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Abstract  17 

Thermal energy storage (TES) systems using phase change materials (PCMs) are of increasing interest 18 

for more efficient energy utilization. Herein, sodium sulfate decahydrate (Na2SO4·10H2O; 19 

SSD)/nanofibrillated cellulose (NFC)/graphite PCM composites were prepared by a simple blending 20 

method. NFC and graphite were used to improve the performance of SSD-based PCMs by mitigating 21 

the phase separation and low thermal conductivity issues. The phase stability, thermal, and structural 22 

properties of the prepared PCM composites were investigated. The role of NFC was to thicken and 23 

thereby improve phase stability, and to assist dispersion of hydrophobic graphite without aggregation 24 

by leveraging its amphiphilic characteristics. The supercooling degree, melting temperature, and 25 

enthalpy of 4.2°C, 31.1°C, and 121.7 J/g, respectively, were measured for the PCM containing 5 wt% 26 

of graphite. Fourier transform-infrared spectroscopy and X-ray diffraction studies indicated that no 27 

chemical reactions occurred between the PCM components. The thermal conductivity was enhanced by 28 

250% when 5 wt% of graphite was added, which improved heat charging during the melting process. 29 

Increased hydrogen bonding between fibrils and water molecules enhanced the thermal stability by 30 

suppressing water evaporation. Our results indicate that the composite would be an efficient TES system.  31 

 32 

Keyword: graphite, nanofibrillated cellulose, phase change material, sodium sulfate decahydrate, 33 

thermal energy storage  34 
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1. Introduction  36 

Energy storage techniques are of increasing interest due to steadily increasing energy consumption 37 

worldwide. Thermal energy storage (TES) is one of many energy storage techniques that include fuel 38 

cells, pumped hydroelectric storage, and supercapacitors (Akinyele and Rayudu 2014). A TES system 39 

can improve energy consumption efficiency by mitigating the mismatch between energy supply and 40 

demand (Zalba et al. 2003). Of the several methods that can be used to store thermal energy, latent heat 41 

storage using phase change materials (PCMs) has gained particular attention. Latent heat can be stored 42 

and released during phase transitions of PCMs, such as the transition from solid to liquid (heat storage) 43 

and liquid to solid (heat release). It has many advantages, such as higher thermal storage capacity, 44 

controlled operating temperature, and small temperature swing. In general, PCMs can be divided into 45 

organic and inorganic categories. Organic PCMs are based on paraffin wax and waxes derived from 46 

fatty acids. Although organic PCMs can store much more thermal energy than sensible heat, they are 47 

expensive, flammable, have low thermal conductivity, and experience large volume change (Fashandi 48 

and Leung 2018). Thus, inorganic PCMs based on salt hydrates have been investigated. These materials 49 

are promising because they are often inexpensive, nonflammable, experience less volume change, and 50 

are nontoxic (Li et al. 2014; Liu and Yang 2017; 2018). However, inorganic PCMs exhibit deficiencies 51 

such as phase separation, supercooling, and low thermal conductivity (Farid et al. 2004).  52 

Sodium sulfate decahydrate (Na2SO4·10H2O; SSD), also known as Glauber’s salt, is a promising salt 53 

hydrate due to its low cost and high latent heat storage capacity. The melting temperature (Tm) of SSD 54 

is 32.4°C, which makes it a potential candidate for space-heating applications (Hou et al. 2018; Li et al. 55 

2020). Like many hydrate salts, SSD has inherent defects of phase separation, supercooling, and low 56 

thermal conductivity. The phase stability of SSD is rather low due to its low solubility in water, which 57 

results in the formation of sedimented anhydrous sodium sulfate (SS) even when it is completely 58 

dissolved. Several studies have investigated the phase stability of SSD, and the addition of a polymer 59 

can be an effective means of improving this property. For example, polyacrylamide (Hou et al. 2018), 60 

carboxymethylcellulose (Feng et al. 2015; Dong et al. 2020; Li et al. 2020), and sodium polyacrylate 61 

copolymer (Liu et al. 2020) have been used as thickening agents to improve the phase stability of SSD. 62 

We previously investigated whether fibrillated cellulose could be used as a thickening agent for SSD 63 

and, specifically, the effect of fibrillated cellulose type (Oh et al. 2020). We found that mechanically 64 

treated and low-charged nanofibrillated cellulose (NFC) was effective as a thickening agent. Phase 65 

stability was achieved under sedimentation and oscillatory conditions via increased viscosity and 66 

storage modulus (G') of the liquid SSD. NFC eliminated the phase separation of the liquid SSD 67 

effectively in low addition level compared to the polymers.  68 

 69 



Fibrillated cellulose derived from biomass resources by mechanical and/or chemical treatments has 70 

anisotropic interface characteristics, including a hydrophilic and hydrophobic nature. Fibrillated 71 

cellulose is composed of dense molecular chains, which provide an amphiphilic property. The 72 

hydrophilic surface derives from the (1̃10) and (110) planes that are decorated by –OH groups, while 73 

the hydrophobic surface is due to –CH groups on the (200) plane (Li Y et al. 2015; Sinko et al. 2015; 74 

Xiong et al. 2018). This unique amphiphilic surface characteristic enables it to be used as an 75 

environmentally friendly dispersing agent for hydrophobic carbon materials such as single- and 76 

multiwalled carbon nanotubes (Hamedi et al. 2014; Salajkova et al. 2013; Hajian et al. 2017) and 77 

graphene (Yang et al. 2017; Phiri et al. 2018; 2019; Wang and Drzal 2018; Xiong et al. 2018; Xu and 78 

Hsieh 2019; Zhan et al. 2019). Those carbon materials can be utilized as a thermal conductivity enhancer 79 

for PCM composite to improve heat transfer performance, which leads to a more efficient TES process 80 

(Fashandi and Leung 2018; Liu et al. 2020). It was inferred that the amphiphilic nature of fibrillated 81 

cellulose can be used as a dispersion agent for carbon materials in PCM without hindrance of intrinsic 82 

thermal conductivity of them. Thus, we speculated that NFC would improve the phase stability of SSD 83 

and would assist the dispersion of graphite in SSD at the same time.  84 

Herein, we investigated the thermal and structural properties of SSD/NFC/graphite PCM composites 85 

when NFC was used as a thickening agent to improve phase stability and as a dispersant for hydrophobic 86 

graphite. The temperature change of the PCM was measured during cooling to determine the 87 

supercooling and melting temperatures. Differential scanning calorimetry (DSC) was used to 88 

characterize the phase transition behavior. The ingredients and the PCMs were examined by attenuated 89 

total reflection Fourier transform-infrared (ATR-FTIR) spectroscopy and field-emission scanning 90 

electron microscopy (FE-SEM). The crystal structures and weight losses of the PCMs were investigated 91 

by X-ray diffraction (XRD) and thermogravimetric analysis (TGA), respectively.  92 

 93 
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2. Experimental 95 

2.1 Materials  96 

Anhydrous sodium sulfate (142.04 g/mol; ACS reagent grade; Sigma–Aldrich, St. Louis, MI, USA) 97 

was used to prepare sodium sulfate decahydrate (SSD) that is a main component in PCM composite. 98 

Sodium tetraborate decahydrate (381.37 g/mol; ACS reagent grade; Sigma–Aldrich) called borax were 99 

used as nucleating agents to promote solidification of SSD. Mechanically produced NFC was used to 100 

eliminate phase separation of PCM, and improve the dispersion of graphite in PCM composite. NFC 101 

was obtained from 2 wt% bleached eucalyptus kraft pulp stock by grinding (Super Masscolloider; 102 

Masuko Sangyo Co., Ltd., Kawaguchi-city, Japan). Nanofibrillation was achieved by passing the pulp 103 

through the grinder more than 30 times. The charge density of NFC was 0.016 mmol/g. TEM image of 104 

NFC was suggested in Figure 1(a). The width of NFC was less than 50 nm. Synthetic graphite (< 20 105 

μm, Sigma–Aldrich) was used to improve the thermal conductivity of the PCM. The shape of graphite 106 

was shown in Figure 1(b).  107 

 108 

Figure 1. (a) Low and high magnification TEM images of nanofibrillated cellulose and (b) SEM image 109 

of synthetic graphite. 110 

 111 

2.2 Sample preparation and phase stability 112 

The prepared PCM formulations are listed in Table 1. Graphite was added to the composite based on 113 

the weight of PCM. Magnetic stirring was used to combine the PCM components. To prepare the PCM, 114 

NFC was first dispersed with the amount of water required to prepare the SSD. When PCMs containing 115 

graphite were prepared, the graphite was added to the NFC suspension and mixed for 30 min. Then, 116 

borax was added and the dispersion mixed for another 30 min. Finally, anhydrous SS was added and 117 

mixed at 50°C for 1 h to create a homogenous mixture. Each PCM was stored in a 45°C water bath 118 

before evaluating its phase stability; the phase of PCM was photographed after 2 h of incubation.  119 

  120 



Table 1. Phase change material compositions.  121 

 Borax 0% Borax 1% Borax 2% Borax 3% Borax 5% Borax 7% Borax 9% 

SSD (wt%) 99 98 97 96 94 92 90 

Borax (wt%) – 1 2 3 5 7 9 

NFC (wt%) 1 1 1 1 1 1 1 

SSD: sodium sulfate decahydrate; NFC: nanofibrillated cellulose 122 

2.3 Cooling of phase change materials  123 

A cooling test was conducted to measure the heat release characteristics of the PCM. Borax was added 124 

as a nucleating agent to promote SSD crystallization. The supercooling degree (∆𝑇𝑠) of a prepared 125 

PCM composite was determined using the T-history method. Specifically, 15 g of prepared PCM sample 126 

was loaded into a glass test tube and then incubated in a water bath at 45°C for 15 min, followed by 127 

cooling naturally in air to room temperature (22–23°C). The real-time temperature of samples during 128 

cooling was monitored by a PT100 thermocouple (Pico Technology Ltd., St. Neots, UK); the 129 

temperature was recorded every 1 s using a data logger (PT-104; Pico Technology). The ∆𝑇𝑠 (°C) was 130 

calculated according to Equation (1) as follows: 131 

∆𝑇𝑠 = 𝑇𝑚 − 𝑇𝑓                           (1)  132 

where 𝑇𝑚 denotes the melting temperature (°C) and 𝑇𝑓 the freezing temperature (°C). 133 

2.4 Characterization of phase change materials 134 

The morphologies of the PCM composites were observed by FE-SEM (Auriga; Carl Zeiss, Oberkochen, 135 

Germany) at an acceleration voltage of 2 kV. Fourier transform-infrared spectra were obtained using a 136 

Nicolet 6700 spectrometer equipped with an ATR accessory (Thermo Scientific, Waltham, MA, USA). 137 

X-ray diffraction patterns were obtained using a D8 Advance diffractometer (Bruker, Germany) with 138 

Cu kα1 radiation wavelength (λ = 1.5418 Å) operating at 40 kV and 40 mA.  139 

Phase change properties were characterized by DSC (Discovery DSC; TA Instruments Inc., New Castle, 140 

DE, USA). Samples were heated from 5C to 50C at 5°C/min under 20 mL/min of nitrogen purge. The 141 

weight loss of samples was established by TGA (TGA4000; PerkinElmer Inc., Waltham, MA, USA). 142 

Samples were heated from 25°C to 150°C, at 5°C/min, under a nitrogen atmosphere at a purging rate 143 

of 20 mL/min. A light flash apparatus (LFA467; Netzsch-Gerätebau GmbH, Selb, Germany) was used 144 

to determine the thermal diffusivity of samples. Powdered samples were pressed into a pellet shape (10 145 

mm in diameter, 1–2 mm thick) for the measurement under a pressure of 20 kg/cm2 for 2 min. The 146 

thicknesses and weights of prepared pellets were measured, and their densities were calculated. The 147 

thermal conductivity was calculated according to Equation (2) as follows: 148 



𝑘 =  𝛼 ∙ 𝐶𝑃 ∙ 𝜌                 (2)  149 

where 𝑘 is the thermal conductivity (W/(m⋅K)), 𝛼 is the thermal diffusivity (mm2/s), 𝐶𝑃 denotes the 150 

specific heat capacity (J/(kg∙K)), and 𝜌 is the pellet density (kg/m3). 151 

  152 



3. Results and discussion 153 

3.1 Effect of nanofibrillated cellulose on phase stability and dispersion of graphite 154 

Phase separation is a common problem in salt hydrate-based PCMs because of incongruent melting. As 155 

melting proceeds, the crystal structure changes from the solid to the liquid state, and water molecules 156 

that were incorporated in the crystal become free. In SSD, serious phase separation occurs because the 157 

solubility of SS is rather low compared with other salt hydrates. There are few SS molecules that 158 

dissolve in free water and, consequently, SS sediments at the bottom of the vessel. The phase stability 159 

of PCMs was tested as follows. The prepared PCM sample was incubated in a 45°C water bath for 2 h. 160 

Figure 2 shows the distinct phase separation that occurred in the SSD-Borax sample without NFC. The 161 

deposited white material at the bottom is anhydrous SS. However, a homogenous phase, free of 162 

sediment, was achieved when NFC was added. Our previous research (Oh et al. 2020) established that 163 

the homogenous phase formed when the NFC content exceeded 0.8 wt%. In the present research, the 164 

NFC content was fixed at 1 wt%, and it was confirmed that the prepared PCMs showed stable phase 165 

without sedimentation of anhydrous SS.  166 

We previously proposed a mechanism for the formation of the homogenous phase by NFC addition. 167 

Low-charged nanofibrillated cellulose is particularly effective at improving phase stability. Dissolved 168 

SS reduces electrostatic repulsion between the cellulose fibrils, which compresses the electric double 169 

layer due to a charge screening effect. These changes in colloidal interactions and increased hydrogen 170 

bonding between the fibrils result in denser aggregates of NFC (Lowys et al. 2001). This increases the 171 

viscosity of the PCM and results in a homogenous and sediment-free phase (Oh et al. 2020).    172 

Carbon materials, such as graphite, graphene, carbon nanotubes, and expanded graphite, have been 173 

widely used to improve the thermal conductivity of PCMs, to enhance the charging and releasing of 174 

thermal energy. The hydrophobic nature of these materials renders them difficult to disperse in a salt 175 

hydrate. Furthermore, compatibility between a salt hydrate and carbon material is poor because the 176 

materials have different interfacial characteristics. In the present study, NFC was used as an 177 

environmentally friendly dispersing agent to improve affinity between the salt hydrate and graphite that 178 

was used as a thermal conductivity enhancer. Figure 3 shows NFC adsorbed on the graphite surface, 179 

which formed by hydrophobic interactions between NFC molecules and graphite. This stabilization is 180 

due to steric hindrance by the adsorbed NFC (Li et al. 2015), which prevents re-aggregation of the 181 

dispersed graphite. The dispersive action by the NFC provided a homogenous PCM phase without 182 

aggregation of graphite and sedimentation of SS (Figure. 2a).  183 



 184 

Figure 2. Phase stability of phase change materials (w: with; wo: without). (a) Before and (b) after phase 185 

change. Phase separation occurred in SSD-Borax sample without NFC, i.e., a free water layer was 186 

formed in the upper part of this sample after the phase change from liquid to solid. When NFC was 187 

applied, phase separation was eliminated, before and after the phase change. 188 

 189 

 190 

Figure 3. SEM images of graphite-containing phase change materials. Adsorbed NFC on the surface of 191 

graphite: (a) and (b). Internal structure of PCM composite containing graphite: (c) and (d). 192 

  193 



3.2 Thermal properties of phase change materials 194 

The thermal properties of the PCMs were determined using the T-history method and by DSC. The Tm 195 

of a PCM was measured and the ∆𝑇𝑠 was calculated using the T-history method. The phase change 196 

enthalpy was determined by DSC. Figure 4 shows the temperature changes of the formulated PCMs 197 

during the cooling process. The borax-free PCMs were cooled in a 5°C environment. No phase change 198 

from liquid to solid was observed for the pure SSD (Figure 4a). When NFC was added to the SSD, the 199 

temperature increased by about 15°C. However, the 𝑇𝑓 was about 19°C, which is much lower than that 200 

of PCM samples containing borax.  201 

Borax was used as a nucleating agent to promote SSD crystal growth. The effect of borax on the 202 

∆𝑇𝑠 and Tm is presented in Table 2. No phase change was observed during cooling to room temperature 203 

when the borax content did not exceed 1 wt%. Further addition of borax decreased the ∆𝑇𝑠; the lowest 204 

value was observed when the borax content was 7 wt%. The temperature change during cooling is 205 

shown in Figure 4b. When PCM was consisted of 93 wt% of SSD and 7 wt% of borax without NFC, 206 

∆𝑇𝑠 and Tm are 4.5°C and 31.1°C, respectively. The temperature after the phase change was maintained 207 

for a longer time for PCMs containing NFC than for those lacking NFC. Thermal energy is released 208 

during crystallization. In phase -separated PCMs without NFC, the sedimented anhydrous SS was 209 

unable to form the hydrated crystal structure, which resulted in less heat being released during the phase 210 

change. Thus, NFC only slightly influenced solidification, but strongly promoted the formation of a 211 

more hydrated crystal structure by preventing phase separation.  212 

The effect of graphite on ∆𝑇𝑠 and Tm is presented in Table 3. The ∆𝑇𝑠 and Tm of the graphite-free PCM 213 

were 3.6°C and 31.2°C, respectively. When graphite was added to improve PCM thermal conductivity, 214 

the ∆𝑇𝑠 increased slightly, but Tm was not affected significantly. 215 

 216 

Figure 4. Cooling curve of phase change material composites. (a) Cooling in a cold environment (5°C) 217 



and (b) cooling at room temperature (22°C).  218 

 219 

Table 2. Supercooling degree and melting temperature of sodium sulfate decahydrate as a function of 220 

borax content for samples cooled at room temperature (22°C). 221 

 222 

 223 

Table 3. Supercooling degree and melting temperature of phase change material as a function of graphite 224 

addition (sodium sulfate decahydrate: 92 wt%, borax: 7 wt%, and NFC: 1 wt%). 225 

Graphite 

(wt%) 
∆𝑇𝑠 (°C) Tm (°C) 

0 3.6 31.2 

1 4.6 31.6 

3 4.6 31.5 

5 4.2 31.1 

 226 

DSC results for the formulated PCM composites are suggested in Table 4. The enthalpy of the graphite-227 

free PCM composite was 140.7 J/g. This substantial reduction in enthalpy compared with the theoretical 228 

value of 251 J/g for SSD is in good agreement with previous studies (Li et al. 2020). The enthalpy 229 

decreased with graphite addition because of decreasing salt hydrate mass fraction. The energy efficiency, 230 

expressed per unit mass of SSD, was used to assess the effectiveness of SSD in the various composites. 231 

This metric was calculated by dividing the enthalpy by the mass fraction of SSD in the composite. The 232 

effectiveness of SSD in the composites slightly decreased with increasing graphite content. This 233 

indicated that the interaction between SSD and graphite affected SSD crystallization.  234 

 235 

 236 

Borax (wt%) ∆𝑇𝑠 (°C ) Tm (°C ) 

0 – – 

1 – – 

2 7.3 31.7 

3 5.0 31.4 

5 4.3 31.4 

7 3.6 31.2 

9 3.7 31.2 

Tm: melting temperature; NFC content: 1 wt% 

 



 237 

Table 4. Thermal properties of graphite-containing phase change materials. 238 

Graphite 

(wt%) 

Tm (from DSC) 

(°C) 

Enthalpy 

(J/g) 

Energy 

efficiency 

(J/g of SSD) 

0 34.0 140.7 152.9 

1 33.2 130.9 143.7 

3 33.1 127.5 142.8 

5 33.2 121.7 138.8 

 239 

  240 



3.3 Enhancement of thermal conductivity of phase change materials  241 

The thermal conductivity of a PCM is important because it determines the efficiency of the TES system 242 

and the energy release process during the phase change. This property was calculated according to 243 

Equation (2) using the light flash method, which has been determined to be suitable for salt hydrates. 244 

The specific heat, density, thermal diffusivity, and thermal conductivity of the various PCMs are given 245 

in Table 5 and Figure 5a. The pristine SSD PCM without graphite or NFC had a thermal conductivity 246 

of 0.390 W/(m·K), and addition of 1 wt% of NFC increased the value slightly to 0.407 W/(m·K). The 247 

thermal conductivity increased further with graphite addition. When the graphite addition level reached 248 

5 wt% of the PCM, the thermal conductivity was 0.981 W/(m·K), which is 250% higher than that of 249 

pure SSD. The increased thermal conductivity improved heat transfer during the heat storage process; 250 

the observed temperature changes for the formulations are shown in Figure 5b. The time to reach a 251 

plateau temperature (about 45°C) became shorter with graphite addition; the heat charging time 252 

decreased from 16.0 to 11.9 min when 5 wt% of graphite was added. The results clearly indicate that 253 

the PCM composites possessed improved heat transfer performance. 254 

 255 

Table 5. Calculated thermal conductivities of phase change materials.  256 

Phase change material 
Specific heat 

(J/(g·K)) 

Density 

(g/cm3) 

Diffusivity 

(mm2/s) 

Thermal 

conductivity 

(W/(m·K)) 

SSD 0.917 1.493 0.285 0.390 

SSD_NFC 1% 0.913 1.664 0.268 0.407 

SSD_NFC 1%_Graphite 1% 0.917 1.732 0.293 0.465 

SSD_NFC 1%_Graphite 3% 0.932 1.809 0.473 0.797 

SSD_NFC 1%_Graphite 5% 0.903 1.763 0.616 0.981 

(SSD: 92 wt%; borax: 7 wt%; NFC: 1 wt%, Graphite was added based on the weight of PCM) 257 



 258 

Figure 5. (a) Thermal conductivity of phase change materials as a function of graphite content, (b) 259 

Temperature change during the heat storage process. Increased thermal conductivity by graphite 260 

addition improved heat transfer of phase change materials during the heat charging process in (b). 261 

 262 
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3.4 Characterization of phase change materials 264 

The chemical structures of the SSD-based PCM composites and their components were investigated by 265 

ATR-FTIR (Figure 6). In the spectrum of SSD, the broad peak between 3000 and 3700 cm–1 and the 266 

peak at 1669 cm–1 correspond to the O–H stretching vibration, which is due to water of crystallization 267 

(Liu Y et al. 2020). The peak at 1078 cm–1 corresponds to the asymmetric stretching vibration of S–O 268 

in the SO4
2– of SSD (Qing et al. 2006). In the borax spectrum, the peak at 1345 cm–1 is assigned to the 269 

asymmetric B–O bond stretching vibration in BO3 (Goel et al. 2013). The peaks at 1127 and 1072 cm–1 270 

correspond to asymmetric B–O bond stretching in BO4 (Goel et al. 2013). Peaks attributed to hydroxyl 271 

groups (3328 cm–1) and characteristic glucosidic linkages of cellulose (897 cm–1) are evident in the NFC 272 

spectrum (Gopakumar et al. 2018). The graphite spectrum shows two peaks at 1633 and 3442 cm–1 that 273 

correspond to C = C bending and O–H stretching vibrations, respectively; the latter is associated with 274 

KBr that was used to prepare the FTIR sample (Bharath et al. 2017). All of the characteristic peaks of 275 

each component, i.e., SSD, borax, NFC, and graphite, were present in the spectra of the PCM 276 

composites, and no new peaks were noted. 277 

The crystal structures of the PCM composites and their components were confirmed by XRD (Figure 278 

7). Graphite presented characteristic peaks at 2θ = 26.4° and 54.5°, which correspond to the (002) and 279 

(004) crystal planes, respectively (Bharath et al. 2017; Sayah et al. 2018). NFC displayed two broad 280 

peaks centered at 16.3° and 22.6°, corresponding to the (110) and (200) crystal planes, and were 281 

attributed to the cellulose type I structure (Kumar and Srivastava 2018). The (110) and (200) crystal 282 

planes represents hydrophilic and hydrophobic surface in NFC, which is evidence of amphiphilic nature 283 

of NFC. Borax displayed a characteristic peak at 2θ = 15.7° (Goel et al. 2013). The SSD diffractogram 284 

contained many peaks. The XRD peaks observed for SSD are similar to those reported elsewhere 285 

(Vavouraki and Koutsoukos 2012; Fang et al. 2020). Comparison of XRD patterns confirmed that the 286 

peaks highlighted in yellow in the PCM spectra were due to SSD. Notably, no new diffraction peaks 287 

appeared in the spectra of the PCM composites; XRD confirmed that the intense peaks corresponded to 288 

the individual components.  289 

 290 



 291 

Figure 6. Fourier transform-infrared spectra of phase change material (PCM) composites and their 292 

components. (a) Components and (b) PCM. 293 

 294 

 295 

Figure 7. X-ray diffraction patterns of phase change material (PCM) composites and their components. 296 

 297 

The thermal stability of the PCM composites was investigated by TGA (Figure 8). The weight loss 298 

increased with increasing temperature due to evaporation of water. Most of the water (from SSD) was 299 

eliminated from the PCM once the temperature reached 107°C; this temperature is slightly higher than 300 

reported previously (Liu et al. 2020). When NFC was present in the PCM composite, the weight 301 

plateaued at 118°C. Subsequent addition of graphite raised the plateau to 116°C. Addition of NFC to 302 

SSD improved the thermal stability. For example, the weight loss of SSD_NFC 1.0% without and with 303 

graphite was about 59 and 61 wt% at 107°C. Addition of NFC also improved the water retention of the 304 



PCM composites; this was due to hydrogen bond formation between the NFC fibrils. However, water 305 

loss from the PCMs was similar regardless of NFC addition over the range of 25°C to 60°C. The water 306 

loss in this range was higher compared with that previously reported due to the thickening by the NFC 307 

(Liu et al. 2020). The viscosity of the PCM composites in water was unchanged by NFC addition (Oh 308 

et al. 2017). Thus, evaporation of water from the composite was easier than if a polymer had been added, 309 

which typically increases viscosity. It is likely that water retention can be further improved by co-310 

addition of polymer and NFC.  311 

 312 

 313 

Figure 8. Thermogravimetric analysis of phase change material composites. 314 

 315 

Figure 9 schematically illustrates the PCM composites, considering their structural properties and 316 

thermal stabilities. The FTIR and XRD analyses confirmed that there was no reaction between the PCM 317 

components. NFC was adsorbed on the graphite surface via hydrophobic interactions, which stabilized 318 

the graphite in the composite. The abundant hydroxyl groups on the NFC surface led to the formation 319 

of hydrogen bonds, which improved the thermal stability of composites by suppressing water 320 

evaporation.   321 

 322 



 323 

Figure 9. Schematic illustration of the structure of the phase change material composites. 324 

  325 



4. Conclusion  326 

We prepared SSD/NFC/graphite PCM composites containing 7 wt% of borax, 1 wt% of NFC, and 327 

various levels of graphite by mechanical blending. The phase change temperature and latent heat of the 328 

PCM composite containing 5 wt% of graphite was 31.1°C and 121.7 J/g, respectively. The NFC 329 

provided phase stability to the PCM composites in the liquid state and resulted in more heat being 330 

released during melting compared with the PCM without NFC. Furthermore, the NFC enhanced the 331 

thermal stability of the PCM composite by forming hydrogen bonds, which suppressed evaporation of 332 

water from the composite. Dispersion of the hydrophobic graphite that was used to improve thermal 333 

conductivity was assisted by the amphiphilic characteristics of NFC; no hydrophilic treatment was 334 

required. Addition of 5 wt% of graphite improved the thermal conductivity of the PCM composite by 335 

250% and increased the heat charging rate during melting. The SSD/NFC/graphite PCM composites 336 

are promising candidates for TES.  337 

  338 
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