated carbon compact block. Adapted with permission from (Huang et al., 2015). Copyright 2015, Royal

Society of Chemistry.
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well developed in recent years (Jamekhorshid et al., 2014; Zhao and Zhang, 2011). By encapsulating PCMs

into hermetically sealed mini containers, the resultant microencapsulated PCMs (MicroPCMs) and nanoen-

capsulated PCMs (NEPCMs) composed of PCM cores and supporting shells not only can maintain their

macroscopic solid form during the solid-liquid phase change processes but also can provide enhanced

performances or novel functions (Giro-Paloma et al., 2016). In terms of MicroPCMs and NEPCMs, selecting

shell materials is of great importance (Fu et al., 2017; Wang et al., 2016a). According to chemical compo-

sitions, the supporting shells are classified into organic shells and inorganic shells. Traditionally, PCMs

could be encapsulated into different organic shells through in situ polymerization (Su et al., 2006), interfa-

cial polymerization (Cho et al., 2002), and suspension polymerization methods (Taguchi et al., 2007). These

organic shells materials mainly include polystyrene (Sánchez et al., 2007), poly(methyl methacrylate)
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(Taguchi et al., 2007), melamine formaldehyde resin (Su et al., 2006) and polyuria formaldehyde resin

(Brown et al., 2003).

However, MicroPCMs and NEPCMs with organic shells usually have some disadvantages, such as low ther-

mal conductivity, low mechanical strength, serious supercooling, poor thermal and chemical stability, high

flammability, and short lifespan (Delgado et al., 2012; Hyun et al., 2014). In this case, the encapsulation of

PCMs into inorganic shells is booming. Undoubtedly, inorganic shells usually have much higher thermal

conductivity, higher rigidity and mechanical strength, higher thermal and chemical stability, lower super-

coiling and flammability, and longer lifespan compared with organic shells (Delgado et al., 2012; Qiu

et al., 2015). Comparatively, SiO2 is one of the most widely used organic shells due to its easy preparation

and low cost. Moreover, it can be used for the encapsulation of water-soluble PCMs (Pethurajan et al., 2018;

Wu et al., 2014, 2015) and oil-soluble PCMs (Zhu et al., 2015, 2016). The corresponding MicroPCMs and

NEPCMs with inorganic SiO2 shells are usually prepared through in situ polymerization or interfacial poly-

condensation in the sol-gel process (He et al., 2014; Liang et al., 2015; Zhang et al., 2011). However, single

SiO2 shell is usually unable to satisfy some special performance requirements. Therefore, hybrid shells con-

taining SiO2 shell and organic shells or other inorganic shells with some specific functions are good choices.

They usually endure the enhanced performances or novel functions of MicroPCMs and NEPCMs, such as

electromagnetic shielding (Jiang et al., 2014), electrochemical energy storage (Xu et al., 2018), and super-

hydrophobic (Sun et al., 2019), magnetic (Qian et al., 2019), fluorescent (Liu et al., 2018a), photocatalytic (Liu

et al., 2018a) and antibacterial functions (Zhang et al., 2016). In this section, SiO2-based MicroPCMs and

NEPCMs with single shell and hybrid shells are systematically reviewed.

Tailoring Chemistry of Single Shell

Unlike inorganic PCMs with serious supercooling issue, organic PCMs generally do not suffer from serious

supercooling. However, organic PCMs tend to supercool due to the lack of nuclei when they are encapsu-

lated inside phase change capsules (Zahir et al., 2019). Undoubtedly, high supercooling degree will result in

a low thermal response of composite PCMs and hinders their applications in advanced technological fields

of precise temperature control. To solve this problem, Liu et al. (2019a) designed nanoencapsulated n-ei-

cosane/SiO2 using a self-templating strategy (Figure 10). The resultant NEPCMs exhibit superior thermal

performances (high thermal storage capability of 99%, high shape stability, and thermal stability). High

thermal storage capability indicates that this specific hierarchical nanostructure (internal meso-SiO2 core

and the external SiO2 shell) can barely inhibit the crystallization of n-eicosane encapsulated in SiO2. The

thermal conductivity of NEPCMs is as high as 1.17 W/mK, whereas pristine n-eicosane has only 0.15 W/

mK. This enhanced thermal conductivity is attributed to their internal meso-SiO2 core and the external

SiO2 shell. This specific hierarchical structure can promote the thermal response and thermal transfer of

NEPCMs during the heating and cooling processes. More importantly, the supercooling degree of

NEPCMs has only 5.88�C (a decline rate of 24.5%) due to the abundant nucleation sites. This distinct decline

rate is much higher than most of the reported microencapsulated n-eicosane (Belessiotis et al., 2018; Geng

et al., 2016; He et al., 2015; Li et al., 2015; Liang et al., 2015; Liu et al., 2019b; Ma et al., 2018; Zhang et al.,

2015). This unique core-shell structured NEPCMs design strategy provides convincing evidences for effec-

tive suppression of the supercooling degree of PCMs.

In addition to nanoencapsulated PCMs, Fredi et al. (2019a) prepared docosane-organosilica microcapsules

and studied how the confinements affect the microstructural and thermal properties of the microcapsules.

Li et al. (2013) preparedmicroencapsulated paraffin/SiO2 through in situ emulsion interfacial hydrolysis and

polycondensation (Figure 11A). The latent heat of MicroPCMs is only 45.5 J/g. Sxahan and Paksoy (2018) pre-

pared microencapsulated SA/SiO2 using emulsion polymerization, in situ emulsion interfacial hydrolysis

and polycondensation methods (Figure 11B). Scanning electron microscopic images show that MicroPCMs

are uniformly distributed in the poly-methyl methacrylate matrix and maintain their spherical structure.

However, the resultant MicroPCMs have only a latent heat of 5.0 J/g with an encapsulation efficiency of

10 wt %. To further enhance the thermal performances of MicroPCMs, Lin et al. (2019) prepared (graphene

oxide) GO-modified SiO2 shell by a sol-gel method and self-assembly process. The thermal conductivity of

MicroPCMs is increased by 75% compared with pristine SA. The enhanced thermal conductivity is attrib-

uted to the synergistic effect between SiO2 and GO. In addition, the synergistic effect between SiO2

and GO can also reduce the supercooling degree of MicroPCMs. In addition to small molecule PCMs, Li

et al. (2020) prepared polymer PEG/SiO2 MicroPCMs (Figures 11C) with a latent heat of 164.9 J/g with a

loading fraction of 97 wt %, which is very close to the pristine PEG’s value (178.6 J/g).
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Figure 10. Tailoring Chemistry of Single Shell

Preparation Scheme of n-Eicosane/SiO2 MicroPCMs. Adapted with permission from (Liu et al., 2019a). Copyright 2019, Elsevier.
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Compared with organic PCMs, inorganic hydrated salts have many advantages, such as high thermal en-

ergy storage density, non-flammable, non-toxic, and low cost (Lin et al., 2018a; Milian et al., 2017; Mo-

hamed et al., 2017). Liu et al. (2019c) designed sodium phosphate dodecahydrate (DSP)/SiO2 MicroPCMs

through interfacial polymerization and sol-gel method without any extra initiators (Figures 11D). In this Mi-

croPCMs, crystalline Na2HPO4$12H2O serves as the core, and tetraethoxysilane (TEOS) and (3-amino-

propyl) triethoxysilane (APTES) serve as the SiO2 precursors (Figures 11E and 11F). Reaction temperature

and time would significantly affect the encapsulation efficiency of the MicroPCMs. When the core/shell ra-

tio was 4:1, the resultant MicroPCMs have the highest encapsulation efficiency of 75.3 wt %, the highest

melting enthalpy of 177.0 J/g, and the highest thermal conductivity of 0.50 W/mK. It is noteworthy that

larger loading content of DSP core and more compact SiO2 shell would result in a higher thermal conduc-

tivity of MicroPCMs because more voids in MicroPCMs are filled with hydrated salts with high thermal con-

ductivity. In addition, the phase change enthalpies of the Na2HPO4$12H2O/SiO2 microcapsule after the

30th thermal cycle are still close to that of the microcapsule experiencing the 1st thermal cycle, indicating

its good thermal reliability (Figure 11G).

In addition to conventional thermal energy storage function of MicroPCMs or NEPCMs, the introduced diverse

inorganic materials with some specified physical or chemical functions can impart advanced other functions to

the resultant MicroPCMs or NEPCMs. For instance, the incorporation of magnetic inorganic materials into Mi-

croPCMs or NEPCMs can integrate electromagnetic shielding function. This is because magnetic materials

can dissipate electromagnetic energy owing to the eddy current loss and magnetic loss caused by electromag-

netic microwaves (Wang et al., 2013, 2014b). Based on this design idea, Jiang et al. (2016) developed dual-func-

tional magnetic MicroPCMs containing PEG/Fe3O4 core and SiO2 shell for the thermal regulating PI (polyimide)

films and electromagnetic shielding (Figures 12A–12C). The magnetic MicroPCMs were prepared by reverse-

phase interface polycondensation. The resultant magnetic MicroPCMs not only achieve high energy storage ef-

ficiency (98%) but also show a superparamagnetic nature. To confirm the electromagnetic shielding function, PI/

magnetic MicroPCMs hybrid films with good interfacial adhesion and homogeneity were prepared by casting
iScience 23, 101606, October 23, 2020 17



Figure 11. Tailoring Chemistry of Single Shell

(A) Preparation scheme of microencapsulated PCMs. Adapted with permission from (Li et al., 2013). Copyright 2013,

American Chemical Society.

(B) Preparation scheme of microencapsulated PCMs. Adapted with permission from (Sxahan and Paksoy, 2018). Copyright

2018, Elsevier.

(C) Preparation scheme of microencapsulated PCMs. Adapted with permission from (Li et al., 2020). Copyright 2020,

Elsevier.

(D) Preparation scheme of microencapsulated PCMs.

(E) TEM images of microencapsulated PCMs.

(F) Selected area electron diffraction (SAED) pattern of microencapsulated PCMs.

(G) DSC curves of microencapsulated PCMs after 30 heating-cooling cycles. Adapted with permission from (Liu et al.,

2019c). Copyright 2019, Elsevier.
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the poly(amic acid)/magnetic MicroPCMs mixtures onto glass plates followed by thermal imidization. Thermal

gravimetric analyzer (TGA) and differential thermal analysis (DTA) curves indicate that the thermal stability of

magnetic MicroPCMs is high enough for the hybrid films to endure the thermal imidization (Figure 12D). Inter-

estingly, the hybrid films show slightmagnetic hysteresis in themagnetic hysteresis traces (Figure 12E) compared

with magnetic MicroPCMs because polyimide prevents the free rotation of easy magnetization axis of Fe3O4

nanoparticles (Sun et al., 2012; Zhang et al., 2015). Moreover, the reflection losses of hybrid films exhibit broad-

band and frequency-independent characteristics with a minimum absorption of 11.7 dB at 225 MHz and a

maximumabsorption of 41.2 dBat 1.29GHz (Figure 12F), indicating that the hybrid films have a high electromag-

netic shielding efficiency in the specified frequency bands. Evidently, Fe3O4 nanoparticles make a unique contri-

bution to the electromagnetic shielding of the hybrid films. The electromagnetic shielding mechanism of the

hybrid films is attributed to the magnetic loss derived from Fe3O4 nanoparticles (Bayat et al., 2014). The dual-

functional PI-based hybrid films show potential applications for the manufacture of electronic devices with

anti-interference and thermal regulation effectiveness.

Tailoring Chemistry of Hybrid Shells

Inorganic-Organic Hybrid Shells. Currently, MicroPCMs and NEPCMs with organic shells have been

widely studied due to the excellent sealing tightness and structural flexibility. However, most of organic

shells usually release poisonous gas in the application, thus causing environmental and health problems.

Moreover, organic shells usually have low mechanical strength, low thermal conductivity, and flammability

(Delgado et al., 2012; Hyun et al., 2014). Therefore, some attempts have recently been taken to encapsulate
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Figure 12. Tailoring Chemistry of Single Shell

(A) Preparation scheme of the magnetic MicroPCMs.

(B) SEM image of the magnetic MicroPCMs.

(C) Digital photographs of the aqueous suspension containing magnetic MicroPCMs before and after application of a

magnetic field.

(D) TGA and DTA curves of pure PEG and magnetic MicroPCMs.

(E) Magnetic hysteresis loops of the PI/magnetic MicroPCMs hybrid films.

(F) Reflection loss as a function of test frequency for PI/magnetic MicroPCMs hybrid films. Adapted with permission from

(Jiang et al., 2016). Copyright 2016, Elsevier.
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PCMs using appropriate inorganic shells because inorganic shell materials have much higher mechanical

strength, rigidity, and thermal conductivity compared with organic shell materials (Delgado et al., 2012; Qiu

et al., 2015). However, single inorganic shell has some disadvantages, such as poorer endurance and ther-

mal stress (Jiang et al., 2014; Zhang et al., 2015). Therefore, to integrate the advantages of both organic and

inorganic shell materials, organic-inorganic hybrid shell is a good solution. For instance, Wang et al.

(2018b) prepared MicroPCMs containing n-octadecane core and polymer-SiO2/TiC hybrid shell via a pick-

ering emulsion polymerization method (Figure 13A). It can be found that hybrid shell has much smaller and

more homogeneous size, which is adjustable through altering the particle concentration. The supercooling

degree of MicroPCMs can also be effectively reduced by the addition of SiO2 and TiC nanoparticles, which

might be due to the increased thermal conductivity of MicroPCMs (Figure 13B).

To further enhance the thermophysical performances, Fu et al. (2017) prepared one kind of NEPCMs with

organic/inorganic hybrid shell via in situminiemulsion polymerization of small droplets and sol-gel reaction
iScience 23, 101606, October 23, 2020 19



Figure 13. Tailoring Chemistry of Hybrid Shells

(A) Preparation scheme of MicroPCMs with polymer-SiO2/TiC hybrid shell.

(B) Thermal infrared images of MicroPCMs. Adapted with permission from (Wang et al., 2018b). Copyright 2018, Elsevier.

(C) Preparation scheme of nanoencapsulated n-octadecane with polymer-SiO2 hybrid shell.

(D) SEM image of nanoencapsulated n-octadecane.

(E) TEM image of nanoencapsulated n-octadecane.

(F) DSC curves of the NEPCMs. Adapted with permission from (Zhu et al., 2018). Copyright 2018, Elsevier.
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of tetraethoxysilane. SiO2 nanoparticles undergo hydrophobic modification. In the NEPCMs, polystyrene

(PS) and SiO2 serve as hybrid shell and n-tetradecane serves as core. The melting temperature and solid-

ification temperature of NEPCMs are 2.13�C and 0.39�C, respectively. The fusion enthalpy and solidifica-

tion enthalpy of NEPCMs are 83.38 and 79.37 J/g, respectively. These thermal results indicate that the

resultant NEPCMs has a high thermal energy storage capacity in the low-temperature environment. It is

noteworthy that SiO2/PS hybrid shell can enhance the thermal stability and thermal conductivity (0.40

W/mK) of NEPCMs because SiO2 particles are closely deposited on the PS shell. Similarly, Zhu et al.

(2018) fabricated NEPCMs containing n-octadecane core and polymer-SiO2 hybrid shell through interfacial

hydrolysis-polycondensation of alkoxy silanes and radical polymerization of vinyl monomers (Figures 13C–

13E). The polymer species have large effect on the supercooling degree of NEPCMs (Figure 13F). In addi-

tion to the enhanced thermal reliability, the compressive load at yield of NEPCMs is remarkably increased

from 14.7 to 65.0 mN due to the particular design of poly(hydroxylethyl methacrylate)-SiO2 hybrid shell.

Inorganic-Inorganic Hybrid Shells. In addition toorganic-inorganic hybrid shell, inorganic-inorganic hybrid

shell can also achieve unexpected performance enhancement or new functions. Li et al. (2018c) prepared Mi-

croPCMs containing paraffin core and SiO2/TiO2 hybrid shell via a sol-gel method. The thermal conductivity

of MicroPCMs is 11.63% higher than that of pristine paraffin. The latent heat of MicroPCMs is only decreased

by 6.58% after 1,000 heating/cooling cycles. To further enhance the thermal conductivity, He et al. (2020) pre-

pared NEPCMs containing D-mannitol core and SiO2/GO hybrid shell via a sol-gel method. The resultant

NEPCMs exhibit a high latent heat of 216.7 J/g. The thermal conductivity of NEPCMs is increased by 128.6%

compared with pristine D-mannitol. To develop new functions of MicroPCMs, Zhang et al. (2018a) designedMi-

croPCMs containing paraffin core and SiO2/Ti4O7 hybrid shell via a sol-gel method for light-thermal conversion

and storage. The thermal conductivity of MicroPCMs is as high as 1.32 W/mK, which is improved by 334.87%

compared with pristine paraffin. More importantly, MicroPCMs with 3 wt % Ti4O7 exhibit a high light-thermal

conversion efficiency of 85.36% due to the outstanding optical absorption property of Ti4O7.
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Figure 14. Tailoring Chemistry of Hybrid Shells

(A) Preparation scheme of OA-PEG/SiO2/SnO2 NEPCMs. Adapted with permission from (Hussain et al., 2018). Copyright

2018, Elsevier.

(B) Scheme of synthetic route and formation mechanisms of the microencapsulated n-docosane with a ower-like ZnO/

SiO2 hybrid shell.

(C) SEM of as-synthesized microcapsules.

(D) SEM of the microcapsules with a ower-like ZnO/SiO2 shell.

(E) TEM of the microcapsules with a ower-like ZnO/SiO2 shell.

(F) Plots of phase change parameters as a function of heating/cooling cycle number for the microcapsules with a flower-

like ZnO/SiO2 shell. Adapted with permission from (Sun et al., 2019). Copyright 2019, Elsevier.
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Xu et al. (2018) developed bifunctional MicroPCMs containing n-docosane core andMnO2/SiO2 hybrid shell via

interfacial polycondensation and template-directed self-assembly for thermal and electrical energy storage. The

nanoflake-like MnO2 layer was constructed on the surface of SiO2 shell. The resultant MicroPCMs exhibit a high

latent heat of 175 J/g with an encapsulation efficiency of 63 wt %. Importantly, MicroPCMs exhibit a higher spe-

cific capacitance (312.2 F/g) than traditional MnO2/SiO2 solid particles (Hou et al., 2017; Munaiah et al., 2013;

Yang et al., 2013; Zhang et al., 2014) when the operation temperature is higher than 45�C. This enhanced specific

capacitance is attributed to the in situ thermal management of the n-docosane core. Moreover, MicroPCMs

exhibit a superior long-term cycling stability with a high capacitance retention of 94.7% after 1,000 charging/dis-

charging cycles due to theMnO2 layer. Similarly, Hussain et al., (2018) developed bifunctional NEPCMs contain-

ing eutectic oleic acid (OA)-PEG core and SnO2/SiO2 hybrid shell via in situ emulsion interfacial hydrolysis and

polycondensation for thermal and electrical energy storage (Figure 14A). The mild-flower-like SnO2 layer was

uniformly formed on the surface of SiO2 shell. The resultant NEPCMs exhibit a melting temperature of 3.11�C
and a latent heat of 58.79 J/g with an encapsulation efficiency of 52 wt %. The thermal conductivity and electrical

conductivity of NEPCMs are 0.71 W/mK and 1.08 3 10�7 S/cm, respectively. The yield load and hardness of

NEPCMs are 89.7 mN and 4.7 GPa, respectively. Importantly, NEPCMs exhibit a specific capacitance of 59.2

F/g. Therefore, these bifunctionalMicroPCMs orNEPCMs are good candidates as electrodematerials for super-

capacitors and Li-ions battery cells.

In addition to thermal energy storage and electrochemical energy storage, Sun et al. (2019) further devel-

oped a novel type of bifunctional MicroPCMs containing n-docosane core and ZnO/SiO2 hybrid shell
iScience 23, 101606, October 23, 2020 21



Figure 15. Tailoring Chemistry of Hybrid Shells

(A) Preparation scheme of the magnetic MicroPCMs with n-eicosane core and Fe3O4/SiO2 hybrid shell.

(B) SEM image of the magnetic MicroPCMs.

(C) Magnetic hysteresis loops of the magnetic MicroPCMs. Adapted with permission from (Jiang et al., 2014). Copyright

2014, Elsevier.

(D) Preparation scheme of MicroPCMs with n-eicosane core and Fe3O4/SiO2 hybrid shell on wood surface. Adapted with

permission from (Qian et al., 2019). Copyright 2019, Elsevier.
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through emulsion-templated interfacial polycondensation for thermal energy storage and superhydropho-

bic effectiveness (Figure 14B). The flower-like ZnO layer was formed on the surface of SiO2 shell (Figures

14C–14E). The resultant MicroPCMs exhibit a high latent heat of 139 J/g with an encapsulation efficiency

of 79.6 wt %, high phase change reliability, and long-term heating/cooling durability (Figure 14F). Impor-

tantly, MicroPCMs exhibit a superhydrophobic surface with a large water contact angle of 159.7� due to the

formation of low-surface-energy aliphatic acid coating on the surface of ZnO layer, whereas ZnO layer

cannot support superhydrophobicity of MicroPCMs due to large number of hydrophilic hydroxyl groups

on the surface of ZnO layer. It is also worth noting that an adaptable aliphatic acid coating is very significant

for the superhydrophobic surface of MicroPCMs and that excessive aliphatic acid may reduce the surface

hydrophobicity of MicroPCMs. Therefore, these bifunctional MicroPCMs show a great application poten-

tial in thermal energy storage, self-cleaning, and antifouling coatings.

Although Fe3O4 nanoparticles have excellent magnetic property, they are easily oxidized and tend to

aggregate together (Jiang et al., 2014). Considering these issues, Jiang et al. (2014) designed a novel

type of bifunctional MicroPCMs containing n-eicosane core and Fe3O4/SiO2 hybrid shell through interfacial

polycondensation for thermal energy storage and magnetic effectiveness (Figures 15A and 15B). The SiO2

shell can effectively protect the magnetic Fe3O4 domain from oxidation and aggregation. The resultant Mi-

croPCMs exhibit a high latent heat of 170.2 J/g and high thermal reliability and stability due to the compact

Fe3O4/SiO2 hybrid shell. Importantly, MicroPCMs exhibit a superparamagnetism with extremely low mag-

netic retentivity and coercivity. Themagnetization saturation of MicroPCMs is 3.42 emu/g (Figure 15C). This

good magnetic performance can make the magnetic MicroPCMs respond quickly to the applied external

magnetic field, and thus guarantee that they are subjected to rapid magnetic manipulation in practical ap-

plications. Moreover, the supercooling degree of MicroPCMs is suppressed effectively compared with

pristine n-eicosane. This is because the nucleation barrier for n-eicosane core is reduced due to the hetero-

geneous nucleation of inner shell. Similarly, Qian et al., (2019) also designed magnetic MicroPCMs
22 iScience 23, 101606, October 23, 2020



Figure 16. Tailoring Chemistry of Hybrid Shells

(A) Preparation scheme of n-eicosane/SiO2/CdS MicroPCMs.

(B) TEM image of n-eicosane/SiO2 MicroPCMs.

(C) TEM image of n-eicosane/SiO2/CdS MicroPCMs.

(D) TGA and DTA curves of MicroPCMs.

(E) Degradation rate plots of MicroPCMs.

(F) Photoluminescence emission spectra of MicroPCMs. Adapted with permission from (Liu et al., 2018a). Copyright 2018,

Elsevier.
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containing n-eicosane core and Fe3O4/SiO2 hybrid shell using a sol-gel method (Figure 15D). The resultant

magnetic MicroPCMs exhibit a high latent heat of 170.9 J/g and saturation magnetization of 3.70 emu/g.

These bifunctional magnetic MicroPCMs can be considered as the intelligent coatings for temperature

regulation, anti-radiation, anti-jamming, and electromagnetic-infrared double shielding.

CdS, a semiconductor-type photocatalyst, not only has photocatalytic activity but also has fluorescent

feature (Kaur et al., 2019; Ma et al., 2020b; Wang et al., 2019a; Zhen et al., 2018). Considering the dual fea-

tures of CdS, Liu et al. (2018a) prepared one novel type of MicroPCMs containing n-eicosane core and SiO2/

CdS hybrid shell for solar photocatalysis and fluorescence emission (Figure 16A). First, the inner n-eico-

sane/SiO2 was fabricated through the interfacial polycondensation of SiO2 precursors, in which cetyltrime-

thylammonium bromide conducted the self-assembly of SiO2 precursors. Then, the outer CdS layer was

constructed on the surface of n-eicosane/SiO2 MicroPCMs using an in situ precipitation method (Chai
iScience 23, 101606, October 23, 2020 23



Figure 17. Tailoring Chemistry of Hybrid Shells

(A) Preparation scheme of multifunctional MicroPCMs with n-eicosane core and Ag/SiO2 hybrid shell.

(B) UV-visible spectra of MicroPCMs at different reaction time.

(C) Plots of the survival rates of different bacteria for MicroPCMs.

(D) Optical photographs of the Petri dishes loading Escherichia coli at different contact time.

(E) Optical photographs of the Petri dishes loading Staphylococcus aureus at different contact time.

(F) Optical photographs of the Petri dishes loading Bacillus subtilis at different contact time. Adapted with permission from (Zhang et al., 2016). Copyright

2016, Elsevier.

(G) Preparation scheme of Ag/SiO2-MicroPCMs. Adapted with permission from (Wang et al., 2018a). Copyright 2018, Elsevier.
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et al., 2015; Kosmulski and Science, 2002). Transmission electronmicroscopic images (Figures 16B and 16C)

clearly exhibit the perfect core-double shell structure of MicroPCMs with a particle size ranging from 2 to

4 mm. TGA and DTA curves (Figure 16D) indicate that the maximum-rate pyrolysis temperatures of n-eico-

sane/SiO2 and n-eicosane/SiO2/CdS microcapsules are both improved due to the encapsulation of rigid

inorganic shell. The thermal infrared images indicate that the resultant MicroPCMs have a good thermo-

regulatory capability. More importantly, CdS is a semiconductor-type photocatalyst and can be activated

by visible light. Therefore, the n-eicosane/SiO2/CdS exhibit a high photocatalytic activity (90%) of methy-

lene blue under the natural sunlight illumination (Figure 16E). It is worth noting that the photocatalytic

effectiveness strongly depends on the amount of CdS in the shell (Sudha and Sivakumar, 2015; Xu and

Schoonen, 2000). Moreover, the n-eicosane/SiO2/CdS also exhibit a fluorescent function (Figure 16F)

due to the presence of outer CdS layer (Sudha and Sivakumar, 2015).

As is well known, silver (Ag) is a high electrically conductive metal with superior photocatalytic and antibac-

terial activity (Ma et al., 2020a; Panchal et al., 2020; Zhang et al., 2020a). Considering these features of silver,

Zhang et al. (2016) developed a novel type of multifunctional MicroPCMs containing n-eicosane core and

Ag/SiO2 hybrid shell through interfacial polycondensation and silver reduction (Figure 17A). The resultant

MicroPCMs have a perfect silver outer layer when the reaction time for reducing and depositing silver ions

is set to 20 h. In addition to high LHS (155 J/g) and good thermal regulation capability, MicroPCMs have

also a high electrical conductivity of 130U$m. Therefore, themultifunctional MicroPCMs can be considered

as conductive coatings to achieve anti-interference and cooling functions for central processing units and

various memory chips. More importantly, MicroPCMs have high antimicrobial activities (Figures 17B–17F)

against Bacillus subtilis (95.9%) and Staphylococcus aureus (99.1%) at a contact time of 4 h due to the per-

fect silver outer layer. Similarly, Wang et al. (2018a) also developed multifunctional MicroPCMs containing
24 iScience 23, 101606, October 23, 2020
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n-octadecane core and Ag/SiO2 hybrid shell (Figure 17G). The resultant MicroPCMs also exhibit excellent

thermoregulation and bactericidal properties, especially for Staphylococcus aureus. Benefiting from good

sterilization and thermal regulation functions, MicroPCMs can also satisfy the special requirement for the

multifunctional surgical bandages that need both antibacterial and cooling effects on the wounds to pro-

mote their healing (Nischala et al., 2011).

In summary, MicroPCMs and NEPCMs with single SiO2 shell usually exhibit relatively insufficient thermal

performances and lack some advanced new functions., whereas MicroPCMs and NEPCMs with hybrid

shells (SiO2-organic hybrid shell and SiO2-inorganic hybrid shell) can effectively solve the aforementioned

shortcomings. They usually exhibit better thermal performances and many new functions (including elec-

tromagnetic shielding, electrochemical energy storage, and superhydrophobic, magnetic, fluorescent,

photocatalytic, and antibacterial functions). To further satisfy special function requirements in some special

application scenarios, MicroPCMs and NEPCMs with more advanced functions need to be further devel-

oped in the future.
CONCLUSIONS AND FUTURE PROSPECTS

This review provides state-of-the-art advances in SiO2-based composite PCMs for thermal energy storage

from the perspective of tailoring chemistry strategies. In this review, SiO2-based composite PCMs are clas-

sified into porous shape-stabilized and micro/nano-encapsulated SiO2-based composite PCMs according

to the microstructures of SiO2. In SiO2-based composite PCMs, PCMs can complete heat storage and heat

release by undergoing phase change, and SiO2-based supporting materials can hinder the flow of liquid

PCMs, thus maintaining solid state on a macroscopic scale. However, not all porous SiO2 materials and

SiO2 microcapsules are suitable for the infiltration of PCMs. Because the physicochemical properties of

SiO2, including surface functional groups, pore sizes, dopants, single shell, and hybrid shells, inevitably in-

fluence the thermal performances and other functions of composite PCMs, including heat latent, phase

change temperature, thermal conductivity, thermal stability, and shape stability. Especially, when SiO2 is

in the nanoscale, the resultant composite PCMs are much different from the bulk PCMs. Therefore, this re-

view systematically summarizes and discusses the influences of surface functional groups, pore sizes, dop-

ants, single shell, and hybrid shells on the thermal performances of SiO2-based composite PCMs, aiming to

provide in-depth insights into the relationships between structural designs and thermal properties and a

better guide on the tailor-made construction of high-performance SiO2-based composite PCMs.

In terms of porous SiO2-based shape-stabilized composite PCMs, micropores generally stimulate stronger

nanoconfinement effects on the thermophysical properties of PCMs in the molecular dynamics. The stron-

ger nanoconfinement effects might significantly reduce the thermal energy storage density and latent heat

of PCMs; even the latent heat is zero. However, relatively large macropores are usually insufficient to

adsorb PCMs owing to the weak physical interactions between PCMs and macropores. Therefore, high

thermal energy storage density is usually not available in the relatively large macropores. In addition,

different surface functional groups of SiO2 have significant effects on the thermal properties of composite

PCMs. Suitable functional groups can significantly improve the thermal properties of SiO2-based compos-

ite PCMs. On the contrary, unsuitable functional groups will reduce the thermal properties of SiO2-based

composite PCMs or even loss of thermal performances. In terms of micro/nano-encapsulated SiO2-based

composite PCMs, single SiO2 shell is usually unable to satisfy some special functional requirements,

whereas hybrid shells containing SiO2 shell and organic shells or other inorganic shells with some specific

functions can endure the enhanced thermal properties or novel functions of micro/nano-encapsulated

SiO2-based composite PCMs, such as electromagnetic shielding, electrochemical energy storage, and

superhydrophobic, magnetic, fluorescent, photocatalytic, and antibacterial functions.

Although numerous significant advancements have been made in SiO2-based composite PCMs, more ef-

forts are still required to further regulate their thermophysical performances. Many promising aspects and

challenges are worth further investigating and conquering on the development of high-performance SiO2-

based composite PCMs in the future. (1) Mutual matching relationships between functional group types of

SiO2 and different PCMs need further clarifications. (2) The mechanisms of the influences of different modi-

fied pores on the thermal properties of PCMs infiltrated in porous SiO2 needmore systematic explanations,

including pores size, pore distribution, and pore shape. (3) Multi-scale investigation on thermal energy

storage and thermal conductivity of SiO2-based composite PCMs should be conducted based on theoret-

ical, numerical, and experimental methods. (4) Thermal properties of porous SiO2-based shape-stabilized
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composite PCMs should be further improved. (5) High-performance micro/nano-encapsulated SiO2-based

composite PCMs with other hybrid shells should be further developed. (6) Current researches mainly focus

on SiO2-based organic composite PCMs. Therefore, SiO2-based inorganic composite PCMs needmore re-

searches and the corresponding supercooling degree should be further reduced. (7) Sol-gel method is a

common way to prepare SiO2-based composite PCMs, but the cost of raw materials is high. In this regard,

natural SiO2 serving as the supporting material is a more economical way to obtain SiO2-based composite

PCMs, such as diatomite. Preparation efficiency and cost should be considered to satisfy the demands of

industrial applications. (8) Multifunctional SiO2-based composite PCMs should be designed and optimized

to satisfy the specific application requirements, including mechanical, optical, electrical, magnetic, and

biological properties, etc., which is a very promising research topic in the future.
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