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Zhenghui Shen 
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Department of Forest Sciences 

Graduate School 

Seoul National University 

 

Thermal energy storage (TES) has gathered intensive attention in recent 

decades due to its advantages of ease of use, cost-effectiveness and contribution 

to energy-saving. Phase change materials (PCMs) are the core part of a TES 

system, and the thermal energy can be stored and released through the phase 

transitions of PCMs. However, the drawbacks of PCMs have to be addressed to 

improve TES efficiency. Cellulose nanofibril (CNF), originated from natural 

cellulose, has numerous fascinating properties, such as abundant availability, 

biodegradability, renewability, recyclability and the easiness of various 

chemical modifications. Furthermore, CNF has light weight, high aspect ratio 

and high surface area, compared to larger-sized pulp fibers. In this study, CNF 

and CNF-based composites were prepared and used to overcome the drawbacks 

of PCMs, aiming at improving their thermal energy storage performance.     
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The thickening effect of CNF, due to the entangled nanofibril networks, was 

used to solve the phase separation of sodium acetate trihydrate (SAT), a typical 

drawback of salt hydrate PCM. It was found that adding 0.8% of CNF to SAT 

increased viscosity, enhanced solid-like rheological behavior, and successfully 

eliminated phase separation. The use of 3% of sodium phosphate dibasic 

dodecahydrate (DSP) suppressed the supercooling degree of SAT to 2.1 °C 

when CNF was used as the thickening agent for a stable phase. Meanwhile, the 

amphiphilicity of CNF facilitated the dispersion of graphene nanoplatelet 

(GNP), which was used as a thermal conductivity enhancer. When the prepared 

CNF/GNP composites were used to prepare SAT-based PCM composites, the 

supercooling degree was unaffected. Importantly, the prepared PCM 

composites showed enhanced thermal stability and thermal conductivity 

compared with that of pure SAT.  

 

Considering that CNF ensures the dispersion of nanoparticles, CNF/silver 

nanoparticles (AgNPs) composites were prepared to solve the supercooling 

problem of salt hydrate PCM. The synthesized AgNPs were uniformly 

dispersed by CNF and the prepared CNF/AgNPs were stable when added to 

SAT. The combined use of CNF/AgNPs composite and DSP further decreased 

the supercooling degree of SAT to only 1.2 °C.  SAT crystals grow on the 

surfaces of AgNPs, accelerating the crystallization process of SAT. Besides, 

the CNF/AgNPs composite provided phase stability to SAT, indicating that the 

presence of AgNPs did not negate the thickening effect of CNF. Owing to the 

excellent heat transfer performance of AgNPs, the thermal conductivity of the 

prepared PCM composites also improved, compared to that of the pure SAT.  
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CNF-based foams were prepared to address the leakage problem of paraffin, 

a widely used organic PCM. The chemical modification of CNF improved the 

compatibility between the resulting foams and paraffin. These porous foam 

support greatly stabilized paraffin and prevented its leakage. Due to the light 

weight and high porosity of these foams, the prepared PCM composites had 

high fractions of paraffin. Carbon nanotube (CNT)-containing foams were used 

to enhance the thermal properties of PCM composites, and the uniform 

dispersion of CNT was achieved by the use of CNF. With the use of silylated 

CNF/CNF foams, the thermal properties of paraffin-based PCM composites 

were enhanced, while the high fractions of paraffin and negligible leakage of 

paraffin were maintained.  

 

CNF-based composites (i.e. CNF/GNP and CNF/AgNPs) provided phase 

stability to salt hydrate inorganic PCMs, CNF/AgNPs suppressed the 

supercooling, CNF/CNT foams improved the form-stability of paraffin organic 

PCMs, and these CNF-based composites improved the thermal conductivity of 

all PCMs. This work shows the potential of CNF-based composites in 

improving the thermal energy storage performance of PCMs. 
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1. Introduction  

1.1 Energy crisis and energy storage 

 

Energy is the driving force of the development of human society. Energy 

security has become one of the global issues as industries around the world 

develop and the demand for sustainable economic growth increases. However, 

most of the energy comes from unsustainable natural resources such as coal, oil 

and natural gas. These natural energy sources are limited and once depleted they 

take hundreds of years to replenish. Meanwhile, although a lot of energy is 

produced and consumed every day, the population of the poorest countries 

where electricity is not available is still 1.2 billion, and the population who 

cooks on polluted and inefficient fuels reaches 2.9 billion (Poudyal et al., 2019). 

The challenge for humanity is that our society's dependence on energy is 

increasing, and the economy and family life will be severely affected by the 

‘energy crisis’ when energy is scarce. The factors contributing to the energy 

crisis include over-consumption, over-population, inadequate infrastructure, 

the imbalance between energy production and consumption, insufficient 

exploitation of renewable energy sources, energy wastage, accidents and 

natural disasters, wars and civil unrests, lack of proper energy storage, etc. 

 

Expanding the use of renewable energy sources such as wind and solar energy 

can be a strategy to address energy shortages and energy crises. However, these 

renewable energy sources have limitations in that they require enormous capital 

costs and intermittent power generation characteristics (Díaz-González et al., 

2012). Therefore, promoting the stable use of energy through energy storage 
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technology before technological innovation and industrialization necessary for 

the success of renewable energy take place can be a way to overcome the energy 

crisis. In addition, the energy storage system can store excess energy when it is 

generated and then make it available for future use in case of insufficient energy. 

In short, energy storage conserves surplus energy in energy production, reduces 

the mismatch between energy supply and demand, and improves the 

performance and reliability of energy systems (Kousksou et al., 2014). 

 

There are several types of energy storage approaches, including mechanical, 

electrical, thermochemical, and thermal energy storage (Sharma et al., 2009). 

Among them, thermal energy storage (TES) is one of the hottest research topics 

as it is an important sector of renewable energy utilization. Furthermore, using 

TES offers the advantages of an increase in overall efficiency and better 

reliability, better economics, reductions in investment and running costs, and 

less pollution of the environment, e.g., less carbon dioxide (CO2) emissions and 

less greenhouse effect (Dincer & Rosen, 2010). 
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1.2 Thermal energy storage 

 

Thermal energy storage (TES) is a technique that stores or releases thermal 

energy by heating or cooling an energy storage material so that the stored 

energy can be used when necessary. Thermal energy can be stored in materials 

in the forms of sensible heat, latent heat and thermochemical energy, or the 

combination of these. The stored thermal energy can be used later for many 

applications, such as space heating, domestic hot water supply, comfort 

applications in buildings and power generation (Sarbu & Sebarchievici, 2018). 

TES systems can be used not only in household applications but also in 

industrial processes. Of particular interest to the use of TES is that the thermal 

energy generated by solar heat can be efficiently collected and utilized by the 

TES system. For this reason, TES system is becoming increasingly important 

in concentrating solar power (CSP) plants because it can store solar energy and 

produce electricity when solar resources are not available.  

 

Thermal energy storage can be categorized into sensible heat storage (SHS) 

and latent heat storage (LHS), as described below.   

 

1.2.1 Sensible heat storage 

 

Sensible heat storage (SHS) systems function based on the temperature 

changes of materials during the energy storage and release process. In the 

heating process of the energy storage material, the sensible heat is stored, as 

reflected by the elevated temperatures of the material. The heat storage capacity 
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depends on the specific heat of the medium, the temperature change, and the 

amount of energy storage material.  

 

Sensible heat storage is a well-developed technology and it is quite simple to 

use. There are several scenarios in people’s daily life where SHS is involved. 

For example, in solar heating systems, water is used for heat storage in liquid-

based systems, while a rock bed is used for air-based systems. In an application 

called night storage heater, heat can be stored in a refractory brick storage heater 

and the stored energy can be used for load-leveling (Hasnain, 1998). In other 

words, the energy stored during the day is used as energy for space heating at 

night. The characteristics of several commonly used sensible heat storage 

materials are summarized in Table 1-1.  

 

Table 1-1. Common materials for sensible heat storage a 

Medium Type Density 
(kg/m3) 

Specific heat 
(J/(kg∙K)) 

Temperature 
range (°C) 

Water Liquid 1000 4190 0−100 
Brick Solid 1600 840 20 

Concrete Solid 1900−2300 880 20 
Rock Solid 2560 879 20 

Ethanol Organic liquid 790 2400 Up to 79 
Propanol Organic liquid 800 2500 Up to 97 
Isotunaol Organic liquid 808 3000 Up to 100 
Butanol Organic liquid 809 2400 Up to 118 
Octane Organic liquid 704 2400 Up to 126 

Isopentanol Organic liquid 831 2200 Up to 148 
Engine oil Oil 888 1880 Up to 160 
a Sharma et al., 2009 
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In a review by Xu et al. (2014), several sensible heat storage technologies for 

using seasonal thermal energy (i.e. solar energy) were summarized and 

compared, including water-based storage, rock bed, ground and soil storage. 

The authors pointed out that SHS suffers from heat loss problems for seasonal 

applications. Although thick insulation was installed, the temperature of the 

heat source may not allow the extracted heat to be used directly in the heating 

season. In this case, additional equipment, such as a heat pump, would be 

needed to upgrade the temperature level to satisfy the end uses. This not only 

increases the complexity of these units but also increases the investment cost. 

 

In summary, SHS is the least efficient method for storing thermal energy due 

to the low heat storage capacity per volume of the storage medium (Nallusamy 

et al., 2007), which also means a low thermal energy storage efficiency. 

Specifically, this technique is not warmly welcomed in large-scale applications 

as the system is huge but provides lower energy storage density. 

 

1.2.2 Latent heat storage 

 

Latent heat storage (LHS) is a process where the heat is absorbed or released 

when the storage materials experience phase changes from solid to liquid, liquid 

to gas, or vice versa. The thermal energy storage capacity of an LHS system 

can be calculated by the equations below (Sharma et al., 2009):  

 

푄 = ∫ 푚퐶 푑푇 +푚푎 ∆ℎ + ∫ 푚퐶 푑푇                                          (1-1) 
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푄 = 푚 퐶 (푇 − 푇 ) + 푎 ∆ℎ + 퐶 (푇 − 푇 )                                   (1-2) 

 

where 푄  is the quantity of stored heat (J), 푇   is the melting point (°C), 푇  is 

the initial temperature (°C), 푇  is the final temperature  (°C), m is the mass of 

the heat storage material (g), 푎  is the faction melted, ∆ℎ  is the heat of fusion 

per unit mass (J/g), 퐶  is the specific heat (J/(g⋅K)), 퐶  is the average specific 

heat between 푇  and 푇  (J/(g⋅K)), and 퐶  is the average specific heat between 

푇  and 푇  (J/(g⋅K)).  

 

Compared to SHS systems, LHS systems are more attractive since they 

provide higher energy storage density and have the advantage of storing energy 

at a constant temperature corresponding to the phase transition temperature of 

the phase change materials (PCMs), which means a small temperature swing in 

the energy storage and release process. 

 

PCMs are the medium for thermal energy storage, and the storage and release 

of thermal energy occurs with the phase transitions of PCMs. Specifically, these 

phase transitions include solid-solid, solid-liquid, solid-gas, liquid-gas, and vice 

versa. For the solid-solid phase transitions, thermal energy can be stored when 

PCMs are transformed, during which a small amount of latent heat is generated. 

Interestingly, this process has lower requirements for the containers of PCMs 

and greater design flexibility. For the solid-gas and liquid-gas phase transitions, 

although they produce a large amount of latent heat, the big volume change of 

PCMs in these processes is a huge concern as it makes the system complex and 
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impractical, consequently weakening their applicability in thermal energy 

storage. The solid-liquid phase transition is the most attractive one since it 

involves only a small volume change (of an order of 10% or even less) in the 

phase change processes while possessing a comparable latent heat with liquid-

gas transition processes. More importantly, the solid-liquid phase change 

process is economically competitive for the application of thermal energy 

storage. 

 

It must be pointed out that although PCMs are the core materials for TES 

systems to absorb or release heat, there should be a heat exchanger medium to 

transfer the energy from the heat source to PCMs or from PCMs to the load. 

Furthermore, care should be taken while designing PCM containers, 

considering both the volume change of PCMs in its phase change process and 

the compatibility between the containers and PCMs. Thus, a TES system 

possesses at least three parts: 

 

(i) PCMs with proper phase change behavior for the targeted application. 

(ii) Suitable heat exchangers. 

(iii) Containers compatible with the PCMs. 

 

Therefore, the development of a promising TES system depends on the 

progress in the three aspects, i.e. PCMs, container materials, and heat 

exchangers. In this dissertation, the focus is PCMs, the heart of a TES system. 
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1.3 Introduction of PCMs 

 

Phase change materials (PCMs) are intensively investigated and widely used 

for latent heat storage. Among all the PCMs for latent heat storage, the solid-

liquid PCMs are preferred as explained. PCMs and sensible heat storage 

materials exhibit quite different behaviors in the energy storage and release 

process, as well as different temperature changes. Fig. 1-1 indicates how the 

temperature of these two types of materials changes when thermal energy is 

absorbed and stored. Take the melting process of solid-liquid PCMs as an 

example, their temperature increases when the heat is absorbed in the initial 

stage of the heat storage process, which is similar to how sensible heat storage 

materials behave. As the temperature of PCMs reaches their melting point (푇 ), 

the melting process begins and the temperature remains constant while 

absorbing the thermal energy, which is different from sensible heat storage 

materials. In the solid-liquid transition process, thermal energy is absorbed and 

stored, and the stored energy will be released when PCMs experience the liquid-

solid phase transition, i.e. a freezing process.  
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Fig. 1-1. Comparison of sensible heat storage and latent heat storage (Mehling 

& Cabeza, 2008). 

 

Phase change materials can store 5-14 times more heat per unit volume than 

sensible heat storage materials. However, some properties must be considered 

when selecting PCMs for thermal energy storage, as listed below (Abhat, 1983; 

Zalba et al., 2003; Paksoy, 2007).  

 

(1) Thermal properties 

(i) Suitable phase-transition temperature: to assure storage and release of heat 

in a fixed temperature range. 

(ii) High latent heat: to achieve high storage density. 
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(iii) Good heat transfer: to release the stored heat with sufficient heat flux. 

 

(2) Physical properties 

(i) Favorable phase equilibrium: to ensure cycling stability. 

(ii) High density: for a high thermal energy storage density. 

(iii) Small volume change: to reduce requirements for PCM containers. 

(iv) Low vapor pressure: to reduce requirements for PCM containers. 

 

(3) Kinetic properties 

(i) No supercooling: to assure that melting and freezing proceed at the same 

temperature.  

(ii) Sufficient crystallization rate: to assure a fast phase transition. 

 

(4) Chemical properties 

(i) Long-term chemical stability: to assure a long lifetime of PCMs. 

(ii) Compatibility with materials of construction: to assure a long lifetime of 

PCM containers and of surrounding materials in case of leakage of PCMs. 

(iii) No toxicity: for environmental and safety reasons. 

(iv) No fire hazard: for environmental and safety reasons. 

 

(5) Economics 

(i) Abundant: for an economic reason. 

(ii) Cost-effective: to compete with other options for heat storage. 

(iii) Recyclability: for environmental and economic reasons. 
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A host of PCMs are available for thermal energy storage, the classification of 

these PCMs is summarized in Fig. 1-2.  

 

Fig. 1-2. Classification of PCMs (Sharma et al., 2009). 

 

1.3.1 Organic PCMs 

 

Organic PCMs can be categorized into paraffin compounds and non-paraffin 

compounds. The most studied organic PCM is paraffin. Paraffin is a kind of 

soft colorless wax derived from petroleum, coal, or shale oil and consists of 

hydrocarbon molecules containing between twenty to forty carbon atoms. 

Paraffin typically consists of straight chain n-alkanes CH3–(CH2)–CH3, and its 
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melting point and latent heat of fusion depend on the chain length (Kousksou 

et al., 2010). Paraffin is the most promising organic PCM for TES as it has a 

large latent heat and excellent thermal properties, including little or no 

supercooling, a wide range of phase change temperatures, low vapor pressure 

in the melting process, good thermal and chemical stability. Owing to these 

good properties, paraffin-based TES systems are usually suitable for long term 

melting/freezing applications. Commercial paraffin waxes, which melt at 

around 55 °C, have been widely used.  

 

The non-paraffin organic PCMs have quite varied properties, depending on 

their chemical features. They are quite different from paraffin, of which the 

properties are quite similar. Abhat et al. (1981) did an intensive study of organic 

PCMs and found many suitable ones for thermal energy storage. They are 

mainly fatty acids, esters, alcohols, and glycols. Nevertheless, they are 

flammable and care should be taken when dealing with high temperatures, 

flames, or oxidants. Other features of these materials are as follows: high heat 

of fusion, low flash points, low thermal conductivity, toxicity and instability at 

high temperatures, which make them less attractive for the end applications.  

 

Among the non-paraffin organic PCMs, fatty acids show comparable heat of 

fusion to that of paraffin. Fatty acids also exhibit stable melting and freezing 

temperatures and do not suffer from supercooling. One of the drawbacks of 

fatty acids is their high cost, which is usually several times greater than that of 

technical grade paraffin. Besides, they are corrosive to PCM containers.  
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1.3.2 Eutectic PCMs 

 

A eutectic PCM consists of two or more components, each of which melts and 

freezes congruently forming a mixture of the component crystals during the 

freezing process. Eutectic PCMs usually melt and freeze without segregation 

since they can form an intimate mixture of crystals. When the temperature 

reaches the melting points of eutectics, these components liquefy 

simultaneously, which differs from the incongruent freezing behavior of each 

component. Interestingly, thermal properties, such as melting point, can be 

altered by controlling the ratio between each component. In research by Liu and 

Yang (2017), Na2CO3·10H2O-Na2HPO4·12H2O eutectic hydrate salt was 

prepared for comfort applications in buildings. The supercooling degrees and 

melting point of the eutectic system were altered by controlling the ratio 

between these two ingredients, and the optimized performance was achieved 

when the ratio between Na2CO3·10H2O and Na2HPO4·12H2O was 40%: 60%. 

Table 1-2 summarizes some eutectic PCMs for thermal energy storage (Zalba 

et al., 2003; Xie et al., 2017). The drawbacks of eutectic PCMs include low 

thermal conductivity and leakage during the phase transitions (Ghani et al., 

2020), which limit their energy storage efficiency.  
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Table 1-2. Eutectic PCMs for thermal energy storage a 

Eutectic PCM Heat of fusion 
(J/(kg⋅K)) 

Melting point 
 (°C) 

55% CaCl2∙6H2O + 45% CaBr2∙6H2O 140 14.7 
75% CaCl2∙6H2O + 25% MgCl2∙6H2O 102.3 21.4 

66.6% CaCl2∙6H2O + 33.3% MgCl2∙6H2O 127 25 
40% Na2CO3∙10H2O + 60% Na2HPO4∙12H2O 220.2 27.3 

47% Ca(NO3)2∙10H2O + 33% Mg(NO3)2∙10H2O 136 30 
25% Na2SO4∙10H2O + 75% Na2HPO4∙12H2O 262.3 31.2 

50% Mg(NO3)2∙6H2O + 50% MgCl2∙6H2O 132 58−59 
58.7 Mg(NO3)2∙6H2O + 41.3% MgCl2∙6H2O 132.2 59 
53% Mg(NO3)2∙6H2O + 47% Al(NO3)3∙9H2O 168 66 

14% LiNO3∙3H2O + 86% Mg(NO3)2∙6H2O 180 72 
66.6% NH2CONH2 + 33.4% NH4Br 151 76 

15% LiNO3 + 65% NH4NO3 + 10% NaNO3 113 80.5 
26.4% LiNO3 + 58.7% NH4NO3 + 14.9% KNO3 116 81.5 

27% LiNO3 +68% NH4NO3 +5% NH4Cl 108 81.6 
a Sharma et al., 2009; Xie et al., 2017 

 

1.3.3 Inorganic PCMs 

 

Inorganic PCMs can be categorized into salt hydrates and metallics. Metallic 

PCMs include low melting metals and metal eutectics. The good merits of 

metallic PCMs include their high heat of fusion per unit volume and high 

thermal conductivity, which means that no extra heat exchangers are needed. 

Some metallic PCMs are summarized in Table 1-3. Other characteristics of 

these materials are low specific heat, relatively low vapor pressure and low heat 

of fusion per unit weight. However, metal-based PCMs have not been widely 

utilized for thermal energy storage mainly due to their weight penalties. 
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Table 1-3. Melting points and heat of fusion of metallic PCMs a 

Metallic PCM Heat of fusion 
(J/(kg⋅K)) 

Melting point 
(°C) 

Gallium 80.3 30 
Cerrolow eutectic 90.9 58 
Bi–Cd–In eutectic  25 61 
Cerrobend eutectic 32.6 70 
Bi–Pb–In eutectic   9 70 

Bi–In eutectic  25 72 
Bi–Pb–tin eutectic   - 96 

Bi–Pb eutectic   - 125 

  a Sharma et al., 2009; - insufficient data 

 

Salt hydrates, as crystalline solid with a formula of AB∙nH2O, can be taken as 

the alloys of inorganic salts and water. Their phase transitions are a dehydration 

or hydration process of the salt part, although they resemble the melting or 

freezing thermodynamically. The melting or dehydration process of salt 

hydrates is described as follows (Sharma et al., 2009): 

 

AB∙nH2O → AB∙mH2O + (n−m)H2O                                                         (1-3) 

AB∙nH2O → AB + nH2O                                                                            (1-4) 

 

where Eq. (1-3) describes a partial dehydration process and Eq. (1-4) presents 

a complete dehydration process. In the melting process, salt hydrates break up 

into anhydrous salt and water, or a lower hydrate and water, during which the 

heat is stored. In the freezing process, anhydrous salt and water reunite and form 

salt hydrates, companied by the release of stored heat. Some common salt 

hydrates for TES are listed in Table 1-4. 
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Table 1-4. Salt hydrates for thermal energy storage a 

Salt hydrate Heat of fusion 
(J/(kg⋅K)) 

Melting point 
(°C) 

K2HPO4∙6H2O 109 14 
FeBr3∙6H2O 105 21 
FeBr3∙6H2O 105 27 
LiNO3∙2H2O 296 30 

Zn(NO3)2∙6H2O 134 36.1 
Na2HPO4∙12H2O 279 40 
K2HPO4∙7H2O 145 45 

Ca(NO3)2∙3H2O 104 51 
Zn(NO3)2∙2H2O 68 55 
Fe(NO3)2∙6H2O 126 60.5 
Na3PO4∙12H2O 190 65 

LiCH3COO∙2H2O 150 70 
Al(NO3)3∙9H2O 155 72 
Ba(OH)2∙8H2O 265 78 

Mg(NO3)2∙6H2O 167 89.9 
KAl (SO4)2∙12H2O 184 91 

MgCl2∙6H2O 167 117 
a Sharma et al., 2009 

 

The advantages and disadvantages of all types of PCMs are summarized and 

compared in Table 1-5. 
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Table 1-5. Advantages and disadvantages of PCMs a 

PCM Type Advantage Disadvantage 

Organic 

Paraffins 

Chemically stable Low thermal conductivity 
High heat of fusion per unit 
weight 

Poor compatibility with 
plastic containers 

Moderate energy storage density Low phase change 
enthalpy 

No or minor supercooling Large volume change 
Availability in a broad 
temperature range Flammable 

Noncorrosive High cost 

Non-paraffins No or minor supercooling 
Noncorrosive 

Low thermal conductivity 
Instability at high 
temperatures 
Flammable 

Inorganic 

Salt hydrates 

Sharp melting points 

Phase separation 
Supercooling 
Corrosive to metal 
containers 
Cycling stability 

High thermal conductivity 
High volumetric heat of fusion 
High phase change enthalpy 
High energy storage density 
Small volume change 
Nonflammable 
Low cost 

Metallics 
Sharp melting points Corrosive 
High thermal conductivity Toxicity 
Small volume change Environmental concerns 

Eutectics 

 High volumetric energy storage 
density 

Lack of currently 
available test data of 
thermos-physical 
properties 

 Sharp melting points 

a Zhou et al., 2012; Hyun et al., 2014; Safari et al., 2017
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1.4 Barriers of PCMs for efficient TES 

 

Salt hydrates, as a class of promising inorganic PCMs for TES, possess many 

good properties, e.g. high energy storage density, small volume change, and 

constant phase transition temperatures, etc. Nevertheless, they also show some 

drawbacks, among which phase separation and supercooling are the most 

challenging.  

 

Paraffin, which has been intensively used as organic PCMs, exhibits 

fascinating thermal properties, e.g. no phase separation, negligible supercooling, 

and a wide range of melting temperatures. However, one problem that hinders 

the efficient application of paraffin as PCMs is the huge volume change in the 

melting/freezing process, which consequently leads to the leakage of paraffin 

and inefficient TES applications. Therefore, improving the form-stability of 

paraffin-based organic PCMs is critical.  

 

Furthermore, improving the thermal conductivity of PCMs is always a big 

concern as an accelerated heat transfer favors the energy storage and release 

process of TES systems. The drawbacks of PCMs are illustrated as follows. 
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1.4.1 Phase separation of salt hydrates 

 

Thermal energy is stored with the melting process of salt hydrates, which can 

be categorized into three different kinds: congruent, incongruent, and semi-

congruent melting (Xie et al., 2017). Congruent melting occurs when 

anhydrous salt is completely soluble in its water of hydration at the melting 

temperature, while incongruent melting means anhydrous salt cannot fully 

solubilize in its water of hydration. In a semi-congruent melting process, the 

liquid and solid phases are in equilibrium during a phase transition process.  

 

In the incongruent or semi-congruent melting processes of salt hydrate PCMs, 

water and a lower hydrate salt are formed. However, the amount of water 

separated from the hydrated salts is not enough to dissolve the salt crystals. 

Because of their higher densities than water, the solid salts would settle down 

at the bottom of the PCM containers, leading to the so-called phase separation. 

Then a mixture of supersaturated solution and sediment salts generates at the 

melting temperature of a salt hydrate. As a result of phase separation (salt 

sedimentation), the recombination of salt with water of crystallization becomes 

unachievable in the freezing process, and this irreversible dehydration causes 

the loss of thermal effectiveness of the hydrated salt on thermal cycling (Onder 

& Sarier, 2014). Farid et al. (2004) also claimed in a review that this irreversible 

situation goes worse with the cyclic melting and freezing process, continuously 

reducing the energy storage efficiency of PCMs. 
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To solve the phase separation problem, different approaches are available, 

including (Sharma et al., 2009; Noël et al., 2016):  

(i) Continuous mechanical mixing. 

(ii) Encapsulation of PCMs. 

(iii) Addition of thickening agents, which can hold the solid salts together and 

keep them in the suspension. 

(iv) Addition of excess water to dissolve all melted salt crystals with the 

elimination of supersaturated salt solution. 

(v) Modification of the chemical compositions of the system to obtain a 

congruent melting process. 

 

Among all the summarized ways, the addition of thickening agents is the most 

effective one and has been studied intensively, which will be further explored 

in the literature review part.  

 

1.4.2 Supercooling of salt hydrates 

 

Supercooling means “the delay in the start of freezing or solidification” of a 

material. As synonyms, “supercooling”, “undercooling” and “subcooling” can 

be found in different publications (Zalba et al., 2003; Farid et al., 2004; Sandnes 

& Rekstad, 2006). In this dissertation the name of supercooling will be used to 

avoid any chaos.  Many salt hydrates face this problem during the phase 

transition from liquid to solid, i.e. the solidification of salt hydrates does not 

immediately occur upon the freezing points but occurs far below that. During 
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the supercooling, the PCMs’ sensible heat will be lost but the latent heat can be 

released immediately when phase change or crystallization occurs.  

 

Supercooling and crystallization rates are part of the kinetic properties of 

PCMs (Sharma et al., 2009). Supercooling is not desired since it leads to a 

reduced crystallization temperature, which means the stored heat energy will be 

released at a lower temperature. This is especially unfavorable when 

supercooled PCMs are used for space heating or warming applications. This 

also indicates a wider temperature range in the thermal energy storage and 

release process, i.e., a large temperature difference is needed to fully extract the 

latent heat, which is detrimental to the efficiency of TES applications. Keinänen 

(2007) investigated the influence of the degree of supercooling on the thermal 

energy output capacity of sodium acetate and concluded that the degree of 

supercooling has more influence on the recovered heat than on output capacity. 

That tells that a smaller degree of supercooling helps recover more latent heat 

although it has a minor effect on output capacity. Therefore, supercooling of 

salt hydrate PCMs is a major issue to tackle.  

 

The extent of supercooling can be characterized by supercooling degree, 

which is the temperature difference between the melting and freezing points. 

The supercooling degree can be calculated by Eq. (1-5) (Cao & Yang, 2014): 
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∆푇 = 푇 − 푇                                                                                             (1-5) 

 

where ∆푇  is the supercooling degree (ºC), 푇  represents the melting point 

(ºC), and 푇  denotes the freezing point (ºC).  

 

Therefore, solving the problem of supercooling is a process to decrease the 

supercooling degree. Generally, supercooling occurs since there is a lack of 

nucleating sites, which initiate the crystallization of salt hydrates in the freezing 

process. Different ways to trigger the crystallization of supercooled liquid or to 

eliminate the supercooling phenomenon were summarized in a review by Safari 

et al. (2017). These methods include the addition of nucleating agents, 

microencapsulation, controlling the size of microcapsules, optimizing the 

composition and structure of the capsule shells, using nanofluid PCMs, and a 

rolling cylinder method.  

 

Among these methods, the addition of nucleating agents is the easiest and most 

effective. Typically, nucleating agents are solid particles or materials of crystal 

structure and lattice parameters, which can trigger crystallization (Garg et al., 

2012). Upon the addition of nucleating agents, a crystalline structure starts to 

grow immediately on their surfaces and continues to grow as long as the 

temperature is below the equilibrium temperature and there are available liquid 

phase materials. The most widely used nucleating agents include salt hydrates, 

metal nanoparticles, etc.  
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1.4.3 Thermal conductivity insufficiency of PCMs 

 

Thermal conductivity is the intrinsic property of a material that expresses its 

ability to conduct heat. It is often denoted κ, k, or λ. In this dissertation, λ was 

adopted. According to Fourier’s Law (Arfken et al., 1984), the thermal 

conductivity of a material can be calculated by Eq. (1-6):  

 

휆 = −푄/훻푇                                                                                                (1-6) 

 

where 휆 is the thermal conductivity (W/(m⋅K)), 푄 is the heat flux (W⋅m−2), 

and 훻푇 is the temperature gradient (K⋅m−1).  

 

Salt hydrates as promising PCMs have the merits of high volumetric energy 

storage density, small temperature swings in energy storage and release process, 

and attractive cost advantages. Salt hydrates have a higher thermal conductivity 

than organic PCMs, for example, the thermal conductivity of sodium acetate 

trihydrate (0.4−0.7 W/(m⋅K)) is at least double that of paraffin (0.2 W/(m⋅K) ). 

It is always favored that PCMs have higher thermal conductivity as an increased 

thermal conductivity allows for a faster rate of heat transfer in PCMs and then 

a reduction of the time required for the PCMs to undergo a complete charge or 

discharge, thereby improving the efficiency of thermal energy storage systems 

(Karaipekli et al., 2017). Therefore, enhancement of the thermal conductivity 

of PCMs is one focus for TES applications.  
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There are several ways to improve the heat transfer of salt hydrate PCMs, for 

example, the modification of the configuration of TES systems (Zalba et al., 

2003), encapsulation of PCMs with polymer, or inorganic material, and adding 

materials with high thermal conductivity (Lin et al., 2018). For the modification 

of the configuration of TES systems, some researchers (Sadasuke & Naokatsu, 

1991; Velraj et al., 1999; Ismail et al., 2001) have investigated the use of finned 

tubes with varied configurations to enhance the heat conduction of PCM 

systems. However, this increases the complexity of designing a heat storage 

system. For the encapsulation of PCMs, typically a polymer or inorganic 

material with a higher thermal conductivity would be used to form a shell 

surrounding PCMs, finally improving the thermal conductivity of whole PCMs. 

The drawback of this method is that other techniques are required to synthesize 

the encapsulated PCMs, such as emulsion polymerization, interfacial 

polymerization and mini-emulsion polymerization, which also make the 

application of salt hydrate PCMs more complicated and less attractive.  

 

As a comparison, adding materials with high thermal conductivities is easier 

to operate and shows a positive effect on the thermal conductivity enhancement 

of PCMs. These materials can be categorized into metal-based, carbon-based 

substances, and others. Metal-based additives can be forms of foams, particles, 

oxides, wires, power, etc. Due to their rather high thermal conductivity, carbon-

based materials such as expanded graphite, graphene, carbon nanotubes and so 

on, have been intensively used. Besides, non-metal or non-carbon materials, e.g. 

hexagonal boron nitride, mesoporous silica, can also be used to enhance the 
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thermal conductivity of PCMs. Ways to improve the thermal conductivity of 

PCMs are detailed in the literature review part.  

 

1.4.4 Poor form-stability of paraffin 

 

Organic solid-liquid PCMs, e.g. paraffin, have been intensively used for TES 

owing to their broad melting temperatures, stable chemical and thermal 

properties and abundant availability (Kousksou et al., 2010). One important 

challenge for their efficient application is their leakage in the repeated melting 

and freezing processes, which is due to their huge volume change in the phase 

change processes (Ye et al., 2015). The huge volume change leads to the 

leakage of organic PCMs, which harms the efficiency of thermal energy storage 

and shortens the lifetime of PCM systems.  

 

Encapsulation of PCMs by polymers can efficiently prevent them from 

leakage during the phase change process. In research by Zhang et al. (2014), 

PCMs were encapsulated by double-walled shells, formed by 

polystyrene/graphene, successfully protected the core materials, i.e. organic 

PCMs, from leakage and evaporation. Nevertheless, the polymers used for 

encapsulation typically decrease the heat transfer of the encapsulated PCMs, 

which deteriorates the efficiency of the heat storage and release process.   

 

The leakage of organic PCMs can also be addressed by adsorbing them into 

porous support, which provides the shape-stability of PCMs in the phase change 

process (Gao et al., 2018). There have been several reports on using porous 



 

27 

 

supports or foam-like structures to enhance the form-stability of organic PCMs. 

For example, in the work by Chen et al. (2012), functional PCM composites 

based on wax-infiltrated carbon nanotube (CNT) sponges were fabricated, 

where CNT acted as a deformable encapsulation scaffold for the paraffin wax 

and a thermal conductivity enhancer. Improved phase change enthalpy and 

thermal conductivity were found compared to pure paraffin wax, as well as a 

satisfactory mechanical strength. Besides, the leakage problem of paraffin was 

negligible due to the stabilization effect of CNT sponges. However, one major 

concern that needs to be addressed is the uniform dispersion of CNT. 

 

To sum up, enhancing the form-stability of organic PCMs is critical and also 

challenging for practical applications. Methods to improve the form-stability of 

organic PCMs are stated in the literature review part. 
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1.5 The potential of CNF to improve the performance of PCMs 

 

Cellulose is one of the most abundant natural polymers on earth and owns lots 

of attractive merits, including biodegradability, renewability, biocompatibility, 

low density, high strength, and ease for chemical modification (Klemm et al., 

2005). Cellulose nanofibril (CNF), which is derived from cellulose fibers, not 

only maintains the intrinsic properties of cellulose but also possesses other 

fascinating properties, such as high aspect ratio and high specific surface area. 

As a kind of nano-sized material, CNF is several nanometers in diameter and a 

few micrometers in length. CNF can be produced through the mechanical 

treatment of cellulosic pulp fibers with or without chemical or biological 

treatment (Park et al., 2020). Regarding these fascinating properties, CNF has 

been intensively studied and used in a host of applications, such as reinforcing 

elements for various matrices (Maia et al., 2017), stabilizer for nanoparticles 

(Li et al., 2013), dispersing agents for carbon nanomaterials (Hajian et al., 

2017), reducing and stabilizing agents for the synthesis of metal nanoparticles, 

etc. (Mochochoko et al., 2013). 

 

Typically, CNF suspensions form three-dimensional gel-like structures when 

a critical concentration of the nanofibers is reached (Pääkkö et al., 2007). Such 

gel-like structures are formed in CNF suspensions at a low consistency of 0.15 

wt%, corresponding to the gelation point of CNF suspensions, as reported by 

Pääkkö et al (2007). Above this consistency, cellulose nanofibers start to form 

an interconnect network. The strength of this nanofiber network increases as 

the consistency of CNF increases, as reflected by the increase of dynamic 
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moduli of CNF, claimed in some studies (Dimic-Misic et al., 2013; 

Nechyporchuk et al., 2014). These 3D networks via the entanglements of 

nanofibers can hold the salt hydrates together and prevent them from 

sedimentation. Meanwhile, the addition of CNF into salt hydrates can increase 

the viscosity of PCMs and hinders the flow of salt hydrates in the melting 

process, thus addressing the phase separation problem. In recent research (Oh 

et al., 2020), microfibrillated cellulose (MFC) and other two kinds of CNF, i.e. 

mechanically treated CNF and TEMPO-oxidized CNF, were tested as gelation 

agents to tackle the phase separation of sodium sulfate decahydrate (SSD), a 

common salt hydrate for TES.  The sedimentation tests showed that TEMPO-

oxidized CNF did not eliminate the phase separation phenomenon, while MFC 

and mechanically treated CNF successfully prevented the phase separation of 

SSD. However, compared to MFC, CNF showed a comparable effect at a much 

lower dosage due to its high degree of fibrillation. The viscoelastic properties 

with/without fibrillated cellulose were characterized by rheological 

measurements, and it was indicated CNF without chemical treatment has a low 

charge density and was the most effective one for providing phase stability. The 

author also compared CNF with carboxymethyl cellulose (CMC), the most 

commonly used thickening agent, and claimed that CMC was not so powerful 

to prevent the phase separation of SSD even at a much higher dosage than CNF. 

This work mainly focused on the effect of CNF on the phase stability of SSD. 

However, little was done to explain its effect on the structures and thermal 

properties of PCMs. In the present work, CNF was used as a thickening agent 

for another widely used salt hydrate phase change material, i.e. sodium acetate 

trihydrate (SAT), to solve the problem of phase separation.  
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The high surface area, thermal stability, and tunable surface chemistry of 

nanocelluloses make them attractive as supports and stabilizers for 

nanoparticles (Kaushik & Moores, 2016). Thermodynamically unstable metal 

nanoparticles are very much likely to aggregate in their synthesis if no capping 

agents, ligands or supports are added. Regarding the attractive properties of 

nanocelluloses as mentioned, they can be excellent supports for metal 

nanoparticles. For example, in a research by Li et al. (2015), it was reported 

that CNF dispersed the synthesized silver nanoparticles uniformly and 

individually in the solution. Similar findings were also claimed in a work by Yu 

et al. (2019). Although there have been a number of studies preparing 

nanocellulose-supported metal nanoparticles, most of them are for catalytic 

applications, sensor fabrications, and antibacterial activity enhancement 

(Kaushik & Moores, 2016). Owing to their high specific surface area, metal 

nanoparticles can be used as nucleating agents to tackle the supercooling 

problem of salt hydrate PCMs. This would give some inspiration on using 

nanocellulose-supported metal nanoparticles for a novel purpose. In the current 

work, silver nanoparticles were synthesized with the aid of CNF, which acted 

as a dispersing and stabilizing agent. Then the CNF-supported metal 

nanoparticles were added to salt hydrate PCMs to simultaneously address the 

problem of phase separation and supercooling. Owing to the excellent thermal 

properties of metal nanoparticles, the enhanced thermal conductivity of PCMs 

was expected.  
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Amphiphilicity is an interesting property of CNF, which is ascribed to its 

special structural and chemical profiles. The polar −OH groups on the surface 

of CNF contribute to the hydrophilicity, and the −CH moieties of the backbones 

of CNF enable the hydrophobicity (Li et al., 2015).  The amphiphilicity of CNF 

allows it to be used as a dispersing agent for carbon nanomaterials, which has 

been intensively used to improve the thermal conductivity of PCMs. In an 

attempt to make highly conducting and strong nanocomposites (Hamedi et al., 

2014), CNF was used as an aqueous dispersion agent to disperse single-walled 

nanotubes (SWNTs), making possible low-cost exfoliation and purification of 

SWNTs. The authors stated that this offered a cheap and sustainable alternative 

for molecular self-assembly of advanced composites because achieving high-

quality dispersions of SWNTs is mainly in means of chemical functionalization 

of SWNTs, which leads to increased cost, a loss of strength and lower 

conductivity. Their work proved the effectiveness and advantages of using 

nanocellulose to disperse carbon nanomaterials. In this dissertation, CNF was 

used as the dispersing agent for highly thermally conductive carbon 

nanomaterials, aiming at improving the thermal conductivity of PCMs.  

 

Cellulose foams, a porous material, can be prepared by freeze-drying 

dissolved cellulose or aqueous cellulose nanofibers. Owing to their versatile 

surface chemistry as well as the tunable macroscopic forms, cellulose foams 

have been used in many applications, among which separation and purification 

are studied most. In the research by Jiang et al. (2014), ultra-low density and 

highly porous CNF aerogels were fabricated for the absorption of both water 

and non-polar solvents. It was found that CNF aerogels can store a significant 
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amount of liquid in the macroscopic pores, ascribed to the highly porous 

structures with porosity as high as 99.9%. The authors claimed that these CNF 

aerogels could absorb several hundreds of times organic solvents or oil by 

weight, much more efficiently than other absorbents prepared from naturally 

organic, inorganic, or synthetic polymers. Tang et al. (2019) prepared CNF 

aerogels for heavy metal and dye removal, and the prepared aerogels displayed 

good adsorption capacity toward metal ions and synthetic dyes due to the high 

porosity (98.5%) and low density (25 kg/m3) of those foams. Similar findings 

were also reported by Ma et al. (2019). These studies show the possibility of 

using CNF foam as porous support for organic PCMs due to its high porosity 

and great absorbency. Because of its tunable chemistry, the chemical 

modification of CNF is allowed to prepare form-stable and PCM-compatible 

cellulose foams. Due to the porous structure and improved compatibility 

between foams and PCMs, CNF-based foams can be used to provide form-

stability to organic PCMs. With the support of foams, the prepared PCM 

composites can maintain a stable form during the phase transition process, 

addressing the leakage problem and leading to improved reliability of the TES 

systems. Moreover, carbon nanomaterials can be used in the preparation of 

foams to improve the thermal conductivity of PCMs. As mentioned, CNF can 

disperse carbon nanomaterials without harming their intrinsic properties. The 

use of CNF/carbon nanomaterial composite foams is expected to improve both 

the form-stability and the thermal properties of organic PCMs. 
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In summary, CNF can play different roles in improving the performance of 

PCMs. It was expected that by using CNF or CNF-based composite, which has 

plenty of superior properties, the problems of phase separation and 

supercooling of inorganic PCMs can be resolved, the form-stability of organic 

PCMs can be improved. With the use of CNF/carbon nanomaterial composites, 

the thermal conductivity of both inorganic and organic PCMs can be enhanced. 
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2. Objectives  

   

The drawbacks of PCMs must be overcome for more efficient and reliable 

TES applications. In this dissertation, different CNF-based composites were 

prepared and used to overcome the drawbacks of inorganic salt hydrate and 

organic PCMs and to improve their thermal energy storage performance. The 

specific objectives are as follows:  

 

The first objective was to solve the phase separation problem of salt hydrate 

PCMs, the use of CNF as a thickening agent was investigated. The effect of 

CNF on the phase stability and fluidity of PCMs and the mechanism therein 

were investigated. 

 

The second objective was to screen suitable nucleating agents for suppressing 

the supercooling degree of salt hydrate PCMs, including salt hydrates and metal 

nanoparticles (MNPs). When MNPs were tested, CNF was used to improve 

their synthesis and dispersion in PCMs.  

 

The third objective was to enhance the thermal conductivity of PCMs via the 

use of CNF/carbon nanomaterials composites, thus improving the efficiency of 

thermal energy storage and release. To this end, the use of CNF ensured the 

uniform dispersion of carbon nanomaterials. 
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The last objective was to improve the form-stability of organic PCMs and to 

address the leakage issues, the use of CNF foam as porous support was explored. 

When CNF/CNT foams were used, the heat transfer performance of PCMs was 

expected to be improved. 

 

   The prepared CNF-based composites were characterized and their 

effects on the structures and properties of the resulting PCM composites 

were systematically studied.   
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3. Literature review 

3.1 Sodium acetate trihydrate for TES 

 

Sodium acetate trihydrate (SAT), a common inorganic salt, is also an excellent 

candidate phase change material for thermal energy storage, mainly because of 

its advantages of high thermal energy storage density, relatively high thermal 

conductivity (Garay Ramirez et al., 2014) and small volume change upon 

change. SAT has a large latent heat (264 kJ/kg) and a melting point of 58 °C, 

which means it is a low and medium temperature PCM. More importantly, SAT 

is non-flammable, non-corrosive, non-toxic, and cheaper compared with certain 

organic PCM, paraffin for instance (Zalba et al., 2003). What’s more, SAT is 

compatible with plastic containers, which are intensively used in thermal 

energy storage systems. Regarding these good merits (Table 1-6), SAT has been 

under intensive studies and been applied in various applications, including 

household hot water supply systems or indoor heating systems (Fu et al., 2018) 

and solar heating systems (Englmair et al., 2018). 

 

Table 1-6. Properties of SAT 

Property Unit Value Reference 
Melting point °C 58 

Sandnes & Rekstad, 2006; 
Jankowski & McCluskey, 

2014;  
Johansen et al., 2015;  

Pereira da Cunha & Eames, 
2016 

Heat of fusion kJ/kg 264 
Thermal conductivity W/(m⋅K) 0.4−0.7 

Heat capacity kJ/(kg∙K) 1.68 
Energy density kWh/m3 113 

Density kg/m3 1450 
Volume expansion m3/m3 3 
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There are also some devastating issues to be solved for the efficient application 

of SAT for thermal energy storage and utilization, including phase segregation 

and strong supercooling (Shin et al., 2015). Phase separation is a common 

problem in the cyclic melting/freezing process of salt hydrate-based phase 

change materials. Due to the difference in the densities of water and salt hydrate, 

the heavier salt would precipitate at the bottom of containers, making it difficult 

for the anhydrous salt hydrate to reunite with water molecules. This will lead to 

a poor crystallization of SAT, and a change in the thermophysical properties of 

the PCM (Cabeza et al., 2003), which consequently limits the capacity and 

efficiency of thermal energy storage.  

 

Another problem to be addressed is the supercooling, where the crystallization 

or solidification process of SAT does not initiate at its solidification point 

temperature but at a temperature lower than that (Salunkhe, 2017). 

Supercooling will lead to a delayed heat release until the real solidification 

begins (Mehling & Cabeza, 2008). The supercooling degree could be calculated 

from the temperature difference between the melting and freezing 

(crystallization) points (Safari et al., 2017). The lower the supercooling degree 

is, the higher the crystallization rate will be, and consequently a faster heat 

release in the cooling process of PCM.  
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Besides, it is critical to improve the thermal conductivity of SAT-based PCM 

samples for real applications. Typically, the thermal conductivity of SAT is in 

the range of 0.4−0.7 W/(m⋅K), which is relatively higher than other kinds of 

salt hydrate but is still insufficient for a high-efficiency TES system. PCMs with 

high thermal conductivity are always desired as they can assure a faster thermal 

energy storage and release rate, and shortening the time for the thermal energy 

charge and discharge process. Thus, it is necessary to further improve the 

thermal conductivity of SAT-based PCMs, which was investigated in this 

dissertation. 

 

In summary, SAT is a promising salt hydrate PCM for various applications of 

interest, although there are some drawbacks to overcome. The solutions to solve 

the problems of phase separation, supercooling, and improving the thermal 

conductivity are reviewed in the sections followed. 
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3.2 Solutions to eliminating the phase separation 

 

Considering the difference in the densities of salt hydrate and water lead to the 

phase separation, certain materials can be used to prevent the denser salt from 

settling down to the bottle of the PCM container (Cabeza et al., 2003). To 

eliminate the phase separation, these materials can either introduce a three-

dimensional network in the PCM sample and hold the salt hydrate together, 

and/or increase the viscosity of PCMs and hinders the flow and sedimentation 

of salt hydrate. Using these thickening agents, the problems of phase separation 

and the dispersion of insoluble nucleating agents, metal nanoparticles, for 

instance, can be addressed.  

 

Some polymers, such as polyacrylic amide, poly (acrylamide-co-acrylic acid) 

partial sodium salt, sodium polyacrylate, and polyvinyl alcohol have been used 

intensively to address the problem of phase separation (Hua et al., 2018; Kong 

et al., 2019; Liu et al., 2019; Wang et al., 2019). In a research by Cabeza et al. 

(2003), four different types of thickening agents were tested to thicken SAT 

based phase change energy storage material, i.e. starch, cellulose 

(methylhydroxyethyl-cellulose & methylcellulose) and bentonite. Their results 

showed that SAT samples were well thickened, as evidenced by the improved 

viscosity of samples. It is interesting to point out that bentonite did not improve 

the viscosity gradually, but suddenly improve the viscosity a lot when the 

dosage of bentonite was over a certain level. This was different from the 

cellulose and starch thickening materials. The authors declared that cellulose 

exhibited the best performance in thickening the mixture to avoid phase 
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separation. The thickened samples showed similar thermal properties, with the 

same melting point and a decreased enthalpy depending on the type and dosage 

of thickening agents.  

 

Cellulose derivatives, superabsorbent polymers, or polyvinyl alcohol (Shin et 

al., 2015), are commonly used to inhibit the separation. These thickening 

materials increase the overall viscosity of the salt hydrates which in turn 

improves their holding capacity. To tackle the phase separation of SAT, 

carboxymethyl cellulose (CMC) and xanthan gum were tested in a work by 

Kong et al. (2019). The results showed that samples with 0.5% and 1% xanthan 

gum (XG) had yellow jelly structures, and a darker and harder solid structure 

was found at the higher xanthan gum addition level (1%). The SAT samples 

with 0.1% and 0.2% CMC had a transparent liquid phase without any jelly 

appearance. Upon the addition of these two types of additives, their samples did 

not show obvious phase separation after 19 days of supercooling of SAT.  The 

authors claimed that with a proper selection of additives, i.e. thickening agents, 

and appropriate operating conditions, SAT can perform better as a long thermal 

heat storage material. Liu et al. (2019) fabricated a micro-scale phase change 

material based on sodium acetate trihydrate for thermal storage, where 3 wt% 

CMC was added to address the problem of phase separation. The prepared PCM 

composite showed good thermal properties and good stability, which could 

maintain after several cycles of melting and solidification.  
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Polyacrylamide (PAM), which maintains good flocculation and chemical 

stability at 120 °C, was employed as a thickening agent to prevent the phase 

stratification in a work by Wang et al. (2019). Their experiments showed that 

the addition of PAAm was helpful to avoid the phase separation of SAT, and 

1.5% of PAAm was sufficient to avoid the phase separation. The authors 

proposed a mechanism in which the added PAAm may reduce the friction 

between liquid SAT molecules and enhance the flocculation, thus the solid salt 

particles can be dispersed uniformly into the liquid to form the viscous 

suspension without phase separation. 

 

Screening and optimization of thickening agents  was performed by Hua et al. 

(2018) to solve the problem of phase separation of SAT, where four types of 

additives were tested, i.e. CMC, polyacrylic acid sodium salt (PASS), XG and 

palygorskite (PAS). For a preliminary selection of thickeners, 2% of CMC, 

PASS, XG and PAS were added to SAT, respectively. The authors concluded 

that XG was the most effective one, and there was no phase separation. PASS 

and CMC have a certain thickening effect, and PAS was found to be the least 

useful one. Then different amounts of XG (0.5%−2.5%) were added to SAT, 

and 1.5% turned out to be the optimal dosage, leading to a supercooling degree 

of 0.2 °C. The authors also claimed that thickener is the key factor that affects 

the performance of modified SAT, compared with nucleating agents. With the 

addition of thickeners to SAT, the latent heat, solid/liquid volume expansion 

rate, solid/liquid density and thermal conductivity all decrease accordingly, 

which is not desired in the actual applications.  
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To sum up, various additives have been used to address the problem of phase 

separation of SAT, and many of them positively affect the phase stability of 

SAT. However, most of the researchers just simply studied the effect of these 

additives by the observation of phase stability, the mechanism involved was not 

explored or interpreted.  
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3.3 Nucleating agents for supercooling suppression 

 

Plenty of nucleating agents can be used to solve the problem of the 

supercooling of salt hydrate PCMs, including salt hydrates, metal nanoparticles, 

etc. An experimental investigation of the selection and optimization of 

nucleating agents for SAT has been performed by Mao et al. (2009). They tested 

five different salt hydrates, including Na2HPO4∙12H2O (DSP), Na3PO4∙12H2O, 

Na2CO3∙10H2O, Na2SiO3∙9H2O, and Na2B4O7∙10H2O (borax). In their work, 

CMC, gelatin, PAM were used as thickeners to avoid the phase separation of 

SAT. It was found that when CMC was used as thickener, DSP was the only 

efficient nucleating agent. The minimum supercooling degree was 4 °C when 

5% DSP applied. No obvious exothermic phase transition temperature platform 

can be found when the other four salt hydrates were used, negating their 

effectiveness. When gelatine was the thickener, DSP was the most effective 

nucleating agent, and the supercooling degree was 3 °C. The use of 

Na3PO4∙12H2O and Na2SiO3∙9H2O led to a supercooling degree of 5 °C and 

13 °C, respectively, but no exothermic platform appeared in their cooling 

curves. When PAM was the thickener, three additives worked, including DSP, 

borax and Na3PO4∙12H2O. However, Na3PO4∙12H2O was the most effective one, 

instead of DSP. Na3PO4∙12H2O suppressed the supercooling degree of SAT to 

4 °C with a 25 min heat release at 55 °C. As a comparison, DSP gave a 

supercooling degree of 10 °C with a 10 min heat release at 56 °C. Therefore, 

DSP showed its effectiveness in suppressing the supercooling of SAT although 

different thickeners were used. This indicates that DSP is a promising candidate 

for nucleating agents in this dissertation. Regarding the effect of thickeners on 
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the performance of nucleating agents, it was still worth testing the other salt 

hydrates when using CNF as the thickening agent. Moreover, the authors 

proposed that the dosage of nucleating agents and thickeners greatly impact the 

phase-change effects, which was also considered in this dissertation.  

 

Wang et al. (2019) prepared an SAT-based composite thermal storage material 

with PAM as the thickening agent and Na4P2O7∙10H2O as the nucleating agent. 

The addition of more than 1.5% PAAm enhanced the flocculation and resulted 

in viscous suspensions, consequently eliminating the phase separation of SAT 

suspensions. As the nucleating site of SAT, Na4P2O7∙10H2O lowered the 

nucleation barrier effectively and induced the crystallization of SAT. The 

minimized supercooling degree was smaller than 5 °C when 1.5% of PAM was 

applied. The authors stated that an excess of nucleating agents would hinder 

crystal nucleation and growth. Their results showed that the heat fusion of SAT 

was unaffected by either the nucleation catalyst or the thickening agent and the 

prepared composite material exhibited excellent and stable thermal storage 

performance, which is favorable for their target application.  

 

In a work by Liu et al. (2019), 2% borax was used to tackle the problem of 

supercooling. The authors proposed that there was no supercooling of SAT 

during the first two cycles because the use of CMC inhibited the phase 

separation as well as prevented the crystals from undergoing a phase change. 

However, when the number of cycles increased, the supercooling phenomenon 

occurred, and the supercooling degree was about 8 °C after 7 cycles.  
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Garay-Ramírez et al. (2015) used silver nanoparticles (AgNPs) as the 

nucleating agent and investigated the effect of silver nanoparticles on the 

thermal properties of SAT. The authors found that the thermal conductivity of 

the prepared PCM mixture was higher than that of pure SAT, depending on the 

dosage of silver nanoparticles. The best latent heat recovery value and good 

thermal diffusivity and conductivity were obtained with medium-to-low 

amounts of AgNPs and higher proportions of CMC, there the latter worked as 

thickening agents. It was believed that the improved heat transfer is due to the 

high thermal conductivity of metal nanoparticles, leading to a broad heat 

exchange surface area due to their nano-dimensions. However, the effect of 

silver nanoparticles in the supercooling behaviors was not investigated, which 

would be performed in this dissertation. Besides, CMC was used as the 

stabilizing medium for synthesized silver nanoparticles, which also differs from 

the idea that using CNF as the stabilizing medium.  

 

Aluminum nitride (AlN) nanoparticles were used as nucleating cores by Hu et 

al. (2011) to prevent the supercooling of SAT as AIN nanoparticles have good 

physical and chemical stabilities in a broad temperature range, large specific 

surface area and high surface activity. The authors concluded that the 

supercooling degree of the CMC-thickened SAT could be reduced to 0−2.4 °C 

by adding 3−5 wt% AlN nanoparticles. Nevertheless, the phase change 

temperature and the latent heat of SAT-based PCMs all slightly decreased. One 

thing to point out is that the dispersion of AIN nanoparticles in SAT was not 

cared for, instead, the different components were just mixed in a mortar, 

followed by the melting and freezing of the mixtures in test tubes.  
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Nano-copper (Nano-Cu) with high thermal and electrical conductivity was 

used as nucleating agents for SAT to address the problem of supercooling and 

enhance the thermal conductivity as well in research by Cui et al. (2016). The 

minimum supercooling degree was around 0.5 °C when 0.5% of Nano-Cu was 

used. Besides, the thermal conductivity of the prepared PCM composites was 

nearly 20% higher than that of pure SAT. Sodium dodecyl sulfonate 

(C12H25NaO3S) was selected as a dispersant to improve the dispersion of Nano-

Cu in the liquid medium. 

 

In summary, salt hydrates and metallic nanoparticles can be used as nucleating 

agents to tackle the supercooling problem. The combination of nucleating agent 

and thickeners and their doses should be optimized for an efficient supercooling 

suppression. Furthermore, the dispersion and stabilization of metallic 

nanoparticles should be considered when using them as nucleating agents, 

which was neglected in certain works.  
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3.4 Ways to enhance the thermal conductivity 

 

Enhancing the thermal conductivity of PCMs is a key issue for efficient 

thermal energy storage and release since a higher thermal conductivity can 

accelerate the heat transfer from the heat source to PCMs in the heating process 

and from PCMs to heat receiver in the cooling process. There are several ways 

to improve to heat transfer of PCMs, among which adding materials with high 

thermal conductivity is the most efficient one. Due to their excellent thermal 

properties, metal- and carbon-based materials have been widely used as the 

thermal conductivity enhancers.  

 

In a research by Johansen et al. (2015), graphite powder was used to enhance 

the thermal conductivity of SAT. Their results indicated that 1% of graphite 

efficiently improved the thermal conductivity of SAT from 0.433 W/(mK) to 

0.603 W/(mK), suggesting that graphite is a promising thermal conductivity 

enhancing agent. In their experiment, graphite powder was stabilized by CMC, 

which also resolved the problem of phase separation of SAT. The cyclic 

melting/freezing process was performed, and the authors maintained that the 

prepared PCM did not suffer from loss of performance.  

 

A novel PCM composite consisting of SAT-formamide eutectic mixture was 

prepared by Fang et al. (2019). The authors introduced that expanded graphite 

(EG) used in their work is a loose and porous worm-like graphitic carrier, which 

also possesses high thermal conductivity, long-term thermal reliability and can 

act as a heterogeneous nucleating agent to suppress the supercooling degree of 
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some salt hydrates. Different loading levels of EG, i.e. 3%, 5%, 8% and 10% 

were tested, and it was found that the corresponding thermal conductivities 

increased continuously. The authors explained that the greatly improved 

thermal conductivity was due to the compact thermal conductivity network 

formed by EG, especially when the addition level of EG was high. Based on the 

performance of the prepared composite, e.g. phase change temperature, latent 

heat, supercooling degree and thermal conductivity, the optimal dosage of EG 

was decided as 5%. It was claimed that the change of thermal properties was in 

an acceptable range after 400 thermal cycles. 

 

Zhang et al. (2018) prepared a PCM composite consisting of aluminum 

potassium sulfate dodecahydrate (Alum, KAl(SO4)2∙12H2O) as the PCM and 

EG as a porous matrix for improving the thermal conductivity. The addition of 

10% of EG improved the thermal conductivity from 0.497 W/(mK) to 5.875 

W/(mK), which was an enhancement by a factor of 11.82 compared with pure 

alum. Besides, the fluidity of the composite decreased with the addition of EG, 

improving the shape-stability of the prepared composite. Although their 

products showed satisfactory thermal energy storage properties, and good 

thermal and chemical reliability, they had the drawback of being corrosive 

towards the PCM containers.  

 

EG was also used as a thermal conductivity enhancer of PCM in a work by 

Shin et al. (2015), where CMC was added to prevent the aggregation of EG. 

The thermal conductivity was improved to 1.85 W/(mK), a much higher value 

compared with that of the pure SAT. The authors claimed that with a worm-



 

49 

 

like porous structure of EG and the increased viscosity by CMC, the latent heat 

loss was minimized, and a latent heat loss of 2.27% was found for PCM 

containing 2.5 wt% EG and 5 wt% CMC. The so-called superior thermal 

cycling stability might not be so convincing since only five melting/freezing 

cycles were performed.  

 

Copper nanoparticles were added to prepare an SAT-based composite PCM in 

the work by Cui et al. (2016). Although the main target of their research was to 

reducing the supercooling degree of SAT, it was found that the thermal 

conductivity of the resulting composite increased by nearly 20% when the 

dosage of copper nanoparticles was 0.5%, compared with that of the pristine 

SAT. Their work indicated that metallic nanoparticles with high stability and 

thermal conductivity could be an option for improving the heat transfer 

properties of PCM as well as addressing the problem of supercooling problem. 

 

Two types of copper foams were used as the supporting matrixes and as well 

as the thermal conductivity enhancer by Zhao et al. (2018), where the copper 

foam modified PCM composite was prepared by a vacuum impregnation 

method. Among all the tested nucleating agents, i.e., disodium hydrogen 

phosphate dodecahydrate (DHPD), sodium carbonate decahydrate, sodium 

silicate nonahydrate, borax decahydrate, and quart sand, DHPD was the most 

effective one and the supercooling degree was reduced to around 4.6 °C with 

2% of DHPD. The effective thermal conductivity of copper foam/modified 

SAT composite PCM was inferred by the Bhattacharya model, showing that the 

thermal conductivity of the copper foam/modified SAT composite PCM 
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increased from 3.38 W/(mK) to 17.33 W/(mK) with the decreased copper 

foam density from 98% to 88%. It was confirmed by the heat-charging process 

that less time is needed to complete the phase change process when PCM is 

enhanced by copper foam with a lower porosity under the same charging 

conditions as more thermal conductivity enhancer would decrease the energy 

stored in the unit, although the thermal conductivity is improved efficiently. 

However, metal-based matrix or support has high density and consequently 

lowers the mass fraction of PCM in final products, which limits the energy 

storage density of TES systems.  

 

Table 1-7 summarizes the thermal conductivity of widely used carbon 

materials and metals. In this dissertation, graphene and carbon nanotubes were 

used as the thermal conductivity enhancers of PCMs due to their fascinating 

thermal conductivities. CNF was used to uniformly disperse these carbon 

nanomaterials before their addition to PCMs, and the resulting CNF/carbon 

material composites were used to improve the thermal energy storage 

performance of PCMs. When silver nanoparticles (AgNPs) were synthesized to 

address the supercooling problem of SAT, CNF acted as the support and 

stabilizers for AgNPs, the resulting CNF/AgNPs composite then was used to 

prepare the PCM composites. It was also expected that the prepared PCM 

composites would have enhanced thermal conductivity because of the presence 

of silver. Although carbon nanomaterials and metallic nanoparticles have been 

intensively used to improve the heat transfer of various matrixes, their 

dispersion with CNF for improving the performance of PCMs has not been 

reported much.  
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Table 1-7. Thermal conductivity of certain carbon materials and metals 

Material Thermal conductivity 
W/(m⋅K) Reference 

Graphite ~3000 (in plane),  
6(z-axis) Sengupta et al., 2011 

Graphene 2000−5000 Balandin et al., 2008 
Graphene oxide (GO) 2−1000 Yang et al., 2019 

Reduced graphene oxide 
(rGO) 0.14−2.87 Park et al., 2014;  

Yang et al., 2019 
Carbon nanotubes 2000−6000 Han & Fina, 2011 

Silver 429 Pashayi et al., 2012 
Copper 384 Tekce et al., 2007 
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3.5 Methods to improve the form-stability of paraffin 

 

Paraffin has been regarded as a competitive PCM for thermal energy storage 

because of its many attractive properties, such as high latent heat, little or no 

supercooling, and no phase separation in the melting/freezing process (Al 

Hallaj & Selman, 2000; Banaszek et al., 2000; Cho & Choi, 2000). 

Nevertheless, leakage of paraffin remains a barrier to the reliability and high 

efficiency of paraffin-based TES systems (Sharma et al., 2009). Thus, it is 

important to enhance the form-stability of paraffin-based PCMs to eliminate the 

paraffin leakage in the melting/freezing cycles. Two approaches are widely 

used to enhance the form-stability, i.e. encapsulation of PCMs and use of 

porous support. However, the former usually decreases the heat transfer of 

PCMs and increased the costs of the TES systems (Zalba et al., 2003). In this 

context, the latter approach, i.e. using porous support to impart form-stability 

to paraffin-based PCMs is more attractive.  

 

Form-stable PCM composites are typically prepared by impregnating porous 

materials into the molten PCMs. In research by Ye and Ge (2000), six types of 

high density polyethylene (HDPE) with varied melt index and density as 

supporting materials and two kinds of paraffin (i.e., refined and semi-refined 

paraffin)  to prepare form-stable paraffin PCMs. The HDPE and paraffin were 

simply blended and melted, the structures and latent heat of prepared PCMs 

were studied. The authors argued that the latent heat of the prepared form-stable 

PCMs was comparable with traditional PCM, and this method was cheap and 

easy to use. Furthermore, it was possible to prepare PCM composite with 
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different melting points with the incorporation of proper paraffin as core 

material. However, this work did not test the form-stability of the samples, and 

it is hard to ensure the leakage profile of prepared paraffin PCMs after long 

melting/freezing cycles. 

 

Lu et al. (2014) fabricated a form-stable expanded perlite/paraffin PCM 

composite, where the porous expanded perlite acted as the supporting material. 

The prepared PCM composite consisted of 60% paraffin, which was uniformly 

distributed in the composite. The preparation of PCM composite was performed 

by the direct impregnation method, and no liquid leakage was observed in the 

leakage test. The author claimed that the prepared PCM composite showed 

good thermal energy storage property, thermal stability and thermal reliability, 

and it might be suitable for thermal energy storage in building applications. Xu 

and Li (2013) used highly porous diatomite as a supporting matrix to prepare 

paraffin/diatomite composite PCM for thermal energy storage, SEM and FTIR 

analyses indicated that paraffin was well impregnated into the pores of 

diatomite and there was good compatibility between the two.  The prepared 

composite had good thermal stability and then was incorporated in the cement-

based composite for applications in building materials.  

 

Regarding the good compatibility between organic PCMs and expanded 

graphite (EG), as well as the high thermal conductivity and high stability of EG, 

Zhang et al. (2012) prepared paraffin/EG composite PCM. The porous structure 

of EG, produced by a microwave irradiation method, showed a maximum 

absorption capacity of 92 wt% for paraffin. Differential scanning calorimetry 
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(DSC) analysis indicated that the melting point and latent heat of the prepared 

composite PCM were similar to those of pure paraffin. Leakage-proof paraffin 

based PCM composites supported by carbon aerogels were fabricated by Wei 

et al. (2018). The highly porous structure of carbon aerogels prepared from 

succulents by freeze drying and pyrolysis enabled a 95% loading efficiency of 

paraffin, and a 1.3% liquid leakage was realized upon the melting of paraffin. 

The authors stated that the prepared composite PCM showed a latent heat close 

to that of pure paraffin and did not change at all after 20 melting/freezing cycles. 

Although these works have somehow improved the form-stability of organic 

PCMs, there are some drawbacks that need to be overcome, e.g. the high cost 

of the supporting materials, the low fraction of PCMs in the final products, 

insufficient leakage test, etc.  

 

High porosity and low density of the porous support are the keys for a high 

PCM fraction and form- stable PCM products. If the porosity of the supporting 

materials is not high enough, the absorption of the liquid PCM is limited, 

leading to poor energy storage capacity. A high density of supporting material, 

e.g. metal foam, also disfavors the efficiency of PCM products. Cellulose foam, 

possessing light weight and high porosity, has the potential to be used as the 

supporting materials for organic PCMs. Sehaqui et al. (2010) prepared low 

density and ultra-high porosity cellulose foams (porosity range 93.1−99.5%) 

from cellulose nanofiber suspensions. In their work, xyloglucan was added to 

prepare tough foams, and it was found that at similar densities cellulose/ 

xyloglucan nanocomposite foams had greater mechanical properties than many 

reported composite aerogels, such as epoxy/clay aerogels, 
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polymer/clay/nanotube aerogels, and polymer/silica aerogels. Interestingly, 

those foams were thermally stable up to 275 C where cellulose started to 

degrade, indicating that CNF foams do not have any problem in the melting 

process of paraffin. In this dissertation, to improve the thermal conductivity of 

paraffin-based PCMs, carbon nanotubes (CNTs) were used in the preparation 

of cellulose-based foams, the resulting CNF/CNT foams were used as the 

porous support for paraffin, and its effect on the form-stability, structures and 

thermal properties of paraffin were investigated.    
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Chapter 2 

Preparation and application of CNF/GNP composites in salt 

hydrate PCM 
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1. Introduction  

 

Energy storage techniques have received intense attention due to ever-

increasing concerns about the energy crisis and the sustainable development of 

human society. Thermal energy storage (TES) is one of the most studied topics 

among the energy storage techniques, which include hydrogen energy storage, 

pumped hydroelectric storage, superconducting magnetic energy storage, and 

supercapacitors (Akinyele & Rayudu, 2014). Using efficient TES systems, 

mismatch between power production and demand can be minimized, and the 

security of energy supplies can be guaranteed (Zalba et al., 2003). Furthermore, 

TES systems possess higher overall efficiency, competitiveness in investment 

and running costs, and reduced environmental pollution, e.g., reduced CO2 

emissions (Dincer & Rosen, 2010). Due to their large latent heat and high-

energy storage density (Sharma et al., 2009; Huang et al., 2017), phase change 

materials (PCMs) are widely used in TES applications. The stored thermal 

energy can be released and used at a later time for various applications, such as 

space heating, comfort applications in buildings, and power generation (Sarbu 

& Sebarchievici, 2018).  

 

Sodium acetate trihydrate (SAT) is promising for TES applications, due 

mainly to its high volumetric energy storage density and desirable phase change 

temperatures (Kumar et al., 2019). SAT has appeared in many applications, e.g., 

household hot water supply systems, indoor heating systems (Fu et al., 2018), 

and solar heating systems (Englmair et al., 2018). Additionally, SAT is non-

flammable, non-corrosive, non-toxic, and inexpensive compared with certain 
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organic PCMs, for example, paraffin (Zalba et al., 2003). Nevertheless, due to 

its incongruent melting and high density, the anhydrous salt tends to settle to 

the container bottom during the phase transition process, and this so-called 

phase separation problem leads to gradually decreased energy storage capacity 

(Farid et al., 2004).  

 

To eliminate the phase separation issue of SAT, various thickening agents, 

such as carboxymethyl cellulose, starch, xanthan gum, polyacrylic acid sodium 

salt, polyacrylamide, and poly(acrylamide-co-acrylic acid), were investigated 

in numerous studies (Cabeza et al., 2003; Hua et al., 2018; Kong et al., 2019; 

Liu et al., 2019; Wang et al., 2019). These additives can increase the viscosity 

and decrease the fluidity of PCMs, consequently eliminating phase separation. 

In the current work, cellulose nanofibril (CNF) was used to avoid the phase 

separation of SAT. Because of its nanoscale dimensions, CNF not only 

maintains the intrinsic light weight, abundance, renewability, biodegradability, 

and recyclability of cellulose but also possesses other fascinating properties, 

such as a high aspect ratio and high specific surface area (Abdul Khalil et al., 

2014). When dispersed in aqueous media, CNF readily forms networks even at 

a consistency as low as 0.15% (Pääkkö et al., 2007). Typically, a three-

dimensional gel-like structure appears when the critical concentration of the 

nanofibril is reached (Pääkkö et al., 2007; Salas et al., 2014). The strength of 

this nanofibril network increases with increasing CNF content, as reflected by 

increased dynamic moduli (Dimic-Misic et al., 2013; Nechyporchuk et al., 

2014). These three-dimensional networks, formed via physical entanglements 

of the nanofibrils and with hydrogen bonding between the adjacent nanofibrils 
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involved (Xu et al., 2013; Ng et al., 2015), would help hold the salt hydrate 

together and prevent it from sedimenting. Meanwhile, the addition of CNF 

would increase the overall viscosity, thereby hindering salt hydrate mobility and 

preventing phase separation. Previous work compared the effects of 

carboxymethyl cellulose, microfibrillated cellulose, unmodified CNF, and 

TEMPO-oxidized CNF on the phase stability of sodium sulfate decahydrate 

(Na2SO410∙H2O) and investigated the mechanism involved (Oh et al., 2020). 

The authors concluded that the unmodified CNF provided the best stabilizing 

effect due to its high specific surface area and optimal electrostatic interactions 

between the cellulose fibrils and the dissolved salt hydrate due to its lower 

charge density, compared to chemically modified CNF. Given these good 

properties and its rigid web-like nanofibril networks, CNF was selected as the 

thickening agent of SAT. 

 

In the cooling process of SAT, the lack of nucleating sites makes it crystallize 

at a temperature lower than its freezing point. This supercooling causes delayed 

heat release and an enlarged temperature difference between thermal energy 

storage and release (Safari et al., 2017). Thus, for SAT to display a stable, 

efficient, and reliable melting/freezing process, its supercooling must be 

addressed. To suppress the supercooling of PCMs, nucleating agents (NAs) are 

typically used to trigger crystallization (Liu et al., 2019; Y. Wang et al., 2019). 

In the present study, screening and optimization of NAs were performed among 

four candidates to achieve the lowest supercooling degree.   
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Although SAT has a relatively high thermal conductivity compared with 

organic PCMs, it is always desirable to further improve its thermal conductivity, 

which speeds up heat transfer and thereby leads to a more efficient TES process 

(Lei et al., 2019). Herein, graphene nanoplatelet (GNP) possessing superior 

heat-transfer performance was evaluated as a thermal conductivity enhancer. 

However, carbon nanomaterials typically suffer from agglomeration due to 

strong van der Waals forces among the nanoparticles (Yang et al., 2017). As 

shown by a host of studies, CNF can effectively disperse carbon materials, such 

as expanded graphite, carbon nanotubes, and graphene (Xu et al., 2016 and 

2017; Yang et al., 2019), and does not hinder the intrinsic properties of 

dispersed carbon materials (Li et al., 2015). Hence, the secondary role of CNF 

here is to disperse GNP, providing accelerated heat transfer in PCMs. 

 

In this section, the thermal energy storage performance of SAT was improved 

using CNF and CNF/GNP composites. The thickening effect of CNF for 

providing phase stability to SAT was investigated via phase stability and 

rheological tests, and optimization of the NA was performed to achieve the 

lowest supercooling degree. To improve heat-transfer performance, GNP was 

used as a thermal conductivity enhancer. The structure, thermal properties, and 

thermal reliability of the fabricated PCM composites were investigated 

systematically. Importantly, the prepared PCM composites may contribute to 

the development of a reliable and efficient TES system. 
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2. Experimental 

2.1 Materials 

 

Bleached eucalyptus kraft pulp was the starting material for preparing the CNF. 

Anhydrous sodium acetate (SA; CH3COONa), GNP (surface area 500 m2/g), 

sodium tetraborate decahydrate (borax; B4Na2O7∙10H2O), sodium phosphate 

tribasic dodecahydrate (Na3PO4∙12H2O), sodium phosphate dibasic 

dodecahydrate (DSP; Na2HPO4∙12H2O), and tetrasodium pyrophosphate 

decahydrate (Na4P2O7∙10H2O) were purchased from Sigma-Aldrich (St Louis, 

MO, USA). All chemicals were used as received, and deionized water was used 

throughout all experiments.  

 

2.2 Methods 

2.2.1 Preparation of CNF 

 

CNF was prepared by passing a 2 wt% pulp suspension through a grinder 

(Super Masscolloider, Masuko Sangyo Co., Ltd., Kawaguchi-city, Japan) more 

than 30 times. The gap between the two grinding plates was −80 μm, and the 

grinding speed was 1500 rpm. The zeta potential of the prepared CNF, 

examined using the Malvern Zetasizer (Nano-ZS, Malvern Instruments Ltd., 

Worcestershire, UK), was −34.8 ± 0.5 mV. The charge density determined by a 

titration method was 0.16 meq/g CNF.  
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2.2.2 Preparation of CNF/GNP composites 

 

GNP was homogenized in a CNF suspension, and different CNF/GNP dose 

ratios were adopted (0.8:0.5, 0.8:1.5, and 0.8:2.5), based on the dry weight of 

SAT. Specifically, certain amounts (0.625, 1.875, and 3.125 g) of GNP were 

added to a 0.5 wt% CNF suspension (200 g), followed by 60 min of 

homogenization using the Ultra-Turrax T50 homogenizer (Janke & Kunkel, 

IKA-Labortechnik, Staufen, Germany). There was a 2-min pause after each 10-

min homogenization. Then the prepared CNF/GNP composites were collected 

by centrifugation (Combi R514, Hanil Scientific Inc., Gimpo, Korea) at 9000 

rpm for 30 min. The obtained composites are denoted as CNF/GNP 0.5, 

CNF/GNP 1.5, and CNF/GNP 2.5, where the subscripts indicate the dose (%) of 

the GNP.  

 

2.2.3 Preparation of PCM composites 

 

Under magnetic stirring, CNF or CNF/GNP composites, DSP, and SA were 

sequentially dispersed in deionized water, and the SA: H2O molar ratio was set 

to 1:3. The mixture was magnetically mixed for 1.5 h in a 70 °C water bath to 

prepare the PCM composites. In all formulations, the doses of CNF (0.8%) and 

DSP (3%) were fixed, whereas the dose of GNP was varied (i.e., 0.5%, 1.5%, 

and 2.5%) when incorporating the prepared CNF/GNP composites. The 

obtained PCM composite was labeled as PCM@CNF when CNF was used (0% 

GNP), and PCM@CNF/GNP 0.5, PCM@CNF/GNP 1.5, PCM@CNF/GNP 2.5 

when corresponding CNF/GNP composites were used.  
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2.2.4 Phase stability and fluidity tests 

 

For the phase stability and fluidity tests, the “control” sample was prepared by 

simply dissolving the required amount of anhydrous sodium acetate (SA) in a 

specific amount of deionized water (the molar ratio of SA: H2O is 1:3). Other 

samples were prepared by incorporating the needed amount of CNF in the 

"control" sample while keeping the SA: H2O molar ratio at 1:3, where the “H2O” 

comes from all the ingredients. 18 g of the prepared samples were placed in 

glass tubes with lids, followed by incubating for 2 h in a 70 °C water bath. Then 

these tubes were removed, and the phase stability was observed and recorded 

by digital images. The fluidity of the samples was determined by inverting the 

bottles and noting the flowability of the samples. 

 

2.2.5 Rheology tests 

 

Rheological properties were investigated at 65 °C using a stress-controlled 

rotational rheometer (CVO-100-901; Malvern Instruments Ltd., Worcestershire, 

UK) with a cone–plate geometry (R = 40 mm, angle = 4°). To prevent 

crystallization, DSP was not added to the samples. Water droplets were 

uniformly distributed around the samples, and a cover was used to minimize 

moisture loss from the samples. The viscosity, storage (G') and loss (G'') moduli, 

and phase angle were determined to explore the flow behavior and 

viscoelasticity of PCMs with or without the addition of CNF or a CNF/GNP 

composites. On the log viscosity as a function of shear rate plot (5–1000 1/s 

shear rate region), the power law index n was calculated according to Eq. (2-1) 
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as follows (Koponen, 2020): 

 

휏 = 푘훾̇                                                                                                    (2-1) 

 

where 휏 is the shear stress (Pa), 푘 reflects the individual fibril characteristics, 

and 훾̇ is the shear rate (1/s).                              

 

2.2.6 Determination of supercooling degrees 

                      

The experimental setup for the T-history method (Zhang et al., 1999), which 

was used to determine the supercooling degrees of the PCM composites, is 

shown in Fig. 2-1. A PCM sample (10 g) was loaded into the glass test tube with 

a lid. Then, the test tube was incubated in a hot water bath at 70 ℃ for 1 h, 

followed by natural cooling in air. The real-time temperature was monitored by 

a PT100 thermocouple (Pico Technology Ltd., Cambridgeshire, UK), and was 

recorded using the PT-104 high-accuracy temperature data logger (Pico 

Technology Ltd., Cambridgeshire, UK). The supercooling degree was 

calculated according to Eq. (2-2) as follows: 

 

∆푇 = 푇 − 푇                                                                                             (2-2) 

 

where ∆푇  is the supercooling degree (°C), 푇  is the melting point (°C), and 

푇  denotes the freezing point (°C). 
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Fig. 2-1. Experimental setup of the cooling test. 

 

2.2.7 Transmission electron microscopy                      

 

The morphologies of the CNF, GNP, and CNF/GNP composites were 

examined by energy-filtering transmission electron microscopy (TEM, LIBRA 

120, Carl Zeiss, Oberkochen, Germany). Samples with a concentration of 0.002% 

were prepared and deposited on the copper grid (Ted Pella, Inc., Redding, CA, 

USA) for TEM analysis. CNF-contained samples were stained with a 2% uranyl 

acetate (UA) solution for 30 s before the analysis.  

 

2.2.8 Field-emission scanning electron microscopy                      

 

The structures of SAT and SAT-based PCM composites were observed using 

field-emission scanning electron microscopy (FE-SEM, Auriga, Carl Zeiss, 

Oberkochen, Germany) under a vacuum with an acceleration voltage of 2 kV. 

Before the analysis, the platinum-sputtering of samples was performed at 30 
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mA for 150 s. 

 

2.2.9 Fourier transform-infrared spectroscopy 

 

Fourier transform-infrared (FT-IR) spectra were recorded by the Nicolet 6700 

spectrometer equipped with an attenuated total reflection (ATR) accessory 

(Thermo Scientific, Waltham, MA, USA). The sample collection was carried 

out by 32 scans at a resolution of 2 cm−1.  

 

2.2.10 X-ray diffraction 

 

The crystalline phases of the samples were examined by X-ray diffraction 

(XRD, D8 Advance, Bruker AXS GmbH, Karlsruhe, Germany) using Cu Kα1 

radiation wavelength at 1.5418 Å, operating at 40 kV and 40 mA. The 

measurements were conducted at 2.4°/min.  

 

2.2.11 Differential scanning calorimetry 

 

The phase change properties of the samples in the melting process were 

determined by differential scanning calorimetry (DSC, Discovery DSC, TA 

Instruments Inc., New Castle, DE, USA). Samples were heated from 25 C to 

70 C at a rate of 5 C/min.  
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2.2.12 Thermogravimetric analysis 

 

The weight loss of the samples was recorded by the Discovery 

thermogravimetric analyzer (TGA, TGA4000, PerkinElmer Inc., Waltham, MA, 

USA). Samples were heated from 30 °C to 200 °C at 5 °C/min with a nitrogen 

flow rate of 20 mL/min.  

 

2.2.13 Measurement of thermal conductivity 

 

The thermal diffusivity of samples was measured by a laser flash apparatus 

(LFA467, Netzsch Instruments, Selb, Germany). Pellet specimens were 

prepared by pressing the powered samples in a stainless-steel mold under a 

pressure of 100 kg/cm2 for 10 min. The dimensions and weights of the prepared 

pellets were measured, followed by calculating their densities. The thermal 

conductivity was calculated according to Eq. (2-3) as follows (Kleiner et al., 

2017): 

 

휆 =  훼 ∙ 퐶 ∙ 휌                                                                                              (2-3) 

 

where 휆  is the thermal conductivity (W/(m⋅K)), 훼  is the thermal diffusivity 

(mm2/s), 퐶  is specific heat (J/(g∙K)), and 휌 is the density of pellets (g/cm3).  
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2.2.14 Thermal reliability tests 

 

The thermal reliability of PCM composites was determined by examining their 

properties after 100 melting/freezing cycles. The melting points and enthalpies 

of the samples were measured by DSC, followed by comparison with those of 

PCM composites after only one melting/freezing cycle. The FT-IR spectra were 

also recorded and compared. 
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3. Results and discussion 

3.1 Effectiveness of CNF in eliminating phase separation  

 

Phase separation is a devastating issue for salt hydrate PCMs as it decreases 

the thermal energy storage capacity. In this work, CNF without any chemical 

modification was used to cope with the phase separation problem of SAT, 

considering its advantages in stabilizing the salt hydrate compared with 

chemically modified CNF (Oh et al., 2020). Different amounts of CNF, i.e., 

0.2%, 0.4%, 0.6%, 0.8%, and 1.0%, were added to SAT, and the phase stability 

of SAT/CNF mixtures in the melting/freezing process was investigated (Fig. 2-

2a). When CNF was not added, the anhydrous salt settled to the bottom of 

containers with considerable liquid, mainly free water, above the salt crystals. 

As the level of CNF addition gradually increased from 0.2% to 0.6%, the lower 

part of these mixtures became more uniform, and a decreased height of free 

water at the surface was realized. The phase separation was eliminated when 

0.8% and 1.0% CNF were used. CNF readily forms networks in the aqueous 

phase due to its high aspect ratio, and these entangled CNF networks contribute 

to the thickening effect that holds the anhydrous salt together and prevents its 

sedimentation (Pääkkö et al., 2007; Lasseuguette et al., 2008). Importantly, the 

strength of CNF networks increases with increasing CNF loading (Li et al., 

2015). Phase stability tests indicated that CNF efficiently prevented the phase 

separation of SAT, and 0.8% CNF was sufficient to provide phase stability. The 

results of fluidity testing are shown in Fig. 2-2b. Without CNF or when an 

insufficient amount of CNF (0.2% or 0.4%) was added, the samples were highly 

fluid, and the mixtures easily flowed downward when the bottles were inverted. 
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However, when the CNF dosage exceeded 0.6%, the mixtures had a gel-like 

appearance and did not flow downward. This indicates that the viscosity of 

SAT/CNF mixtures increased with increasing CNF content in the mixtures, 

which prevented sedimentation of the anhydrous salt and thus phase separation. 

Fig. 2-2. Characterization of SAT/CNF mixtures with varied CNF contents: (a) 

phase stability test, (b) fluidity test, (c) viscosity as a function of shear rate, (d) 

amplitude sweep test, (e) frequency sweep test and (f) phase angle in the 
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frequency sweep test. Closed symbols in (d) and (e): storage modulus (G'); open 

symbols in (d) and (e): loss modulus (G"). 

 

To confirm the above inferences, rheological tests were performed. Shear-

thinning behavior appeared with increasing shear rate for all samples (Fig. 2-

2c), as Iwamoto et al. similarly noted (Iwamoto et al., 2013). This is related to 

the pseudoplastic and thixotropic behaviors of CNF (Iotti et al., 2011; Charani 

et al., 2013), as supported by the power law index of n < 1 (Fig. 2-2c). 

Unsurprisingly, with increased CNF content in samples, the viscosity gradually 

increased, which was attributed to more interactions among the nanofibrils. A 

shoulder-like region appeared in the viscosity curves of CNF-containing 

samples, in which the viscosity stopped decreasing and then started to increase; 

this behavior was attributed to more entanglement of CNF in the suspensions 

(Iotti et al., 2011). However, when the shear rate increased continuously, these 

entangled networks broke down under the stronger shear force, leading to a 

further decrease in viscosity. Therefore, the observed rheological behaviors as 

a function of shear rate resulted from the formation and collapse of established 

CNF networks.  

 

An amplitude sweep was performed to determine the viscoelasticity of the 

samples. For all samples containing CNF, the G' values were higher than the G'' 

values, indicating solid-like behavior of the SAT/CNF mixtures due to the 

entangled CNF (Li et al., 2015). With increasing CNF content, SAT/CNF 

mixtures presented higher G' due to more interactions among CNF. The yield 

stress, at which G' drops suddenly and samples start to flow, can be used to 
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quantify the CNF network strength (Fig. 2-2d). The results indicate that the gel 

strength increased continuously when the CNF content approached 0.8%, after 

which only a small change was seen at a higher CNF content of 1.0%. This 

established that 0.8% CNF was sufficient to provide strong networks and 

prevent the phase separation, in agreement with the results of the phase stability 

test. A frequency sweep (Fig. 2-2e) revealed that G' was much higher than G'' 

over the entire adopted frequency range (0.1–10 Hz), again indicating the solid-

like property of the samples. Pure SAT displayed a G'' that was higher than the 

G', which indicated liquid-like behavior. Fig. 2-2f shows that all of the samples 

had phase angles less than 45°, suggesting that the elastic portion dominated 

the viscous portion in the viscoelasticity of the samples, i.e., more solid-like 

behavior (Pozzo et al., 2005). Based on these findings, it is clear that CNF 

enhanced the solid-like portion of the viscoelasticity of the samples due to 

nanofibril interactions, and 0.8% CNF was sufficient to avoid phase separation.  
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3.2 Screening of suitable nucleating agents 

 

The screening of NAs was performed by measuring the supercooling degree 

via the T-history method. Four types of salt hydrate were used as NA to trigger 

the freezing stage of SAT in its cooling process. The cooling curves (Fig. 2-3) 

show that the supercooling degree of pure SAT was approximately 35 °C, which 

must be suppressed for efficient thermal energy release. When only CNF was 

added to SAT, similar supercooling behavior was observed, indicating that the 

CNF could not decrease the supercooling degree. When 1% DSP was added, 

the crystallization of SAT did not occur until 44 min after starting the cooling 

process, and the supercooling degree was 33 °C. With 2% DSP, the 

crystallization of SAT occurred at 18 min, and the supercooling degree was 

27.4 °C. Faster crystallization (< 5 min) of SAT occurred when more DSP was 

added, and the lowest supercooling degree, 2.1 °C, was obtained when 3% DSP 

was added. As the DSP dosage was increased further to 4% and 5%, the 

supercooling degree increased to 4.1 °C and 5.5 °C, respectively. This was 

because the contact area between the nuclei and liquid/substrate increased when 

more NA was added, creating a resistance for nucleation (Wang et al., 2019). 

Furthermore, the interactions among DSP nuclei may have hindered the growth 

of SAT crystals on the surfaces when more DSP was added.   
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Fig. 2-3. Screening of nucleating agents: effect of DSP. 

 

The effect of the other three NAs (Na4P2O7∙10H2O, borax, and Na3PO4∙12H2O) 

on supercooling suppression is presented in Fig. 2-4. Compared to DSP, the 

nucleating agent Na4P2O7∙10H2O showed an inferior supercooling suppression 

effect on SAT. The lowest supercooling degree of 13.6 °C was achieved when 

the dosage of Na4P2O7∙10H2O was 1%. Analogous to the cooling curves of DSP 

added SAT, a slower crystallization and higher supercooling degrees were found 

when more Na4P2O7∙10H2O was used in SAT. By contrast, borax (Fig. 2-4b) 

and Na3PO4∙12H2O (Fig. 2-4c) did not trigger the crystallization of SAT. 

Although these nucleating agents have been shown to function in other 

investigations, it is worthwhile to notice that different polymers were used to 

prevent the phase separation of SAT, including carboxymethyl cellulose (CMC), 

gelatin and polyacrylamide (PAM) (Mao et al., 2009). The authors argued that 



 

75 

 

both the dosage of nucleating agents and thickener types have an impact on the 

phase-change effects, and therefore both should be optimized when formulating 

PCM composites. To summarize, both the type and dosage of NAs influence 

the suppression of supercooling and these three nucleating agents did not work 

as efficiently as DSP for suppressing the supercooling degree of SAT. Therefore, 

DSP was used as the NA in the following work and the suitable dosage was 3%.  

Fig. 2-4. Screening of nucleating agents: (a) Na4P2O7∙10H2O, (b) borax and (c) 

Na3PO4∙12H2O.
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3.3 Incorporation of CNF/GNP to fabricate PCM composites 

 

Because of their fascinating thermal properties, carbon-based materials are 

extensively used to enhance the heat-transfer performance of PCMs (Lin et al., 

2018). Graphite and its derivatives, including graphene (a single sheet of 

graphite), graphene oxide (GO), and reduced GO (rGO), can be used as 

thermal-conductivity enhancers. Although GO and rGO have better self-

dispersing ability than that of graphite or graphene, irreversible structural 

defects result from the harsh preparation conditions, i.e., strongly oxidizing for 

GO preparation and reducing for rGO preparation. These defects consequently 

deteriorate the originally excellent thermal properties of graphite (Tortello et al., 

2016). Additionally, chemical modification to improve the dispersion of 

graphite or graphene is complex, costly, and environmentally unfriendly. GNP 

was tested as the thermal conductivity enhancer and CNF was used as a green 

dispersing agent to avoid thermal performance deterioration. To this end, 

CNF/GNP composites were prepared by a mechanical homogenization process. 

In this case, the CNF acted as a dispersing agent due to its amphiphilicity. 

Specifically, CNF can attach to GNP via hydrophobic interactions (Xu et al., 

2016). The morphologies of the CNF, GNP, and CNF/GNP composites are 

shown in Fig. 2-5. The CNF exhibited the typical morphology of a high aspect 

ratio and entangled network structure, which contributed to the enhanced phase 

stability of SAT with CNF networks as the skeleton of the PCMs. Commercial 

GNP has a multilayered structure, i.e., several layers of graphene are stacked 

together due to the ease of aggregation of the nanomaterials. When the dosage 

of GNP was 0.5%, a single-layered GNP structure was evident in TEM images, 
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which indicated good exfoliation and dispersion of the GNP by the CNF. When 

the dosage of GNP increased to 2.5%, the dispersion was not effective, and 

some GNP aggregation was visible. This suggested that a suitable ratio between 

CNF and GNP is critical for improving the dispersion of GNP. Then the 

CNF/GNP composites were blended with SAT and DSP to fabricate SAT-based 

PCM composites (Fig. 2-6). The CNF with entangled networks, acted as the 

skeleton of the prepared PCM composites, improved the dispersion of graphene 

nanomaterials and formed hydrogen bondings with salt hydrates (SAT & DSP), 

resulting in PCM composites with superior structures and properties, which are 

discussed as follows. 

 

 

Fig. 2-5. TEM images of (a) CNF, (b) GNP, (c) CNF/GNP 0.5, (d) CNF/GNP 1.5, 

and (e) CNF/GNP 2.5.  
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Fig. 2-6. Schematic illustration of the preparation of PCM composites. 

 

The dispersing state of GNP in PCM samples is shown in Fig. 2-7. A stable 

phase was achieved when CNF/GNP 2.5 was added to prepare the PCM 

composite. On the contrary, when only GNP was added to SAT, both GNP and 

salt hydrate settled down to the bottom of the glass vial. Although CNF/GNP 

composite was used rather than the pure CNF, the resulting PCM sample 

showed phase stability, which again suggests the effectiveness of CNF in 

providing phase stability to the salt hydrate-based PCM samples. Moreover, the 

interactions between CNF and GNP did not adversely influence the intrinsic 

phase stabilizing or thickening effect of CNF.  
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Fig. 2-7. Dispersion of GNP (2.5% dose) in SAT with (left) or without (right) 

CNF (0.8% dose). 

 

The rheological properties, including viscosity, viscoelasticity, and phase 

angle of GNP-containing PCM samples, were analyzed (Fig. 2-8). The viscosity 

results (Fig. 2-8a) indicate that the viscosity of the samples increased with the 

addition of GNP, due to closer contact and more interactions between the solid 

components of these samples. Interestingly, the shoulder-like region still existed 

and became even more obvious, which was ascribed to the structure change of 

CNF networks under the varied shearing (Fig. 2-2c). Both G' and G'' increased 

with the increased dosage of GNP, as seen in Figs. 2-8b and c, indicating a more 

solid-like behavior of these samples. However, the yield points of the curves in 

Fig. 2-8b did not shift obviously when more GNP was applied, indicating that 

CNF was the predominant factor to enhance the elastic portion of viscoelasticity. 

The phase angle (Fig. 2-8d) of GNP-containing PCM composites was quite 

similar to each other, confirming the CNF network was the main contributor to 
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the solid-like rheological properties of these samples. The above analyses verify 

that the prepared PCM composites were phase-stable, with increased viscosity 

and solid-like performance. 

Fig. 2-8. Rheological tests of SAT/CNF/GNP composites with varied GNP 

contents: (a) viscosity depending on shear rate, (b) amplitude sweep test, (c) 

frequency sweep test and (d) phase angle in frequency sweep test. Closed 

symbols in (b) and (c): storage modulus (G'); open symbols in (b) and (c): loss 

modulus (G"). 
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The effect of GNP addition on the supercooling suppression of SAT was also 

determined (Fig. 2-9). The results showed that SAT crystallized rapidly within 

5 min after cooling was initiated, and the supercooling degrees of these PCM 

composites were unaffected with the addition of GNP. These findings suggest 

that the addition of GNP does not harm the nucleating effect of DSP. Fashandi 

and Leung (2018) reported that the addition of GNP was detrimental at all doses 

to the suppression of supercooling of SAT. Those authors attributed this to the 

agglomeration of GNP, which created porous spaces in the PCM matrix and 

restricted the mobility of SAT molecules, consequently impeding the 

crystallization of SAT. In this work, the relatively constant supercooling degree 

upon the addition of GNP indicates that the dispersion of GNP was uniform and 

did not affect the crystallization of SAT.  

 

 

Fig. 2-9. Cooling curves of PCM composites with varied GNP contents.
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3.4 Morphology and structures of PCM composites 

 

The structures of the prepared PCM composites were examined via FE-SEM. 

Low-magnification FE-SEM images indicated good compatibility among the 

components (Fig. 2-10). Fig. 2-10a shows that large voids were present in the 

crystal structure of pure SAT, and that the crystal size was as large as tens of 

microns. With the addition of other components, i.e., CNF, DSP, and GNP, the 

crystal size of SAT decreased, and the PCM composites became more compact 

(Figs. 2-10b–e). High-magnification FE-SEM images (Fig. 2-11) were obtained 

to visualize the internal structure of the PCM composites, as well as the 

connections and interactions among the components. The entangled CNF 

network, hydrogen bonding between CNF and SAT, and hydrophobic 

interactions between CNF and GNP contributed to these interactions (Fig. 2-6). 

The CNF appeared to act as bridges to connect other components, as can be 

seen in all four images (Figs. 2-11a–d). While it is difficult to identify the 

nanoplatelets in the SAT-based PCM composite at the GNP dose of 0.5% (Fig. 

2-11b), they are more clearly visible at higher doses (Figs. 2-11c, d). In short, 

PCM composites with compact structures were successfully prepared, and these 

compact structures likely contributed to improved heat transfer (see Fig. 2-15).  
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Fig. 2-10. Low-magnification FE-SEM images of SAT (a) and SAT-based PCM 

composites with varied GNP contents: (b) 0%, (c) 0.5%, (d) 1.5% and (e) 2.5% 

GNP. Magnification: 400×. 

 

 

Fig. 2-11. High-magnification FE-SEM images of SAT-based PCM composites 

with varied GNP contents: (a) 0%, (b) 0.5%, (c) 1.5% and (d) 2.5% GNP. 

Magnification: (a) and (b) 30,000×, (c) 15,000× and (d) 50,000×.  
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The chemical structure and components of the SAT-based PCM composites 

were investigated by attenuated total reflection FT-IR (Fig. 2-12a). In the 

spectrum of SAT, the broad peak between 3000 and 3700 cm−1 belongs to the 

stretching band of O–H, contributed by the water of crystallization. The peak at 

1700 cm−1 is assigned to the C=O stretching, which is a characteristic peak of a 

carboxyl salt (Iacovita et al., 2015). Peaks ascribed to hydroxyl groups (3328 

cm−1), and characteristic glucosidic linkages of cellulose (897 cm−1) 

(Gopakumar et al., 2018), can be found in the spectrum of CNF. The spectrum 

of DSP shows the peaks for the water of crystallization (3241 cm−1), 

characteristic P–O stretching (1066 cm−1), and PO–H bending (984 cm−1) 

(Trivedi et al., 2015). In the spectrum of GNP, the two peaks at 3442 and 1637 

cm−1 are assigned to O–H stretching and C=C bending vibrations, respectively 

(Kumar and Srivastava, 2018). Thus, all of the characteristic peaks of each 

component, i.e., SAT, CNF, DSP, and GNP, were present in the spectrum of the 

corresponding PCM composite, and there were no new peaks generated. 
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Fig. 2-12. FT-IR spectra (a) and XRD patterns (b) of SAT-based PCM 

composites and their components 

 

The XRD patterns of the SAT-based PCM composites and the components are 

shown in Fig. 2-12b. In the diffraction pattern of SAT, the peaks at 19.0°, 22.4°, 

and 29.7° correspond to the (011), (200), and (211) planes, respectively 

(Neelakantaprasad et al., 2018). The CNF showed two broad peaks centered at 

16.3° and 22.6°, corresponding to the (110) and (200) crystal planes, which are 

typically attributed to the cellulose type I structure (French, 2014). The 

diffraction pattern of GNP showed a peak at 26.4°, corresponding to the (002) 

plane (Kumar & Srivastava, 2018). Analogous to the analysis of the FT-IR 

spectra, the diffraction peaks of the PCM composites corresponded to a mixture 

of the peaks from each component, and no new peaks were present. 
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3.5 Thermal properties of PCM composites 

 

The DSC curves of SAT and its composites are presented in Fig. 2-13. Pure 

SAT had an enthalpy of 270.2 kJ/kg and melting point of 58.7 °C, which are 

quite close to the reported values of 264 kJ/kg and 58 °C. The minor differences 

may stem from the small sample size (< 50 mg) used for the DSC measurements. 

The melting points and enthalpies of SAT and its composites determined by 

DSC are summarized in Table 2-1. It is clear that the melting points were all 

approximately 58 °C, and the enthalpies of the composites decreased slightly 

with increasing GNP contents. Since no chemical reactions occurred based on 

the FT-IR and XRD analyses, the slightly lower enthalpies might have been 

caused by the decreased SAT percentage in the composites when other 

substances were incorporated.  

 

 

Fig. 2-13. DSC curves of SAT and SAT-based PCM composites with varied 

GNP contents. 
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Table 2-1. Melting points and enthalpies of SAT and SAT-based PCM 

composites with varied GNP contents 

PCM Melting point 
 (°C) 

Enthalpy  
(kJ/kg) 

SAT 58.7 270.2 
0% GNP 58.5 268.7 

0.5% GNP 58.5 263.9 
1.5% GNP 58.3 257.4 
2.5% GNP 58.2 255.1 

 

The thermogravimetric analyzer curves of SAT and its composites are 

presented in Fig. 2-14. The free water in these samples evaporated first as the 

temperature increased above 35 °C. When the temperature reached the melting 

points of the samples, the bonds between anhydrous salt and water of 

crystallization started to break. When the temperature continued to increase, the 

unbonded water of crystallization evaporated. When the temperature reached 

138 °C, almost all of the water of crystallization in SAT was lost, and the weight 

fraction of anhydrous SAT (60.03%) was quite close to the theoretical solid 

content of pure SAT (60.28%). For SAT-based PCM composites, most of the 

water of crystallization evaporated at a higher temperature (150 °C for 

composite without GNP and 153 °C for GNP-containing composite), indicating 

a stronger water-holding ability and better thermal stability of these samples. 

CNF has numerous hydroxyl groups on its surface, and the hydrogen bonding 

between the hydroxyl groups of CNF and the water of crystallization in SAT 

may have contributed to this phenomenon. The final solid fraction of PCM 

composites was higher than that of SAT, which is because more solid substances 

added to SAT led to an increased solid content of the PCM composites. 
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Thermogravimetry suggested that the prepared PCM composites can hold water 

more strongly during the melting process of SAT, which is favorable for 

applications at elevated temperatures. 

 

 

Fig. 2-14. TGA curves of SAT and SAT-based PCM composites without GNP 

and with 2.5% GNP. 

 

The heat-transfer performance of a PCM determines the efficiency of the 

thermal energy storage and release process. The thermal conductivity of the 

prepared PCM composites was determined according to Eq. (2-3). The method 

was investigated by Kleiner et al. (2017), who concluded that this method is 

suitable for determining the thermal conductivity of a salt hydrate.  
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The measured density, specific heat, and thermal diffusivity are tabulated in 

Table 2-2. The calculated thermal conductivity is presented in Fig. 2-15. The 

thermal conductivity of pure SAT was 0.442 W/(m⋅K), quite similar to the value 

(0.433 W/(m⋅K)) reported by Johansen et al. (2015). The thermal conductivity 

of PCMs containing GNP increased with increasing GNP dosage. This 

improvement was attributed to the excellent heat-transfer performance of the 

two-dimensional carbon nanomaterial, which acted as the thermal conductive 

channel in the PCM composites. When the dosage of GNP was 2.5%, the 

thermal conductivity reached the maximum value, i.e., 0.686 W/(m⋅K), which 

is 55.2% higher than that of pure SAT. Although the obtained results indicate 

that the prepared PCM composite exhibited improved heat-transfer 

performance, the low addition level of GNP (2.5%) might be insufficient to give 

a very high thermal conductivity. The obtained results agree well with the 

reported values by Yang et al. (2016). The thermal conductivity of the prepared 

PCM composite is around 0.55 W/(m⋅K) when 2.5% GNP was used in their 

work, and the thermal conductivity was 1.35 W/(m⋅K) with 5.3% GNP added. 

The concern of adding much GNP in this work is that doing so not only 

increases the cost of final products but also causes more aggregation of these 

carbon nanomaterials. Moreover, both the type and dose of carbon 

nanomaterials affect their efficiency in improving the thermal conductivity of 

prepared composites (Zhang et al., 2017), which should be concerned in 

research.  
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Table 2-2. Densities, specific heat and thermal diffusivity of PCM pellets for 

thermal conductivity measurements 

PCM pellet Density  
(g/cm3) 

Specific heat  
(J/(g∙K)) 

Diffusivity 
(mm2/s) 

SAT 1.40 1.454 0.217 
PCM@CNF 1.39 1.461 0.238 

PCM@CNF/GNP 0.5 1.39 1.752 0.262 
PCM@CNF/GNP 1.5 1.40 1.759 0.275 
PCM@CNF/GNP 2.5 1.41 1.733 0.281 
* The diameter of prepared pellets was 10 mm.  

 

 

Fig. 2-15. Thermal conductivity of SAT and SAT-based PCM composites: effect 

of GNP contents. 

 

The thermal reliability of PCMs is important, as it determines the service life 
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of a thermal energy storage system. Thermal reliability testing using FT-IR (Fig. 

2-16) showed that the original characteristic peaks did not disappear or shift 

before and after the thermal cycles, and no new peaks emerged. Besides, the 

cyclic melting/freezing process did not change the intensities of all the peaks 

much. This indicated that the prepared PCM composites were chemically stable 

during the phase transition process, and no chemical reaction occurred after the 

numerous thermal cycles, demonstrating good thermal reliability of the 

prepared PCM composites.  

Fig. 2-16. Comparison of FT-IR spectra of PCM composites with varied GNP 

contents before and after 100 melting/freezing cycles: (a) 0% GNP, (b) 0.5% 

GNP, (c) 1.5% GNP and (d) 2.5% GNP. 
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Fig. 2-17 shows the DSC curves of the prepared PCM composites with 

different GNP contents after 100 melting/freezing cycles, and their melting 

points and enthalpies are summarized in Table 2-3. Their melting points were 

quite close to 58 °C, and the reduction in their enthalpies was in the range of 8–

12%. For instance, the melting point of the prepared PCM composite with 2.5% 

GNP (i.e. PCM@CNF/GNP 2.5) after 100 melting/freezing cycles was 57.9 °C, 

almost the same as the theoretical melting point of SAT (58 °C). The enthalpy 

of this sample after 100 cycles was 229.3 kJ/kg, which is 10% lower than the 

enthalpy after one melting/freezing cycle. Although the obtained thermal 

reliability result of current work is comparable with the results of some studies 

(Mao et al., 2017; Fu et al., 2018; Xiao et al., 2018), more effort on improving 

the long-term thermal reliability of PCM composites and more cycles of 

melting/freezing should be performed in future work. 
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Fig. 2-17. DSC curves of SAT-based PCM composites with varied GNP 

contents after 100 melting/freezing cycles. 

 

Table 2-3. Melting points and enthalpies of PCM samples with varied GNP 

contents after 100 melting/freezing cycles 

PCM sample Melting point 
(°C) 

Enthalpy 
(kJ/kg) 

Enthalpy reduction after 
100 cycles (%) 

0% GNP 58.1 247.3 8 
0.5% GNP 58.0 239.5 9 
1.5% GNP 57.9 226.1 12 
2.5% GNP 57.9 229.3 10 
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4. Summary 

 

Salt hydrate PCM composites with stable phase, minimal supercooling and 

improved thermal properties were prepared using CNF/GNP composites. 

Rheological tests show that CNF with entangled networks increased the 

viscosity of PCM samples, enhanced their solid-like rheological properties and 

contributed to a stable phase. The use of CNF/GNP composites also provided 

phase stability to SAT, which was mainly contributed by CNF skeletons. 

 

DSP was the most effective nucleating agent to decrease the supercooling 

degree of SAT. Without the use of any nucleating agents, the supercooling 

degree of SAT was over 35 ºC. However, the use of 3% DSP greatly decreased 

the supercooling degree of SAT to 2.1 ºC and the crystallization of SAT 

occurred faster. Importantly, the supercooling suppression effect of DSP was 

unaffected by CNF/GNP composites. 

 

The good compatibility between the components resulted in compact PCM 

composites. CNF acted as the skeleton of the PCM composites and contributed 

to the uniform dispersion of GNP. The incorporation of CNF/GNP composites 

improved the thermal stability and thermal conductivity of SAT-based PCM 

composites. Compared to pure SAT, these PCM composites exhibited 

reasonable phase change properties, i.e. melting points and enthalpies. After 

100 melting/freezing cycles, these PCM composites were chemically stable but 

their enthalpies decreased, which should be improved in future work. 
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Chapter 3 

Preparation and application of CNF/AgNPs composites in salt 

hydrate PCM 
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1. Introduction 

 

Fossil-based energy resources, e.g. petroleum, are not sustainable and cause 

heavy environmental pollution (Saleh, 2020a). Besides, fossil resources are 

depleting day by day (Sarı et al., 2020), expanding the gap between energy 

consumption and the ever-increasing energy demand. The ever-increasing 

global concern about the energy crisis and environmental pollution has led to 

an intense focus on the use of renewable energy (Mehari et al., 2020). Thermal 

energy storage (TES) has garnered significant interest in recent decades as a 

viable method of renewable energy storage as it is easy to use, sustainable and 

cost-effective (Wu et al., 2019). Furthermore, TES can save surplus energy or 

industrial heat waste from factories, reduce the gap between energy generation 

and consumption, and increase the availability and reliability of power supplies 

(Sarbu & Sebarchievici, 2018; Chatterjee et al., 2019). Thus far, TES has been 

applied to numerous scenarios including air-conditioning systems (Aljehani et 

al., 2020), smart building materials (Akeiber et al., 2016; Hekimoğlu et al., 

2021), solar energy storage (Chen et al., 2012), waste heat recovery (Wang et 

al., 2019) and other emerging sectors (Chatterjee et al., 2019). 

 

Latent heat storage is a commonly used TES technique as it allows high energy 

storage density with only small temperature swings in the energy storage and 

release process (Sharma et al., 2009). Latent heat can be stored and released as 

required by harnessing phase transitions of phase change materials (PCMs), 

such as the transition from solid to liquid (melting process) and liquid to solid 

(freezing process). Salt hydrates, which are different from organic PCMs, 
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possess the advantages of lower price, a wider range of melting points for end 

uses, relatively higher thermal conductivity and higher energy storage density 

(Xie et al., 2017). Salt hydrates are also non-inflammable and odorless, making 

their use safe and innocuous. However, the supercooling property of salt 

hydrates poses a considerable barrier to its seamless application as it decreases 

the freezing point and delays the release of stored thermal energy. Consequently, 

the instant availability and reliability of salt hydrate-based TES systems are 

negatively impacted (Safari et al., 2017). For example, supercooling precludes 

salt hydrates used in building materials from releasing stored heat even when 

the surrounding temperature is far lower than its freezing point. This makes it 

impossible to reliably regulate indoor temperatures and results in the wastage 

of stored thermal energy (Xie et al., 2017).  

 

Several methods have been effectively used to address the supercooling 

problem of salt hydrate PCMs, of which the most popular is the addition of 

nucleating agents (NAs) (Safari et al., 2017). Various NAs have been tested to 

minimize supercooling in different types of TES systems or PCM composites. 

For example, Wang et al. (2019) prepared a novel PCM based on sodium acetate 

trihydrate (SAT) for energy storage, using Na4P2O7∙10H2O as an NA. They 

achieved < 5°C of supercooling with an NA dosage of 1.5%. Liu et al. (2019) 

used 2 % Na2B4O7·10H2O (borax) to tackle the problem of supercooling of SAT 

and was able to satisfactorily improve the system. Apart from salt hydrates, 

nanoparticles can also be used as NAs to suppress supercooling. Nano-copper 

has been used to reduce the supercooling of SAT (Cui et al., 2016); the authors 

claimed to achieve supercooling of about 0.5 °C with the addition of 0.5% nano-

copper. However, their PCM composite was prepared by simply blending SAT, 
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nano-copper and dispersant by magnetic stirring; this method raises concerns 

on the aggregation of copper nanoparticles and their distribution in the prepared 

PCM composite. Hu et al. (2011) tested aluminum nitride (AlN) nanoparticles 

as nucleating cores to prevent the supercooling of SAT. They concluded that the 

supercooling of carboxymethyl cellulose (CMC)-thickened SAT could be 

reduced to 0–2.4 °C by adding 3−5 wt% AlN nanoparticles. In this study as well, 

the authors merely mixed different components in a mortar, followed by melting 

and freezing the mixtures in test tubes, without accounting for the dispersion of 

AlN nanoparticles in SAT. Besides suppressing the supercooling of PCMs, the 

use of metal nanoparticles can also improve the thermal conductivity of the 

prepared PCM composites (Rezaie et al., 2018, 2019, 2020). However, it must 

be pointed out that these nanoscale particles tend to aggregate due to their high 

surface area and strong attractive interactions (Ashraf et al., 2018), possibly 

affecting both their uniform distribution in PCM composites and suppression of 

supercooling. Therefore, the uniform dispersion of nanoparticles as NAs in 

PCMs should be considered carefully for such applications.  

 

Although metal nanoparticles can be used as NAs and thermal conductivity 

enhancers for PCMs, they are highly likely to aggregate during synthesis when 

a proper stabilizer, such as a capping agent, ligand or support, is not used 

(Freitas de Freitas et al., 2018). Cellulose is among the most abundant natural 

polymers on this planet and has numerous desirable properties, including 

biodegradability, renewability, biocompatibility, low density, high strength and 

ease of chemical modification (Klemm et al., 2005). Cellulose nanofibril (CNF), 

which is derived from cellulose fibers, not only maintains the intrinsic 

properties of cellulose but also possesses other fascinating properties such as 
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high aspect ratio and high specific surface area. Typically, CNF is dozens of 

nanometers in diameter and several micrometers in length (Sharma et al., 2020). 

The high surface area, thermal stability and tunable surface chemistry of 

nanocellulose makes it a good support and stabilizer for nanoparticles (Li at al., 

2013; Mochochoko et al., 2013; Kaushik & Moores, 2016). For example, a 

study by Li et al. (2015) reported that CNF could disperse synthesized AgNPs 

uniformly and individually in solution. Similar findings were made by Yu et al 

(2019). Although several studies have been conducted on the preparation of 

nanocellulose-supported metal nanoparticles, most have been targeted to 

catalytic and adsorption applications (Saleh, 2020b), sensor fabrication and 

antibacterial activity (Kaushik & Moores, 2016). To the best of my knowledge, 

few studies have reported the application of nanocellulose-stabilized 

nanoparticles to suppress the supercooling of salt hydrate PCMs.  

 

This section aims to use a synthesized cellulose nanofibril (CNF)/silver 

nanoparticles (AgNPs) composite to suppress the supercooling degree of SAT, 

a promising salt hydrate PCM. The heat-transfer performance of the prepared 

PCM composite was expected to increase due to the presence of metal 

nanoparticles. The dispersion state of AgNPs induced by CNF and their 

distribution in the prepared PCM composite were studied, followed by an 

investigation of their efficiency in suppressing the supercooling of SAT. The 

phase stability, structure, phase change performance, thermal properties and 

thermal reliability of the prepared PCM composite were also determined.  
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2. Experimental 

2.1 Materials 

 

Bleached eucalyptus kraft pulp was used as the starting material to prepare 

CNF. Anhydrous sodium acetate (SA; CH3COONa), sodium phosphate dibasic 

dodecahydrate (DSP; Na2HPO4∙12H2O), silver nitrate (AgNO3, purity > 99.0%), 

sodium borohydride (NaBH4, purity > 99.0%) and nitric acid (HNO3) were 

purchased from Sigma-Aldrich (St Louis, MO, USA). All the chemicals were 

used as received. Deionized water was used for all experiments.  

 

2.2 Methods 

2.2.1 Preparation of CNF 

 

CNF was prepared by passing a 2 wt% pulp suspension through a grinder 

(Super Masscolloider, Masuko Sangyo Co., Ltd., Kawaguchi, Japan) more than 

30 times. The gap distance between the two grinding plates was −80 μm, and 

the grinding speed was 1500 rpm. The prepared CNF had a zeta potential of 

−34.8 ± 0.5 mV and a charge density of 0.16 meq/g CNF.  

 

2.2.2 Synthesis of CNF/AgNPs composites 

 

CNF suspension (0.5 wt%, 100 g) was prepared and then mixed with a 0.01 

M AgNO3 solution (100 mL). The resulting CNF/AgNO3 mixture was 

mechanically mixed at room temperature for 30 min in the dark and then 

incubated in an ice bath for 20 min. A 0.1 M NaBH4 solution (200 mL) was 
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prepared as the reducing agent for the synthesis of AgNPs and was incubated 

in an ice bath under mixing for 20 min. The CNF/AgNO3 mixture was then 

added drop-by-drop to the NaBH4 solution while mixing, and the reaction was 

allowed to occur for another 20 min. The reaction mechanism is shown by Eq. 

(3-1) (Mulfinger et al., 2007):   

 

AgNO3 + NaBH4 → Ag + ½ H2 + ½ B2H6 + NaNO3                                                       (3-1) 

 

To collect and purify the synthesized CNF/AgNPs composite, the mixture was 

centrifuged at 9000 rpm for 30 min in a centrifuge (Combi 514R, Hanil 

Scientific Inc., Gimpo, Korea). Centrifugal purification was performed three 

times to obtain the final product. AgNO3 solutions of varied concentrations 

(0.01 M, 0.02 M and 0.03 M) were used to prepare the CNF/AgNPs composites, 

respectively. The three synthesized CNF/AgNPs composites were labeled as 

CNF/AgNPs 0.01, CNF/AgNPs 0.02 and CNF/AgNPs 0.03, with the subscript 

representing the concentration of AgNO3 solution used during synthesis.  

 

2.2.3 Preparation of PCM composites 

 

Under continuous magnetic stirring, either CNF or CNF/AgNPs composite, 

DSP and SA were successively dispersed in deionized water while maintaining 

a molar ratio of 1:3 between SA and water (SA: H2O). The mixture was 

magnetically mixed for 1.5 h in a water bath maintained at 70 °C to prepare the 

PCM composites. The obtained PCM composites were labelled as 

PCM@CNF/AgNPs 0.01, PCM@CNF/AgNPs 0.02 and PCM@CNF/AgNPs 0.03, 
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depending on the CNF/AgNPs composite used. Analogously, the obtained PCM 

composite was labeled as PCM@CNF when CNF was used. Different amounts 

(0.8%, 1.0% and 1.2%) of CNF/AgNPs composite were added to study the 

effects of their dosage on supercooling suppression.  

 

2.2.4 Transmission electron microscopy                      

 

The morphologies and structures of CNF and CNF/AgNPs composites were 

observed under an energy-filtering transmission electron microscope (TEM, 

LIBRA 120, Carl Zeiss, Oberkochen, Germany). Samples with a concentration 

of 0.002% were prepared and deposited on the copper grid (Ted Pella, Inc., 

Redding, CA, USA) for TEM analysis.  

 

2.2.5 Measurement of particle size and its distribution                     

 

The particle sizes of AgNPs were calculated from the TEM images using 

ImageJ software (ImageJ 1.53a, National Institutes of Health, USA). Over 300 

nanoparticles in the TEM images were counted to calculate the average particle 

size and particle size distribution of AgNPs for each CNF/AgNPs composite.  

 

2.2.6 UV-visible spectroscopy                   

 

Ultraviolet-visible (UV/Vis) spectroscopy analysis was performed using a 

UV/Vis spectrophotometer (Optizen Alpha, K Lab Co., Ltd., Daejeon, Korea) 

in the 200–700 nm wavelength range, the concentration of samples was 0.01% 
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and quartz cuvettes were used for the tests. To show its stability in the presence 

of sodium salt, CNF/AgNPs composite was dispersed in sodium acetate 

solution, and the UV/Vis spectra were recorded and compared.  

 

2.2.7 Determination of silver content                   

 

The silver content of the synthesized CNF/AgNPs composites was determined 

by a liquid chromatography-inductively coupled plasma mass spectrometer 

(ICP-MS, JP/7900, Agilent technologies, Santa Clara, CA, USA). Prior to 

analysis, the composite suspension (1 mg/mL) was digested using concentrated 

HNO3 in a microwave sample digestion system (MARS-6, CEM Corp., 

Matthews, NC, USA) for 30 min.  

 

2.2.8 Measurement of supercooling degrees                   

 

The supercooling degree of the prepared PCM composites was determined 

using a T-history method (Zhang et al., 1999). Following this method, 10 g of 

the prepared PCM sample was loaded in a glass test tube and incubated in a 

water bath maintained at 70 °C for 30 min, followed by air cooling. The real-

time temperature of the samples was monitored during the cooling process by 

a PT100 thermocouple (Pico Technology Ltd., Cambridgeshire, UK). The 

supercooling degree was calculated using the following Eq. (3-2): 

 

∆푇 = 푇 − 푇                                                                                             (3-2) 

 



 

104 

 

where ∆푇  represents the supercooling degree (°C), 푇  denotes the melting 

point (°C) and 푇  denotes the freezing point (°C). 

 

2.2.9 Phase stability and fluidity tests 

 

For the phase stability test, 18 g of the prepared samples was placed in glass 

vials with lids, followed by incubation for 2 h in a water bath maintained at 

70 °C. The vials were then removed, and the phase stability was recorded using 

digital images. The fluidity of the samples was determined by inverting the vials 

and noting the flowability of the samples.  

 

2.2.10 Field-emission scanning electron microscopy                      

 

The structures of SAT and the prepared PCM composites were recorded using 

field-emission scanning electronic microscopy (FE-SEM, Auriga, Carl Zeiss, 

Oberkochen, Germany) at an acceleration voltage of 2 kV. Before obtaining FE-

SEM images, the samples were platinum-sputtered in an argon atmosphere at 

30 mA for 150 s. Elemental mapping was performed using an energy-dispersive 

X-ray spectroscopy accessory (EDX, Carl Zeiss, Oberkochen, Germany).  

 

2.2.11 Fourier transform-infrared spectroscopy 

 

Fourier transform-infrared (FT-IR) spectra were obtained using a Nicolet 6700 

spectrometer equipped with an attenuated total reflection accessory (Thermo 

Scientific, Waltham, MA, USA) and the data was collected in the range of 650–
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4000 cm−1 at a resolution of 2 cm−1.  

 

2.2.12 X-ray diffraction 

 

X-ray diffraction (XRD) patterns were investigated using an X-ray 

diffractometer (D8 Advance, Bruker AXS GmbH, Karlsruhe, Germany) with 

Cu kα1 radiation wavelength of 1.5418 Å, operating at 40 kV and 40 mA. XRD 

measurements were conducted in the scan range of 5–80° with a scan speed of 

2.4°/min. 

 

2.2.13 Differential scanning calorimetry 

 

Phase change properties were examined using differential scanning 

calorimetry (DSC, Discovery DSC, TA Instruments Inc., New Castle, DE, 

USA). The samples were heated from 25 to 70 C at a heating rate of 5 °C/min 

under a 20 mL/min nitrogen purge.  

 

2.2.14 Thermogravimetric analysis 

 

The weight loss of the samples was measured using thermogravimetric 

analyzer (TGA, TGA4000, PerkinElmer Inc., Waltham, MA, USA). The 

samples were heated from 30 to 200 °C at a rate of 5 °C/min with a nitrogen 

purging rate of 20 mL/min.  
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2.2.15 Measurement of thermal conductivity 

 

A Laser Flash Apparatus (LFA467, Netzsch Instruments, Selb, Germany) was 

used to determine the thermal diffusivity of samples. Powdered samples were 

pressed into pellet shapes (10 mm in diameter, 0.5–2 mm in thickness) under a 

pressure of 100 kg/cm2 for 10 min. The thicknesses and weights of the prepared 

pellets were measured, and their densities were calculated. Thermal 

conductivity was calculated using the following Eq. (3-3): 

 

휆 =  훼 ∙ 퐶 ∙ 휌                                                                                              (3-3)  

 

where 휆  is the thermal conductivity (W/(m⋅K)), 훼  represents the thermal 

diffusivity (mm2/s), 퐶  denotes the specific heat (J/(g∙K)) and 휌 is the density 

of pellets (g/cm3).  

 

2.2.16 Thermal reliability tests 

 

The thermal reliability of the samples was studied by comparing their FT-IR 

spectra and phase change properties, i.e. melting point and enthalpy before and 

after 100 melting/freezing cycles. 
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3. Results and discussion 

3.1 Characterizations of CNF/AgNPs composites 

 

In the synthesis of CNF/AgNPs composites, four steps account for the 

formation of silver nanoparticles (Polte et al., 2012). The first step involves the 

rapid reduction of the silver precursor by NaBH4. In the second step, the 

reduced metal atoms form clusters until the particles have certain stability that 

stops the process of coalescence. The third and fourth steps consist of further 

growth due to coalescence and eventually produces synthesized particles. After 

the four steps, stable silver nanoparticles will be synthesized and attach to the 

surface of the stabilizer, i.e. CNF. The appearance of the synthesized 

CNF/AgNPs composites is shown in Fig. 3-1. The CNF/AgNPs composites 

became darker as the amounts of silver ions in the synthesis process were 

increased, likely due to the increased proportions of silver in the synthesized 

CNF/AgNPs composites, which are presented in Table 3-1. An excess of 

reducing agent resulted in more silver ions being converted to AgNPs in the 

composites that were synthesized with higher AgNO3 concentrations. 
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Fig. 3-1. Digital images of the synthesized CNF/AgNPs composites: (a) 

CNF/AgNPs 0.01, (b) CNF/AgNPs 0.02 and (c) CNF/AgNPs 0.03. 

 

Table 3-1. The silver contents of the synthesized CNF/AgNPs composites 

measured by ICP-MS 

Composite Ag concentration  
(mg/kg) 

Ag content  
 (%) 

CNF/AgNPs 0.01 77.0 7.70 
CNF/AgNPs 0.02 175 17.5 
CNF/AgNPs 0.03 296 29.6 

 

The morphologies and structures of the synthesized CNF/AgNPs composites 

are shown in Fig. 3-2. As expected, the CNF shows a fibrillated fiber network 

with nanoscale diameters and micron-scale lengths, indicating the high aspect 

ratio of CNF. AgNPs were successfully synthesized and dispersed individually 

by CNF, and no aggregation of the particles was visible in the images (Figs. 3-

2a, b and c). In this work, one of the primary roles of CNF was to disperse and 

stabilize the synthesized silver nanoparticles, which were then tested to 

suppress the supercooling of SAT.  
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Fig. 3-2. TEM images of the prepared CNF/AgNPs composites: (a) 

CNF/AgNPs 0.01, (b) CNF/AgNPs 0.02 and (c) CNF/AgNPs 0.03. 

 

It is well known that the size of the nanoparticles affects their properties, 

including morphological/structural, thermal, electromagnetic, optical and 

mechanical properties (Naito et al., 2018). Therefore, measuring the particle 

size of nanoparticles is vital to better understand their properties. The average 

particle size and its distribution are shown in Fig. 3-3. When the concentration 

of the AgNO3 solution used for the synthesis of AgNPs was increased from 0.01 

M to 0.03 M, the average particle size of synthesized AgNPs increased 

accordingly from 8.7 nm to 10.2 nm. These well-dispersed AgNPs were 

expected to work efficiently to suppress the supercooling degree of SAT. 

Although the synthesized nanoparticles did not differ much in terms of particle 

size, there might be some differences in their supercooling suppression abilities.  



 

110 

 

Fig. 3-3. Particle size distribution of the synthesized AgNPs in (a) CNF/AgNPs 

0.01, (b) CNF/AgNPs 0.02 and (c) CNF/AgNPs 0.03.   

 

Fig. 3-4a shows the UV/Vis spectra of synthesized CNF/AgNPs composites. 

In the spectra for CNF, there was no characteristic peak across the whole 

wavelength range. On the contrary, a single and narrow band centered at 400 

nm was visible in all the UV/Vis spectra of the CNF/AgNPs composites, 

indicating successful synthesis and uniform dispersion of AgNPs by CNF (Li 

et al., 2015; Xu et al., 2019). The effect of SAT on the stability of synthesized 
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AgNPs was also investigated (Fig. 3-4b). No aggregation of AgNPs was 

observed upon the addition of SAT as the locations of the peaks remained 

unaffected (Agnihotri et al., 2014). Thus, the concerns regarding any 

destabilization of AgNPs by SAT were successfully addressed. 

Fig. 3-4. UV/Vis spectra of (a) CNF and CNF/AgNPs composites and (b): 

spectra of CNF/AgNPs 0.02 composite (Ⅰ) and this composite in a 0.2 N (Ⅱ) and 

in 1N (Ⅲ) sodium acetate solution.
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3.2 Effect of CNF/AgNPs composites on supercooling suppression 

 

The cooling curves of the prepared PCM samples are plotted in Fig. 3-5 and 

the supercooling degrees are summarized in Tables 3-2 and 3-3. Without the 

addition of a nucleating agent (NA), SAT showed significant supercooling, i.e., 

it did not crystallize even when its temperature approached room temperature 

(23 °C) and the supercooling degree was around 35 °C. The addition of the 

CNF/AgNPs composite to SAT did not resolve the supercooling problem as the 

crystallization process of SAT was not initiated by the AgNPs. To trigger the 

crystallization of SAT, the nucleating agent DSP was added to this salt hydrate 

PCM. It was anticipated that the combined use of DSP and CNF/AgNPs would 

synergistically suppress SAT supercooling.  

 

 

 

 

 

 

 

 

 



 

113 

 

Fig. 3-5. Supercooling suppression of sodium acetate trihydrate (SAT) by the 

combined use of CNF/AgNPs composites and sodium phosphate dibasic 

dodecahydrate (DSP): effect of (a) CNF/AgNPs 0.01, (b) CNF/AgNPs 0.02 and (c) 

CNF/AgNPs 0.03 with the dosage of DSP fixed at 2%  and (d) effect of DSP with 

the dosage of CNF/AgNPs 0.02 fixed at 1%.  
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Table 3-2. Summary of supercooling degrees depending on the dosage of 

CNF/AgNPs composites: the dosage of DSP was fixed at 2% 

                    Dosage (%) 
   Composite 0.8 1.0 1.2 

CNF/AgNPs 0.01 6.4 13.7 9.2 
CNF/AgNPs 0.02 12.9 1.2 9.2 
CNF/AgNPs 0.03 21.9 7.8 3.9 

 

Table 3-3. Summary of supercooling degrees depending on the dosage of DSP: 

the dosage of CNF/AgNPs 0.02 was fixed at 1% 

Dosage of DSP (%) 0 1 2 3 

Supercooling degree (ºC) 35 35 1.2 3.8 
 

Fig. 3-6 shows the effect of adding only DSP on the supercooling suppression 

of SAT and the supercooling degrees are summarized in (Table 3-4). When only 

2% DSP was added, the supercooling degree of SAT reduced from 35 °C to 27.4 

°C and the crystallization of SAT occurred quite slowly, i.e. 18 min after the 

start of cooling. The lowest supercooling degree of 2.1 °C was obtained upon 

the addition of 3% DSP to SAT. However, when 1% CNF/AgNPs 0.02 composite 

and 2% DSP were added together, crystallization happened much faster and the 

supercooling degree of SAT was only 1.2 °C (Fig. 3-5b). This value was even 

lower than the minimum supercooling degree achieved using only DSP. Based 

on these analyses, the use of CNF/AgNPs composite along with DSP showed a 

synergistic effect on the continuous crystallization of SAT in its cooling process.  
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Fig. 3-6. The sole effect of DSP on the supercooling suppression of SAT. 

 

Table 3-4. Effect of the dosage of DSP on supercooling degree: DSP as the sole 

nucleating agent 

Dosage of DSP (%) 0 1 2 3 4 5 

Supercooling degree (ºC) 35 33 27.4 2.1 4.1 5.5 
 

The typical SAT crystallization process has two steps: nucleation and crystal 

growth (De Yoreo & Vekilov, 2003). During nucleation, the nucleating sites 

form to seed crystallization. During the crystal growth step, SAT crystals start 

to grow on the surface of the NA. As crystallization occurs, anhydrous SA 

bonds with free water in the PCM sample and forms crystal SAT. This process 

is accompanied by the release of latent heat. The crystallization process ends 

when all the anhydrous salt reunites with water to attain the salt hydrate form. 

DSP appears to work more efficiently during the nucleation step as the sole 
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addition of CNF/AgNPs to SAT did not initiate crystallization. In contrast, 

CNF/AgNPs were more involved in the crystal growth step, in which SAT 

crystals grow on the surfaces of AgNPs. 

 

The comparison (Table 3-2) of the supercooling degrees of PCM samples 

containing different CNF/AgNPs composites of varied dosages showed that 

CNF/AgNPs 0.02, when used with 2% DSP, was the most effective supercooling 

suppressant. Its high effectiveness might be due to its medium particle size and 

proper particle size distribution. There also appears to be an optimal content of 

AgNPs required for maximal supercooling suppression, as neither too many nor 

too few nanoparticles facilitate the crystal growth of SAT on their surfaces.  

 

Fig. 3-5d shows the effect of DSP dosage on the synergistic supercooling 

suppression of SAT. The crystallization of SAT did not occur when 1% DSP 

was added. The minimum supercooling degree of 1.2 °C was obtained when 

2% DSP was used in conjunction with CNF/AgNPs 0.02. However, when 3% 

DSP was added, the supercooling degree increased. This can be attributed to an 

increase in contact area between the nucleus and liquid/substrate upon the 

addition of more NA, which inhibits nucleation (Wang et al., 2019). 

Furthermore, the interactions between DSP nuclei may hinder the growth of 

SAT crystals on their surfaces when more DSP was added. It was confirmed 

that the combined use of 2% DSP and 1% CNF/AgNPs 0.02 composite showed 

the most effective supercooling suppression. Therefore, 1% CNF/AgNPs 0.02 

composite and 2% DSP were blended with SAT to prepare the PCM composite 

for the next set of experiments. 
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3.3 Phase stability and physical structures of PCM composites 

 

The effect of CNF and prepared CNF/AgNPs on the phase stability of SAT is 

shown in Fig. 3-7a. For pure SAT, typical phase separation occurred and the 

anhydrous salt settled down to the bottom with most of the liquid in the upper 

part of the glass vial. This phase separation problem leads to a gradual decrease 

in energy storage capacity (Farid et al., 2004). The addition of 1% CNF 

eliminated phase separation and helped achieve phase stability in the PCM 

samples. CNF readily forms networks in the aqueous phase due to their high 

aspect ratio, and the entangled CNF networks contribute to thickening (Pääkkö 

et al., 2007; Lasseuguette et al., 2008), holding the anhydrous salt together and 

preventing its sedimentation. Similarly, the addition of 1% CNF/AgNPs 0.02 

prevented the phase separation of SAT, indicating that the presence of AgNPs 

did not negate the thickening effect of CNF. The results of the fluidity test (Fig. 

3-7b) showed that the addition of CNF or CNF/AgNPs composite decreased 

fluidity, i.e., it increased the viscosity of the samples and maintained phase 

stability even when the glass vials were turned upside down. The enhanced 

phase stability will allow salt hydrate PCMs to contribute more efficiently to 

the TES process.  
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Fig. 3-7. (a) Phase stability test and (b) fluidity test of (I) SAT, (II) PCM@CNF 

and (III) PCM@CNF/AgNPs 0.02. 

 

The morphologies and physical structures of SAT and the prepared PCM 

composites were characterized through FE-SEM images (Fig. 3-8). A low 

magnification image of SAT (Fig. 3-8a) shows the presence of large voids in 

the SAT crystal structure. The crystal size is of the order of tens of micrometers, 

indicating a porous internal structure of the salt hydrate PCM. Fig. 3-8c shows 

a more compact structure when CNF and DSP were incorporated into PCM 

composite, indicating a high level of compatibility between these ingredients. 

Both SAT and DSP possess water of crystallisation and can form hydrogen 

bonds with the numerous hydroxyl groups in CNF, accounting for their high 

compatibility. A compact composite structure was also found in the image of 

PCM@CNF/AgNPs 0.02 (Fig. 3-8e), indicating the favorable affinity between 

CNF/AgNPs composite and other ingredients. CNF has abundant hydroxyl 

groups on the surfaces, although a number of silver nanoparticles attached to its 

surfaces, it still had sufficient ability to form hydrogen bonds (Yu et al., 2020). 

To sum up, CNF played important roles in this section, i.e. CNF dispersed the 

synthesized silver nanoparticles, acted as the skeleton of PCM composites and 
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formed favorable interactions with other components. The high magnification 

images show the internal structures of SAT and SAT-based PCM composites in 

detail. Some pores are visible in the image of the crystal structure of SAT (Fig. 

3-8b), similar to those seen in Fig. 3-8a. The high level of compatibility between 

CNF, DSP and SAT can be confirmed by the close contact and interactions seen 

in Figs. 3-8d and f. CNF was found to be tightly embedded in the PCM samples, 

and a CNF network can be seen on the fractured cross-section. As the 

CNF/AgNPs composite was incorporated in the PCM sample fabrication 

process, some nanoscale particles are also present in Fig. 3-8f. These tiny 

irregular particles were believed to be SAT-wrapped AgNPs. In the freezing 

process of the prepared PCM sample, AgNPs behaved as nucleating sites for 

SAT crystal growth, consequently suppressing the supercooling of SAT. These 

observations suggest that PCM composites with compact structures were 

successfully prepared, possibly contributing to an improvement in the heat 

transfer capabilities of the prepared samples. 



 

120 

 

 

Fig. 3-8. FE-SEM images of SAT and SAT-based PCM composites: (a) and (b) 

SAT, (c) and (d) PCM@CNF, (e) and (f) PCM@CNF/AgNPs 0.02. Low 

magnification images: (a, c & e); high magnification images: (b, d & f). 

 

Energy-dispersive X-ray spectroscopy was used to study the elemental 

compositions and distributions of the prepared PCM composites. The elemental 

mapping is presented in Fig. 3-9. As expected, carbon, oxygen, sodium, 

phosphorous and silver elements were detected in the PCM sample. The 

distribution of each element and their mapping imply that they were all 

uniformly distributed and that there was a high level of compatibility between 
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the components. Importantly, the silver element was found to be uniformly 

distributed (Fig. 3-9e), likely due to the action of CNF, which acted as a 

dispersing agent and support for AgNPs. This was also supported by the 

individual dispersion of AgNPs observed in the FE-SEM image (Fig. 3-10). 

 

 

Fig. 3-9. Elemental mapping of the prepared PCM@CNF/AgNPs 0.02 composite: 

(a) carbon, (b) oxygen, (c) sodium, (d) phosphorus and (e) silver element. 

 

 

Fig. 3-10. Distribution of AgNPs in PCM@CNF/AgNPs 0.02. 
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3.4 Chemical structures of PCM composites 

 

FT-IR spectra of SAT, DSP, CNF, CNF/AgNPs and PCM composites are 

shown in Fig. 3-11a. In the spectrum of SAT, the broad peaks between 3000 

cm−1 and 3700 cm−1 arise due to the antisymmetric stretching vibration of –OH 

groups (Saleh, 2018), mainly contributed by the water of crystallization. The 

peak at 1700 cm−1 denotes the stretching vibration of C=O bond, which is 

characteristic of a carboxyl salt (Iacovita et al., 2015). Peaks ascribed to 

hydroxyl groups (3328 cm−1) and characteristic glucosidic linkages of cellulose 

(897 cm−1) are visible in the CNF spectrum (Gopakumar et al., 2018). The DSP 

spectrum exhibits peaks for water of crystallization (3241 cm−1), characteristic 

P–O stretching (1066 cm−1) and PO–H bending (984 cm−1) (Trivedi et al., 2015). 

Fig. 3-11b shows the comparison of the spectra of CNF and the CNF/AgNPs 

0.02 composite. CNF/AgNPs exhibited typical IR peaks of cellulose, but the peak 

at 3228 cm−1 due to the in-plane stretching vibration of –OH groups was 

widened by the adsorption of AgNPs. The intensities of the peaks corresponding 

to the asymmetric stretching vibration of C–H (2896 cm−1) and C–O bonds 

(1026 cm−1 and 897 cm−1) decreased, indicating the successful synthesis of 

CNF/AgNPs (Kwon et al., 2020). All the characteristic peaks of the 

components were observed in the spectra of PCM composites and no new peaks 

appeared upon the preparation of SAT-based PCM composites.  
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Fig. 3-11. (a) FT-IR spectra of PCM composites and the components and (b) 

FT-IR spectra comparison between CNF and CNF/AgNPs 0.02. 

 

The crystalline phases of SAT, DSP, CNF, CNF/AgNPs and PCM composite 

are presented in Fig. 3-12a. In the diffraction pattern of SAT, the peaks at 19.0°, 

22.4° and 29.7° correspond to the (011), (200) and (211) planes, respectively 

(Neelakantaprasad et al., 2018). CNF showed two broad peaks centered at 16.3° 

and 22.6°, corresponding to the (110) and (200) crystal planes, respectively, that 

are typically attributed to the cellulose type I structure (French, 2014). 

Compared with other components like SAT and DSP, the diffraction intensive 

of the CNF/AgNPs composite is much weaker, and thus, only the XRD pattern 

of this composite is shown in Fig. 3-12b. The peaks at 38.1°, 44.3°, 64.6° and 

77.5° can be respectively mapped to the (111), (200), (220) and (311) crystal 

planes of AgNPs (Deng et al., 2016), confirming the presence of silver 

nanoparticles inside the sample originated from the reduction of Ag+ ions in the 

synthesis of CNF/AgNPs composites (Ali et al., 2017). As observed, the 



 

124 

 

diffraction peaks of the PCM composites corresponded to a mixture of the peaks 

from each component and no new peaks were present. To summarize, the FT-

IR and XRD results indicated the absence of any chemical reactions between 

the components of the PCM composites.  

Fig. 3-12. (a) XRD patterns of PCM composite and the components and (b) 

enlarged XRD pattern of CNF/AgNPs 0.02.
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3.5 Thermal properties of PCM composites 

 

The phase transition behaviors of SAT and SAT-based PCM composites were 

determined by DSC, and the results are shown in Fig. 3-13. The melting point 

and enthalpy of these samples were derived from the DSC measurements and 

are presented in Table 3-5. The measured melting point and enthalpy of SAT 

were 57.6 °C and 270 kJ/kg, respectively. These two values differ slightly from 

those previously reported in literature (Fang et al., 2019), possibly due to 

variations caused by the small sample size (< 50 mg) used for DSC analysis. 

The melting point of the two PCM composites was 57.4 °C, which is quite close 

to that of SAT. Large temperature fluctuations of PCMs in their phase 

transitions should be avoided if they are to be used for practical TES 

applications. Therefore, it is favorable that the melting point remains almost 

constant when other ingredients are added. The addition of other components, 

i.e., DSP, CNF or CNF/AgNPs, caused the percentage of SAT in the PCM 

composites to decrease, leading to minimally decreased enthalpies of PCM 

composites compared to the pure SAT. Nevertheless, the percentage of SAT in 

PCM composites with/without silver nanoparticles was the same (97%), since 

the dosage of DSP was fixed at 2%, and the dosage of CNF and CNF/AgNPs 

were the same (1.0%) for the preparation of these two PCM composites. 

Therefore, it is rational that these two PCM composites showed the same 

enthalpy values, i.e. 269 kJ/kg. The addition of CNF or CNF/AgNPs did not 

notably change the melting point and phase change enthalpy, and this property 

was likely due to the much more compact structure of PCM composite (Fig. 3-

8) achieved when CNF or CNF/AgNPs were incorporated. These effects make 
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the prepared PCM composites promising candidates for practical applications.  

 

 

Fig. 3- 13. DSC curves of SAT and SAT-based PCM composites. 

 

Table 3-5. Melting points and enthalpies of the prepared PCM samples 

PCM sample Melting point 
(°C) 

Enthalpy 
(kJ/kg) 

SAT 57.6 270 
PCM@CNF 57.4 269 

PCM@CNF/AgNPs 0.02 57.4 269 
 

Fig. 3-14 shows the TGA curves of pure SAT and two SAT-based PCM 

composites. In the heating process, the free water in these samples evaporated 

first as the temperature increased above 35 °C. When the temperature reaches 

the melting points of the samples, the bonds between anhydrous salt and water 

of crystallization started to break. As the temperature continues to increase, the 
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bonded water of crystallization evaporates. The content of crystal water in pure 

SAT was approximately 39.72 wt%, and water loss due to evaporation began at 

35 °C. The addition of CNF or CNF/AgNPs slows down water loss compared 

to pure SAT. This is because CNF has a strong affinity to water, allowing 

hydrogen bonds to form between CNF and water as well as between 

neighboring cellulose fibrils. For SAT, water loss stopped at 138 °C, implying 

that all the moisture in SAT evaporated at this point. Complete moisture loss 

occurred at around 154 °C and 160 °C for PCM composite without silver 

nanoparticles (i.e. PCM@CNF) and PCM composite with silver nanoparticles 

(i.e. PCM@CNF/AgNPs 0.02), respectively, suggesting stronger thermal 

stability of these two composites compared to SAT. As can be observed, the 

final solid contents of these two PCM composites were higher than that of pure 

SAT. This effect can be ascribed to the addition of other components, i.e., DSP, 

CNF or CNF/AgNPs composite. Meanwhile, the residue solid contents of these 

two PCM composites were very similar because the content (97%) of SAT was 

the same in the two PCM composites. Because a bleached chemical pulp was 

used as the starting material for preparing CNF, the prepared CNF mainly 

consists of cellulose. One thing to point out is that the CNF with a pyrolysis 

temperature of 315–400 °C and silver nanoparticles with a melting point of 

962 °C were stable at such testing temperature (Yang et al., 2007), they caused 

little weight loss of the prepared PCM composites. Overall, the prepared PCM 

composites had stronger water-holding and thermal stabilities, favoring their 

application at higher temperatures.  
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Fig. 3-14. TGA curves of SAT and SAT-based PCM composites. 

 

To improve the heat transfer rate and the utilization efficiency of stored energy, 

the thermal conductivity of PCMs needs improvement (Qureshi et al., 2018). 

The specific heat, diffusivity and density of the prepared PCM composites were 

determined (Table 3-6) and then the thermal conductivities were calculated and 

presented (Fig. 3-15). The thermal conductivity of pure SAT was 0.441 

W/(m⋅K), similar to the value of 0.433 W/(m⋅K) reported by Johansen et al. 

(2015). As expected, the incorporation of AgNPs improved the thermal 

conductivity of PCM composites. And the thermal conductivity of PCM 

composites increased continuously with the increased content of silver 

nanoparticles, which is attributable to the excellent heat transfer performance 

of silver nanoparticles. When 1% CNF/AgNPs 0.02 composite was added to SAT, 

thermal conductivity improved by 31.6% over that of pure SAT. Garay-Ramírez 
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et al. (Garay-Ramírez et al., 2015) have also investigated the effect of AgNPs 

on the thermal properties of SAT. They found that compared to pure SAT, the 

SAT-based PCM composite had higher thermal conductivity, which 

continuously increased as the content of AgNPs was increased to 0.8%. The 

improvement in thermal conductivity could be due to the high thermal 

conductivity of the metallic particles, i.e., AgNPs, used in the study. Although 

the thermal conductivity of PCMs can be improved by increasing the AgNP 

content, the cost of the prepared product must be taken into consideration. The 

main objective is to use AgNPs as an NA to minimize the supercooling degree 

of SAT. The improvement of thermal conductivity is simply another benefit of 

introducing AgNPs.  

 

Table 3-6. Densities, specific heat and thermal diffusivity of PCM pellets for 

thermal conductivity measurements 

PCM pellet Density  
(g/cm3) 

Specific heat 
(J/(g∙K)) 

Diffusivity 
(mm2/s) 

SAT 1.40 1.45 0.217 
PCM@CNF/AgNPs 0.01 1.38 1.70 0.234 
PCM@CNF/AgNPs 0.02 1.39 1.73 0.241 
PCM@CNF/AgNPs 0.03 1.40 1.74 0.249 
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Fig. 3-15. Thermal conductivity of SAT and SAT-based PCM composites: 

PCM@CNF/AgNPs 0.01, PCM@CNF/AgNPs 0.02 and PCM@CNF/AgNPs 0.03 

all contained 1% CNF/AgNPs composite. 

 

The effect of the prepared CNF/AgNPs composite on decreasing the 

supercooling degree and enhancing the thermal conductivity of SAT has been 

compared with the values in literatures (Table 3-7). As can be seen, comparable 

improvements in the supercooling suppression and thermal conductivity 

enhancement were achieved by this work. Furthermore, the dispersion of 

nanoparticles was not considered in other works that used carboxymethyl 

cellulose (CMC) as a thickener. In the present work, CNF was used to ensure 

the uniform dispersion of silver nanoparticles, and the CNF/AgNPs composite 

also provided an intrinsic thickening effect to SAT (Fig. 3-7). Considering the 

advantages of CNF, i.e. environmental friendliness, renewability, and ease of 
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chemical modification, this work may give some inspiration on the use of green 

polymer-based materials for improving the performance of PCMs. 

 

Table 3-7. The effect of the prepared CNF/AgNPs 0.02 composite on decreasing 

the supercooling degree and enhancing the thermal conductivity of SAT: 

comparison with other works 

Nanoparticles 
used 

Supercooling 
degree 
 (°C) 

Thermal conductivity 
enhancement 

 (%) 
Reference 

Copper 0.50 25.1 Cui et al., 2016 
Aluminum 

nitride 0 Not reported Hu et al., 2011 

Iron oxide 0 22.5 He et al., 2018 
Silver 3.55 Not reported Garay Ramirez et al., 2014 

This work 1.20 31.6 - 
 

The thermal reliability of the prepared PCM composites was examined using 

FT-IR and DSC measurements. FT-IR measurements (Fig. 3-16a) showed that 

the characteristic peaks in the composite did not diminish or shift either before 

or after 100 melting/freezing cycles and that no new peaks were generated. This 

indicated that the prepared PCM composite was chemically stable and that no 

chemical reactions occurred between the components, even after a large number 

of phase transition cycles. The melting points and enthalpies of the prepared 

PCM composites, calculated from Fig. 3-16b, are summarized in Table 3-8. The 

melting point was identical both before and after 100 melting/freezing cycles, 

and the enthalpy of PCM composite decreased only around 2% after 100 

melting/freezing cycles relative to the enthalpy after one melting/freezing cycle. 

These two measurements indicated that the prepared PCM composite had a 
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higher thermal reliability than previously reported, giving it a competitive 

advantage (Fu et al., 2019; Xiao et al., 2019; Xie et al., 2019; Fang et al., 2020; 

Zhang et al., 2020). This prepared PCM composite with excellent thermal 

reliability is suitable to use in long-serving energy storage systems, improving 

the cost-effectiveness of these systems. 

Fig. 3-16. Thermal reliability test: (a) FT-IR spectra and (b) DSC curves of 

PCM@CNF/AgNPs 0.02 composite before and after 100 melting/freezing cycles.  

 

Table 3-8. Melting points and enthalpies of PCM sample before and after 100 

melting/freezing cycles 

PCM sample Melting point 
(°C) 

Enthalpy 
(kJ/kg) 

Enthalpy reduction after 
100 cycles (%) 

PCM after 1 cycle 57.4 269 - 
PCM after 100 cycles 57.4 263 2.23 

 



 

133 

 

4. Summary 

 

CNF/AgNPs composites were synthesized and used to suppress the 

supercooling of SAT. The results show that the synthesized AgNPs had a 

particle size ranging from 8.7 nm to 10.2 nm and that they were uniformly 

dispersed by CNF. The silver content of these composites increased from 7.7% 

to 29.6%, depending on the concentration of AgNO3 solution in the synthesis 

process. These composites were stable upon the addition of SAT, making their 

application feasible in preparing SAT-based PCM composites.  

 

 The CNF/AgNPs composites and DSP synergistically decreased the 

supercooling degree of SAT, with CNF/AgNPs accelerating the crystal growth 

of SAT. A negligible supercooling degree of 1.2 °C was obtained when 1% 

CNF/AgNPs 0.02 composite was used along with 2% DSP. In addition, the 

prepared PCM composites had phase stability, indicating the thickening effect 

of the CNF/AgNPs composites.  

 

The use of CNF/AgNPs composites resulted in a more compact PCM structure 

with a uniform distribution of AgNPs. The prepared PCM@CNF/AgNPs 0.02 

composite showed a similar melting point and enthalpy with those of pure SAT. 

The thermal stability and thermal conductivity of this PCM composite were 

superior to those of SAT. The melting point of the PCM composite remained 

constant after 100 melting/freezing cycles, and the enthalpy decreased by 

approximately 2%, indicating favorable thermal reliability.  
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Chapter 4 

Preparation and application of CNF/CNT composite foams in 

organic PCM 
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1. Introduction  

 

The development of efficient energy production, conversion, storage, and 

utilization technologies has long been considered important for the sustainable 

evolution of human society (Huang et al., 2019). With proper conservation and 

utilization, energy shortage and wastage bottlenecks can be alleviated. As an 

efficient approach to conserving thermal energy, latent heat storage (LHS) has 

attracted intense interest because this technique has the advantages of easy 

usage, low investment cost, constant temperature during heat storage, and high 

energy storage density (Tao & He, 2018). Thus far, LHS has been applied in 

many scenarios, including the household water supply (Shabgard et al., 2018), 

industrial waste heat recovery (Miró et al., 2016), temperature regulation and 

energy savings in buildings (Lizana et al., 2018), and solar-thermal energy 

harvesting and storage (Mehrali et al., 2021). 

 

Phase change materials (PCMs), a key component of LHS systems, store and 

release thermal energy through their phase transitions. Paraffin, a widely used 

organic PCM, is a promising candidate for thermal energy storage because of 

its high latent heat, good thermal stability, and negligible supercooling (Zhao et 

al., 2020). Moreover, its low cost, nontoxicity, and noncorrosive properties 

make it competitive for practical applications (Liu et al., 2019). However, 

paraffin leakage is likely to occur due to its poor shape stability during its phase 

transition process (Sharma et al., 2009). For an efficient and reliable energy 

storage application, the leakage issue must be resolved. 
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Several methods have been proposed to cope with the leakage problem of 

organic PCMs, among which the use of porous support has been proven 

effective (Zhang et al., 2020). For example, nickel and copper foams were used 

as supporting materials for myristyl alcohol (Huang et al., 2017). Zhao et al. 

(2010) used copper foam to stabilize paraffin, and the heat transfer rate of 

prepared samples was dramatically improved. Despite the merits of high 

thermal conductivity, favorable mechanical strength, and thermophysical 

stability, metal foams are heavy and expensive, which limits their widespread 

application as supporting matrices for PCMs. 

 

Polymeric materials are also widely used as supporting matrices to form-

stabilize PCMs (Hu, 2020). Cellulose, as a naturally occurring polymer, is 

abundantly available, renewable, recyclable, and environmentally friendly 

(Moon et al., 2011; Zhang et al., 2020). Compared to metal foams, cellulose-

based foams are lightweight, inexpensive and mechanically flexible (Ottenhall 

et al., 2018; Nie et al., 2020). Compared to synthetic polymeric foams (e.g. 

polystyrene and polyurethane), cellulose foams exhibit the advantages of 

renewability, environmental friendliness and ease of chemical modification 

(Moon et al., 2011). The use of green cellulose foams to stabilize PCMs endows 

positive economic and environmental impacts. Research concerning the 

preparation and application of cellulose foams has mainly focused on 

antimicrobial packaging materials (Ottenhall et al., 2018), thermal insulation 

(Jiang, 2020), strength enhancement (Svagan et al., 2008), metal-ion and dye 

removal (Tang et al., 2019), and catalytic applications (Keshipour & Khezerloo, 

2019). The application of cellulose foam has not been extensively explored in 
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the LHS field. For example, although Sentürk et al. (2011) used cellulose to 

fabricate shape-stabilized PCM composites, the cellulose was simply blended 

with polyethylene glycol to prepare the composites. Besides, although chemical 

modification of cellulose can be performed to improve its compatibility with 

PCMs, such work remains unexplored. To the best of the author’s knowledge, 

this dissertation reports the use of chemically modified cellulose nanofibril 

(CNF) foam to stabilize paraffin for LHS applications for the first time. Due to 

the fascinating properties of cellulose, one can expect that PCMs stabilized with 

CNF-based foams have positive economic and environmental impacts over 

PCMs stabilized with metal or polymeric foams. 

 

Another limitation of paraffin for application in energy storage is its low 

thermal conductivity (0.1–0.35 W/(m⋅K)), which limits the speed and efficiency 

of energy storage (Gulfam et al., 2019). Carbon nanomaterials, which have high 

thermal conductivity and can be uniformly dispersed in cellulose, have been 

extensively used with cellulosic materials to improve the thermal performances 

of the prepared products (Wang & Wu, 2018; Cui et al., 2020; Zhou et al., 2021). 

Herein, multiwalled carbon nanotubes (CNTs) were used with CNF to prepare 

highly porous foams that exhibit high thermal performances. Silylation of the 

foams enhanced their compatibility with paraffin. The properties of the foams 

and their effects on the absorption capacity and leakage prevention of paraffin 

were investigated; the structures, thermal properties, and thermal reliabilities of 

prepared PCM composites were then characterized.  
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2. Experimental  

2.1 Materials 

 

CNF was prepared from bleached eucalyptus kraft pulp. 

Methyltrimethoxysilane (purity 98%) and paraffin wax (Pw, melting point 58–

62 °C) were purchased from Sigma-Aldrich (St. Louis, MO, USA). 

Hydrochloric acid (HCl, 1 N, laboratory grade) was purchased from Duksan 

Pure Chemicals Co., Ltd. (Ansan-city, Korea). Multiwalled CNTs (purity > 

95%, outer diameter 10–20 nm) in powder form were purchased from Research 

Nanomaterials, Inc. (Houston, TX, USA). Filter paper (quantitative ashless, 11 

cm in diameter, ADVANTEC, Tokyo, Japan) was used for leakage testing of the 

prepared PCM composites. 

 

2.2 Methods 

2.2.1 Preparation of CNF 

 

CNF was prepared by passing a 2 wt% pulp suspension through a Super 

Masscolloider grinder (Masuko Sangyo Co., Ltd., Kawaguchi-city, Japan) more 

than 30 times. The grinding speed was 1500 rpm and the gap between the two 

grinding plates was −80 μm. The zeta potential of the prepared CNF, determined 

using a Malvern Zetasizer (Nano-ZS, Malvern Instruments Ltd., Worcestershire, 

UK), was −34.8 ± 0.5 mV. The charge density according to a titration method 

was 0.16 meq/g CNF. 
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2.2.2 Preparation of CNF/CNT composites 

 

Multiwalled CNTs were homogenized in a 0.5% CNF suspension using an 

Ultra-Turrax T50 homogenizer (Janke and Kunkel, IKA-Labortechnik, Staufen, 

Germany) at 10000 rpm for 60 min. After the homogenization process, the 

prepared composites were collected by centrifugation (Combi R514, Hanil 

Scientific Inc., Gimpo, Korea) at 9000 rpm for 30 min. Various CNT doses (10, 

20, 30, and 50 wt%, based on CNF) were used to obtain the CNF/CNT 

composites, which were labeled as CNF/CNT 10, CNF/CNT 20, CNF/CNT 30, 

and CNF/CNT 50, where the subscript indicates the dose (wt%) of CNTs. 

 

2.2.3 Preparation of foams 

 

Foams were prepared by freeze-drying prepared suspensions. To prepare 

silylated CNF (SCNF) foams, CNF suspensions of different consistencies 

(0.5%, 1.0%, 1.5%, and 2.0%) were prepared and the pH was adjusted to 4 by 

using HCl. Methyltrimethoxysilane was added to a CNF suspension at the mass 

ratio of 2:1 and the silylation reaction was continued while mixing at 1500 rpm 

at room temperature for 2 h. During the silylation process, 

methyltrimethoxysilane was hydrolyzed to silanol and reacted with the 

hydroxyl groups of CNF to form an interlaced network (Jiang et al., 2020). The 

resulting SCNF suspensions were stored overnight at 4 °C in a refrigerator to 

minimize foam cracking and shrinkage during subsequent freeze-drying (Zheng 

et al., 2014). The cold SCNF suspension was then frozen in liquid nitrogen and 

freeze-dried using a freeze dryer (FD8518, Ilshin Lab. Co., Ltd., Yangju-city, 
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Korea) for 72 h. Curing of SCNF foams was carried out at 120 °C for 3 h to 

ensure the completion of silylation. The obtained SCNF foams were labeled as 

SCNF 0.5, SCNF 1.0, SCNF 1.5, and SCNF 2.0, respectively, where the subscript 

refers to the consistencies of the CNF suspensions used for the preparation of 

the foams. The SCNF/CNT foams were similarly prepared; the obtained foams 

were coded as SCNF/CNT 10, SCNF/CNT 20, SCNF/CNT 30, and SCNF/CNT 50, 

where the subscript represents the dose (wt%) of CNTs based on the dry weight 

of CNF. 

 

2.2.4 Measurement of density and porosity of foams 

 

Foam dimensions were determined with a digital caliper (Absolute Origin, 

iGaging, San Clemente, CA, USA) and their density (kg/m3) was calculated 

from the measured weight (g) and volume (m3). The porosity (푃, %) of the 

foams was calculated from their apparent density and skeleton densities 

according to Eq. (4-1) as follows (Jiang et al, 2020) : 

 

푃 = 1− × 100%                                                                                (4-1) 

 

where  휌  is the apparent density of the foam (kg/m3) and 휌  is the density of 

the foam skeleton (kg/m3).   

 

For SCNF foams, 휌 =                                                            (4-2) 
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  For SCNF/CNT foams, 휌 =                                         (4-3) 

 

where 푤 , 푤  and 푤  are the weight fractions (%) of CNF, MTMS 

and CNTs in the foams, respectively. 휌  was fixed at 1500 kg/m3, 휌  

was fixed at 1900 kg/m3, and 휌  was fixed at 2100 kg/m3. 

 

2.2.5 Measurement of water contact angles 

 

The water contact angles (WCAs) of the prepared foams were measured by a 

drop shape analyzer (DSA100, Krüss GmbH, Hamburg, Germany). WCAs 

were measured for 60 s and the measurement interval was 1 s. Deionized water 

was used as the testing liquid and the volume of the water droplets was 5 µL. 

 

2.2.6 Preparation of foam-stabilized PCM composites 

 

PCM composites were prepared by impregnating the prepared foams with 

molten Pw under 1-bar vacuum for 6 h. Excess paraffin on the surface was 

carefully removed using filter paper. The obtained PCM composites were 

identified as SCNF-Pw, SCNF/CNT 10-Pw, SCNF/CNT 20-Pw, SCNF/CNT 30-

Pw, and SCNF/CNT 50-Pw, depending on the foam used. The paraffin 

absorption capacity 퐶 (i.e., weight fraction (%) of paraffin in a PCM composite) 

was calculated according to Eq. (4-4) as follows: 

 



 

142 

 

   퐶 = × 100%                                                                              (4-4) 

 

   where 푤  is foam weight before impregnation with paraffin (g), 푤  is the 

foam weight after impregnation with paraffin (g), i.e. weight of the prepared 

PCM composites. 

 

2.2.7 Transmission electron microscopy     

                  

The morphologies of CNF, CNTs and CNF/CNT composites were studied by 

energy-filtering transmission electron microscopy (TEM, LIBRA 120, Carl 

Zeiss, Oberkochen, Germany). The 400 mesh copper grid (Ted Pella, Inc., 

Redding, CA, USA) was used to deposit samples with a concentration of 0.002% 

before the analysis.   

 

2.2.8 Field-emission scanning electron microscopy                      

 

The structures of the prepared foams and the prepared PCM composites were 

characterized by field-emission scanning electronic microscopy (FE-SEM, 

Auriga, Carl Zeiss, Oberkochen, Germany). Prior to the analysis, samples were 

platinum-sputtered in an argon atmosphere at 30 mA for 150 s. 

 

2.2.9 Leakage tests 

 

Leakage testing of Pw was performed as follows. A prepared PCM composite 
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was placed on a filter paper or glass plate, then heated in an oven at 70 °C for 

30 min. The area of leaked paraffin on filter paper was recorded by a digital 

camera. The leakage percentage 퐿 (%) of Pw was calculated according to Eq. 

(4-5) as follows: 

 

   퐿 = × 100%                                                                             (4-5) 

 

   where 푚  is the sample weight before the leakage test (g), 푚  is the sample 

weight after the leakage test (g). 

 

2.2.10 Fourier transform-infrared spectroscopy                    

 

Fourier transform-infrared (FT-IR) spectra were recorded on a Nicolet 6700 

spectrometer (Thermo Scientific, Waltham, MA, USA) at 650–4000 cm−1 with 

a resolution of 2 cm−1. 

 

2.2.11 X-ray diffraction 

 

X-ray diffraction (XRD) patterns were determined using a D8 Advance 

diffractometer (Bruker AXS GmbH, Karlsruhe, German) with Cu kα1 radiation 

wavelength at 1.5418 Å, operating at 40 kV and 40 mA. The analysis was 

performed in the scan range of 5–80° with a scan speed of 2.4°/min. 
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2.2.12 Differential scanning calorimetry 

 

Phase change properties of PCM samples were investigated by a differential 

scanning calorimetry (DSC, Discovery DSC, TA Instruments Inc., New Castle, 

DE, USA). Samples were heated from 25 to 80 C at a temperature ramping 

rate of 5 °C/min, then cooled to 25 C at the same rate.  

 

2.2.13 Thermogravimetric analysis 

 

The thermal stabilities of PCM samples were determined using a 

thermogravimetric analyzer (TGA, Discovery TGA, TA Instruments Inc., New 

Castle, DE, USA) over the temperature range of 30–600 C at a heating rate of 

10 °C/min under a 20 mL/min of nitrogen gas purge.  

 

2.2.14 Measurement of thermal conductivity 

 

The thermal conductivity of PCM samples were measured following a laser 

flash method (Tao et al., 2017). To this end, samples were cut into plates of 8 

mm × 8 mm × 2 mm. The dimensions and weights of the prepared plates were 

measured, and their densities were calculated. A Laser Flash Apparatus 

(LFA467, Netzsch Instruments, Selb, Germany) was used to determine the 

thermal diffusivity of samples. Thermal conductivity was calculated using Eq. 

(4-6): 
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휆 =  훼 ∙ 퐶 ∙ 휌                                                                                              (4-6)  

 

where 휆  is the thermal conductivity (W/(m⋅K)), 훼  represents the thermal 

diffusivity (mm2/s), 퐶  denotes the specific heat (J/(g∙K)) and 휌 is the density 

of pellets (g/cm3).  

 

2.2.15 Heat transfer analysis 

 

The heat transfer performances of PCM samples were examined as follows. 

Samples were heated on a hot stage at 70 C for 30 min, then infrared images 

were recorded with an infrared thermal imager (TiS 20+, Fluke Corporation, 

Everett, WA, USA) and the temperature of the samples was exported using 

SmartView software (Fluke Corporation, Everett, WA, USA).  

 

The heat transfer profile of PCM samples was also determined using a 

thermocouple (Electronic Temperature Instruments Ltd., ETI Ltd., Worthing, 

UK); a solar simulator (CEL-HXF300-T3, Ceaulight, Beijing, China) was used 

as the heating source. The real-time temperature of samples was collected by a 

ThermaData® logger (ETI Ltd., Worthing, UK) and exported using 

ThermaData® Studio software (version 5.1.4, ETI Ltd, Worthing, UK).  

 

2.2.16 Thermal reliability tests 

 

The thermal reliabilities of PCM samples was investigated by comparing their 
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FT-IR spectra and phase change properties before and after 100 

melting/freezing cycles.  

 

2.2.17 Test of PCM composite in solar-thermal-electricity system 

 

The prepared PCM composites were evaluated for storage and utilization of 

solar energy. Specifically, a PCM composite was placed on top (cold side) of a 

thermoelectric generator (TEG) and heated by the solar simulator. The bottom 

(hot side) of the TEG was attached to a heat sink that was immersed in water 

for better heat dissipation. The voltage generated by the TEG was monitored 

using a 6½-Digit USB multimeter (2100 Series, Keithley Instruments, Inc., 

Cleveland, OH, USA). The solar-thermal energy conversion (i.e. thermal 

energy storage efficiency) (η, %) was calculated using Eq. (4-7) (Qi et al., 2017): 

 

η = ∙∆
∙ ∙

× 100%                                                                                                  (4-7) 

 

where m is the mass of the PCM sample (g), ΔH is the enthalpy of the sample 

determined by DSC (J/g), P is the light intensity of the solar simulator (469 

mW/cm2, at a working current of 14 A), S is the surface area (4 cm × 4 cm) of 

the sample exposed to light, and t is phase change duration under light 

irradiation (s).
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3. Results and discussion 

 

This section aimed to overcome paraffin leakage problem by using CNF-based 

foams as porous support. Because pristine CNF and Pw exhibit unfavorable 

compatibility (pristine CNF is hydrophilic and Pw is hydrophobic), silylation 

of CNF with MTMS was performed to prepare hydrophobic CNF-based foams, 

thus improving their compatibility with Pw. The preparation of a silylated CNF 

foam (SCNF foam) is schematically shown in Fig. 4-1a. A foam-stable PCM 

composite was prepared by impregnating SCNF foam with the molten Pw under 

vacuum (Fig. 4-1b). To improve the heat transfer performance of paraffin-based 

PCM composite, multiwalled CNTs were first homogenized in the CNF 

suspension; the CNF/CNT suspension was then silylated and subsequently 

freeze-dried. The resulting SCNF/CNT foam was impregnated with molten Pw 

to form the desired foam-stabilized PCM composite (SCNF/CNT-Pw).  
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Fig. 4-1. Schematic illustrations of the preparation of (a) SCNF foams and (b) 

foam-stabilized PCM composite.  
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3.1 Characterizations of SCNF foams and their paraffin-stabilization effect 

 

Fig. 4-2 shows the structural changes of the pristine CNF foam and SCNF 

foam when they were in contact with water. As expected, the pristine CNF foam 

collapsed immediately upon contact with water owing to the hydrophilic nature 

of cellulose. However, the SCNF foam maintained its shape, indicating the 

success and effectiveness of the silylation treatment. This was further proved 

by the status of foams after mixing in water (Fig. 4-3). It was found that the 

SCNF foam remained intact and was floated on water after the mixing, showing 

excellent hydrophobicity and structural rigidity. However, the pristine CNF 

foam disintegrated after the mixing, suggesting its hydrophilicity and poor 

water-resistance. In short, the silylation treatment of CNF was successful and it 

greatly enhanced the hydrophobicity of the foam. Fig. 4-4 shows the effect of 

silylation on the compatibility between the foams and Pw. Without the support 

of foam, pure paraffin completely melted and spread on the glass plate. The 

pristine CNF foams, especially when the low-density CNF foam used as the 

support for Pw, failed to completely resolve the leakage issue (Table 4-1). As a 

comparison, when SCNF foams were used, the Pw leakage was greatly reduced 

and no leakage was observed when SCNF 2.0 foam was used as the support of 

Pw (Fig. 4-4 & Table 4-1). These results indicate that the silylation treatment 

enhanced the compatibility between the foams and Pw, thus contributing to 

better paraffin-holding by the foams. Besides, this confirmed the feasibility of 

preparing form-stable PCM composites using silylated foams as support for Pw. 
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Fig. 4-2. Images of CNF 2.0 foam before (a) and after (c) dropping water on it, 

SCNF 2.0 foam before (b) and after (d) dropping water on it. 

 

 

Fig. 4-3. Images of (a) CNF 2.0 foam and (b) SCNF 2.0 foam after 1 min magnetic 

stirring (400 rpm) in water. 
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Fig. 4-4. Effect of silylation on the compatibility between foams and Pw: (a) 

CNF 0.75 and SCNF 0.75 foams and (b) CNF 2.0 and SCNF 2.0 foams for stabilizing 

Pw. 

 

Table 4-1. Weights of samples before and after the leakage test-effect of 

silylation 

PCM sample 
Weight before 

test 
(g) 

Weight after 
test 
(g) 

Weight of 
leaked Pw 

(g) 

Leakage 
percentage 

(%) 
CNF 0.75-Pw 1.074 - - - 

SCNF 0.75-Pw 1.596 1.568 0.028 1.75 
CNF 2.0-Pw 0.532 0.531 0.001 0.19 

SCNF 2.0-Pw 0.434 0.434 0 0 
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SCNF foams of various densities were prepared and their structures were 

characterized with FE-SEM. The recorded FE-SEM images (Figs. 4-5a-f) 

revealed the typical porous structures of these foams, similar to the structures 

reported by Antonini et al. (2019). To prepare these foams, silylated CNF 

suspensions were frozen by liquid nitrogen and then freeze-dried under vacuum. 

In the freeze-drying process, ice crystals formed and provided a negative 

template for cellulose nanofibrils to assemble and form the foam skeleton 

(Pawelec et al., 2014). Then, sublimation of the ice at low pressure (5 mmHg) 

created the porous structure of the prepared foams. The foams had a denser 

structure with smaller pores when higher-concentration CNF suspensions were 

used in their preparation; higher-consistency CNF suspensions provided closer 

contacts and stronger interactions between individual cellulose nanofibrils 

(Sehaqui et al., 2010), leading to smaller voids between adjacent nanofibrils. 

The densities and porosities of the prepared foams were determined based on 

their weights and dimensions. Table 4-2 shows that increasing the consistency 

of the CNF suspension used to prepare the SCNF foams led to higher foam 

density and lower porosity. These results are in good agreement with the FE-

SEM images (Fig. 4-5). Considering their different structures and densities, 

these SCNF foams were expected to show different absorption and stabilization 

behaviors toward Pw. 
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Fig. 4-5. FE-SEM images of the prepared SCNF foams: (a) & (d) SCNF 0.5, (b) 

& (e) SCNF 1.0, and (c) & (f) SCNF 2.0.  

 

Foam-stabilized PCM composites were prepared by impregnating the 

prepared SCNF foams with the molten Pw. The effects of these foams on Pw 

leakage prevention were explored (Fig. 4-6). As shown, when SCNF 0.5 foam 

was used, the area of leaked paraffin was the largest among all the tested 

samples, suggesting the poorest Pw-holding capability. However, when SCNF 

foams of higher densities were used, the area of leaked paraffin was smaller, 

indicating an improved Pw-holding capability. When SCNF 2.0 foam was used, 
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Pw leakage was not observed on the filter paper, indicating promising Pw-

holding performance of this foam. To quantitatively show the effect of these 

foams on the absorption and leakage-prevention of Pw, the weights of foams 

before and after impregnation with Pw and the weights of PCM composites 

before and after the leakage tests were determined (Table 4-2). As can be 

noticed, the Pw-absorption capacity of SCNF foams decreased with the 

increased foam densities, which agrees with the decreased porosity of the 

prepared foams. Even so, the paraffin fractions in the final composites were 

superior to the results in previous research (Zhang et al., 2012; Xu & Li, 2013; 

Lu et al., 2014). Importantly, the leakage percentage of paraffin decreased with 

the increased foam densities; this behavior may relate to changes in the porous 

structures of these foams (Fig. 4-5). A negligible (0.88%) paraffin leakage was 

achieved when SCNF 2.0 foam was used as the support, indicating the form-

stability of the prepared SCNF-Pw PCM composite. These findings confirmed 

that the prepared SCNF-Pw composites contained large fractions of Pw and 

assisted Pw stabilization, which are critical factors for real applications of PCM 

composites. 
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Fig. 4-6. The paraffin-stabilization effect of SCNF foams: the leakage test on 

filter paper. 

 

Table 4-2. The effect of SCNF foams on absorption capacity and leakage 

percentage of paraffin 

Foam 
Foam 

density 
(kg/m3) 

Foam 
porosity 

(%) 

Absorption 
capacity 

(%) 

Leakage 
percentage 

(%) 

SCNF 0.5 11.70 99.33 98.20 25.70 
SCNF 1.0 28.43 98.37 95.86 14.00 
SCNF 1.5 44.37 97.46 93.57 4.91 
SCNF 2.0 59.91 96.57 92.08 0.88 

 

When the leakage test was conducted on glass plates (Fig. 4-7), much less Pw 

leakage was observed for all prepared SCNF-Pw composites (Table 4-3), 

compared to the tests on filter papers. The reason was that when a filter paper 

was used as the substrate for the leakage test, the molten Pw can easily penetrate 

and be absorbed by the porous substrate, which accelerated the Pw leakage. 

Despite this, the results of the leakage tests show the promising paraffin-

stabilization effect of the SCNF 2.0 foam. Therefore, SCNF suspensions with a 
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2% consistency were used to prepare foams in the follow-up experiments. 

 

 

Fig. 4-7. The paraffin-stabilization effect of SCNF foams– the leakage test on 

glass plate: (a) before and (b) after the leakage test. 

 

Table 4-3. Weights of PCM samples before and after the leakage test on glass 

PCM sample 
Weight before 

test 
(g) 

Weight after 
test 
(g) 

Weight of 
leaked Pw 

(g) 

Leakage 
percentage 

(%) 
Pw 0.747 - - - 

SCNF 0.5-Pw 0.620 0.607 0.013 2.10 
SCNF 1.0-Pw 0.469 0.463 0.006 1.28 
SCNF 1.5-Pw 0.421 0.419 0.002 0.48 
SCNF 2.0-Pw 0.389 0.389 0 0 
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3.2 Characterizations of SCNF/CNT foams and their paraffin-stabilization 

effect  

 

The heat transfer performance of PCMs is vital for an efficient energy storage 

and release process. To further improve the heat transfer performance of the 

foam-stabilized PCM composites, multiwalled CNTs were incorporated in the 

foams. Specifically, CNTs were homogenized in CNF suspensions, and the 

prepared CNF/CNT composites were used to prepare the SCNF foams with 

CNTs, i.e. SCNF/CNT foams. The morphologies of prepared SCNF/CNT 

composites are shown in TEM images (Fig. 4-8). Figs. 4-8a and b show the 

typical structure of fibrillated cellulose and CNT, respectively.  Figs. 4-8c and 

d show that CNTs were uniformly dispersed and no aggregation was observed. 

CNF is amphiphilic, which facilitates the dispersion of carbon nanomaterials 

without harming their properties (Xu et al., 2016, 2017; Yang et al., 2019). 

Therefore, CNF acted as a foam skeleton for stabilizing paraffin and a 

dispersing agent for thermal conductivity enhancer CNTs as well. It was 

expected that paraffin-based PCM composites with improved form-stability and 

thermal conductivity can be prepared using CNT-containing foam support. 
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Fig. 4-8. TEM images of (a) CNF, (b) CNT, (c) CNF/CNT 20 composite and 

(d) CNF/CNT 50 composite. 

 

The appearance of the prepared CNF/CNT composite and the prepared 

SCNF/CNT foams is shown in Fig. 4-9. Because of the incorporation of CNTs, 

both the prepared CNF/CNT composites and SCNF/CNT foams exhibited black 

color. Fig. 4-10 presents the water contact angles of the prepared foams. In 

contrast to the pure CNF foam, which collapsed when exposed to water, the 

prepared SCNF and SCNF/CNT foams maintained their shapes in the test. 

These modified foams had water contact angles exceeding 130°, indicating high 

hydrophobicity. As noted above, improving the hydrophobicity of foams was 
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expected to enhance the compatibility between the foams and Pw. 

 

 

Fig. 4-9. Images of (a) SCNF/CNT 50 composite and (b) SCNF/CNT foams. 

 

 

Fig. 4-10. WCAs of the prepared foams. Inserts: (a) CNF foam, (b) SCNF 2.0 

foam (c) SCNF/CNT 20 foam and (d) SCNF/CNT 50 foam in contact with water. 
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The structures of the prepared SCNF/CNT foams were visualized by FE-SEM 

(Fig. 4-11). Although introduction of CNTs did not disrupt the porous foam 

structures, the foams became denser and the pore size decreased. This is 

potentially because the foam voids were filled with CNTs or higher consistency 

SCNF/CNT suspensions were used in the foam preparation. Table 4-4 shows 

that the densities of the SCNF/CNT foams increased continuously with 

increasing CNT dosage; accordingly, the porosities of the foams decreased. 

Nonetheless, foam porosity exceeded 90%, which may have contributed to the 

high paraffin-absorption capacity of the foams. The interactions between CNF 

and CNTs are evident in Fig. 4-12. The FE-SEM images show the close contact 

and good affinity between the two components of the prepared SCNF/CNT 

foams, which were important aspects for preparing a compatible foam support. 
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Fig. 4-11. FE-SEM images of the prepared foams: (a) & (d) SCNF, (b) & (e) 

SCNF/CNT 20 and (c) & (f) SCNF/CNT 50. 

 

Fig. 4-12. FE-SEM images of CNT in foams: (a) SCNF/CNT 20 foam and (b) 

SCNF/CNT 50 foam. 
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The influences of SCNF/CNT foams on the absorption capacity and leakage 

prevention of Pw were investigated (Table 4-4, Fig. 4-13). The amount of 

absorbed Pw (i.e., fraction of Pw in the PCM composites) decreased with 

increasing foam density, similar to the findings in SCNF foams. The amount of 

leaked paraffin slightly increased, compared with the amount of leaked paraffin 

when using SCNF 2.0 foam-stabilized Pw. Interruption of the entanglement and 

coalescence of CNF by CNTs during the foam-forming process might have 

caused this discrepancy. Nevertheless, the wetted area of the filter paper and the 

amount of leaked paraffin decreased continuously with increasing prepared 

foam density, similar to the results shown in Fig. 4-6. When paraffin was 

stabilized by SCNF/CNT 50 foam, the amount of leaked paraffin was 1.71%, 

which is comparable with the amount reported by Shen et al.(2020). Leakage 

testing of the prepared SCNF/CNT-Pw PCM composites was also performed 

on an impermeable glass plate (Fig. 4-14); no Pw leakage was observed (Table 

4-5). The PCM composites in this work had higher fractions of Pw than reported 

elsewhere (Lu et al., 2014; Karthik et al., 2017; Ma et al., 2020), and displayed 

negligible Pw leakage, which benefits their applications in LHS. 
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Fig. 4-13. The paraffin-stabilization effect of SCNF/CNT foams: the leakage 

test on filter paper. 

 

Table 4-4. The effect of SCNF/CNT foams on absorption capacity and leakage 

percentage of paraffin 

Foam 
Foam 

density 
(kg/m3) 

Foam 
porosity 

(%) 

Absorption 
capacity 

(%) 

Leakage 
percentage 

(%) 

SCNF/CNT 10 52.18 97.03 92.79 5.37 
SCNF/CNT 20 56.02 96.82 92.42 3.86 
SCNF/CNT 30 58.63 96.69 91.90 2.75 
SCNF/CNT 50 64.53 96.39 91.77 1.71 
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Fig. 4-14. The paraffin-stabilization effect of SCNF/CNT foams– the leakage 

test on glass plate: (a) before and (b) after the leakage test. 

 

Table 4-5. Weights of PCM samples before and after the leakage test on glass 

PCM sample Weight before test 
(g) 

Weight after test 
(g) 

Weight of leaked Pw 
(g) 

SCNF/CNT 10-Pw 0.392 0.392 0 
SCNF/CNT 20-Pw 0.580 0.580 0 
SCNF/CNT 30-Pw 0.319 0.319 0 
SCNF/CNT 50-Pw 0.575 0.575 0 
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3.3 Physical and chemical structures of PCM composites 

 

The morphologies and structures of the prepared form-stable PCM composites 

were characterized by FE-SEM (Fig. 4-15). Paraffin was well-absorbed into the 

porous foams and there was no evidence of interfaces or voids between the 

components. The absence of such features indicated good compatibility 

between the PCM composite components (Du et al., 2020). Due to the compact 

internal structures of the prepared SCNF/CNT-Pw composites, along with the 

CNT introduction, the heat transfer of PCM composites was expected to be 

facilitated in practical applications, which was explored in the follow-up 

experiments. 

 

 

Fig. 4-15. FE-SEM images of the prepared PCM composites: (a) SCNF-Pw, (b) 

SCNF/CNT 20-Pw and (c) SCNF/CNT 50-Pw. 

 

The FT-IR spectra (Fig. 4-16) of the prepared PCM composites and their 

components were examined. Fig. 4-16a compares the spectra of CNF and SCNF. 

The CNF spectrum contained peaks corresponding to hydroxyl groups (3328 

cm−1) and characteristic glucosidic linkages of cellulose (897 cm−1) 

(Gopakumar et al., 2018). The SCNF spectrum displayed a characteristic broad 



 

166 

 

band at 897 cm−1 that was assigned to Si–OH stretching (Zhao et al., 2015). The 

band at 777 cm−1 was assigned to Si–C and/or Si–O stretching. These changes 

were consistent with CNF silylation. Reference spectra of Pw and CNT are 

shown in Fig. 4-16b. In the spectrum of Pw, bands at 2916 cm−1 and 2848 cm−1 

were attributed to C–H stretching of –CH3 and –CH2 groups, respectively, 

which is typical of alkanes (Xu et al., 2018). Asymmetric stretching and rocking 

vibration of CH2 appeared at 1461 cm−1 and 719 cm−1, respectively. For the CNT, 

the band at 2950 cm−1 and 1640 cm−1 corresponded to C–H stretching and C=C 

stretching (Bahgat et al., 2011), respectively. The spectra of the SCNF/CNT-Pw 

and SCNF-Pw composites were simply overlays of the components used for 

their preparation (i.e., SCNF, CNT, and Pw). The locations of the bands were 

not shifted and no new bands were generated, which confirmed the absence of 

chemical reactions between Pw and the SCNF or SCNF/CNT foams. 

Fig. 4-16. FT-IR spectra of (a) CNF & SCNF and (b) the prepared PCM 

composites and their components. 
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XRD patterns were recorded to compare the crystal structure of PCM 

composites and their components. Fig. 4-17a presents the XRD patterns of CNF, 

SCNF, CNT and SCNF/CNT 50 composite. The peaks of CNF at 16.3º and 22.6º 

were attributed to the (110) and (220) crystal planes (French, 2014), 

respectively. The XRD pattern of SCNF differed from the XRD pattern of CNF, 

i.e. new peaks generated, which was consistent with CNF silylation (Peng et al., 

2016; Gong et al., 2017). The XRD pattern of CNT displayed peaks at 26.0° 

and 44.1°, which were attributed to the (002) and (110) crystal planes, 

respectively; these are typical of a graphite-like crystalline structure (Cheng et 

al., 2020). Notably, the XRD pattern of the SCNF/CNT 50 composite contained 

all peaks characteristic of SCNF and CNTs. The absence of new peaks indicated 

that no chemical reaction had occurred between the SCNF and CNTs, which 

was consistent with the FT-IR results (Fig. 4-16b). Fig. 4-17b shows the XRD 

patterns of Pw and the prepared PCM composites. The paraffin displayed two 

major peaks at 21.5° and 23.8°, which were assigned to the (110) and (220) 

crystal planes (Li et al., 2013), respectively. It is reasonable that the XRD 

patterns of the PCM composites resembled the XRD pattern of Pw because Pw 

was their major component (> 90%). Moreover, the diffractograms of the 

prepared composites contained all peaks characteristic of SCNF, CNTs, and Pw; 

no new peaks were present. These findings confirmed that no chemical 

reactions occurred among the SCNF, CNT, and Pw. 
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Fig. 4-17. XRD patterns of (a) CNF, SCNF, CNT and SCNF/CNT 50 composite 

and (b) the prepared PCM composites and Pw.  
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3.4 Phase change and thermal properties of PCM composites 

 

The phase change properties of Pw and the prepared PCM composites were 

determined by DSC (Fig. 4-18). All curves displayed two phase change peaks 

during both melting (endothermic) and freezing (exothermic) conditions. The 

lower-temperature peak was attributed to a solid–solid phase transition and the 

higher-temperature peak was attributed to a solid–liquid phase change (Guan et 

al., 2015). The phase transitions of the prepared PCM composites occurred at 

lower temperatures, compared with the phase transitions of pure Pw. 

Stabilization of Pw by SCNF and SCNF/CNT foams possibly accelerated the 

phase transition process. The phase change properties (i.e., melting/freezing 

points and enthalpies) are summarized in Table 4-6. During the heating process, 

the prepared PCM composites had melting points that were all lower than the 

melting point of Pw. In contrast, all prepared PCM composites had freezing 

points higher than the freezing point of Pw. The phase transitions of PCMs are 

related to their thermal properties, e.g. the rate of heat transfer into and out of 

the PCMs (Parhizi & Jain, 2019). For one thing, improved form-stability of 

PCM composites enhances the heat transfer efficiency in phase transitions 

(Podara et al., 2021). For another thing, PCMs with higher thermal conductivity 

have faster heat transfer and can absorb or release more heat within the same 

time duration, consequently accelerating the phase transitions. Therefore, the 

melting and freezing of PCM composites occurred earlier than pure paraffin, 

leading to slightly decreased melting points and increased freezing points. 

Similar findings were reported elsewhere (Qian et al., 2017; Zaidan & Alhamdo, 

2018). Notably, the enthalpies of the prepared PCM composites were lower than 



 

170 

 

the enthalpy of Pw because other components (i.e., SCNF and CNTs) were 

incorporated. These reductions of enthalpy agree with the Pw contents of the 

prepared PCM composites (Tables 4-2 and 4-4). Even so, PCM composites in 

this chapter had relatively higher enthalpies than the composites reported 

elsewhere (Karaıpeklı et al., 2009; Li & Yang, 2013; Guan et al., 2015). 

 

 

Fig. 4-18. DSC curves of Pw and the prepared PCM composites. 
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Table 4-6. Melting points, freezing points and enthalpies of PCM samples 

PCM sample 

Heating process Cooling process 

Melting 
point 
(°C) 

Enthalpy 
(kJ/kg) 

Enthalpy 
reduction 1  

(%) 

Freezing 
point 
(°C) 

Enthalpy 
(kJ/kg) 

Enthalpy 
reduction 

(%) 

Pw 57.7 202.8 - 55.5 202.7 - 

SCNF-Pw 54.2 185.9 8.3 57.0 185.9 8.3 

SCNF/CNT 20-Pw 53.7 184.6 9.0 57.0 184.7 8.9 

SCNF/CNT 50-Pw 53.4 184.6 9.0 57.2 184.5 9.0 

1 Enthalpy reduction (%) of PCM composites was calculated with the enthalpy 

of pure Pw as the reference. 

 

Thermogravimetric analysis (Fig. 4-19) was performed to evaluate the thermal 

stabilities of the prepared PCM composites. Compared with the prepared PCM 

composites, pure Pw lost weight more rapidly and the residual solid content 

approached zero at approximately 315 °C. The rates of weight loss of the 

prepared PCM composites were slower and the weight losses were completed 

at higher temperatures (approximately 350 °C), which indicated improved 

thermal stabilities. Because the starting material for CNF preparation was 

bleached kraft pulp, the prepared CNF contained mainly cellulose and 

negligible amounts of hemicellulose and lignin. Cellulose has a pyrolysis 

temperature of 315–400 °C (Yang et al., 2007) and CNTs are quite stable at 

temperatures up to approximately 800 °C (Liu et al., 2007), therefore, these two 

components contributed to the slower rates of weight loss in prepared PCM 

composites during heating. It is reasonable that the final residual solid content 

of SCNF/CNT 50-Pw was higher than the final residual solid contents of other 
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PCM samples because of the incorporation of the thermally stable CNTs. In 

summary, the prepared PCM composites had better thermal stabilities than did 

pure Pw, which is likely to benefit high-temperature applications. 

 

 

Fig. 4-19. TGA curves of Pw and the prepared PCM composites. 

 

Heat transfer performance of PCMs is critical for thermal energy storage 

applications. The thermal conductivity results indicate (Fig. 4-20a) that CNT-

containing PCM composites exhibited improved thermal conductivity over 

pure paraffin, and higher content of CNTs in PCM composites contributed to a 

greater improvement of thermal conductivity. There are two possible reasons 

for the low absolute values of the thermal conductivity of the CNT-containing 

PCM composites. First of all, the high paraffin fraction in the PCM composite 

suppressed the the improvement of thermal conductivity (Umair et al., 2020). 

Secondly, thermal conductive properties along the CNT axis are very different 
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from the transverse direction (estimated up to 3500 W/(m·K) in the axial 

direction vs. 10.23 W/(m·K) in the transverse direction (Hassanzadeh-Aghdam 

et al., 2019)), thus the anisotropic distribution of hollow CNTs in PCM 

composites directly affected the thermal conductivity values. Similar findings 

have been reported by Umair et al. (2020). The temporal variations in the 

temperatures of heated samples (70 °C hot stage) were recorded using an 

infrared camera (Figs. 4-20b and c). The temperatures of the CNT-containing 

composites increased more rapidly than did the temperature of SCNF-Pw. The 

rate of temperature rise increased with increasing CNT content, and the final 

temperature was higher. Similar findings reported elsewhere (Yang et al., 2016; 

Huang et al., 2019; Qian et al., 2019) have demonstrated the effectiveness of 

carbon nanomaterials in improving the heat transfer performances of 

composites. To mimic the heat absorption of the prepared PCM composites 

under sunlight radiation, samples were heated using a solar simulator and the 

real-time temperature was monitored with a thermocouple (Fig. 4-20d). Fig. 4-

20e shows that the temperature of SCNF-Pw remained almost constant after 

heating for 30 min, indicating inferior heat-absorption behavior. Under the same 

conditions, CNT-containing PCM composites displayed more rapid 

temperature rise and their temperatures remained constant after 20 min of 

heating. The light source was removed after 30 min of heating. Compared with 

SCNF-Pw, the CNT-containing PCM composites had much slower rates of 

temperature decline; these were related to the heat release process. The tested 

composite samples remained intact upon heating for 30 min, which indicated 

favorable form-stability. These analyses established that the prepared PCM 

composites had improved heat transfer performances and could be used in 
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various practical heating scenarios, e.g. solar energy storage and utilization. 

Fig. 4-20. Heat transfer profiles of PCM composites: (a) thermal conductivity 

of PCM samples, (b) infrared images of PCM composites on a 70 ºC hot stage, 

(c) temperature of composites as a function of heating time, (d) schematic 

illustration of testing devices with a solar simulator as the heating source and 

(e) temperature of composites as a function of heating time with the solar 

simulator.
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3.5 Thermal reliability and practical application  

 

Durable and reliable thermal energy storage and release performance is 

necessary for practical applications of PCMs. The thermal reliabilities of the 

prepared PCM composites were examined by FT-IR and DSC (Figs. 4-21 and 

4-22). The locations and intensities of the FT-IR bands of PCM composites 

remained constant after repeated heating/cooling cycles (Fig. 4-21), which 

indicates their chemical stability. The DSC thermograms after 100 

melting/freezing cycles are presented in Fig. 4-22; the phase change properties 

are summarized in Table 4-7. The enthalpy of pure Pw was lower by 

approximately 8% after 100 heating/melting cycles. However, the enthalpies of 

the PCM composites decreased by approximately 2−6%, comparable with 

previously published thermal reliability data (Wu et al., 2010; Wang et al., 

2020). The melting and freezing points of the PCM composites showed minimal 

changes after thermal cycling. Digital images of the samples before and after 

repeated thermal cycling (Fig. 4-23) reveal that the PCM composites had good 

form-stability, and results in Table 4-8 show that Pw leakage was prevented 

even during repeated thermal cycles. Therefore, the prepared PCM composites 

had enhanced form-stabilities and thermal reliabilities, such that they are 

suitable for real applications. 
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Fig. 4-21. FT-IR spectra of Pw and PCM composites before and after 100 

melting/freezing cycles. 

 

Fig. 4-22. DSC curves of (a) Pw, (b) SCNF-Pw, (c) SCNF/CNT 20-Pw and (d) 

SCNF/CNT 50-Pw composites before and after 100 melting/freezing cycles. 
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Table 4-7. Melting points, freezing points and enthalpies of PCM samples after 

100 melting/freezing cycles 

PCM sample 

Heating process Cooling process 

Melting 
point 
(°C) 

Enthalpy 
(kJ/kg) 

Enthalpy 
reduction 1 

(%) 

Freezing 
point 
(°C) 

Enthalpy 
(kJ/kg) 

Enthalpy 
reduction 

(%) 

Pw 58.8 186.8 7.9 57.3 186.8 7.8 

SCNF-Pw 53.5 182.4 1.9 57.4 182.4 1.9 

SCNF/CNT 20-Pw 53.6 174.8 5.3 57.7 174.7 5.4 

SCNF/CNT 50-Pw 54.1 173.7 5.9 58.5 173.7 5.9 

1 Enthalpy reduction (%) of PCM samples after 100 thermal cycles was 

calculated with the enthalpy of samples before thermal cycles as the reference. 

 

 

Fig. 4-23. Images of PCM samples before (a) and after (b) 100 melting/freezing 

cycles.  
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Table 4-8. Weights of PCM samples before and after 100 melting/freezing 

cycles 

PCM sample 
Weight before 

100 cycles 
(g) 

Weight after 100 
cycles 

(g) 

Weight of  
leaked Pw 

(g) 
Pw 0.661 - 0 

SCNF-Pw 0.369 0.369 0 
SCNF/CNT 20-Pw 0.436 0.436 0 
SCNF/CNT 50-Pw 0.459 0.459 0 

 

The prepared PCM composites were applied to a solar-thermal-electric 

conversion scenario. Fig. 4-24a shows the experimental design, where a TEG 

was used to convert absorbed heat to electricity. Specifically, PCM composites 

of the same weight were placed on the top of the TEG and heated by the solar 

simulator. The PCM composites absorbed the irradiated solar energy and heated 

the top side of the TEG, which converted the captured heat to electricity. The 

generated electricity was monitored by a digital multimeter. The control (TEG 

only in Fig. 4-24b, i.e. TEG without a PCM sample placed on it) generated a 

maximum voltage of 0.14 V, and the voltage decreased sharply when the light 

source was removed. When SCNF-Pw was placed on the TEG, the maximum 

voltage was approximately 0.13 V; it also decreased rapidly upon removal of 

the light source. In comparison, higher maximum voltages were achieved when 

CNT-containing PCM composites were used. This behavior was attributed to 

the improved heat transfer performance, which helped the SCNF/CNT-Pw 

samples to absorb and transfer more heat to the TEG. Higher CNT contents in 

the PCM composites resulted in higher maximum voltages (e.g., 0.20 V for 

SCNF/CNT 20-Pw and 0.22 V for SCNF/CNT 50-Pw).  Similar findings were 
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reported by Zhang et al. (2016). When the solar simulator was turned off, the 

generated voltages decreased much more slowly, compared with the control and 

SCNF-Pw, because TEG-mediated heat dissipation was slowed by the heat 

released by PCM composites during cooling. The solar-thermal energy 

conversion efficiencies (i.e. thermal energy storage efficiencies) were 88% and 

71% for PCM composite SCNFCNT 20-Pw and SCNFCNT 50-Pw, respectively. 

Increased addition of CNTs in PCM composite contributed to a higher thermal 

energy storage efficiency due to the enhanced heat absorption and transfer. The 

solar-thermal energy conversion efficiency of composite SCNF-Pw could not 

be calculated since the phase transition of PCM did not occur during the heating 

process due to poor heat absorption.    

Fig. 4-24. (a) Schematic of the solar-thermal-electricity system based on the 

prepared PCM composite and (b) time-course of the open-circuit voltage of the 

thermoelectric generator with/without the PCM composites. 
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Overall, the findings in this chapter indicate that both CNF/CNT composite 

foam stabilized paraffin PCM (SCNFCNT 50-Pw) and CNF foam-stabilized 

paraffin PCM (SCNF-Pw) showed greatly improved form-stability over pure 

paraffin, and they exhibited negligible paraffin leakage. This is because these 

foams had excellent paraffin absorption capabilities and their compatibility 

with the PCM improved after silylation. Because of their similar paraffin 

fractions, these PCM composites exhibited similar enthalpies (Table 4-6). 

However, their melting points decreased and freezing points increased slightly 

due to improved form-stability and CNT-enhanced heat transfer. Owing to its 

superior thermal properties, SCNFCNT 50-Pw composite exhibited greater 

potential in real applications than other composites. Comparison of form-

stability, thermal conductivity, melting point and enthalpy between PCM 

composites in this dissertation and PCM composites in previous reports is 

presented in Table 4-9. The PCM composites reported here displayed 

comparable form-stabilities and phase change properties, but their thermal 

conductivities were relatively lower. The effect of the type and dose of carbon 

nanomaterials on the thermal conductivity of PCM composites should be 

investigated in future work. 
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Table 4-9. Comparison of paraffin fraction, paraffin leakage, thermal 

conductivity, melting point and enthalpy between PCM composites in this 

dissertation and PCM composites in previous reports 

Stabilizing 
material 

Paraffin 
fraction 

(%) 

Leakage 
percentage 1 

(%) 

Thermal 
conductivity 
(W/(m⋅K)) 

Melting 
point 
(ºC) 

Enthalpy 2 

(kJ/kg) Reference 

Graphite foam 78 0 * 2.6 a 66.0 160.0 Karthik et al., 2017
Graphene foam - 0 * 2.28 b 56.8 153.1 Qi et al., 2017 
Melamine-GO-
GNP aerogel 95.11 0 * 1.46 c 54.8 155.5 Xue et al., 2019 

Carbon nanotube 
sponges 3 90 0 * 0.74 d - - Chen et al., 2012 

Melamine-CNF-
GNP aerogel 95.86 Little leak * 1.42 c 52.4 147.9 Xue et al., 2020 

Expanded perlite 60 0 * - 27.6 80.9 Lu et al., 2014 
Carbon aerogel 95 0 * - 53.3 115.2 Li et al., 2014 
Hollow carbon 

fiber 85 0 * 0.42 b 39.2 182.2 Umair et al., 2020 

Graphitic carbon 
foam 87 0 * - 57.1 120.2 Maleki et al., 2019 

Expanded 
graphite 92 - - 52.5 170.3 Zhang et al., 2012 

Expanded 
graphite 87.1 0 1.95 c 29.5 124.8 Ma et al., 2020 

Calcium 
carbonate 66.7 2.88 # 0.657 e 51.3 177.5 Jiang et al., 2018 

CNF foam 92.1 0.88 # 0.24 a 54.2 185.9 This work 
CNF/CNT foam 91.8 1.71 # 0.30 a 53.4 184.5 This work 

1 Leakage percentage is used as the indicator of form-stability. Less leakage 

indicates better form-stability.  
2 Enthalpy during the solid-liquid transition (melting process). 
3 Data was extracted from the figure of reference using WebPlotDigitizer 

(Version 4.4, Rohatgi, A., 2020). 
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* Paraffin leakage percentages were estimated from the leakage area of the 

PCM composite on the substrate. 
# Paraffin leakage percentages were calculated quantitatively from the mass of 

the leaked paraffin of PCM composites. 

- Insufficient data. 
a Laser flash method, b transient plane heat source method, c transient hot-disk 

method, d transient hot-wire method and e modified transient plane method. 
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4. Summary  

 

PCM composites with improved form-stabilities and thermal properties were 

prepared using SCNF/CNT foams as porous support for paraffin. The foams 

prepared through freeze-drying had high porosity (> 96%) and silylation of 

foams by methyltrimethoxysilane enhanced their compatibility with paraffin. 

Because of the highly porous foams and their improved compatibility, the 

prepared PCM composites had high weight fractions of paraffin (> 90%). The 

prepared foams had a satisfactory paraffin-stabilization effect, evidenced by the 

negligible leakage of paraffin.  

 

CNF acted as the foam skeleton and dispersed CNT uniformly in the foams. 

Because of the good compatibility between the foam support and paraffin, the 

prepared PCM composites had compact structures. FT-IR and XRD analyses 

confirm the success of the silylation of foams and negate the chemical reactions 

between paraffin and other components.  

 

Due to the excellent thermal properties of CNT, the prepared PCM composites 

showed greatly enhanced heat transfer performance. Moreover, the prepared 

PCM composites exhibited reasonable phase change properties and improved 

thermal stabilities. These PCM composites were chemically stable and their 

enthalpies decreased by 2−6% after 100 melting/freezing cycles. Compared 

with the pristine paraffin, the resulting PCM composites exhibited potential in 

a solar-thermal-electricity energy harvesting and conversion system. 
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Chapter 5 

Overall conclusions and future work 
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PCMs have been widely used for thermal energy storage, which has been 

considered as a feasible way to improve the efficiency of energy utilization and 

to cope with the ongoing energy crisis. However, certain drawbacks of PCMs 

have to be addressed for improving their performances in practical applications. 

Specifically, inorganic salt hydrate PCMs face the problems of phase separation 

and supercooling, which limit the thermal energy storage capacity and 

efficiency. Organic PCMs have the drawbacks of shape-instability and face the 

problem of leakage in the thermal energy storage process. Besides, the 

improvement of the thermal conductivity of all PCMs is warmly wanted. In this 

dissertation, different types of CNF-based composites were prepared and used 

to overcome the drawbacks of PCMs and enhance their performances for 

thermal energy storage.  
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1. Performance improvement of inorganic salt hydrate PCM 

 

In chapter 2 and chapter 3, CNF/GNP composites and CNF/AgNPs 

composites were prepared and used to improve the thermal energy storage 

performance of SAT, respectively.  

 

First of all, CNF was tested as a thickening agent to eliminate the phase 

separation of SAT. The use of 0.8% CNF was sufficient to provide phase 

stability to SAT. By adding CNF, the viscosity of PCM samples increased and 

their fluidity decreased. Besides, the entangled CNF network enhanced the 

solid-like rheological behavior of the samples. The increased viscosity, solid-

like performance and the entangled CNF network held the anhydrous salt 

together and prevented its sedimentation. The use of CNF successfully 

prevented phase separation due to its thickening effect. When CNF/GNP 

composites and CNF/AgNPs composites were added, the prepared PCM 

composites exhibited phase stability, indicating that the presence of GNP and 

AgNPs did not negate the intrinsic phase-stabilizing or thickening effect of CNF.  

 

When CNF/GNP composites were incorporated into SAT, the supercooling 

suppression effect of DSP was unaffected, which can be attributed to the 

uniform distribution of GNP in SAT by the dispersing capability of CNF. As the 

most effective nucleating agent for SAT, the use of 3% DSP decreased the 

supercooling degree of SAT to 2.1 ºC, a value much lower than that of the pure 

SAT (> 35 ºC). Interestingly, the combined use of 1% of CNF/AgNPs 0.02 
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composite and 2% of DSP suppressed the supercooling degree of SAT to 1.2 °C, 

and the crystallization of SAT occurred more rapidly. DSP and CNF/AgNPs had 

a synergistic effect on the supercooling suppression, i.e. DSP acted as the 

nucleating site and AgNPs accelerated the crystal growth of SAT on their 

surfaces. CNF uniformly dispersed GNP and AgNPs in SAT, which benefited 

the supercooling suppression effects of the two CNF-based composites.  

 

The prepared CNF/GNP and CNF/AgNPs composites had good compatibility 

with other components (i.e. DSP and SAT), thus the prepared PCM composites 

had compact structures, where CNF appeared to act as bridges to connect other 

components. The FT-IR and XRD analyses negate the chemical reactions 

between the CNF-based composites and other components. The prepared PCM 

composites had reasonable phase change properties, i.e. their melting points 

were close to 58 ºC and enthalpy reductions were caused by the decreased SAT 

percentage in the composites when other substances were incorporated. 

 

Since GNP and AgNPs in these CNF-based composites had greater thermal 

stabilities and heat transfer capabilities over SAT, the prepared PCM 

composites had enhanced thermal stabilities and thermal conductivities 

compared to pure SAT. The compact structures of PCM composites also 

contributed to the improved heat transfer in PCMs. After 100 melting/freezing 

cycles, the melting points remained similar and the enthalpies decreased slightly, 

indicating acceptable thermal reliabilities. Based on these results, it is plain to 

see the effectiveness of the two CNF-based composites in improving the 

performance of inorganic salt hydrate PCMs. 
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2. Performance improvement of organic PCM 

 

In chapter 4, CNF/CNT composite foams were prepared and used to stabilize 

paraffin PCM and to prevent its leakage in the melting process.  

 

The silylation treatment of CNF-based foams by MTMS enhanced the 

hydrophobicity of foams and thus improved the compatibility between foams 

and paraffin. Due to the high porosities (> 96%) of the foams and the improved 

compatibility, the prepared PCM composites had a high fraction of paraffin 

(approximately 92%). Negligible paraffin leakage (1.71%) was achieved when 

SCNF/CNT 50 foam was used, indicating their good paraffin-stabilization effect.  

 

Due to the great absorption capability of paraffin by the foams and the good 

compatibility between the components, the resulting PCM composites had 

compact structures. FT-IR and XRD analyses confirmed the success of the 

silylation and denied the chemical reactions between the foam support and 

paraffin. The prepared PCM composites showed lower melting points and 

higher freezing points over paraffin, which can be ascribed to the improved 

form-stability of the PCM samples and the incorporation of CNTs with 

excellent thermal properties. When CNF/CNT foams were used to stabilize 

paraffin, the enthalpies of the samples were lower than that of pure Pw, which 

was related to the decreased percentage of paraffin in the PCM composites 

when other ingredients were incorporated.  
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CNF acted as the foam skeletons and dispersed the CNTs in foams. With the 

use of CNF/CNT foams, the thermal stability and heat transfer performance of 

PCM composites were superior to those of pure paraffin, which can be ascribed 

to the introduction of CNT. After 100 heating/melting cycles, these PCM 

composites were chemically stable. The melting points of the prepared PCM 

composites remained similar and the enthalpies decreased by 2−6%, indicating 

acceptable thermal reliability. These PCM composites showed good potential 

in solar-thermal-electricity energy storage and conversion systems.  

 

To sum up, the use of CNF-based composites enhanced the thermal energy 

storage performance of PCMs. The thickening effect of CNF successfully 

addressed the phase separation of salt hydrate PCMs. CNF/AgNPs composites 

showed a positive effect on supercooling suppression of salt hydrate PCMs. The 

use of these CNF-based composites, i.e. CNF/GNP, CNF/AgNPs and 

CNF/CNT improved the thermal stability and heat transfer of PCMs due to the 

presence of carbon nanomaterials and metal nanoparticles. Importantly, these 

CNF-based composites did not suffer from the aggregation of nanomaterials 

used due to the great dispersing and stabilizing capability of CNF. All the 

prepared PCM composites, both the inorganic and organic ones showed 

compact structures, improved thermal properties, satisfactory phase change 

properties and acceptable thermal reliability. These PCM composites showed 

their potentials in certain applications, i.e. the harvesting and conversion of 

solar energy. This work gives some new insights into the application of CNF 

and CNF-based composites in important fields, such as thermal energy storage. 
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3. Future work 

 

Although the results reported in this dissertation show the potential of CNF-

based composites in improving the performance of PCMs for TES applications, 

future work needs to be performed as follows: 

 

Ⅰ. To prepare different types of CNF, e.g. CNF with varied morphology, charge 

density and viscosity, and investigate their effect on the phase stability of salt 

hydrate PCMs. 

 

Ⅱ. To investigate the impacts of the properties of CNF on the dispersion state 

of carbon nanomaterials, such as graphene and carbon nanotubes. The effects 

of the resulting CNF/carbon nanomaterials composites on the thermal 

properties of PCMs should be explored.  

 

Ⅲ. To study the impacts of the properties of CNF on the synthesis and 

stabilization of metal nanoparticles. The particle size and its distribution of the 

synthesized nanoparticles and their effects on the supercooling suppression of 

salt hydrate PCMs should be investigated.  

 

Ⅳ. To investigate the influence of the properties of CNF on the characteristics 

of CNF-based foams, e.g. density, porosity and PCM-stabilizing capability. 
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V. To compare the structures and properties of the resulting PCM composites 

when different types of CNF are used and explore the effects of the 

characteristics of CNF. 

 

The outcomes of this dissertation and the future work are expected to provide 

some inspiration for using CNF and CNF-based composites to improve the 

performance of PCMs and to contribute to sustainable utilization of energies.  
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초 록 

 

    열에너지 저장(TES) 기술은 사용이 용이할 뿐 아니라 비용 절감, 에너지 

절약 측면에서 장점을 지니기에 최근 많은 주목을 받아왔다. 

상변화물질(PCMs)은 TES 시스템의 핵심 요소로써, 상변화물질의 상 

변이에 따라 열에너지가 저장되고 방출된다. 그러나, TES 시스템의 

효율을 높이기 위해서는 PCMs 의 단점들을 개선해야한다. 셀룰로오스 

나노피브릴(CNF)은 천연 셀룰로오스로부터 유래된 생분해가 가능한 

물질로서, 공급원이 다양하며, 재생과 재사용이 가능할 뿐 아니라 다양한 

화학적 개질이 가능하다는 등 수많은 매력적인 특징을 지니는 물질이다. 

게다가, CNF는 큰 사이즈의 펄프 섬유들에 비해 가볍고, 종횡비가 크고, 

높은 표면적을 지니고 있다. 본 연구는 CNF와 CNF 기반 복합재를 준비, 

활용하여 PCMs의 단점을 극복하고자 하였으며, 열에너지 저장 성능을 

향상시키는 것을 목적으로 하였다. 

 

    나노섬유의 고유한 네트워크 형성능력에 의해 발생하는 CNF 의 

증점효과를 이용하여 염수화물 PCM 의 하나인 아세트산나트륨 

삼수화물(SAT)의 전형적인 상 분리 현상의 단점을 개선하였다. SAT에 

0.8%의 CNF 를 첨가하는 것으로 점도와 저장탄성계수를 향상시키고, 

상변화를 방지할 수 있었다. CNF 가 증점제로 사용되어 안정된 상이 

유지될 때, 3%의 인산나트륨 이염기성 십이수화물(DSP)의 사용은 SAT의 

과냉각 정도를 2.1 °C 억제하였다. 한편, CNF 의 양친성은 열전도성 
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향상제로 사용된 그래핀 나노판 (GNP)의 분산을 용이하게 하였다. 

CNF/GNP 복합재가 SAT 기반 PCM 복합재를 제작하는 데 사용되었을 때, 

과냉각 정도는 영향 받지 않았다. 더욱이, 제작된 PCM 복합재는 순수한 

SAT에 비해 향상된 열안정성과 열 전도성을 보였다.  

 

    CNF 가 나노 입자들의 분산을 촉진한다는 점을 고려하여, CNF/은 

나노입자 (AgNPs) 복합재가 염수화물 PCM의 과냉각 문제를 해결하기 

위해 활용되었다. CNF는 합성된 AgNPs의 분산균일성을 향상시켰으며, 

제작된 CNF/AgNPs 복합재를 SAT 에 첨가하였을 때 높은 안정성을 

보였다. CNF/AgNPs 복합재와 DSP를 함께 사용함으로써 SAT의 과냉각 

정도를 단 1.2 °C로 더 감소시킬 수 있었다. AgNPs의 표면에 SAT 결정이 

자라남에 따라, SAT의 결정화 과정이 촉진되었다. 게다가, CNF/AgNPs 

복합재는 SAT에 상 안정성을 부여하였고, 이는 AgNPs의 존재가 CNF의 

증점 효과를 방해하지 않는다는 것을 의미한다. AgNPs의 우수한 열 전도 

성능은 순수한 SAT 에 비해 제작된 PCM 복합재의 열전도성을 

향상시켰다. 

 

    널리 쓰이는 유기물질 기반의 PCM인 파라핀의 누출 문제를 해결하기 

위해 CNF 기반의 폼을 활용하였다. CNF의 화학적 개질은 제작되는 폼과 

파라핀 간 화합을 증진시켰다. 이 다공성 폼 지지대는 파라핀을 매우 

안정화시킴으로써 이의 누출을 방지하였다. 이 폼들은 가볍고 높은 

공극률을 나타내기에, 제작된 PCM 복합재는 높은 비율로 파라핀을 
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탑재할 수 있었다. PCM 복합재의 열 특성을 향상시키기 위해 탄소 

나노튜브 (CNT)를 함유하는 폼을 활용하였고, CNF를 활용하여 CNT를 

균일하게 분산시킬 수 있었다. 실란화 CNF/CNF 폼을 이용하여, 파라핀 

기반의 PCM 복합재의 열 특성을 향상시키고, 높은 파라핀 함량을 

유지시키면서도 누출을 방지할 수 있었다. 

 

    CNF 기반의 복합재 (즉, CNF/GNP와 CNF/AgNPs)는 무기물질 기반의 

염수화물 PCM 에 상 안정성을 부여하고, CNF/AgNPs 는 과냉각을 

억제하며, CNF/CNT 폼은 파라핀 유기 물질 기반의 PCM의 폼 안정성을 

향상시키고, CNF 기반의 복합재들은 모든 PCM 들의 열전도성을 

향상시켰다. 본 연구는 CNF 기반의 복합재가 상변화물질의 열에너지 

저장 성능을 향상시킬 수 있는 잠재력이 있음을 보여주었다.   

 

주요어: 열에너지 저장, 상변화 물질, 셀룰로오스 나노피브릴기반 복합재, 

염수화물, 파라핀, 성능 향상 
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