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 12 

Abstract: The leakage and low thermal conductivity of paraffin phase change material (PCM) must be 13 

addressed to achieve a more efficient energy storage process. In this study, cellulose nanofibril (CNF) 14 

foams were prepared as the porous support of paraffin to prevent its leakage, and multiwalled carbon 15 

nanotubes (CNTs) were incorporated in the foams to improve heat transfer performance. Treatment of 16 

CNF with methyltrimethoxysilane improved compatibility between the foams and paraffin. The 17 

prepared highly porous (porosity > 96%) foams had paraffin absorption capacities exceeding 92%. The 18 

form-stable PCM composites displayed negligible paraffin leakage and had a compact structure. The 19 

prepared PCM composites had enhanced heat transfer performance, satisfactory phase change 20 

properties and thermal stabilities. The enthalpy of the SCNF/CNT50-Pw PCM composite decreased 6% 21 

after 100 melting/freezing cycles. Compared with pristine paraffin, the PCM composites exhibited 22 

superior form-stabilities and improved thermal properties, which suggested application in a solar-heat-23 

electricity energy harvesting and conversion system. 24 

 25 

Keywords: Cellulose nanofibril/carbon nanotube composite foam; Silylation; Paraffin; Leakage 26 
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1. Introduction  30 

The development of efficient energy production, conversion, storage, and utilization technologies 31 

has long been considered important for the sustainable evolution of human society (Huang et al., 2019). 32 

With proper conservation and utilization, energy shortage and wastage bottlenecks can be alleviated. 33 

As an efficient approach to conserving thermal energy, latent heat storage (LHS) has attracted intense 34 

interest because this technique has the advantage of easy usage, low investment cost, constant 35 

temperature during heat storage, and high energy storage density (Tao & He, 2018). Thus far, LHS has 36 

been applied in many scenarios, including the household water supply (Shabgard, Song, & Zhu, 2018), 37 

industrial waste heat recovery (Miró, Gasia, & Cabeza, 2016), temperature regulation and energy 38 

savings in buildings (Lizana, Friedrich, Renaldi, & Chacartegui, 2018), and solar-thermal energy 39 

harvesting and storage (Mehrali, ten Elshof, Shahi, & Mahmoudi, 2021). 40 

Phase change materials (PCMs), a key component of LHS systems, store and release thermal energy 41 

through their phase transitions. Paraffin, a widely used organic PCM, is a promising candidate for 42 

thermal energy storage because of its high latent heat, good thermal stability, and negligible 43 

supercooling (Zhao et al., 2020). Moreover, its low cost, nontoxicity, and noncorrosive properties make 44 

it competitive for practical applications (Liu et al., 2019). However, paraffin leakage is likely to occur 45 

due to its poor shape stability during its phase transition process (Sharma, Tyagi, Chen, & Buddhi, 2009). 46 

For an efficient and reliable energy storage application, the leakage issue must be resolved. 47 

Several methods have been proposed to cope with the leakage problem of organic PCMs, among 48 

which the use of porous support has been proven effective (Zhang, Chen, Nie, Chen, & Gao, 2020). For 49 

example, nickel and copper foams were used as supporting materials for myristyl alcohol (Huang, Lin, 50 

Alva, & Fang, 2017). Zhao et al. used copper foam to stabilize paraffin (Zhao, Lu, & Tian, 2010), and 51 

the heat transfer rate of prepared samples was dramatically improved. Despite the merits of high thermal 52 

conductivity, favorable mechanical strength, and thermophysical stability, metal foams are heavy and 53 

expensive, which limits their widespread application as supporting matrices for PCMs.  54 

Polymeric materials are also widely used as supporting matrices to form-stabilize PCMs (Hu, 2020). 55 

Cellulose, as a naturally occurring polymer, is abundantly available, renewable, recyclable, and 56 

environmentally friendly (Moon, Martini, Nairn, Simonsen, & Youngblood, 2011; Zhang, Hao, Lin, & 57 

Nie, 2020). Compared to metal foams, cellulose foams are lightweight, inexpensive and mechanically 58 

flexible (Nie, Hao, Zhang, Xing, & Wang, 2020; Ottenhall, Seppänen, & Ek, 2018). Compared to 59 

synthetic polymeric foams (e.g. polystyrene and polyurethane), cellulose foams exhibit the advantages 60 

of renewability, environmental friendliness and ease of chemical modification (Moon et al., 2011). The 61 

use of green cellulose foams to stabilize PCMs endows positive economic and environmental impacts. 62 
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Research concerning the preparation and application of cellulose foams has mainly focused on 63 

antimicrobial packaging materials (Ottenhall et al., 2018), thermal insulation (Jiang et al., 2020), 64 

strength enhancement (Svagan, Samir, & Berglund, 2008), metal-ion and dye removal (Tang et al., 65 

2019), and catalytic applications (Keshipour & Khezerloo, 2019). The application of cellulose foam has 66 

not been extensively explored in the LHS field. For example, although Sentürk et al. (2011) used 67 

cellulose to fabricate shape-stabilized PCM composites, the cellulose was simply blended with 68 

polyethylene glycol to prepare the composites. Besides, although chemical modification of cellulose 69 

foam can be performed to improve its compatibility with PCMs, such work remains unexplored. To the 70 

best of our knowledge, the present study reports the use of chemically modified cellulose nanofibril 71 

(CNF) foam to stabilize paraffin PCM for LHS applications for the first time. Due to the fascinating 72 

properties of cellulose, one can expect that PCMs stabilized with CNF-based foams have positive 73 

economic and environmental impacts over PCMs stabilized with metal foams and polymeric foams.  74 

Another limitation of paraffin for application in energy storage is its low thermal conductivity (0.1–75 

0.35 W/(m⋅K)), which limits the speed and efficiency of energy storage (Gulfam, Zhang, & Meng, 76 

2019). Carbon nanomaterials, which have high thermal conductivity and can be uniformly dispersed in 77 

cellulose, have been extensively used with cellulosic materials to improve the thermal performances of 78 

the prepared products (Cui, Song, Shi, & Ding, 2020; Wang & Wu, 2018; Zhou et al., 2021). Herein, 79 

multiwalled carbon nanotubes (CNTs) were used with CNF to prepare highly porous foams that exhibit 80 

high thermal performances. Silylation of the foams enhanced their compatibility with paraffin. The 81 

properties of the foams and their effects on the absorption capacity and leakage prevention of paraffin 82 

were investigated; the structures, thermal properties, and thermal reliabilities of prepared PCM 83 

composites were then characterized. Our research provides new insights into the use of green, 84 

inexpensive, and recyclable cellulosic materials to improve the performance of PCMs for thermal 85 

energy storage.  86 

 87 

 88 

2. Materials and methods    89 

2.1 Materials  90 

CNF was prepared from bleached eucalyptus kraft pulp. Methyltrimethoxysilane (purity 98%) and 91 

paraffin wax (Pw; melting point 58–62°C) were purchased from Sigma–Aldrich (St. Louis, MO, USA). 92 

Hydrochloric acid (HCl; 1 N, laboratory grade) was purchased from Duksan Pure Chemicals Co., Ltd. 93 

(Ansan-city, Korea). Multiwalled CNTs (purity > 95%, outer diameter 10–20 nm) in powder form were 94 
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purchased from Research Nanomaterials, Inc. (Houston, TX, USA). Filter paper (quantitative ashless, 95 

11 cm in diameter; ADVANTEC, Tokyo, Japan) was used for leakage testing of the prepared PCM 96 

composites.  97 

2.2 Methods 98 

Preparation of CNF 99 

CNF was prepared by passing a 2 wt% pulp suspension through a Super Masscolloider grinder 100 

(Masuko Sangyo Co., Ltd., Kawaguchi-city, Japan) more than 30 times. The grinding speed was 1,500 101 

rpm and the gap between the two grinding plates was −80 μm. The zeta potential of the prepared CNF, 102 

determined using a Malvern Zetasizer (Nano-ZS; Malvern Instruments Ltd., Worcestershire, UK), was 103 

−34.8 ± 0.5 mV. The charge density according to a titration method was 0.16 meq/g CNF.  104 

Preparation of CNF/CNT composites 105 

Multiwalled CNTs were homogenized in a 0.5% CNF suspension using an Ultra-Turrax T50 106 

homogenizer (Janke and Kunkel, IKA-Labortechnik, Staufen, Germany) at 10,000 rpm for 60 min. 107 

After the homogenization process, the prepared composites were collected by centrifugation (Combi 108 

R514; Hanil Scientific Inc., Gimpo, Korea) at 9,000 rpm for 30 min. Various CNT doses (10, 20, 30, 109 

and 50 wt%, based on CNF) were used to obtain the CNF/CNT composites, which were labeled as 110 

CNF/CNT10, CNF/CNT20, CNF/CNT30, and CNF/CNT50, where the subscript indicates the dose (wt%) 111 

of CNTs.  112 

Preparation of foams 113 

Foams were prepared by freeze-drying prepared suspensions. To prepare silylated CNF (SCNF) 114 

foams, CNF suspensions of different consistencies (0.5%, 1.0%, 1.5%, and 2.0%) were prepared and 115 

the pH was adjusted to 4 by using HCl. Methyltrimethoxysilane was added to a CNF suspension at the 116 

mass ratio of 2:1 and the silylation reaction was continued while mixing at 1,500 rpm at room 117 

temperature for 2 h. During the silylation process, methyltrimethoxysilane was hydrolyzed to silanol 118 

and reacted with the hydroxyl groups of CNF to form an interlaced network (Jiang et al., 2020). The 119 

resulting SCNF suspensions were stored overnight at 4°C in a refrigerator to minimize foam cracking 120 

and shrinkage during subsequent freeze-drying (Zheng, Cai, & Gong, 2014). The cold SCNF suspension 121 

was then frozen in liquid nitrogen and freeze-dried using a freeze dryer (FD8518; Ilshin Lab. Co., Ltd., 122 

Yangju-city, Korea) for 72 h. Curing of SCNF foams was carried out at 120°C for 3 h to ensure the 123 

completion of silylation. The obtained SCNF foams were labeled SCNF0.5, SCNF1.0, SCNF1.5, and 124 

SCNF2.0, respectively, where the subscript refers to the consistencies of the CNF suspensions used for 125 
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the preparation of the foams. The SCNF/CNT foams were similarly prepared; the obtained foams were 126 

coded as SCNF/CNT10, SCNF/CNT20, SCNF/CNT30, and SCNF/CNT50, where the subscript represents 127 

the dose (wt%) of CNTs based on the dry weight of CNF.  128 

Foam dimensions were determined with a digital caliper (Absolute Origin; iGaging, San Clemente, 129 

CA, USA) and their density (kg/m3) was calculated from the measured weight (g) and volume (m3). 130 

The porosity (P, %) of the foams was calculated from their apparent density and skeleton densities 131 

according to Equation (1) as follows (Jiang et al., 2020): 132 

    𝑃 = (1 −
𝜌𝑎

𝜌𝑠
) × 100                                                            (1) 133 

where 𝜌𝑎  is the apparent density of the foam (kg/m3) and 𝜌𝑠  is the density of the foam skeleton 134 

(kg/m3).  135 

For SCNF foams, 𝜌𝑠 =
1

𝑤𝐶𝑁𝐹
𝜌𝐶𝑁𝐹

+
𝑤𝑀𝑇𝑀𝑆
𝜌𝑀𝑇𝑀𝑆

                                                   (2) 136 

and for SCNF/CNT foams, 𝜌𝑠 =
1

𝑤𝐶𝑁𝐹
𝜌𝐶𝑁𝐹

+
𝑤𝑀𝑇𝑀𝑆
𝜌𝑀𝑇𝑀𝑆

+
𝑤𝐶𝑁𝑇
𝜌𝐶𝑁𝑇

                                       (3) 137 

where 𝑤𝐶𝑁𝐹, 𝑤𝑀𝑇𝑀𝑆, and 𝑤𝐶𝑁𝑇 are the weight fractions (%) of CNF, methyltrimethoxysilane, and 138 

CNTs in the foams, respectively. 𝜌𝐶𝑁𝐹 was fixed at 1,500 kg/m3, 𝜌𝑀𝑇𝑀𝑆 was fixed at 1,900 kg/m3, 139 

and 𝜌𝐶𝑁𝑇 was fixed at 2,100 kg/m3. 140 

Preparation of foam-stabilized PCM composites 141 

PCM composites were prepared by impregnating the prepared foams with molten Pw under 1-bar 142 

vacuum for 6 h. Excess paraffin on the surface was carefully removed using filter paper. The obtained 143 

PCM composites were identified as SCNF-Pw, SCNF/CNT10-Pw, SCNF/CNT20-Pw, SCNF/CNT30-Pw, 144 

and SCNF/CNT50-Pw, depending on the foam used. The paraffin absorption capacity (i.e., weight 145 

fraction of paraffin in a PCM composite) was calculated according to Equation (4) as follows: 146 

    𝐶 = (
𝑤𝑏−𝑤𝑎

𝑤𝑏
) × 100%                                                           (4) 147 

where 𝑤𝑎 is the foam weight before impregnation with paraffin (g) and 𝑤𝑏 is the foam weight after 148 

impregnation with paraffin (g) (i.e., weight of prepared PCM composites). 149 

Characterization 150 

The morphologies of CNF, CNTs, and CNF/CNT composites were studied by energy-filtering 151 

transmission electron microscopy (LIBRA 120; Carl Zeiss, Oberkochen, Germany). The structures of 152 
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the prepared foams and PCM composites were characterized by field-emission scanning electronic 153 

microscopy (FE-SEM; Auriga; Carl Zeiss).  154 

Leakage testing of Pw was performed as follows. A prepared PCM composite was placed on a filter 155 

paper or glass plate, then heated in an oven at 70°C for 30 min. The area of leaked paraffin on filter 156 

paper was recorded by a digital camera. The leakage percentage (%) of Pw was calculated according to 157 

Equation (5) as follows: 158 

    𝐿 = (
𝑚𝑎−𝑚𝑏

𝑚𝑎
) × 100%                                                         (5) 159 

where 𝑚𝑎 is the sample weight before the leakage test (g) and 𝑚𝑏 is the sample weight after the 160 

leakage test (g).  161 

Fourier transform-infrared spectroscopy (FT-IR) spectra were recorded on a Nicolet 6700 162 

spectrometer (Thermo Scientific, Waltham, MA, USA). X-ray diffraction (XRD) patterns were 163 

determined using a D8 Advance diffractometer (Bruker, Germany) with Cu kα1 radiation (wavelength 164 

λ = 1.5418 Å) operating at 40 kV and 40 mA. 165 

Phase change properties of PCM samples were investigated by differential scanning calorimetry 166 

(DSC; Discovery DSC; TA Instruments Inc., New Castle, DE, USA). Samples were heated from 25C 167 

to 80C at a temperature ramping rate of 5°C/min, then cooled to 25C at the same rate. The thermal 168 

stabilities of PCM samples were determined using a thermogravimetric analyzer (Discovery TGA; TA 169 

Instruments Inc.) over the temperature range of 30–600C at a heating rate of 10°C/min under 20 170 

mL/min of nitrogen gas purge.  171 

The thermal conductivity of PCM samples was measured following a laser flash method (Tao et al., 172 

2017). To this end, samples were cut into plates of 8 mm × 8 mm × 2 mm. The dimensions and weights 173 

of the prepared plates were measured, and their densities were calculated. A Laser Flash Apparatus 174 

(LFA467, Netzsch Instruments, Selb, Germany) was used to determine the thermal diffusivity of 175 

samples. Thermal conductivity was calculated using Equation (6): 176 

   κ = α ∙ 𝐶𝑃 ∙ 𝜌                                                                   (6)             177 

where κ  is the thermal conductivity [W/(m·K)], α represents the thermal diffusivity (mm2/s), CP 178 

denotes the specific heat capacity [J/(g∙K)] and ρ is the density of pellets (g/cm3). 179 

The heat transfer performances of PCM samples were examined as follows. Samples were heated 180 

on a hot stage at 70C or 80C for 30 min, then infrared images were recorded by an infrared thermal 181 

imager (TiS 20+; Fluke Corporation, Everett, WA, USA) and the temperature of the samples was 182 
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exported using SmartView software (Fluke Corporation). The heat transfer profile of PCM samples was 183 

also determined using a thermocouple (Electronic Temperature Instruments Ltd., Worthing, UK); a solar 184 

simulator (CEL-HXF300-T3; Ceaulight, Beijing, China) was used as the heating source. The real-time 185 

temperature of samples was collected by a ThermaData® logger (Electronic Temperature Instruments 186 

Ltd.) and exported using ThermaData® Studio software (version 5.1.4; Electronic Temperature 187 

Instruments Ltd.).  188 

The thermal reliabilities of PCM samples were investigated by comparing their FT-IR spectra and 189 

phase change properties before and after 100 melting/freezing cycles.  190 

The prepared PCM composites were evaluated for storage and utilization of solar energy. 191 

Specifically, a PCM composite was placed on top (cold side) of a thermoelectric generator (TEG) and 192 

heated by the solar simulator. The bottom (hot side) of the TEG was attached to a heat sink that was 193 

immersed in water for better heat dissipation. The voltage generated by the TEG was monitored using 194 

a 6½-Digit USB multimeter (2100 Series; Keithley Instruments, Inc., Cleveland, OH, USA). The solar-195 

thermal energy conversion (i.e. thermal energy storage efficiency, η) was calculated using Equation (7) 196 

(Qi et al., 2017): 197 

 η =
m∙∆H

P∙S∙t
× 100%                                                             (7) 198 

where m is the mass of the sample (g), ΔH is the enthalpy of the sample obtained by DSC (J/g), P is the 199 

light intensity of the solar simulator (469 mW/cm2, at a working current of 14 A), S is the surface area 200 

(4 cm × 4 cm) of the sample exposed to light, and t is phase change duration under light irradiation (s). 201 

 202 

3. Results and discussion  203 

This research aimed to overcome the Pw leakage problem by using CNF foams as porous support. 204 

Because pristine CNF and Pw exhibit unfavorable compatibility (pristine CNF is hydrophilic and Pw is 205 

hydrophobic), silylation of CNF was performed. The preparation of an SCNF foam is schematically 206 

shown in Fig. 1a. A form-stable PCM composite was prepared by impregnating SCNF foam with molten 207 

Pw under vacuum (Fig. 1b). To improve the heat transfer performance of paraffin-based PCM composite, 208 

multiwalled CNTs were first dispersed in a suspension of CNF; the CNF/CNT suspension was then 209 

silylated and subsequently freeze-dried. The resulting SCNF/CNT foam was impregnated with molten 210 

Pw to form the desired foam-stabilized PCM composite (SCNF/CNT-Pw).  211 
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 212 

Fig. 1. Schematic illustrations of the preparation of (a) SCNF foams and (b) foam-stabilized PCM 213 

composites. 214 

Silylation treatment enhanced the hydrophobicities of the prepared foams and improved the 215 

compatibilities between CNF foams and Pw (Fig. S1–S3, Table S1). This confirmed the feasibility of 216 

preparing form-stable PCM composites using silylated foams as support for Pw. 217 

 218 

3.1 Characterization of foams and their stabilization of paraffin 219 

SCNF foams of various densities were prepared; their structures are shown in Fig. S4. The FE-SEM 220 

images revealed porous structures, similar to the structures reported elsewhere (Antonini et al., 2019). 221 

In the freeze-drying process, ice crystals formed and provided a negative template for CNFs to assemble 222 

and form the foam skeleton (Pawelec, Husmann, Best, & Cameron, 2014). Then, sublimation of the ice 223 

at low pressure (5 mmHg) created the porous structure of the prepared foams. The foams had a denser 224 

structure with smaller pores when higher-concentration CNF suspensions were used in their preparation; 225 

higher-consistency CNF suspensions provided closer contacts and stronger interactions between 226 

individual CNFs (Sehaqui, Salajková, Zhou, & Berglund, 2010), leading to smaller voids between 227 

adjacent nanofibrils. Table S2 shows that increasing the consistency of the CNF suspension used to 228 

prepare the SCNF foams led to higher foam density and lower porosity. These results are in good 229 

agreement with the FE-SEM images (Fig. S4). Considering their different structures and densities, these 230 

SCNF foams were expected to show different absorption and stabilization behaviors toward Pw.  231 

The effects of these foams on Pw leakage prevention were explored (Fig. S5). When SCNF foams 232 

of higher densities were used, the area of leaked paraffin was smaller, indicating an improved Pw-233 

holding capability; this behavior may relate to changes in the porous structures of these foams (Fig. S4). 234 
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When SCNF2.0 foam was used, Pw leakage was not observed on the filter paper and the leakage 235 

percentage was negligible (Table S2), indicating excellent Pw-holding performance. Moreover, the 236 

absorption capacity of paraffin by the SCNF2.0 foam exceeded 92% (Table S2), which was superior to 237 

the results in previous research (Lu et al., 2014; Xu & Li, 2013; Zhang et al., 2012). These findings 238 

confirmed that the prepared SCNF-Pw composites contained large fractions of Pw and assisted Pw 239 

stabilization, which are critical factors for real-world applications of PCM composites. The leakage test 240 

was also performed on a glass plate, and the results confirmed Pw leakage prevention by the SCNF2.0 241 

foam (Fig. S6 and Table S3).  242 

Multiwalled CNTs were incorporated in the foams to further improve the heat transfer performance 243 

of the foam-stabilized PCM composites (Fig. 6). The morphologies of the prepared SCNF/CNT 244 

composites are shown in the transmission electron microscopy images of Fig. S7. Fig. S7a and b show 245 

the typical structures of fibrillated cellulose and CNTs, respectively. Figs. S7c and d show that CNTs 246 

were uniformly dispersed by CNF and no aggregation was observed. CNF is amphiphilic, which 247 

facilitates the dispersion of carbon nanomaterials without harming their properties (Xu et al., 2017). 248 

Because of the incorporation of CNTs, both the prepared CNF/CNT hybrids and SCNF/CNT foams 249 

(Fig. S8) exhibited black color. Fig. S9 presents the water contact angles of the prepared foams. In 250 

contrast to the pure CNF foam, which collapsed when exposed to water, the prepared SCNF and 251 

SCNF/CNT foams maintained their shapes in the test. These modified foams had water contact angles 252 

exceeding 130°, indicating high hydrophobicity. As noted above, improving the hydrophobicity of 253 

foams was expected to enhance the compatibility between the foams and Pw. 254 

The structures of the prepared SCNF/CNT foams were visualized by FE-SEM (Fig. 2). Although 255 

introduction of CNTs did not disrupt the porous foam structures, the foams became denser and the pore 256 

size decreased. This is potentially because the foam voids were filled with CNTs or higher consistency 257 

SCNF/CNT suspensions were used in the foam preparation. Table 1 shows that the densities of the 258 

SCNF/CNT foams increased continuously with increasing CNT dosage; accordingly, the porosities of 259 

the foams decreased. Nonetheless, foam porosity exceeded 90%, which may have contributed to the 260 

high paraffin-absorption capacity of the foams. The interactions between CNF and CNTs are illustrated 261 

in Fig. S10. The FE-SEM images show the close contact and good affinity between the two components 262 

of the prepared SCNF/CNT foams, which were important aspects for preparing a compatible foam 263 

support.  264 
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 265 

Fig. 2. FE-SEM images of the prepared SCNF/CNT foams. (a) and (d) SCNF, (b) and (e) SCNF/CNT20, 266 

and (c) and (f) SCNF/CNT50. 267 

 268 

Table 1. The effect of SCNF/CNT foams on absorption capacity and leakage of paraffin wax (Pw). 269 

Foam 
Foam density 

(kg/m3) 

Foam porosity 

(%) 

Absorption capacity 

(%) 

Leakage percentage of Pw 

(%) 

SCNF/CNT10 52.18 97.03 92.79 5.37 

SCNF/CNT20 56.02 96.82 92.42 3.86 

SCNF/CNT30 58.63 96.69 91.90 2.75 

SCNF/CNT50 64.53 96.39 91.77 1.71 

 270 

The influences of SCNF/CNT foam on the absorption capacity and leakage prevention of Pw were 271 

investigated (Table 1, Fig. S11). The amount of absorbed Pw (i.e., fraction of Pw in the PCM composites) 272 

decreased with increasing foam density, similar to the findings in SCNF foams. The amount of leaked 273 

paraffin slightly increased, compared with the amount of leaked paraffin when using SCNF2.0 foam-274 

stabilized Pw. Interruption of the entanglement and coalescence of CNF by CNTs during the foam-275 

forming process might have caused this discrepancy. Nevertheless, the wetted area of the filter paper 276 
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and the amount of leaked paraffin decreased continuously with increasing prepared foam density, 277 

similar to the results shown in Fig. S5. When paraffin was stabilized by SCNF/CNT50 foam, the amount 278 

of leaked paraffin was 1.71%, which is comparable with the amount reported by Shen et al (Shen et al., 279 

2020). Leakage testing of the prepared SCNF/CNT-Pw PCM composites was also performed on an 280 

impermeable glass plate (Fig. S12); no Pw leakage was observed (Table S4). Table S5 summarizes the 281 

fraction of Pw in the prepared PCM composites and the percent leakage of Pw; it compares these results 282 

to the findings in other studies. The PCM composites in this work had higher Pw fractions than reported 283 

elsewhere (Karthik, Faik, & D'Aguanno, 2017; Lu et al., 2014; Ma, Zhang, Chen, Song, & Tang, 2020), 284 

and displayed negligible Pw leakage, which benefits their applications in LHS. 285 

 286 

3.2 Physical and chemical structures of PCM composites 287 

The morphologies and structures of the prepared form-stable PCM composites were characterized 288 

by FE-SEM (Fig. 3). Paraffin was well-absorbed into the porous foams and there was no evidence of 289 

interfaces or voids between the components. The absence of such features indicated good compatibility 290 

between the PCM composite components (Du et al., 2020). Due to the compact internal structures of 291 

the prepared SCNF/CNT-Pw composites, along with the CNT introduction, the heat transfer of PCM 292 

composites was expected to be facilitated in practical applications; this is investigated in Section 3.3. 293 

 294 

Fig. 3. FE-SEM images of prepared PCM composites. (a) SCNF-Pw, (b) SCNF/CNT20-Pw, and (c) 295 

SCNF/CNT50-Pw. 296 

 297 

The FT-IR spectra (Fig. 4) of the prepared PCM composites and their components were examined. 298 

Fig. 4a compares the spectra of CNF and SCNF. The CNF spectrum contained peaks corresponding to 299 

hydroxyl groups (3,328 cm−1) and characteristic glucosidic linkages of cellulose (897 cm−1) 300 

(Gopakumar et al., 2018). The SCNF spectrum displayed a characteristic broad band at 897 cm−1 that 301 

was assigned to Si–OH stretching (Zhao et al., 2015). The band at 777 cm−1 was assigned to Si–C and/or 302 

Si–O stretching. These changes were consistent with CNF silylation. Reference spectra of Pw and CNT 303 
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are shown in Fig. 4b. In the spectrum of Pw, bands at 2,916 cm−1 and 2,848 cm−1 were attributed to C–304 

H stretching of –CH3 and –CH2 groups, respectively, which is typical of alkanes (Xu et al., 2018). 305 

Asymmetric stretching and rocking vibrations of CH2 appeared at 1,461 cm−1 and 719 cm−1, respectively. 306 

For the CNTs, the bands at 2,950 cm−1 and 1,640 cm−1 corresponded to C–H stretching and C=C 307 

stretching vibrations (Bahgat, Farghali, El Rouby, & Khedr, 2011), respectively. The spectra of the 308 

SCNF/CNT-Pw and SCNF-Pw composites were simply overlays of the components used for their 309 

preparation (i.e., SCNF, CNT, and Pw). The locations of the bands were not shifted and no new bands 310 

were generated, which confirmed the absence of chemical reactions between Pw and the SCNF or 311 

SCNF/CNT foams.  312 

 313 

Fig. 4. FT-IR spectra of (a) CNF and SCNF and (b) the prepared PCM composites and their components. 314 

X-ray diffraction patterns of (c) CNF, SCNF, CNT, and SCNF/CNT50 composite and (d) prepared PCM 315 

composites and Pw.  316 

XRD patterns were recorded to compare the crystal structures of the PCM composites and their 317 

components. Fig. 4c presents the XRD patterns of CNF, SCNF, CNTs, and SCNF/CNT50 composite. 318 

The peaks of CNFs at 16.3° and 22.6° were attributed to the (110) and (220) crystal planes (French, 319 
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2014), respectively. The XRD pattern of SCNF differed from the XRD pattern of CNF, (i.e., new peaks 320 

appeared), which was consistent with CNF silylation (Gong, Li, Xu, Xiang, & Mo, 2017; Peng et al., 321 

2016). The XRD pattern of CNTs displayed peaks at 26.0° and 44.1°, which were attributed to the (002) 322 

and (110) crystal planes, respectively; these are typical of a graphite-like crystalline structure (Cheng et 323 

al., 2020). Notably, the XRD pattern of the SCNF/CNT50 composite contained all peaks characteristic 324 

of SCNF and CNTs. The absence of new peaks indicated that no chemical reaction had occurred 325 

between the SCNF and CNTs, which was consistent with the FT-IR results (Fig. 4b). Fig. 4d shows the 326 

XRD patterns of Pw and the prepared PCM composites. The paraffin displayed two major peaks at 21.5° 327 

and 23.8°, which were assigned to the (110) and (220) crystal planes (Li, Liu, Hu, Wang, & Gao, 2013), 328 

respectively. It is reasonable that the XRD patterns of the PCM composites resembled the XRD pattern 329 

of Pw because Pw was their major component (> 90%). Moreover, the diffractograms of the prepared 330 

composites contained all peaks characteristic of SCNF, CNTs, and Pw; no new peaks were present. 331 

These findings confirmed that no chemical reactions occurred among the SCNF, CNTs, and Pw.  332 

 333 

3.3 Phase change and thermal properties of PCM composites 334 

The phase change properties of Pw and the prepared PCM composites were determined by DSC 335 

(Fig. 5a). All curves displayed two phase change peaks during both melting (endothermic) and freezing 336 

(exothermic) conditions. The lower-temperature peak was attributed to a solid–solid phase transition 337 

and the higher-temperature peak was attributed to a solid–liquid phase change (Guan, Li, Qian, Wang, 338 

& Deng, 2015). The phase transitions of the prepared PCM composites occurred at lower temperatures, 339 

compared with the phase transitions of pure Pw. Stabilization of Pw by SCNF and SCNF/CNT foams 340 

possibly accelerated the phase transition process. The phase change properties (i.e., melting/freezing 341 

points and enthalpies) are summarized in Table 2. During the heating process, the prepared PCM 342 

composites had melting points that were all lower than the melting point of Pw. In contrast, all prepared 343 

PCM composites had freezing points higher than the freezing point of Pw. The phase transitions of 344 

PCMs are related to their thermal properties, e.g. the rate of heat transfer into and out of the PCMs 345 

(Parhizi & Jain, 2019). For one thing, improved form-stability of PCM composites enhances the heat 346 

transfer efficiency in phase transitions (Podara, Kartsonakis, & Charitidis, 2021). For another thing, 347 

PCMs with higher thermal conductivity have faster heat transfer and can absorb or release more heat 348 

within the same time duration, consequently accelerating the phase transitions. Therefore, the melting 349 

and freezing of PCM composites occurred earlier than pure paraffin, leading to slightly decreased 350 

melting points and increased freezing points. Similar findings were reported elsewhere (Qian, Li, & 351 

Feng, 2017; Zaidan & Alhamdo, 2018). Notably, the enthalpies of the prepared PCM composites were 352 
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lower than the enthalpy of Pw because their components (i.e., SCNF and CNTs) were incorporated. 353 

These reductions of enthalpy agree with the Pw contents of the prepared PCM composites (Tables 1 354 

and S2). Even so, PCM composites in this work had relatively higher enthalpies than the composites 355 

reported elsewhere (Guan et al., 2015; Karaıpeklı, Sarı, & Kaygusuz, 2009; Li & Yang, 2013). 356 

 357 

 358 

Fig. 5. DSC (a) and thermogravimetric (b) curves of Pw and the prepared PCM composites. 359 

 360 

Table 2. Melting points and enthalpies of PCM samples.  361 

PCM sample 

Heating process Cooling process 

Melting 

point 

(°C) 

Enthalpy 

(kJ/kg) 

Enthalpy 

reduction 

(%) 

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/CNT20-Pw 53.7 184.6 9.0 57.0 184.7 8.9 

SCNF/CNT50-Pw 53.4 184.6 9.0 57.2 184.5 9.0 

 362 

Thermogravimetric analysis (Fig. 5b) was performed to evaluate the thermal stabilities of the 363 

prepared PCM composites. Compared with the prepared PCM composites, pure Pw lost weight more 364 

rapidly and the residual solid content approached zero at approximately 315°C. The rates of weight loss 365 

of the prepared PCM composites were slower and the weight losses were completed at higher 366 
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temperatures (approximately 350°C), which indicated improved thermal stabilities. Because the starting 367 

material for CNF preparation was bleached kraft pulp, the prepared CNF contained mainly cellulose 368 

and negligible amounts of hemicellulose and lignin. Cellulose has a pyrolysis temperature of 315–369 

400°C (Yang, Yan, Chen, Lee, & Zheng, 2007) and CNTs are quite stable at temperatures up to 370 

approximately 800°C (Liu, Ren, Li, Cong, & Cheng, 2007); therefore, these two components 371 

contributed to the slower rates of weight loss in prepared PCM composites during heating. It is 372 

reasonable that the final residual solid content of SCNF/CNT50-Pw was higher than the final residual 373 

solid contents of other PCM samples because of the incorporation of the thermally stable CNTs. In 374 

summary, the prepared PCM composites had better thermal stabilities than did pure Pw, which is likely 375 

to benefit high-temperature applications.  376 

Heat transfer performance of PCMs is critical for thermal energy storage applications. The thermal 377 

conductivity results indicate (Fig. 6a) that CNT-containing PCM composites exhibited improved 378 

thermal conductivity over pure paraffin, although their absolute values are not quite high, which might 379 

be caused by the sample preparation and measurement details. Higher content of CNTs in PCM 380 

composites contributed to a greater improvement of thermal conductivity. The temporal variations in 381 

the temperatures of heated samples (70°C hot stage) were recorded using an infrared camera (Figs. 6b 382 

and c). The temperatures of the CNT-containing composites increased more rapidly than did the 383 

temperature of SCNF-Pw. The rate of temperature rise increased with increasing CNT content, and the 384 

final temperature was higher. Testing on an 80°C hot stage was also performed (Fig. S13) and similar 385 

results were obtained (i.e., using CNTs in the PCM composites improved the heat transfer rate). Similar 386 

findings reported elsewhere (Huang, Dai, Peng, Wang, & Hong, 2019; Qian et al., 2019; Yang et al., 387 

2016) have demonstrated the effectiveness of carbon nanomaterials in improving the heat transfer 388 

performances of composites. To mimic the heat absorption of the prepared PCM composites under 389 

sunlight radiation, samples were heated using a solar simulator and the real-time temperature was 390 

monitored with a thermocouple (Fig. 6d). Fig. 6e shows that the temperature of SCNF-Pw remained 391 

almost constant after heating for 30 min, indicating inferior heat-absorption behavior. Under the same 392 

conditions, CNT-containing PCM composites displayed more rapid temperature rise and their 393 

temperatures remained constant after 20 min of heating. The light source was removed after 30 min of 394 

heating. Compared with SCNF-Pw, the CNT-containing PCM composites had much slower rates of 395 

temperature decline; these were related to the heat release process. The pure Pw sample was not tested 396 

because it melted rapidly upon heating. The tested composite samples remained intact upon heating for 397 

30 min, which indicated favorable form-stability.  398 

 399 
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 400 

Fig. 6. Heat transfer profiles of PCM composites. (a) thermal conductivity of PCM samples, (b) Infrared 401 

images of PCM composites on a 70°C hot stage, (c) temperatures of samples as a function of heating 402 

time, (d) schematic illustration of testing devices with a solar simulator as the heating source, and (e) 403 

temperature of samples as a function of heating time with the solar simulator. 404 

 405 

3.4 Thermal reliability and practical application  406 

Durable and reliable thermal energy storage and release performance is necessary for practical 407 

applications of PCMs. The thermal reliabilities of the prepared PCM composites were examined by FT-408 

IR and DSC (Fig. 7). The locations and intensities of the FT-IR bands of PCM composites remained 409 

constant after repeated heating/cooling cycles (Fig. 7a), which indicates their chemical stability. The 410 

DSC thermograms after 100 heating/cooling cycles are presented in Figs. 7b and S14; the phase change 411 

properties are summarized in Table S6. The enthalpy of pure Pw was lower by approximately 8% after 412 

100 heating/melting cycles. However, the enthalpies of the PCM composites decreased by 413 

approximately 2–6%, comparable with previously published thermal reliability data (Wang et al., 2020; 414 

Wu, Zhu, Zhang, & Huang, 2010). The melting and freezing points of the PCM composites showed 415 

minimal changes after thermal cycling. Digital images of the samples before and after repeated thermal 416 

cycling (Fig. S15) reveal that the PCM composites had good form-stability, and results in Table S7 show 417 

that Pw leakage was prevented. Therefore, the prepared PCM composites had enhanced form-stabilities 418 

and thermal reliabilities, such that they are suitable for real applications. 419 
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 420 

Fig. 7. Thermal reliability tests: (a) FT-IR spectra of PCM composites before and after 100 421 

melting/freezing cycles and (b) DSC thermograms of SCNF/CNT50-Pw after 100 melting/freezing 422 

cycles.  423 

The prepared PCM composites were applied to a solar-thermal-electric conversion scenario. Fig. 8a 424 

shows the experimental design, where a TEG was used to convert absorbed heat to electricity. 425 

Specifically, PCM composites of the same weight were placed on the top of the TEG and heated by the 426 

solar simulator. The PCM composites absorbed the irradiated solar energy and heated the top side of 427 

the TEG, which converted the captured heat to electricity. The generated electricity was monitored by 428 

a digital multimeter. The control (TEG only in Fig. 8b; i.e., TEG without a PCM sample placed on it) 429 

generated a maximum voltage of 0.14 V, and the voltage decreased sharply when the light source was 430 

removed. When SCNF-Pw was placed on the TEG, the maximum voltage was approximately 0.13 V; it 431 

also decreased rapidly upon removal of the light source. In comparison, higher maximum voltages were 432 

achieved when CNT-containing PCM composites were used. This behavior was attributed to the 433 

improved heat transfer performance, which helped the SCNF/CNT-Pw samples to absorb and transfer 434 

more heat to the TEG. Higher CNT contents in the PCM composite resulted in higher maximum 435 

voltages (e.g., 0.20 V for SCNF/CNT20-Pw and 0.22 V for SCNF/CNT50-Pw). Similar findings were 436 

reported by Zhang et al (Zhang, Li, Tang, & Wang, 2016). When the solar simulator was turned off, the 437 

generated voltages decreased much more slowly, compared with the control and SCNF-Pw, because 438 

TEG-mediated heat dissipation was slowed by the heat released by PCM composites during cooling. 439 

The solar-thermal energy conversion efficiencies (i.e. thermal energy storage efficiencies) were 88% 440 

and 71% for PCM composite SCNFCNT20-Pw and SCNFCNT50-Pw, respectively. Increased addition 441 

of CNTs in PCM composite contributed to a higher thermal energy storage efficiency due to the 442 

enhanced heat absorption and transfer. The solar-thermal energy conversion efficiency of composite 443 

SCNF-Pw could not be calculated since the phase transition of PCM did not occur during the heating 444 
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process due to its poor heat absorption.  445 

 446 

Fig. 8. (a) Schematic illustration of the solar-heat-electricity system based on a PCM composite and (b) 447 

time course of the open-circuit voltage of the thermoelectric generator with/without the PCM composite. 448 

Overall, the findings in this work indicate that both CNF/CNT composite foam stabilized paraffin 449 

PCM (SCNFCNT50-Pw) and CNF foam-stabilized paraffin PCM (SCNF-Pw) showed greatly improved 450 

form-stability over pure paraffin, and they exhibited negligible paraffin leakage. This is because these 451 

foams had excellent paraffin absorption capabilities and their compatibility with the PCM improved 452 

after silylation. Because of their similar paraffin fractions (Table 1), these PCM composites exhibited 453 

similar enthalpies (Table 2). However, their melting points decreased and freezing points increased 454 

slightly due to improved form-stability and CNT-enhanced heat transfer. Owing to its superior thermal 455 

properties (Fig. 6), SCNFCNT50-Pw composite exhibited greater potential in real applications than other 456 

composites. Comparison of form-stability, thermal conductivity, melting point and enthalpy between 457 

PCM composites in this work and PCM composites in previous reports is presented in Table S5. The 458 

PCM composites in our work displayed comparable form-stabilities and phase change properties, but 459 

their thermal conductivities need to be improved in future work. 460 

 461 

4. Conclusions 462 

Phase change material composites with improved form-stabilities and thermal properties were 463 

prepared using SCNF/CNT foams as a porous support for paraffin. Highly porous foams were prepared 464 

through freeze-drying. The high porosities of the foams and good compatibility between the 465 

hydrophobic foams and paraffin enabled the composites to retain a high weight fraction of paraffin (> 466 

90%). Because of the form-stabilizing effects of these foams, the prepared PCM composites displayed 467 
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negligible leakage of paraffin during their phase transitions. FE-SEM images revealed compact 468 

structures and good compatibilities between the composite components. Addition of CNTs, which have 469 

excellent thermal properties, improved the heat transfer performances of the PCM composites. 470 

Thermogravimetric analyses indicated that SCNF and SCNF/CNT foams had improved thermal 471 

stabilities. The PCM composites showed reasonable phase change properties and thermal stabilities, 472 

favoring their application to thermal energy storage. The enthalpies of the PCM composites decreased 473 

by 2–6% after 100 melting/freezing cycles. The PCM composites displayed good solar-heat-electricity 474 

conversion performances. Moreover, the use of cellulose foam, a “green” and versatile material, for 475 

thermal energy storage is a novel application of cellulose-based functional materials. 476 

■ Associated Content 477 

Supplemental data includes: 478 

Water-resistance test of foams; paraffin leakage test on filter paper and glass plate; weights of PCM 479 

samples before and after the leakage test; fraction of paraffin in the PCM composite, leakage 480 

performance, and comparison with findings in previous reports; TEM images; digital images of 481 

CNF/CNT hybrid and SCNF/CNT foams; WCAs of the prepared foams; FE-SEM images; heat transfer 482 

profile of PCM composites on an 80°C hot stage; DSC curves, phase change properties, and digital 483 

images of PCM samples before and after 100 melting/freezing cycles. 484 
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