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Abstract 

This review aims to provide an insight into the imidazolium ionic liquids (ILs) as novel phase 

change materials (PCMs) for low and medium temperature thermal energy storage, with a focus 

on their multi-dimensional thermophysical/nucleation features within encapsulation for defect 

regulation during solid-liquid transition. Imidazolium ILs have been emerging as novel phase 

transition-based energy storage material due to unique properties of wide liquidous range, rich 

crystallization behavior, small thermal volumetric expansion and environmental-friendly 

properties, but suffer from defects of low enthalpy and large supercooling. To meet the 

challenge acting as PCMs, the work first gave a brief overview on supercooling regulation and 

enthalpy elevation of imidazolium ILs, and proposed micro-encapsulation with crystallization-

promoting porous shell to regulate their defects. Then discussion regarding multi-dimensional 

thermophysical features of imidazolium ILs were given, including features within micro-

confined capsule core (phase transition, melting point, thermal stability, specific heat capacity 

and thermal conductivity), nano-confined nucleation within the mesoporous shell, and 

mesoporous interfacial nucleation. Finally, the future applications of imidazolium ILs and 

microencapsulation in the fields of infrared stealthy, solar thermal utilization, thermal 

management in extreme environment and green energy-saving building were highlighted. The 

study provides a timely review of the imidazolium ILs acting as thermal energy storage (TES) 

materials, and future suggestion like functional ILs with more hydrogen bonds or supercooling 

utilization for seasonal TES may help concentrate efforts on solving the key issues in urgent 



need. 
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Thermophysical features of imidazolium ionic liquids and their defects regulations 

(supercooling and low enthalpy) as phase change materials are comprehensively reviewed. 

 

1. Introduction 

During the past decades, energy storage have been attracting dramatically growing attention as 

CO2 reduction technologies, attributed to the fact that it allows excess energy to be stored and 

transferred back to its original or different form when needed, including forms of 

electrochemical, mechanical, thermal and electrical[1, 2]. Among these options, thermal energy 

storage (TES) is a promising and safe option as it stores energy in the form of heat, cold or a 

combination of both in a storage material. TES can be further classified into sensible heat 

storage (SHS), latent heat storage (LHS) and thermochemical energy storage (TCHS) based on 

the type of heat. LHS using PCMs is particularly appealing attributed to the high energy storage 

capacity, quasi-isothermal charging/discharging process, and reasonable capital investment. As 

a functional and smart material, PCMs can be classified based on their phase state (solid-liquid, 

solid-solid, solid-gas, or liquid-gas), chemical composition (organic, inorganic, eutectic 

mixture), and melting temperature range (low, mid, or high temperature). This makes PCMs 



widely used in various applications such as solar or wind energy systems, building, refrigeration, 

textiles. 

Within the scope of TES, the low temperature often refers to the range of -100 ~ 250  (shown 

in Fig.1a). For example, logistics of COVID-19 vaccines require storage temperature of -80 ~ 

-60  (BioNTech) and -25 ~ -15  (Moderna and Janssen)[3], refrigeration space demands 

PCMs functionalize at temperatures of -40 ~ 28 [4], temperature control of vehicle cabin at -

50 ~ 70  and battery protection at 30 ~ 80 [5, 6], thermal protection of electronic device at 25 

~ 50 [7], food thermal protection at -30 ~ 120 [8], and solar thermal energy storage at 

temperatures of 20 ~ 150 [9]. As given in Fig.1b, organic compounds (paraffins, fatty acids, 

polyalcohols) and inorganic salt hydrates are the most investigated PCMs for low temperature 

TES. Organic PCMs have high melting enthalpy and undergo minimal volume change during 

phase transition, but they have low thermal conductivity. Salt hydrates, on the other hand, have 

higher thermal conductivity and cost effective but are not compatible with metallic containers 

and suffer from phase separation. Eutectic mixtures of inorganic salts may experience 

congruent transition without stratification, but they still face challenges such as supercooling 

tendency and poor cycling stability. Previous studies have extensively reviewed the 

thermophysical properties or challenges of low temperature PCMs[10-14]. So far, it is safety to 

say no individual PCMs can perfectly meet all requirements in the field of thermal energy 

storage. Consequently, there is an increasing demand for new energy materials that offer ideal 

thermal properties while also being safe, cost-effective, and stable for specific applications.   

The inorganic molten salts, which are typically mixtures of alkali salts such as carbonate, nitrate, 

gh 

temperature range of 200 ~ 1000 , attributed to their high latent heat and low costs. Ionic 

liquids (ILs), on the other hand, are a special group of molten salts that consist of large organic 

cation and a small inorganic anion. They normally have lower melting temperature compared 

to inorganic salts due to their larger molecular volumes and internal competition between Van 

der Waals and Coulombic forces. By selecting appropriate anions/cations, functional groups or 

alkyl chains, their thermal properties can be optimized within a wide range of -96  ~ 359 [15]. 

There are vast number of potential combinations of cations and anions, estimated to be around 



one billion, which provides a significant scope for tailoring ILs to specific application[16, 17]. 

Over 1000 ILs have already been synthesized, surpassing the number of conventional inorganic 

salts available[18]. Due to properties of stable thermal/chemical, adjustable polarity, wide liquid 

and electrochemical window, ILs have been widely used as reaction media for various green 

chemical process or as electrolytes[19]. However, less frequent is their application in thermal 

energy storage as PCMs because the advantage of applying those media are not that 

straightforward. 

Among the vast choice of ILs, imidazolium cationic-based ILs have been studied extensively 

to realize tunable physicochemical properties. The electronic structure of classic imidazolium 

cation ring is best described as comprising two nitrogen atoms interconnected by methylene 

group, which categorized as N1 (amoino nitrogen) donor and N3 (imino nitrogen) acceptor as 

given in Fig.1c. Tunable properties of imidazole can be achieved as second amine can 

participate into varies amphoteric reactions. Classic low-temperature ILs anions include 

bis(trifluoromethylsulfonyl)imide (NTf2
-), trifluoromethylsulfate (TfO-), dicyanamide 

(N(CN)2
-), tetrafluoroborate (BF4

-), hexafluorophosphate (PF6
-), and anions not in liquid state 

at room temperature including chloride, bromide, iodide, nitrate, perchlorate, formate or acetate. 

For ILs serving as PCMs, published data of their thermophysical properties and enthalpy is still 

limited, but the interaction role influencing thermal properties is clear: hydrogen bonding, ion 

size, charge dispersity, alkyl branching and ion symmetry[20]. Table 1 compared the energy 

storage indexes of imidazolium ILs and commercial energy storage materials. Obviously, the 

sensible storage density and thermal conductivity of ILs are higher than these of commercial 

media respectively, while the latent energy storage density is relatively lower. Nevertheless, the 

overall storage density of imidazolium ILs is competitive with commercial ones, thus have been 

used in the field of solar power energy storage[21]. 



 
Fig.1. (a) Low temperature PCMs a) applications of PCMs at temperature range of -50 ~ 

250 [12], (b) PCMs in the temperature range of -100 ~ 200  against melting enthalpy[22]; (c) 

Chemical structures of the main cations and anions used in imidazolium ILs. 
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Advantages of imidazolium ionic liquids as PCM: The rich crystallization behavior, small 

volumetric expansion as well as environmental-friendly properties make imidazolium ILs 

potential candidate for phase transition-based energy storage materials[27], especially at the low 

temperature range. Table 2 gives the thermophysical properties of the main imidazolium ILs 

from recent literatures. Imidazolium ILs exhibits heat of fusion of 59.00 ~ 159.00 kJ/kg upon 

melting range of  87  ~ 208 . The high heat of fusion can be found at long-chain 

alkylimidazolium halogen ([C16MIM]Br or [C16C1IM]Cl) with melting range around 64.00 . 

Their decomposition temperature (Td), however, are normally lower than that with [NTf2]- or 

[TfO]- anions. The highest and lowest Td can be found at [C3MMIMI][Im] (423.85 K) and 

[C2H3O2BIM]Br (201.85 K). The heat capacity and thermal conductivity of imidazolium ILs 

falls in the range of 0.17 ~ 1.82  and 0.125 ~ 0.186 -1K-1), respectively. 

 

Table 2. Thermophysical parameters of the main imidazolium ILs acting as PCMs  

Ionic Liquids Tm ( ) Hf (J/g) Td ( ) 
Cp 

 

-

1K-1) 
Ref 

[C2MIM][NTf2] -14.90 55.20 - 1.34 
0.128 ~ 

0.130 
[23, 28, 29] 

[C2MIM][BF4] 14.85 48.19 444.85 1.28 0.200 [23, 29, 30] 

[C2MIM][PF6] - 70.24 - - - [23] 

[C2(MIM)2][BF4]2 144.82 94.41 355.94 - - [31] 

[C2(MIM)2](Br)2 188.32 116.26 310.66 
0.87 

(100 ) 
- [32, 33] 

[C2(MIM)2][NTf2]2 139.63 73.99 452.41 - - [31] 

[C2(MIM)2][PF6]2 191.34 109.41 388.73 - - [31] 

[C2(MMIM)2](Br)2 110.12 17.86 248.40 - - [32] 

[C2H3O2BIM]Br 156.85 46.37 201.85 - - [34] 

[C2H3O2MMIM]Br 147.85 57.92 304.85 3.77 - [34] 

[C2H3O2MIM]Br 176.85 104.21 291.85 1.81 - [34] 

[C2H5OMIM]Br 71.85 78.04 303.85 1.72 - [34] 

[C2(eim)2](Br)2 184.21 125.17 305.19 
0.83 

(100 ) 
- [32, 33] 

[C2(pim)2](Br)2 102.88 60.15 298.94 - - [32] 

[C2(bim)2](Br)2 99.93 54.42 280.39 - - [32] 

[C3(MIM)2](Br)2 172.80 115.82 321.24 - - [31] 

[C3MMIMI][Im] 10.80 97.30 456.85 1.20 0.131 [21, 35] 

[C4(MIM)2](Br)2 115.45 155.69 318.33 
0.87(10

0 ) 
- [32, 33] 



[C4MIM][MeSO4] - - 320.85 -
0.172 ~ 

0.179 
[36]

[C4MIM][BF4] -87.38 - 423.85 
1.62~1.

66 

0.159 ~ 

0.186 
[21, 37, 38] 

[C4MIM][BF6] 10.85 - - 1.45 
0.136~0.1

73 
[37, 39-41] 

[C4(eim)2](Br)2 131.34 102.13 277.33 
0.94 

(100 ) 
- [32] 

[C4MMIM]Cl 92.89 76.38 - - - [42] 

[C4MIM]Cl 
74.00±1.0

0 

18.00±0.50 

(kJ/mol) 
- - - [30, 43] 

[C4MIM]Br - 74.39 214.85 - - [23, 29] 

[C4MIM][NTf2] -6.31 53.49 330.00 - 
0.124 ~ 

0.128 
[44] 

[C4MMIM]Br 76.51 66.98 - - - [23] 

[C4(MMIM)2](Br)2 32.45 86.70 330.59 - - [32] 

[C4H6O2MMIM]Br 149.85 92.95 237.85 2.32 - [34] 

[C4H6O2BIM]Br 92.85 45.53 208.85 2.06 - [34] 

[C4(C2H4im)2](Br)2 
116.01 ~ 

134.86 
159.35 304.36 

0.81 

(100 ) 
- [32, 45] 

[C4(C2H5Oim)2](Br

)2 

102.92 ~ 

103.07 
110.20 297.65  

1.41 

(100 ) 

0.125 ~ 

0.127 
[32, 45] 

[C4(C2H3O2im)2](B

r)2 
208.62 117.85 309.43 - - [32] 

[C6MIM][NTf2] - 63.2 - - 
0.125 ~ 

0.127 
[23, 28] 

[C6MIM][BF4] - - 
357.85 ~ 

440.85 

1.445 ~ 

2.284 

0.158 ~ 

0.167 
[46-48] 

[C8MIM][BF4] 11.55 
20.06 

(kJ/mol) 
404.00 1.63  [24, 49] 

[C8MIM][Tf2N] - - 400.00 1.23 
0.125 ~ 

0.128 
[49] 

[C8MIM][PF6] - - 405.00 1.59 - [49] 

[C10MIM]Br 74.43 66.79 - - - [23] 

[C10MMIM]Br 68.20 75.39 - - - [23] 

[C16MIM]Br 63.91 152.56 - 
1.25 ~ 

1.79 
- [23] 

[C16MMIM]Br 98.55 126.62 - 
1.27 ~ 

3.09 
- [23] 

[C16C1IM]Cl 64.00 159.00    [50] 

 



In terms of cold chain storage, temperature is not the single parameter affecting the deterioration 

rate and postharvest lifetime of food, extrinsic factors such as humidity and CO2 concentration 

also matter. For example, the standard of air-conditioned cold storage is required to be 

adjustable within the range of  2 ~ 15 °C, relative humidity RH of 75 ~ 95%, and CO2 content 

of 1 ~ 10%. PCMs with anti-virus and antibacterial functions will be favorable due to the 

appearance of global epidemic. Imidazolium ILs can be employed as PCMs in cold chain 

logistics because 1) Imidazolium ILs have powerful adsorption and desorption capacity of CO2 

both physically and chemically[51] (16 % less energy requirement and 11% reduction than the 

aqueous amine), leading to an increased gas regulatory space in cold chain storage without 

secondary pollution; 2) Imidazolium ILs have superior water sorption (reaching 0.5 g/g at 

20 /70% RH) and fast sorption rate under wide humidity range [52], leading to a wide 

adjustable humidity range; 3) Imidazolium ILs have shown remarkable improvement in the 

activity of ciprofloxacin[53]. The antibacterial properties can be further improved with the 

addition of metal ions to imidazole-based coordination, which will be of great importance in 

cold chain environment during the global epidemic; 4) Thin film induced by the chemical 

reaction of imidazolium ILs and steel surface can prevent container corrosion, while traditional 

PCMs like organic and hydrate salts are usually corrosion when in direct contact with metal 

housings or pipes. In a word, the crucial features of adjustable melting temperature range, 

antibacterial, anti-corrosion, and adjustable humidity and gas composition promote 

imidazolium ILs perfect multi-functional energy storage medium for cold chain logistics. 

Another benefit of imidazolium IL is their high stability under radioactive environment, which 

is favorable in thermal control of spacecraft under extreme environment from direct solar 

irradiance to near total darkness. Rao et al.[54] examined various imidazolium ILs -irradiated 

to absorbed dose levels up tp 700 kGy, and found little changes in density, viscosity and 

refractive index in spite of the significant variation in color and electrochemical window. 

Similarly, it has been proven that radiation have a negligible effect on the interfacial properties 

and phase behavior of imidazolium IL-based microemulsions with different alkyl chain 

lengths[55]. Inspired by the unique property, NASA (National Aeronautics and Space 

-Based Phase Change 



during 2016  2019[56] (shown in Fig. 2a). The 

developed PCM formulations exhibit high enthalpy (254 - 272 kJ/kg) upon low volume 

expansion (~ 6 - 7%), as well as high thermal diffusivity, thermal inertia, without corrode 

metallic substrates, phase separation or degrade. Therefore, imidazolium-ILs can be developed 

as the next-generation PCMs given their various advantages. 

Until now, many efforts have been made to review ionic liquid & ionanofluids as thermal 

fluid[35, 57-59]

materials. A recent review from Piper et al.[20] showed ionic liquids offer a series of inherent 

the importance of computational methods to tailor the thermal properties of ILs. Matuszek et 

al.[60] studied the potential of protic ionic liquid as phase change materials, and the results 

showed small structural variations in the cation may lead to a drastic changes in thermophysical 

properties in the intermediate temperature range. They also recommend ILs functionate to 

mitigate the intermittency issue of wind and solar energy in intermediate temperature range 

(100 ~ 220 )[61]. Urzúa et al.[62] compared the thermal storage density of ionic liquid mixtures, 

and found the value surpasses that of some conventional materials utilized for energy storage. 

transition properties (e.g. Hf, Sf) is very few. Besides, a systematic review on imidazolium 

spite of their rich crystallization 

behavior and high stability. To the best of authors knowledge, no work or published data were 

given to meet the challenge of imidazolium ILs for thermal energy, such as regulating 

supercooling, elevating heat enthalpy or reducing phase separating. In contrast, research with 

regard to tunable and green ILs as PCMs showed a prosperous upward tendency in the past 12 

years (shown in Fig.2b). To meet the challenge of ionic liquids working as PCMs, this review 

attempts to find -liquid transition 

leakage, decrease phase separation and supercooling simultaneously firstly, by overviewing 

methods of supercooling regulation and enthalpy elevation of imidazolium ILs. Then it 

summarizes thermophysical properties of imidazolium ILs within the encapsulation core, phase 

transition of nanoconfined ILs inside the capsule shell, as well as nucleation characteristic on 



porous surface. Finally, the future applications of imidazolium ILs and microencapsulation in 

various industrial fields are discussed.  

 
Fig.2. (a) Modified Ionic liquid-based PCMs utilized in effective heat exchanger in extreme 

space environment from NASA[56].

from ScienceDirect, ACS, Wiley, Web of Science and Scopus in Oct 2023) 

2. Challenge and strategies for ionic liquids as phase change materials 

2.1 Supercooling regulation 

Despite the vast advantages of ILs as PCMs, the low enthalpy of pure solution and supercooling 

are still the main concern defects[63, 64]. Supercooling is a metastable state generated during 

 solid-liquid transition, providing energy for crystal growth and crystal plane 

expansion, also known as the driving force of phase change crystallization. Supercooling and 

glass formation are processes typical for ILs with imidazolium cations, and in extreme cases 

crystallization maybe kinetically restrained. Although thermophysical optimization by anion 

selection or by changing the chain-length of aliphatic non-polar domains is feasible, the 

complicated synthesis process and expensive plant-scale progress hindered its potential 



development. To implement ILs into PCM-based application, technologies to conquer the 

defects should be proposed. The main methods can be divided 

into the following two categories. 

1). Introducing heterogeneous nucleation point to reduce nucleation barrier. Many efforts have 

been made to increase nucleation points by adding nanoparticles[65], surfactants[66], etc. The 

addition of such materials can simultaneously improve the thermal conductivity and induce 

interfacial rotational crystallization. The crystal form, concentration, morphology and size of 

additives determines the nucleation and crystallization performance, while improper addition 

may inhibit crystallization and improve the supercooling[67, 68]. With the development of energy 

storage, a single nucleating agent can no longer meet the requirements for the regulation of the 

supercooling of PCMs. Yet a systematic understanding of the action mechanism of composite 

nucleating agents is still lacked[67]. 

Adding nanoparticle addictive to host have been proven to be the simplest yet most effective 

way to promote heterogenous nucleation, because crystallization can be notably modified when 

moderate interactions presents[69]. Although adding nanoparticles to ILs[57, 70] to elevate thermal 

conductivity has been widely studied, their effects on ILs nucleation were scarcely investigated. 

Efimova et al.[43] employed microcrystalline powders of SiO2, AlN, CaCO3 and MgO (1 ~ 3 

wt%) as nucleating seeds, but the crystallization kinetics of [C4MIM]Br was nearly unaffected. 

They also tested the homogeneous nucleation agent  1 ~ 3 wt% [C4MIM]Cl, but no thermal 

effects present. In a recent study, carbon nanotubes (CNTs) was added to 1- - -

nitrophenylazo)-phenyloxy] hexyl-3-methyl-1H-imidazol-3-ium tetrafluoroborate to test their 

impact on crystallization process[71]. The results revealed the fusion enthalpies of the 

composition crystals were 29.3 ~ 32.2 kJ/mol and the crystallization enthalpy increased by 20%, 

due to the increased crystal nucleation rate caused by the -  interactions between the molecule 

and the rigid CNT surface. Similar suppressing effect can also be achieved by adding graphite, 

hexagonal boron nitride and graphene oxide.  

Encapsulation in the confined space of microcapsules or hollow fibers can solve the problem 

of solid-liquid phase change leakage, reduces phase separation and improves the efficient 



thermal conductivity. For liquid-solid PCMs in a confined space, the main nucleation 

mechanism transfers from heterogeneous nucleation in bulk system to homogeneous nucleation 

in encapsulated counterpart, due to the dramatically increased amount of surface alkane 

molecules (also known as surface freezing monolayer). Confined space favors the development 

of surface freezing, meaning the temperature range of two rotator phases expanded. A study of 

n-docosane crystallization behavior showed a new metastable rotator phase emerge alongside 

with the surface freezing [72]. In terms of binary mixtures in microcapsules, the solid-solid phase 

separation was inhabited due to suppressed interactions of the terminal methyl-methyl in the 

confined spaces, resulting in higher miscibility of the two components.  

2). Stimulating nucleation sites by physical field intervene. The commonly used ways using 

external field to promote heterogeneous nucleation are ultrasonic vibration, electric field and 

magnetic field. Cavitation caused by ultrasonic vibration continuously break the crystals. The 

broken crystals will fuse with melted solution, leading to an improved dispersion of crystal 

nucleus and providing sufficient nucleation sites for heterogeneous nucleation[65]. The 

intervention of electromagnetic field can accurately control the grain size by change the 

chemical potential difference and charge distribution. When applying electric field on 

molecular solution, the induced dipole emerged due to the increased charge separation between 

polar and non-polar molecules. The induced dipole interacts with the electric field, which 

changes the free energy of the molecule and the polarization orientation of the molecular chain, 

and affects the stacking arrangement and crystal morphology of the molecular chain[73] (as 

shown in Fig.3). Magnetic field can significantly reduce the supercooling time of polymetallic 

materials, but its effect on nonmetallic PCMs is still controversial[74]. 

 

Fig.3. (a) Schematic diagram of the effect of electric field on nucleation rate and phase 

transition temperature[75]; (b) and (c) is the optical microscope images of HEWL crystal in 



sodium chloride solution under no electric field and 2.36V/cm electric field, respectively, 

indicating the electric field increases the crystal size but decreases the number of crystals[73]. 

Other schemes to reduce supercooling include using metal foam or nanowires to disturb the 

crystallization of phase change materials[76], regulating the surface tension to drive the crystal 

trend at the liquid-liquid interface[77], and so on. Many of these schemes cannot simultaneously 

solve the problems of supercooling, phase separation and leakage, and sometimes lose the 

inherent advantages of phase change materials, which is not practical in industrial applications. 

Therefore, confining composite materials in a micro-space to suppress supercooling/phase 

separation and elevate enthalpy simultaneously is one of the most promising methods to 

 

2.2 Enthalpy elevation 

new emerged ones have shown improved enthalpy of fusion. Many efforts have been devoted 

to increase Hf by enhancing electrostatic and hydrogen bonding interaction among cationic 

and anionic ions[33, 45], by means of elongating length of alkyl linker chain, or substituting 

functional groups or cationic moieties[78]. However, the synthesis process is rather complicated 

and Hf is still relatively low (159 kJ/kg for [C4(C2H3IM)2]Br2
[45]) compared with conventional 

PCMs (271.9 kJ/kg for C15 - C18 alkanes[79]). Nevertheless, the enthalpy of ILs can be elevated 

by adding polar or non-polar compounds with higher enthalpy, as IL possesses power of 

diversity and versatility in solvent-being polar and non-polar (alphatic chains in the cations) 

simultaneously [80].  

Among the conventional PCMs, polyethylene glycol (PEG) was a common semi-crystalline 

polymer with high enthalpy (~ 185.6 J/g [81]) and often utilized to form form-stable composite 

PCMs at low temperature range. Tunable physicochemical properties can be obtained by 

changing PEG chain lengths, and the thermal conductivity of organic PEG can be enhanced by 

63.0 ~ 87.7 % with the addition of nano-materials (graphene oxide [82] or AgNWs [83]). Blending 

-

volatility, good polarity, low flammability and excellent miscibility strength[84]. Special 



attention should be paid to the solubility and phase behavior, as they determined the overall 

thermophysical features of homogeneous solvents, biphasic system, or immiscible solution 

with possible phase separation.  

Due to the high hydrogen bond acidity of imidazolium cation, stronger hydrogen bonds can be 

reached when PEG acting as a proton acceptor. Visak and co-workers[85, 86] revealed the phase 

behavior of imidazolium ILs-

alkyl chain lengths[86]. Imidazolium IL and PEG200/ PEG400 are mutually miscible, attributed 

to the intermolecular interactions of PEG and ILs caused by hydrogen bonding and ion-dipole 

interactions[87]. The effect of anions on solubility of [C2mim]+-based ILs and solid PEG2050 

follows the order of [EtSO4]- < [OTf]- <[NTf2]- -

anion, anion-PEG and PEG-PEG. Therefore, one can mix highly hydrophilic PEG with 

hydrophobic bistriflamide ILs or hydrophilic ILs with longer cation alkyl chain, to form 

homogeneous solution or as liquid biphasic system. 

The imidazolium chloride ILs may also form immiscible liquid mixtures with PEG of large 

molecular weight. Total miscible have been found for PEG1000 in [C2mim]Cl, as well as 

PEG1000 and PEG1500 in [C4mim]Cl[88], attributed to stronger Coulombic forces of 

[C2mim]Cl than the longer alkyl chain (shielding effect). The mole fraction of IL in the PEG-

rich phase (0.83 ~ 0.99) was significantly higher than PEG in the IL-rich phase (0.02 ~ 0.38) 

over the temperature range of 60 ~ 140 . Similarly, an density functional theory (DFT) 

analysis revealed that the interaction energy between [CnMIM]Br and PEG decreased with 

increasing length of the alkyl chain of ILs[89]. A super-viscosity was found in the mixtures of 

[C4MIM][BF4] with PEG400 and PEG1000, meaning viscosity of mixture was significantly 

higher than that of single pure component[90]. The viscosity of the alkyl imidazolium-based ILs 

with PEG200 follows the order of [C4MIM][BF6] > [C4MIM][BF4] > [C2MIM][BF4], because 

the cation size of [C2MIM]+ is not large enough to facilitate the interactions. To evaluate the 

viscosity of binary mixtures, the McAllister model[91] was used as: 



 

where  and  is the interaction parameters respectively, Mi and i refers to molecular 

mass and viscosity of pure component i, respectively.  

Conclusively, the super-viscosity phenomena of PEG-ILs hybrid solution hampered the 

widespread implementation in advanced applications. Confining the hybrid solution inside 

microcapsule with crystallization-promoting shells can effectively suppress supercooling, 

decrease phase separation, reduce efficient viscosity and prevent solid-liquid transition leakage. 

3. Simultaneous strategy for defect regulation: encapsulation ionic liquids (ENILs) 

Confined IL morphologies had widespread applications in CO2 recovery, microreactors, and 

heavy metal removal [92]. The most feasible IL capsulation method included sol-gel, emulsion 

interfacial polymerization, or loading hollow capsules (shown in Fig.4). Other fabrication 

methods include chemical sedimentation, solvent evaporation, and spraying suspension 

dispersion[83, 93, 94]. Weiss et al.[95] prepared Pd/[C4MIM][PF6]@SiO2 encapsulation using sol-

gel method for the application of heterogenized catalyst. A high content (> 85% w/w) of 

[C4MIM][FeCl4] in hollow porous carbon sub-microcapsules was fabricated for the purpose of 

NH3 gas capture[96]. In the field of electrochemical capacitors, Pentzer and co-workers[97] 

encapsulated ionic liquids using Pickering emulsions and graphene oxide nanosheets as sole 

surfactant. A summary of ENILs and according thermophysical parameters were listed in Table 

3. An obvious conclusion drawn is that the study of ENILs in the field of thermal energy storage 

just started exploring.  



 

Fig.4. Schematic representations of different methods used for fabrications of encapsulated 

ionic liquids[98]. 
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3.1 Thermophysical behavior of imidazolium Ionic Liquids 

The US National Institute of Standards and Technology (NIST) collects most accessible 

literature references regarding thermophysical properties of ILs[23], but phase transition 

characteristics of imidazolium ILs and dependences of thermodynamic properties on IL 

structure are not fully explored. Therefore, enriching the related information is pivotal to further 

development of imidazolium IL-based PCMs for latent heat thermal energy storage applications.  

3.1.1 Phase transition and melting point 

Exact determination of IL melting point is difficult because the salts show tendency to 

supercooling and formation of glass[63]. Strong supercooling has been frequently reported for 

crystallization may not be detected by common DSC device due to nucleation suppression. 

physical states (liquid, amorphous, or polymorphous crystalline), the main 

influencing factors of their supercooling is intrinsic properties (conformational equilibria, solid 

polymorphism, high viscosities, etc.) and experimental factors (cooling rates, time scale)[64]. 

Different crystals are phases with different conformational composition instead of 

distinguishable phases[114], caused by the competition between pairwise long-range repulsion 

and short-range attraction[115]. 

The imidazolium ILs may undergo multi-stage phase transition, which varies with different 

cation/anion structures, heating/cooling rate or annealing treatment conditions. As shown in 

Fig.5a[116], the nanocrystal domains of  [C10mim][NO3] were independently appear at the first 

stage, followed by orientational correlation among the nanocrystal dominated the second period, 

which was essential to form crystal domain on a mesoscopic scale. At the last stage, a long-

range homogenous layer structure appeared, and crystal growth process cannot continue due to 

the apparence of a partial pinning effect caused by nano-heterogeneity and weak ionic between 

cations and anions. The cation or anion structure could significantly influence these multi-step 

transition process. For example, [C2MIM][TFSI][117] underwent solid-solid transition at 230 K, 

where crystal phase had a long periodic layered structure; and inhomogeneous melting 

transition at 257 K, where the lattice constant along the stacking direction showed no similarity 



with the correlation length in the solid state[116]. 

 

Fig.5. (a) Multistep phase transition processes upon cooling[116]; (b) Conformational 

equilibrium of [Tf2N]- ion with the two CF3 groups trans- and cis- to one another[118]; (c) DSC 

measurements of the thermal behavior of [C4MIM]Br without and with annealing step at Tmin 

[43]
; (d) [CnMIM]- nMIM][BF4], 

[CnMIM][PF6], [CnMIM][NO3], [CnMIM][TFO], [CnMIM]Cl and [CnMIM][Tf2N][119]; (e) 

Melting behavior of [C4MIM]X (X = Cl, Br, I) [43] 

 

T

rearrangement of molecule(s) around one or more axes, will lead to the appearance of solid-

ion enthalpy and 

decrease their advantage properties as PCM. As shown in Fig.5b, [Tf2N]- exhibits two forms of 

conformational equilibria (trans- and cis- conformers), attributed to different steric and 

electronic environments. Varies equilibria features will lead to different thermophysical 



properties, which rationalized their low melting points and low viscosity[118]. To understand the 

crystal polymorphs and phase transitions, the crystal energy landscape was proposed as the 

distribution of protentional energy minima in a crystal structure, which was influenced by the 

conformational flexibility of the crystal[120]. Rotnicki et al.[117] found [C2MIM][TFSI] formed a 

crystal monoclinic structure where molecular group move rotationally at T = 10 K ~ 230 K. 

Similarly, crystallography analysis of [PyH][CH3SO3] suggested that glass crystal were caused 

by dynamic change in cation or anionic -CH3/-CF3 group[60]. To quantitively evaluate the glass 

crystal, the thermodynamic magnitudes embroiled during phase transition can be rationalized 

, described as movable units corresponding to molecules and 

their degrees of freedom. Similarly, the fragility index m, derived from empirical 

correlations[121-123] at transition stage, can be used to characterize the glass-forming liquid: 

 

 

 

Where  , TK, D, Sc(T) is the enthalpy of melting, Kauzmann temperature, fragility 

parameter, and supercooling parameter respectively. Small value of fragility index (i.e. D = 7.4 

for [C6MIM][Tf2N]) usually represents a fragile liquid. 

The phase transition characteristics of IL are significantly influenced by the cation/anion 

combination, heating/cooling rates and annealing condition[50]

phase transition, high cooling rates normally induces stronger supercooling or incomplete 

crystallization. For example, the rotational motions of [C10MIM][NO3]

randomly frozen at high cooling rate (> 9 /min), thus their crystal nucleation and phase 

transition were suppressed. At low melting rate (5  8 /min), a multistep phase transition 

induced by the serious motions of the alkyl chains were generated. Similarly, [C4MIM][NO3] 

exhibited multistep phase transition upon slow cooling (< 2.0 /min), but crystallization was 

not induced above 3.0 /min[116]. [C16C1IM]Cl showed a stable triclinic crystalline phase on 

slow cooling of 1 /min, while fast quenching (12-13 /min) from a temperature below the 



isotropization temperature may lead to a mixture of triclinic phase and unstable perpendicular 

double bilayer[50]. Triolo et al.[64] found low cooling rate (  0.02 K/s) introduced crystallization 

of [C4MIM][PF6], while high cooling rates lead to the amorphous solid or glass below glass-

transition temperature (Tg = 194 K, Tm = 284 K). The ratio of Tg/ Tm = 0.68 or  

was typically an indication for good glassy formation[123], defined as a nonequilibrium state of 

material where certain degrees of freedom of molecular motion were frozen in. It was 

noteworthy that the first heating scan of DSC should not be used, because the heat transfer 

equilibrium between the sample and measurement cell material was not readily established[50]. 

Annealing parameters (such as temperature, rate and duration) can significantly affect materials 

microstructure during the crystallization process, which is very common in alloy processing. 

B - 

solidification behavior significantly distinguished from the sample without annealing. As given 

in Fig.5c, [C4MIM]Br only exhibited high-viscosity glassy state when cooling down to -30 ~ -

90 , while the annealing step introduces cold crystallization when cooling down to -50 ~ -

90 . Paulechka et al.[124] found [C2MIM][NTf2] crIV was formed if the sample was kept at 

236 ~ 252 K before calorimetry measurements, while crI was formed at the annealing 

temperature of < 235 K or > 260 K. Triolo et al.[64] detected a second crystallization transition 

upon isothermal treatment of the supercooled liquid [C4MIM][PF6]. The annealing step can 

influence the conformational flexibility of both the cations and anions in ILs. When heating or 

cooling ILs with anions containing a N-S bond, the annealing process can lead to internal 

rotation around the bond or in the alkyl chain. By promoting internal rotation, the annealing 

erties. 

Besides cooling rate and annealing step, the cation/anion structure also has a strong connection 

with phase transition behavior for vast types of ILs. Increasing ions size, anisotropy or internal 

le increasing dispersive interactions among 

alkyl chains will increase their melting temperature. In terms of imidazolium ILs, torsional 

motion in the alkyl chains will lead to coexistence of multiple conformers[118]

molecular packing, intermolecular interactions or distance, and ultimately their properties. As 



given in Fig.5d, melting points of [CnMIM]+ displayed a remarkable decreasing tendency with 

the growth of chain length for short alkyl chain (Cn < 6) due to better ion cohesion, and increase 

with the alkyl length (Cn > 8) caused by the hydrophobic cations and large Van der Walls 

interaction[125]. The inflection point, however, varies depends on the anion type. For nitrate salts, 

supercooling of [C2MIM][NO3] reaches 53.3 , while no crystallization was observed for ILs 

with longer chain (Cn > 4). Thus, the crossover alkyl chain length ILs (Cn = 4) can be treated as 

an intermediated state between the crystal (Cn = 2) and glass states (Cn = 6 ~ 8), and a glassy 

was superimposed in to the crystal state at low cooling rate. The phenomenon indicates the 

nano-heterogeneity was well developed and thus could affect the crystal nucleation and growth 

at low temperature. For imidazolium ILs with [NTf2]- anions, the glass transition temperature 

of [C4MIM][NTf2] and [C6MIM][NTf2] is 181.5 K and 184.3 K, respectively, obtained by 

heating the glass liquid above their de-vitrification temperature[114]. In the case of homologous 

imidazolium salts with [PF4]- as anion, the length of alkyl chains has a significant impact on 

phase behavior and properties. For cations with short alkyl chains (Cn 3), the compounds tend 

to exhibit crystalline phases with relatively high Tm due to densed packing of the molecules[118]. 

With the increase of alkyl chains (4 Cn < 12), the behavior of ILs shifts towards a wider 

liquidus range with lower Tm (-81.1 ~ 26.5 ), as well as prominent tendency of supercooling. 

When the alkyl chains become longer (Cn ), complex phases can emerge with liquid-

crystalline characteristic, where the molecules have a certain degree of orientational order while 

retaining fluid-like behavior. 

blur and the electron pattern and hydrogen bond formation capability seems to be the main 

factors. Interaction energy calculation of [C4MIM]X showing the energy, as well as melting 

temperature decreases with the anion order of [SCN]- < I- < [NO3]- < Br- < Cl- < F-. As shown 

in Fig.5e, [C4MIM]Cl exhibits enantiotropic polymorphism with phase transition and melting 

at 30  and 74 [43], respectively. [C4MIM]Br melts at 78  and the recrystallization fails with 

a glassy solid formed, and [C4MIM]I experience solidification without crystallization, with 

amorphous substance arise at -70 . The difference of phase transition temperature is attributed 

to the anion size. The overall lattice energy of [C4MIM]Cl is higher than that of [C4MIM]I due 



to larger ionic radius of iodide anion. For [C2MIM]+ alkyl salt with sulfate anion, ILs show an 

increasing tendency of melting point with the growth of anion alkyl chain length[125]. However, 

given the enormous numbers of cations/anions combination, the potential collections of ILs are 

quite staggering and fetching their melting point experimentally at low consumption seems 

impossible. As a powerful and reliable tool, the machine learning methods were developed 

based on corelating physicochemical features with the existence data. Venkatraman et al.[15] 

predicted the melting points of structurally diverse 2212 ionic liquids with 1369 cations and 

141 anions using quantitative structure-property relationship-based (QSPR) methods, which is 

more accurate for ILs with melting point above and below 100 . Keshavarz et al.[126] proposed 

a Tm correlation based on atoms in cationic and anions structures as well as correcting functions 

of specific cation/anion moieties, which has been proven to be reliable and feasible in a wide 

range of different ILs types. Generally, the machine learning method can yield relatively 

 

3.1.2 Thermal stability 

cleavage of C-N bond contained SN2 and SN1 pathways[127]

degradation process has been proven to be the substituent reaction. Plenty of work have been 

published on the decomposition mechanisms[56, 128, 129], where pseudo-zero-order rate 

expression or empirical formula (Kissinger, Ozawa-Flynm-Wall, Coats-Redfern) can be used 

to describe the thermal decomposition kinetics, and no further discussion will be given here.  

Although thermo-gravimetric analysis coupled with mass spectrometry (TGA-MS) is the most 

widely measurement method, it can hardly reveal the real decomposition temperature of ILs 

because 1) reported temperature based on TGA measurements vary based upon the sample mass, 

sample pan material, atmosphere type and flow rate[130, 131], while these influence parameters 

not always reported making comparisons to literature values difficult. Meanwhile, the water 

content, volatile impurities and evaporation of ILs also contributed to the mass loss[132]. Given 

the fact that chemical change after heating pure ILs can be detected by absorption spectroscopy, 

ion 



sensitively. As given in Fig.6a, the fluorescence spectra of [C8MIM][Tf2N] exhibited new peaks 

at longer wavelengths after heating, attributed to the decomposition of [C8MIM]+ into two 

chromophore products 1-octylimidazole and 1-methylimidazole. The decomposition 

temperatures from fluorescence method was found to be 140  lower than the TGA 

measurement. Similarly, Del Sesto et al.[133] found significant changes in color and concomitant 

in the UV-Vis spectra of [C4mpy][Tf2N] when heating above temperature of 150 , where no 

detectable mass loss was captured using TGA. Therefore, extra care must be taken when drying 

ILs to avoid the formation of fluorescence impurities. 2) Previous study have shown the 

decomposition temperature of imidazolium and pyrrolidinium ILs were significantly lower than 

Tonset [133]. To evaluate long-term stability, the temperature at which the decomposition of ILs 

researches 1% for a given time (T0.01/x) was suggested[134]. Using this definition, the 

decomposition temperature of [C4mpy][Tf2N] was found to be 271 , while Tonset were reported 

to be near 400 [133] from TGA. Cao and Mu[135] compared the D-value  between Tonset and 

T0.01/10h upon 60 ILs, and found a moderate linear relationship dependence of cation-anion 

combination.  

The cation-anion combination (alkyl chain length, substituent position, anion type and IL 

family), heating rate, atmosphere and experimental conditions can significantly influence their 

thermal stabilities. Judging by Tonset ry from least stable (Tonset < 

250 ) to most stable (Tonset > 450 ) by altering the anion and cation. Generally, shorter alkyl 

chain length causes lower Van der Waals forces, leading to an increased intramolecular 

electrostatic interaction and higher thermal stability[136]

length on thermal stability is minimal.  In the case of imidazolium ILs with the same cation 

([C4MIM]+), the thermal stability increases with decreasing hydrophilicity in an anion order of 

[Ac]- < Cl- < Br- < [NO3]- < [TFO]- < [BF4]- < [Tf2N]- < [PF6]-. Halide anions clearly reduced 

the decomposition temperature, i.e. the 1-butyl-3-methylimidazolium halide ILs are stable only 

up to 238 ~ 260 [43]. [C6MIM]+ exhibited higher thermal stability when paired with [Tf2N]- 

rather than [BF4]- or [PF6]- anions[132], and the thermal stability of [C8MIM]+ is also higher with  

[Tf2N]- anion due to the weaker nucleophile. Therefore, ionic liquids with [Tf2N]- anion 

showing low viscosity and high thermal stability are now preferred[118]. 



T , but also significantly changed the 

thermal degradation temperatures. Usually, slow heating results in lower decomposition 

temperature for DSC scans. As shown in Fig.6b, the decomposition temperature of 

[C8MIM][TfO] and [C8MIM][Tf2N] decreased by ~ 23 K and ~13 K respectively when heating 

rate lowered from 10 to 2 /min[137], because lower heating rate allowed fo

temperature to equilibrate and exhibited less thermal lag. For imidazolium ILs, the thermal 

decomposition of anion usually occurred several degrees before cation decomposition. Similar 

conclusion was drawn for various types of IL by many researchers[128, 138-140]. 

 

Fig.6. (a) Synchronous fluorescence spectra of diluted [C8MIM][Tf2N] using a wavelength 

interval of 50 nm[137]; (b) DSC measurement of [C8MIM][Tf2N] (Blue solid line) and 

[C8MIM][TfO] (black dash line) from 35 to 450  at a heating rate of 10 /min and 2 /min[137]; 

(c) Heat capacities of liquid and solid states of [C6MIM][Tf2N] and temperature drifts around 

a glass transition[123]. 

 

3.1.3 Specific heat capacity 



The heat capacity of ILs was significantly influenced by the alkyl length, anion type, hydrogen 

bond network, as well as working temperature [76, 141, 142]. Compared to the vast amount of 

simulation work, the experimental information of ILs heat capacities is relatively scarce. For 

most ILs with clear phase change transition, anomalies in heat capacities occur due to the 

formation of metastable crystals. The metastable condition was caused by a certain degree of 

conformational or orientational disorder of anion, as the phenomenon was observed for all 

compounds of [CnMIM][NTf2] but not in [CnMIM]Br. A correlation equation for heat capacity 

calculation of liquid [CnMIM][NTf2] was proposed by Paulechka et al.[124]: 

 

where b, c and d are the parameters obtained from experimental heat capacities under various 

temperatures. The heat capacities of liquid imidazolium ILs changes almost linearly with 

temperature (T = 258 K ~ 370 K) at constant pressure to volume[143]. However, when measuring 

the solid ILs, careful treatment should be taken as usual DSC procedure may result in 

incomplete crystallization condition named liquid-quenched glass (LQG). To obtain cp of solid 

[C6MIM][Tf2N][123], the sample was held around 215 K for a few days before exothermic started, 

and the exothermic process may last three days (shown in Fig.6c). The heat capacity of LQG 

was slighter larger than the stable crystal ones, suggesting the molecular packing in LQG was 

looser than that of the crystal. As a result, the heat capacities of imidazolium ILs are not only 

sensitive to the thermal history, but also the phase transition and consequently of the 

measurement setup geometry on the measured values[144]. 

3.1.4 Thermal conductivity 

For molecular solvents like simple linear alcohols, the thermal conductivity was expected to 

increase with decreasing molecular size of compounds[145]. However, the dependence of 

Their thermal conductivity kept decreasing with alkyl lengths up to 6 carbons[28]

nanostructures and the phonon-hopping effect[146]. Then the value increased with alkyl chain 

lengths from 6 to 10 carbons, which can be rationalized by higher energy barrier induced by 

larger apolar domains with increasing alkyl length, as well as the reduction of highly conductive 



polar doma [147]. In terms of anions, it is found the thermal 

conductivity of [C4N3]- and [BF4]- anions were significantly higher than that of [FAP]- and 

[Tf2N]- [57]. Oster et al[145]. found the anions of [P14,6,6,6]-based ILs has little influence on their 

thermal conductivity, or the differences fell in the in the standard uncertainty of the 

measurement. However, establishing a straightforward relationship between the ions size and 

resulting thermal conductivity is difficult due to the complex nature of intermolecular 

interactions. 

As given in Table.2, the thermal conductivity of imidazolium ILs settles around the range of 

0.113 ~ 0.238 W/ /

traditional fatty acid PCMs, such as octoic acid, decanoic acid, myristic acid etc. Castro et al.[148] 

found [CnMIM][PF6] exhibited a decreasing thermal conductivity over temperature range of 

293 ~ 353 K, and less influenced by pressure. Developing predictive approaches was inevitable 

-

consuming and inefficient. Using radial basis function (RBF) network, Mousavi et al.[149] 

structures, temperature and pressure from 504 experimental data of 50 ILs. By optimizing the 

technique with genetic algorithm and gravitational search algorithm, the developed model 

yields accurate prediction with deviation less than 2%. 

 

3.2. Phase transition of nanoconfined ionic liquids inside capsule shell 

With the development of encapsulation technologies, high encapsulation efficiency  (

, defined as the ratio of melting enthalpy of PCM 

microcapsule  and pure PCM ) can be reached as high as 90%[150], but 

most studies exhibit  limited in the range of 22.5 ~ 69.5 %[14]. Of note, as the most 

commonly method for IL encapsulation - sol-gel with SiO2 shell, the  is even lower with 

an average value of ~ 51.5%[151-153]. Given the large proportion of capsule shell, it is necessary 

to evaluate the thermodynamic features of ionic liquids confined inside the shell, as the 

-restricted space. 



Compared with polymer shells, inorganic shell (i.e. SiO2, CaCO3, TiO2) exhibited improved 

chemical and thermal stability, as well as higher thermal conductivity. SiO2 is the most 

commonly utilized shell material in sol-gel encapsulation method. Previous works have shown 

the mesopores on the surface of SiO2 shell are detrimental to the leakage proof of liquid 

PCMs[154, 155]. To eliminate leakage and boost thermal conductivity of the organic shell-

composite materials, a usual solution is coating another layer outside SiO2 shell, but the double 

layer will undoubtably reduce the enthalpy of encapsulation. Kang et al.[156] double 

encapsulated paraffin using shells of SiO2 and graphene sheets/silicone rubber, because the 

micropores and mesopores on the 

were a major disadvantage for encapsulation intactness. The pores on the surface of 

CaCl2 6H2O@SiO2 also lead to the uniform distribution of CaCl2 6H2O/SiO2 composites[157], 

and the largest adsorption efficiency could be reached at nano-SiO2 pore sizes of 15 ± 5 nm. 

Fig.7a-b showed the SEM images of mesoporous SiO2 shell and 3D nanoporous TiO2 layer for 

PEG encapsulation[158, 159], with average pore diameter of 7.05 nm and 12.12 nm respectively.  

A pioneered work of nanoconfined ILs in phase transition was filling [C4MIM][PF6]/methanol 

mixture in multiwalled carbon nanotubes (MWNTs, shown in Fig.7c)[160]. An unexpected high 

melting temperature was observed, as Tm increases from 6  for bulk [C4MIM][PF6] to 222  

after encapsulation. The good reproducibility of crystallization features of 

[C4MIM][PF6]/methanol@MWNTs encapsulation indicates enhanced thermal stability 

compared to the bulk system. A series of work have been carried out to understand the 

confinement effect since then. Ionic liquids trapped in the nanoporous matrices of encapsulation 

shell belongs to three-dimensional restricted area, which covers the host matrix of metal-

organic frameworks [161-163], covalent organic frameworks[164-166], nanoporous silicas (SiO2)[167, 

168] and carbons[169, 170], carbon nanotubes[171-173], zeolites[174-176], etc. Among these porous 

materials, nanoporous silicas (average pore sizes of 2.0 ~ 34.3 nm) is the most popular one due 

to their interconnected nanoporous structure, large surface area, high thermal/mechanical 

stability, nontoxicity and easy synthesis.  



 

Fig.7. (a) SEM images of mesoporous SiO2 shell for PEG@SiO2 encapsulation[159], with the 

average pore diameter of 7.05 nm; (b) 3D nanoporous TiO2 layer for PEG@TiO2 

encapsulation[158], the mean pore diameter is 12.12 nm; (c) Schematic of 

[C4MIM][PF6]/methanol encapsulation in open MWNTs[160]; (d) Schematic of change in 

melting point of ILs entrapped by mesoporous silica under vacuum conditions versus that at 

atmospheric pressure[177]. 

 

The interactions between porous silica and ILs can result in unique properties and behaviour of 

the confined ILs compared to their bulk counterparts. Near the wall of nanopores, the ILs may 

be arranged in a 2D ordered pattern with coexistence of liquid-solid phase or in a more 

disordered liquid-like arrangement[178]. The confinement will therefore lead to a more densified 

area near the porous surface than the centre domain[179, 180]. This can affect the dynamic 

properties of ILs (like self-diffusion coefficient, viscosity, thermal conductivity), depending on 

[181-183]. In terms of imidazolium ILs, the 

homogeneous electrostatic field caused by cationic part will induce a weak interaction with 

porous environment, leading to a faster confinement of the cation dynamics than that of 



anion[136, 184].  

Although 

dramatically, the contradictory findings are also frequently reported[70, 185]. The main difference 

s[177] as depicted in Fig.7d. Under vacuum conditions, 

fully loaded nanopores of ILs ensures the confinement effect and strong interaction with silica 

wall, while complex solid-liquid-gas under atmospheric pressure treatment weaken the 

nanoconfinement impact and depress the melting point. Previous works have proven the phase 

transition of confined ILs are sensitive to the cationic/anionic structure, as well as the pore 

size[186]. As evidenced by an experiment work from Neouze et al.[185], the strong confinement 

of silica gels depress the melting point of [C4MI][TFSI] for ~ 10 , or make it disappear under 

high IL loading ratio, while for [C2MIM][OsSO4] with large anion demonstrated a greater 

depression of 52  than most ILs.  

Crystallization kinetics of the bulk and confined IL under isothermal condition can be presented 

using Avrami method: 

 

where K is the constant of crystallization rate; n is the Avrami exponent relative to the 

characteristics of nucleation mechanism. Verma and Singh[187] found bulk [C2MIM][TFSI] 

shows 3D crystal growth due to multiple Avrami exponent values for varies crystal phases (n = 

1.79 ~ 4.1), while the small value of confined ILs (n  1) in silica nanopores indicates one-

dimensional crystal growth. Similarly, the isothermal study of pure and silica-confined 

[C2MIM][BF4

as K value increases from ~10-5 for pure IL to ~ 10-4 for nanoconfined IL[188]. Another important 

parameter is the relative crystallinity ( ), 

when time approaches infinity[189], and can be expressed as: 

 

where dH/dt,  and  is the heating rate, total heat evolution at any time t, and heat 



evolved when t approaches infinity ( ), respectively. The crystallization half time, referring to 

the time consumed to attain 50% crystallization, is sensitive to thermal conductivity of IL and 

silica matrix. Confined IL takes longer time to crystallize relative to the bulk ILs, attributed to 

the fact that high thermal conductivity of silica matrix supports faster heat transfer dissipation 

[188].  

3.3 Nucleation on porous surfaces 

Most studies believed that heterogeneous nucleation was always dominant due to the existence 

of shell and impurities contained in PCMs/ILs.  The interface between core and shell provides 

heterogeneous nucleation sites, resulting in cap-shape solid nucleus rather than sphere shape 

ones. Considering the fact that the pore size of silicon (5 ~ 12 nm[158, 190], depends on the 

fabrication progress ~ 4.2 nm[191]), ILs overcome smaller free 

energy barrier to nucleate due to the size similarity between substrate surface and nucleation 

size. As a result, the silicon pores can trap ionic liquid molecules and promote nucleation and 

crystal growth. Meanwhile, porous surface induces nucleation site for heterogenous nucleation, 

and promotes nucleation rate compared to that on flat surface. Previous works have shown the 

nucleation seeds on the porous surface significantly outnumbered that on flat surface, as the 

fractal structure ensure an adequate molecular concentration for nucleation. Moreover, the 

chemical attraction between pore surface and ionic molecular can lead to a stronger interaction 

of IL molecules to the porous surface, which promote a high location concentration and high-

density ILs phase. By providing the favorable environment for nucleation, the confinement can 

ultimately affect crystallization behavior and properties of ILs within the porous materials. 

The number of nucleation sites is dramatically influenced by the surface topography of 

nucleation substrate[192]. To rationalize the texture of porous surface, the fractal dimension is 

proposed and provide valuable information regarding surface roughness, connectivity of pores 

and pore size distribution. The nucleation site density, referred as area occupied by all nuclei 

versus the area occupied by an averaged nucleus[193], can therefore be expressed as: 

 



where  and r0 is the area occupied by all nuclei and average nucleus size, respectively. A 

simplified form of specific effective nucleation density is proposed depending on the relative 

size of nuclei and surface element: 

where , d, K, D, m* is the contact area size, effective ratio ( ), 

the fractal dimension for materials, surface index, respectively. The fractal dimension is 

determined by box-counting with side length r, with D = 1 ~ 2 for irregular line or bore surface, 

or D = 2 ~ 3 for a hexahedron bore surface[192]. As shown in Fig.8, the surface index m can be 

classified based on the regimes of the contact between the nuclei and substrates: 

 m* = ambient values for D = 2 or d > Lu. Lu and Li is the up and low bounds of the fractal 

region, respectively. 

  for d < Ll; 

  for Ll < d < Lu. Thus, the nuclei size can be calculated via 

 

 
Fig.8. Schematic illustration of heterogeneous nucleation on different surface: (a) nuclei are 

in contact with smooth surface; (b) d > Lu; (c) d < Ll; (e) Ll < d < Lu; Lu and Li is the up and 

low bounds of the fractal region, respectively[193]. 

Stolyarova et al.[194] studied the enhanced nucleation and crystallization on porous silicon in 

light of the pore size and shape. They found the nucleation barrier decreases with decreasing 



conic angle: 

 

Where , ,  is the potential barrier for nucleation, and radius of the critical nucleus 

and solid- Regarding 

encapsulation core, the free energy barrier of heterogenous nucleation can be expressed as: 

where  and  refers to the critical free energy barrier of heterogenous and 

homogenous nucleation, respectively;  corresponds to the comprehensive effect 

induced by the chemical parameters and surfaces topography on reducing the free energy barrier; 

m is relative to the contact angle of liquid and solid nucleis; and  is the interface energy 

between liquid and solid, and volumetric enthalpy of PCM fusion, respectively. The facto R* 

( , ratio of surface radius and critical size of nucleis) and the geometry factor f for the 

convex nanoroughness can be given as: 

 

where . Similarly, for concave nanoroughness the geometry factor 

can be given as: 

where . Then the heterogeneous nucleation rate can be given as 

follows: 

ere Ahet is the nucleation pre-factor. Futhermore, the heterogeneous nucleation rate can also be 



determined by counting counting the number of nucleation events occurring at a supercooled 

temperature[195]: 

 

where R is the cooling rate (K/s), S is the specific surface area of the sample (m2 g-1), m is the 

mass of the sample (g),  is the width of the ith temperature bin centered at Ti, and ni is the 

number of freezing events occurring in the temperature range .  

Conclusively, although crystallization behavior of nanoconfined IL filled in silica matrix has 

been widely studied, its effect on IL@silica encapsulation is still lack of study  Does ILs still 

leak via porous shell given their high viscosity? How does the nanoconfined ILs in porous shell 

performance? Moreover, the crystallization and nucleation mechanism of ILs on porous surface 

still lack of systematically studied. Therefore, more efforts should be devoted to these inevitable 

can be optimized. 

4. Application prospect of ionic liquids-based phase change materials 

Infrared stealthy: In the field of military technology, reducing the surface temperature is one 

of the effective methods to reduce the infrared thermal radiation and avoid detection, which 

could be achieved by applying thermal insulation material on the surface. Sun et al.[196] 

fabricated mid-infrared films to control the integrated emissivity by doped IL of [C6MIM][NTf2] 

with MWCNT thin film (shown in Fig.9a). The functional films exhibited thermal emissivity 

of 0.15 ~ 0.7 by IL gating and excellent stability, reaching 3500 cycles with 95% modulation 

enhanced electrical conductivity, leading to decreased emissivity of the films within the 

intermediate infrared spectral range. With intercalation/deintercalation of [DEME][TFSI], 

Zhao et al.[197] modulate the surface infrared emissivity (0.41~ 0.57) based on the intercalation 

principle. By embedding graphene in [C4MIM][BF6], Ergoktas et al.[198] prepared a new class 



of infrared textile devices for future application of complex infrared stealth fabric. Chen et al. 

[199] embedded long-chain alkyl imidazole ionic liquids to thermoplastic polyurethane prepare 

infrared camouflage device that can adjust temperature and emissivity. As shown in Fig.9b, the 

composites exhibited good thermal stability without any enthalpy changes after hundreds of 

thermal cycles, which provide effective guidance for thermal camouflage in new military 

equipment. There are, however, still technical deficiencies like permeation of overdose ILs, 

prolongation of response time after IL degradation, mechanical strength and aging resistance to 

be optimized for better performance[200]. 

 



Fig.9. (a) Fabrication and thermal camouflage of the MWCNT-based mid-infrared 

modulator[196]: (i) and (ii) Schematic of the roll-to-roll process to fabricate a sandwich-

structured MWCNT/IL-Celgard/MWCNT film; (iii) Optical image of a flexible large-area 

functional film adhered to hum waist; (iv) Thermal images of the as-fabricated film with 

negative (~ 1.7 V) and positive voltages (4V), respectively. (b) Fabrication process of the 

flexible phase-change stealthy material: (i) main steps of preparing MLG/PCILs; (ii) Thermal 

images of MLG/PCIL at 0V, 2.4V and 3V, respectively; (iii) Thermal infrared camouflage 

application on finger. 

Solar thermal utilization: Although traditional PCMs have been utilized in energy system to 

overcome the disadvantages of seasonal and nonuniform regional distribution of solar energy, 

their overall heat and release efficiency were only 40.4% and 4.2% respectively. As 

demonstrated in Table 1, the sensible energy storage density and thermal conductivity of 

imidazolium ILs are higher than that of commercial media, thus they can replace traditional 

PCMs and utilized in parabolic solar collators. Das et al.[57] found the energy storage density of 

imidazolium ILs can satisfy the minimum required value of solar energy system (>1.9 MJ/(m-

3·K-1)). Tang et al.[201] used a novel pseudo ionic liquid PCMs in solar water heating system, 

which exhibited excellent thermal stability with latent enthalpy of 174.9 kJ/kg upon melting at 

86.9 . The photothermal properties of ILs can be further improved by adding slight amount 

of optical sensitive materials.  As shown in Fig. 10a, Liu et al.[202] utilized a 

graphene/[HMIM]BF4 ionic liquid nanofluid as an absorber in high-temperature direct solar 

collectors, and proposed a model formula for IL-based volumetric solar receiver (-80 ~ 340 ). 

[203] discussed the application possibility 

of hybrid ILs for solar thermal utilization. They found the energy storage density of two hybrid 

materials was improved up to 284% respectively relative to Thermonal VP-1. Moreover, with 

the aid of computer-aided ionic liquid design (CAILD) model, Mehrkesh and Karunanithi[204] 

utilized optimal ILs consisting of a hydroxyl-functionlized imidazolium cation and 

tetrafluoroborate anion as thermal storage medium, as given in Fig.10b. The designed IL has a 

higher thermal storage capacity than commercial oil and molten salt, and the corresponding 

required volume is lowest to store a given amount of thermal energy. 

Thermal management in extreme environment: Functional ILs with elevated heat enthalpy 

and decomposition temperature are preferred for heat management systems in extreme space 



environments. The main challenges of outer space are solar radiation and extreme cold/heat 

thermal control requirement for manned spacecraft. To tackle these challenges, functional ILs 

based composition were promoted, which exhibit a high heat of fusion (> 200 kJ/kg) upon 

transition temperature range of 8 to 12 . The absence of corrosiveness or phase degradation 

during solid-liquid transition is another advantage of these ILs[205]. Their enhanced properties 

such as higher thermal conductivity, heat fusion, or thermal diffusivity allow for more efficient 

heat transfer within the thermal system, resulting in reduction in size and weight of 

corresponding heat exchangers[56], as given in Fig.10c. Therefore, functional ILs is a promising 

choice for thermal control in manned spacecraft or other applications requiring efficient heat 

management. 

 



Fig.10. (a) Schematic of direct solar collector and model formulation of a 

graphene/[HMIM]BF4 based volumetric solar receiver[202]
.  (b) Schematic of a solar energy 

storage system using imidazolium ionic liquid as thermal storage medium[204]; (c) Low 

Temperature IonoTherm Phase Change Material Heat Exchanger[56]; (d) Comparison of 

building assembly conventional wall and wall with an additional PCM composite layer[206]. 

 

Green energy-saving building: PCM-based energy storage technology has been proved to be 

environment-friendly in buildings with less electrical demanding, because conventionally 

electricity should be consumed to heat up building interior with radiators or cool down with 

air-conditioning. As shown in Fig.10d, PCMs upon melting at 18 ~ 30  were utilized in 

buildings to investigate their impact of surrounding temperature, types/locations on energy 

saving efficiency of buildings[206]. Many imidazolium ILs are reported as nontoxicity and can 

be used in building applications[207]. The IL-water hybrid performs better than tradition 

H2O/LiBr solution - H2O/[C10MIM][DMP] has the highest coefficient of performance (COP) 

above generation temperature of 86 [208], while H2O/[C2MIM][EtSO4] yields the highest COP 

below temperature of 75 . However, high viscosities still hindered the application of ILs and 

future efforts should be devoted to reduce system pressure drop by heat/mass transfer 

enhancement or system optimization.  

7. Conclusion and prospects 

D -

liquids can be treated as the missing link between conventional PCMs and high-temperature 

molten salts for renewable thermal energy storage. Among the various IL families, 

imidazolium-based ILs have been frequently reported due to low vapor pressure, high 

conductivity in spite of high viscosity. 

properties like viscosity/density, and while relationship regarding structure-property is included, 

data on the phase transition behavior is scarcely reported, and drawbacks of supercooling and 

low enthalpy 

the methods of supercooling regulation and enthalpy elevation of imidazolium ILs firstly, and 

proposed method of IL encapsulation with crystallization-promoting porous shell to reduce the 

effectively viscosity, avoid solid-liquid transition leakage, decreasing phase separation and 



supercooling. Then the phase transition behavior of ILs within capsule core and nanoconfined 

ILs inside the capsule shell, as well as the nucleation features on porous shell surface were 

given. Furthermore, the practical applications of imidazolium ILs and microencapsulation were 

reported. 

Conclusion drawn by the review. (1) Main defects of imidazolium ILs as PCMs are low 

enthalpy and supercooling. Due to the cage-like structure, ILs immiscible with both non-polar 

aromatic materials and the polar aromatics. Therefore, semi-crystalline polymer PEG with high 

terms of supercooling, the metastable state can be suppressed or eliminated by enhancing 

heterogeneous nucleation inside encapsulation. Porous shell not only significantly alter 

dynamic properties of ILs (lifting Tm from 6 to 222 ) inside confined nanoporous, but also 

induces more seeding sites for heterogeneous nucleation. The silicon pore size is similar to the 

molecular size of ILs, and 

the surface of porous shell. However, precious control -

encapsulation fabrication is scarily reported, and mechanism of crystallization-promoting 

pathway on porous surface should be further explored. 

 (2) Imidazolium ILs have a wide range of melting temperature of - 87 ~ 208  with heat 

enthalpy of 59.00 ~ 152.56 kJ/kg, as well as several advantages such as antiseptic, anticorrosion, 

dampness and gas composition adjustment. These properties make them idea energy materials 

for cold chain logistics. However, their phase transition mechanisms are rather complex, not 

only heated/cooled rate but also the initial state of the studied IL influence rather significantly. 

Under high cooling rates, the alkyl chain rotational motions become randomly frozen, leading 

to a nonequilibrium condition that hinder IL nucleation. Under low cooling rates, the collective 

motions of cationic alkyl are stimulated, but the thermal excited rational pattern are restrained. 

This results in the formation of randomly distributed nanocrystal within the ILs. Furthermore, 

hydrogen bond, coulomb force, van der Waals force, functional group, electrostatic force, 

symmetry, and other factors among ions. These factors can cause variations in melting and 

decomposition temperature of imidazolium ILs.  



Future perspectives. (1) The thermal repeatability of imidazolium ILs should be presented as 

materials only subjected to several heating/cooling cycles in previous work, while commercial 

PCMs usually require stability upon thousands of repeated charging and discharging processes. 

This is especially important for the composited ILs (binary ILs or with PEG), where phase 

separation or supercooling might get worse. In repeatability tests, annealing condition 

(temperature and lasting time) should be carefully treated as it shows a significant thermal effect 

on crystallization condition. In terms of thermal stability, decomposition temperature derived 

from TGA measurement is not reliable due to interference factors like sample pan materials, 

atmosphere type and flow rate, which makes comparisons to literature values difficult. Accurate 

measurement from UV-Vis or fluorescence spectroscopy can be obtained as they capture 

 lower than that of TGA. 

(2) Although supercooling is usually treated as disadvantage for PCMs, it however may be 

beneficial to the seasonal heat storage. In a pioneer work, Schultz et al.[209] proposed large 

supercooling allows storage part to cool to the ambient temperature without undergoing 

solidification. This means the part of storage will not experience heat loss but still retains latent 

heat. Inspired by that, Bai et al.[210] proposed [C16MIM]Br as proper energy materials due to 

excellent heat of fusion (152.56 kJ/kg) and stable supercooling (20 ) with addictive of graphite 

powder or copper powder. Following work was lagged by the high price and single 

supercooling regulation method. With the mature of IL synthesize progress, their price has 

largely reduced and precious control of supercooling can be realized. Therefore, actively 

 promising in the future. 

(3) The application of ILs as PCMs is still largely in the laboratory stage, while less effort was 

devoted on their practical applications. One of the main challenges is that the current industry 

equipment is accustomed to using conventional thermal fluids, and transitioning to ILs would 

require a significant initial investment. Further research and development efforts are needed to 

explore alternative IL compositions beyond the commonly studied imidazolium, pyridine, 

quaternary ammonium, pyrrolidine cationic salts with halogen, and anionic liquids ([BF4]-, 

[PF6]- and [Tf2N]-). To make ILs more viable for practical application, it is important to focus 

on developing functional ILs that are cost-effective and exhibit thermal performance. By 



addressing these challenges and further advancing the understanding of ILs, it may be possible 

to overcome the hurdles of practical implementation and pave the way for broader use of ILs 

as PCMs in various industries. 
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