Enhanced thermal energy storage performance of salt hydrate phase change materials: effect of cellulose nanofibril and graphene nanoplatelet
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Abstract: Thermal energy storage (TES) has attracted intense attention because of its positive contribution to sustainable energy utilization. To improve the TES performance of sodium acetate trihydrate (SAT), the combined use of cellulose nanofibril (CNF) and graphene nanoplatelet (GNP) was investigated to tackle the phase separation problem and to improve the thermal conductivity of SAT. Phase stability and rheology tests revealed that adding 0.8% of CNF to SAT increased viscosity, enhanced solid-like rheological behavior, and successfully eliminated phase separation. Meanwhile, the amphiphilicity of CNF facilitated the dispersion of GNP. Sodium phosphate dibasic dodecahydrate (DSP; Na2HPO4∙12H2O) was selected as the nucleating agent, which reduced the supercooling degree of SAT to 2.1°C. Phase change materials (PCMs) were prepared by simply blending GNP pre-dispersed with CNF, DSP, and SAT. Due to the excellent thermal performance of GNP and its good dispersion by CNF, the prepared PCM composites showed enhanced thermal conductivity compared with that of pure SAT. Thermal reliability testing indicated that the melting point and enthalpy of the prepared PCM composites decreased after 100 melting/freezing cycles. Overall, PCM composites with enhanced performance were fabricated based on renewable, bio-based, and biodegradable nanocellulose. These composites can be used for certain TES applications.
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1. Introduction 
[bookmark: _GoBack]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 [1]. Using efficient TES systems, mismatch between power production and demand can be minimized, and the security of energy supplies can be guaranteed [2]. Furthermore, TES systems possess higher overall efficiency, competitiveness in investment and running costs, and reduced environmental pollution, e.g., reduced CO2 emissions [3]. Due to their large latent heat and high-energy storage density [4,5], 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 [6]. 
Sodium acetate trihydrate (SAT) is promising for TES applications, due mainly to its high volumetric energy storage density and desirable phase change temperatures [7]. SAT has appeared in many applications, e.g., household hot water supply systems, indoor heating systems [8], and solar heating systems [9]. Additionally, SAT is non-flammable, non-corrosive, non-toxic, and inexpensive compared with certain organic PCMs, for example, paraffin [2]. 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 [10]. 
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 [11−15]. 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 [16]. When dispersed in aqueous media, CNF readily forms networks even at a consistency as low as 0.15% [17]. Typically, a three-dimensional gel-like structure appears when the critical concentration of the nanofibril is reached [17,18]. The strength of this nanofibril network increases with increasing CNF content, as reflected by increased dynamic moduli [19,20]. These three-dimensional networks, formed via physical entanglements of the nanofibrils and with hydrogen bonding between the adjacent nanofibrils involved [21,22], 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 [23]. 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 [24]. 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 [13,14]. In the present study, screening and optimization of NAs were compared among four candidates to achieve the lowest supercooling degree.  
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 [25]. 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 [26]. As shown by a host of studies, CNF can effectively disperse carbon materials, such as expanded graphite, carbon nanotubes, and graphene [27−29], and does not hinder the intrinsic properties of dispersed carbon materials [30]. Hence, the secondary role of CNF here is to disperse GNP, providing accelerated heat transfer in PCMs.
In the present study, we tried to improve the thermal energy storage performance of SAT using CNF. 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.

2. Materials and methods
2.1 Materials
Bleached eucalyptus kraft pulp was the starting material for 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. All chemicals were used as received, and deionized water was used throughout all experiments. 
2.2 Methods
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 mmol/g CNF. 
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/GNP0.5, CNF/GNP1.5, and CNF/GNP2.5, where the subscripts indicate the dose (%) of the GNP. 
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.  
Characterization
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 incorporation the needed amount of cellulose nanofibril (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 PCM composites was determined by inverting the bottles and noting the flowability of the samples.
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 composite. 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 Equation (1) as follows [31]:
                                                                                                                                                   (1)  
where  is the shear stress (Pa),  reflects the individual fibril characteristics, and  is the shear rate (1/s).                                                  
The experimental setup for the T-history method [32], which was used to determine the supercooling degrees of the PCM composites, is shown in Fig. 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 Equation (2) as follows:
                                                                                                                                             (2)                                                                                                                     
where  is the supercooling degree (°C),  is the melting point (°C), and  denotes the freezing point (°C).

[image: ]
Fig. 1. Experimental setup of the cooling test.

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). 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. 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 crystalline phases of the samples were examined by X-ray diffraction (XRD; D8 Advance; Bruker, Germany) using Cu Kα1 radiation at λ = 1.5418 Å operating at 40 kV and 40 mA. The measurements were conducted at 2.4°/min. 
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 25C to 70C at a rate of 5C/min. The weight loss of the samples was recorded by the Discovery thermogravimetric analyzer (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. 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 at 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 Equation (3) as follows:
                                                                                                                                             (3)                                                                                              
where is the thermal conductivity (W/(m⋅K)),  is the thermal diffusivity (mm2/s),  is specific heat (J/(kg∙K)), and  is the density of the pellet (kg/m3). 
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.

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 [23]. 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. 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 [17,33]. Importantly, the strength of CNF networks increases with increasing CNF loading [34]. 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. 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. 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.
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Fig. 2. Characterization of SAT/CNF mixtures: (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 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. 2c), as Iwamoto et al. similarly noted [35]. This is related to the pseudoplastic and thixotropic behaviors of CNF [36,37], as supported by the power law index of n < 1 (Fig. 2c). Unsurprisingly, with increased CNF content in SAT, 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 [37]. 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 [34]. 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 quantify the CNF network strength (Fig. 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. 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. 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 [38]. 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. 

3.2 Screening of NAs and cooling tests
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. 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 22 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 [14]. 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. 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. S1. Both the type and dosage of NA influenced the supercooling suppression. The obtained results reveal that DSP was the most effective NA at suppressing the supercooling of SAT, and the suitable dosage was 3%. 
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 [39]. 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 [40]. Additionally, chemical modification to improve the dispersion of graphite or graphene is complex, costly, and environmentally unfriendly. We tested GNP as the thermal conductivity enhancer and used a green dispersing process with CNF 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 [29]. The morphologies of the CNF, GNP, and CNF/GNP composites are shown in Fig. 4. The CNF exhibited the typical morphology of a high aspect ratio and entangled network structure. 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, 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. We then blended the CNF/GNP composites with SAT and DSP to fabricate SAT-based PCM composites (Fig. 5).
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Fig. 4. TEM images of (a) CNF, (b) GNP, (c) CNF/GNP0.5, (d) CNF/GNP1.5, and (e) CNF/GNP2.5. 

[image: ]
Fig. 5. Schematic illustration of the preparation of PCM composites.

The dispersing state of GNP in SAT is shown in Fig. S2. A stable phase was achieved when 0.8% CNF was added, however, both GNP and salt hydrate settled down without the addition of CNF. This again suggests the effectiveness of CNF in providing phase stability to the final PCM composites. The rheological properties, including viscosity, viscoelasticity, and phase angle of GNP-containing PCM samples, were analyzed (Fig. S3). These results indicated that the composites were phase-stable, with increased viscosity and solid-like performance. The effect of GNP addition on the supercooling suppression of SAT was also determined (Fig. S4). The results show that SAT crystallized rapidly within 5 min after cooling was initiated, and the supercooling degrees of these PCM composites were mostly unchanged with the addition of GNP. These findings suggest that the addition of GNP does not harm the nucleating effect of DSP. Fashandi and Leung reported that the addition of GNP was detrimental at all doses to the suppression of supercooling of SAT [41]. 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 our 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. 
The structures of the prepared PCM composites were examined via FE-SEM. Low-magnification FE-SEM images indicated good compatibility among the components (Fig. 6). Fig. 6a 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. High-magnification FE-SEM images (Fig. 7) 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. 5). The CNF appeared to act as bridges to connect other components, as can be seen in all four images. While it is difficult to identify the nanoplatelets in the SAT-based PCM composite at the GNP dose of 0.5% (Fig. 7b), they are more clearly visible at higher doses (Fig. 7c, d). In short, PCM composites with compact structures were successfully prepared, and these compact structures likely contributed to improved heat transfer. 
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Fig. 6. Low-magnification FE-SEM images of SAT (a) and SAT-based PCM composites: (b) 0%, (c) 0.5%, (d) 1.5%, and (e) 2.5% GNP. Magnification: 400×.

[image: ]
Fig. 7. High-magnification FE-SEM images of SAT-based PCM composites: (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×. 

3.4 Characterization of the chemical structure and crystalline phases
The chemical structure and components of the SAT-based PCM composites were investigated by attenuated total reflection FT-IR (Fig. 8 and S5). 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 [42]. Peaks ascribed to hydroxyl groups (3328 cm−1), and characteristic glucosidic linkages of cellulose (897 cm−1) [43], 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) [44]. 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 [45]. Thus, all of the characteristic peaks of each component, i.e., SAT, CNF, DSP, and GNP, were present in the spectrum of the PCM composites, and there were no new peaks generated.
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Fig. 8. FT-IR spectra of SAT-based PCM composites and their components.

The XRD patterns of the SAT-based PCM composites and the components are shown in Fig. 9 and S6. 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 [46]. 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 [47]. The diffraction pattern of GNP showed a peak at 26.4°, corresponding to the (002) plane [45]. 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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Fig. 9. XRD patterns of SAT-based PCM composites and their components.

3.5 Characterization of the thermal properties
The DSC curves of SAT and its composites are presented in Fig. 10. Pure SAT had an enthalpy of 270.2 kJ/kg and melting point of 58.7°C, which are quite close to the reported theoretical 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 1. It is clear that the melting points were all approximately 58°C, and the enthalpies of the composites decreased slightly with increasing GNP content. 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. 
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Fig. 10. DSC curves of SAT and SAT-based PCM composites.

Table 1. Melting points and enthalpies of SAT and SAT-based PCM composites.
	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. 11. 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 (~145°C for GNP-containing composites and 150°C for composites without GNP), indicating a stronger water-holding ability and better thermal stability of these samples. Hydrogen bonding between 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. Thermogravimetry suggested that the prepared PCM composite can hold water more strongly during the melting process of SAT, which is favorable for applications at elevated temperatures.
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Fig. 11. Thermogravimetry curves of SAT and SAT-based PCM composites.

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 Equation (3). The method was investigated by Kleiner et al. [48], who concluded that this method is suitable for determining the thermal conductivity of a salt hydrate. The measured density, specific heat, and thermal diffusivity are tabulated in Tables S1 and S2. The calculated thermal conductivity is presented in Fig. 12. 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 [49]. 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. Our thermal conductivity results agree well with the reported values in the work by Yang et al [50]. 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 our 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 [51], which should be concerned in research. 
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Fig. 12. Thermal conductivity of SAT and SAT-based PCM composites.

The thermal reliability of PCMs is important, as it determines the service life of a thermal energy storage system. Thermal reliability testing using FT-IR (Fig. 13a and S7) 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. The melting point of the prepared PCM composite (2.5% GNP condition; Fig. 13b) 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. Fig. S8 shows the DSC curves of the prepared PCM composites with different GNP contents after 100 melting/freezing cycles; their melting points and enthalpies are summarized in Table S3. The melting points were quite close to 58°C, and the reduction in their enthalpies was in the range of 8–12%. Although the obtained thermal reliability result of current work 
is comparable with the results of some studies [8,52,53], more effort on improving the long-term thermal reliability of PCM composites and more cycles of melting/freezing should be performed in our future work.
(a)
(b)

Fig. 13. Thermal reliability tests: (a) FT-IR spectra of PCM composites before and after 100 melting/freezing cycles and (b) DSC curves of PCM composites before and after 100 melting/freezing cycles. 

4. Conclusions
Salt hydrate PCM composites with stable phase, minimal supercooling, and improved thermal properties were prepared. As a green and versatile nanomaterial, CNF efficiently addressed the phase separation problem by increasing the viscosity and elastic modulus of SAT, which resulted mainly from entangled networks of CNF. With the addition of 3% DSP as a NA, the supercooling degree of SAT was suppressed to only 2.1°C. Compared with pure SAT, the prepared PCM composites had more compact structures and smaller crystal sizes. When GNP pre-dispersed in CNF was used, the thermal properties of the prepared PCM composites were enhanced, as reflected by TGA and thermal conductivity analyses. After 100 melting/freezing cycles, their enthalpies decreased around 10%, which should be improved for long-term end-uses. In summary, the prepared salt hydrate PCM composites showed improved thermal energy storage performances, making them more suitable for practical applications. Additionally, this research provides clues for the application of green natural polymers, e.g., CNF, to an emerging research field, i.e., thermal energy storage.     
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