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((The mixture of crystallohydrate phase change materials (PCMs) Na2HPO4·12H2O and 

Na2SO4·10H2O is loaded into halloysite nanotubes (HNTs) by water bath sonication and 

impregnation under vacuum at 40 ˚C. It is the first time HNTs are applied as nanocontainers 

for crystallohydrate PCMs for thermal energy storage. The PCM retains well in the 

nanocontainers over the solid-liquid phase change, due to the electrostatic interaction 

between PCM and the inner space of HNTs as well as the nanoconfinement effect. No new 

covalent bonding is formed between PCM and HNTs in the composite. The crystal structure 

of the hydrated salts mixture does not change after loading into HNTs. With 67wt% effective 

loading of Na2HPO4·12H2O and Na2SO4·10H2O in 1:1 mass ratio, the nanocontainer 

composite exhibits the melting temperature of 35.8 ˚C and the melting enthalpy of 142 J g-1. 

During the thermal cycling tests, it shows no phase separation and the thermal stability is 

well kept over 50 cycles. The PCM/HNTs nanocontainers can be considered as efficient 

nanoscaled energy storage units with great potential in practical applications.)) 

 
1. Introduction 

 

Phase change materials (PCMs) are widely applied for thermal energy storage in building 

materials,[1,2] smart textiles,[3]  and greenhouses.[4] Both organic and inorganic substances can 
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be used as PCMs. Organic PCMs including paraffin,[5] fatty acid[6] and glycols[7] have the 

disadvantages such as low thermal conductivity (about 0.2 W m-1 K-1),[8] flammability and 

usually toxicity.[9] On the other hand, crystallohydrates, as the main family of inorganic 

PCMs, show higher thermal conductivity (0.5-0.7 W m-1 K-1),[8] inflammability, non or slight 

toxicity,[10] low cost and often higher latent heat.[11] All these characteristics make 

crystallohydrates advantageous candidates as PCMs comparing to the organic PCMs. 

Among vast variation of hydrated salts, Na2HPO4·12H2O (disodium phosphate 

dodecahydrate, DHPD) is considered as attractive PCM due to high mass heat storage 

capacity of 256-281 J g-1[12] and low melting temperature range of 35-44 ˚C.[13]  

The problem of phase separation is considered as disadvantageous for inorganic PCMs, since 

it decreases the melting enthalpy of the material. There are several methods to solve it. One of 

them is to add thickening agents such as sodium polyacrylate to stop phase separation in the 

beginning.[14] However, the melting enthalpy retains only for maximum 10-15 thermal cycles 

due to the boundary interface appeared between PCM crystals and thickening agent. The 

microencapsulation of Na2HPO4 ·12H2O into polymer shell by solvent-evaporation-

precipitation method[15] can prevent phase separation, but no information on durability in 

thermal cyclings was given. The polymer shell formed during the solvent evaporation does 

not keep water content constant and the fabrication method is complicated.  

In a recent research,[16] Na2HPO4 ·12H2O has been mixed with Na2CO3 ·10H2O to form 

eutectic hydrated salts (EHS). The eutectic mixture can effectively reduce phase separation of 

hydrated salts.[17,18] However, the phase change effects after thermal cycling were not 

discussed. 

Composite PCMs attracted much attention during the last decade.[19–21] Due to the simple 

fabrication process by mixing PCMs with supporting material and often good thermal stability 

in the cycling tests, they are considered as an effective thermal energy storage tool.[22] 

Hydrated salts have been mixed with metal nanoparticles to form composite PCMs.[21,23] 
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Despite the improved thermal conductivity, the decreased heat storage capacity, high cost of 

metal nanoparticles, their corrosion and usually poor performance in cycling tests limit the 

application of hydrated salts/metal nanoparticles composites. Porous material such as 

expanded graphite (EG) has also been reported to form composites with 

NaCH3COO·3H2O
[24,25] and CaCl2·6H2O.[26] Haillot et al.[24] has compressed 

NaCH3COO·3H2O directly with EG resulting in only one melting peak detected from the first 

thermal run. By adding carboxymethyl cellulose (CMC) as thickening agent, Shin et al.[25] 

obtained NaCH3COO·3H2O/EG composite retaining thermal properties after 5 cyclings. With 

large number of pores in micrometer range,[27] EG is actually not the optimal candidate to 

absorb hydrated salts and prevent them from leaking when they have liquid phase. 

Halloysite nanotubes (HNTs) is natural mineral clay, which can be found across the world.[28] 

They have hollow cylinder morphology with a small inner lumen of 10-30 nm and a length up 

to tens of micrometers.[29] Easy accessibility, low-cost, non-toxicity as well as regular 

nanoconfinement and high specific area[28] have made HNTs widely used as nanoreactors,[30–

32] adsorption materials[33] or nanocontainers for controlled release of functional 

materials.[28,32,34] In a few recent research works,[35,36] they have been used as supporting 

matrix for organic PCMs. The surface of HNTs is hydrophilic and it consists of inner and 

outer parts with different chemical composition. The inner surface of the lumen has a positive 

charge due to Al-OH groups, and the external surface is negative with siloxane (Si-O-Si) 

groups.[29] Till now, HNTs have not been reported as nanocontainers for encapsulation of 

inorganic crystallohydrate PCMs. 

Our work demonstrates a novel and effective solution of phase separation problem and 

instability in thermal cyclings of crystallohydrates on the example of Na2HPO4 ·12H2O mixed 

with Na2SO4 ·10H2O (sodium sulfate decahydrate, SDH) to form binary eutectic hydrated 

salts mixture, and then loading the EHS into HNTs. As the nanoconfinement effect from 

HNTs may not completely inhibit the phase separation of Na2HPO4 ·12H2O, the eutectic 
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phenomenon of hydrated salts mixture is used as auxiliary. The effect of HNTs in the 

crystallohydrate/HNTs nanocontainer composite is also highlighted by comparing 

DHPD/HNTs with pure DHPD. 

 

2. Results and Discussion 

 

2.1. Thermal characterization of crystallohydrates loaded HNTs nanocontainer 

composites 

 

To demonstrate the influence of HNTs on melting behaviour of hydrated salts, two groups of 

samples DHPD vs. DHPD/HNTs and 1DHPD:1SDH vs. 1DHPD:1SDH/HNTs were tested, as 

shown in Figure 1a. In the Supplementary Information Section, the correspondent DSC data 

are listed in Table S1a and the melting curve of SDH is shown in Figure S1. In the first 

group, Na2HPO4 ·12H2O has two obviously separated big melting peaks at 42.6 °C and 51.9 

°C, which indicates strong phase separation. The first peak is due to the melting of 

Na2HPO4·12H2O,[12] while the peak at 51.9 °C appears from the melting of 

Na2HPO4·7H2O.[10] In comparison, the DHPD/HNTs have a main peak at 42.4 °C from the 

melting of Na2HPO4·12H2O and a small peak at 47.6 °C. DHPD/HNTs show a smaller 

melting temperature range than DHPD. The splitting of two melting peaks is much lower, 

confirming the phase separation of DHPD has been clearly reduced in the HNTs 

nanocontainer composite. This could result from the nano-confinement effect of HNTs. The 

diffusion of the hydrated salts is accelerated inside nanosized halloysite lumen,[37-40] leading 

to homogenization during the melting. In the second group, both hydrated salts mixture 

1DHPD:1SDH and 1DHPD:1SDH/HNTs show one melting peak. The nanocontainer 

composite exhibits a slightly lower melting peak at 35.8 °C than the melting peak of hydrated 

salts mixture at 38.5 °C. The decrease of the melting temperature of hydrated salts inside 
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HNTs is also observed by the second peak of DHPD/HNTs composite. This could be also 

explained by the nano-confinement effect. As the surface energy of PCM increases in 

nanotubes, its melting temperature decreases accordingly.[41–44]  

Figure 1b displays the melting behaviour of PCM/HNTs nanocontainer composite with 

different salt ratio. Hydrated salts mixture/HNTs show different melting temperature as 

compared to pure DHPD/HNTs and SDH/HNTs. The 3DHPD:1SDH/HNTs have separation 

of two melting peaks. The one at 35 °C is caused by the melting of the eutectic mixture, while 

the one at 46.9 °C could be attributed to the phase separation of the DHPD excess. As the 

ratio of SDH increases to 1DHPD:1SDH, only one melting peak at 35.8 °C is present, which 

Figure 1. a) Comparison of DSC melting curves of pure hydrated salts to 
correspondent hydrated salts/HNTs, b) DSC melting curves of hydrated salts/HNTs 
with different mass ratios of DHPD to SDH 
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is the eutectic point of the mixture. The melting enthalpy is 142 J g-1. 1DHPD:3SDH/HNTs 

also shows one melting peak at 35.7 °C, and the melting enthalpy is 124 J g-1. The melting 

peak from the eutectic mixtures and the one from SDH excess could fuse together to form one 

broad peak. The lower melting enthalpy compared to 1DHPD:1SDH/HNTs should be 

attributed to the excess amount of SDH. For further investigation of the optimum loading in 

HNTs, the eutectic hydrated salts mixture 1DHPD:1SDH is selected. 

 
2.2. Effect of the PCM loading on composite properties  

 

Regarding different starting loading percentage of the hydrated salts, the melting behaviour of 

composite is shown in Figure 2, including correspondent melting point and melting enthalpy. 

All the composites consist of hydrated salts mixture with 1DHPD:1SDH mass ratio and have 

a consistent single melting peak at about 36 °C. The melting enthalpy of the composite 

increases with the loading percentage of hydrated salts mixture. Further, by comparing the 

increment of melting enthalpy per 1wt% increase of loading, it should be noticed that from 

58wt% to 70wt% the rate is 3.6 J g-1 wt%-1, which is much higher than the one from 70wt% to 

Figure 2. DSC melting curves of PCM/HNTs nanocontainer composite with various loading 
of hydrated salts mixture (1DHPD:1SDH) as PCM  
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82wt% (1.9 J g-1 wt%-1), and from 82wt% to 88wt% (1.8 J g-1 wt%-1). The hydrated salts 

loaded into the halloysite nanotubes can retain latent heat enthalpy much better than the ones 

absorbed on the surface or even not attached to HNTs, as the confined nanotube volume 

prevent the degradation of hydrated salts. Correspondently, the hydrated salts from 58wt% to 

70wt% are loaded inside HNTs, while further increase of PCM content from 70wt% to 88wt% 

should locate largely outside HNTs. The much smaller increasing rates of the melting 

enthalpy indicates the formation of PCM aggregates outside HNT lumen over 70wt%. 

The SEM images of HNTs and PCM-loaded HNTs nanocontainer composites with different 

loading are illustrated in Figure 3. Halloysite has the form of nanotubes (Figure 3a), with an 

average outer diameter of 70 nm. The dominant morphologies are long tubes with the length 

from 800 nm to 1 µm, although some short tubes below 200 nm are observed. With 58wt% of 

loaded hydrated salts (Figure 3b), the composite shows similar morphology as unloaded 

HNTs. Separated nanotubes can be observed. The ends of most nanotubes are blocked with 

loaded hydrated salts. Composite with 70wt% loading (Figure 3c) also maintains the 

Figure 3. SEM images of (1DHPD:1SDH)/HNTs nanocontainer composite at the loading 
percentage of: a) pure HNTs, b) 58wt%, c) 70wt%, d) 82wt%, e) 88wt% PCM. Circles 
indicate unloaded PCMs 
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nanotubular morphology with increased number of the aggregates. When the loading rises to  

82wt% (Figure 3d), some irregular block material is observed besides the nanotube 

aggregates, indicating existence of hydrated salts crystals outside nanotubes. For the sample 

with 88wt% PCM content (Figure 3e), more irregular block material randomly appeared 

among or on the surface of nanotubes, showing oversaturation of the loading. 

To determine the optimum PCM loading into halloysite nanocontainers, thermal cycling tests 

of samples with 58%, 70wt%, 82wt% and 88wt% loading were carried out. Changes of the 

melting enthalpy in the heat uptake/release cycles are displayed in Figure 4. At 88wt% 

loading, the melting enthalpy decreases rapidly after 10 cycles and the decrement reaches 

52% after 33 cycles. Composite with 82wt% of hydrated salts is relatively stable for 33 

cycles, and start to degrade after that. The melting enthalpy reduces by 43% after 50 cycles. 

On the contrary, the one with 70wt% loading shows the best thermal stability. The melting 

enthalpy change is only 7% after 50 cycles. Sample with 58 wt% loading also shows stability 

for 50 cycles, but the melting enthalpy is much lower than the 70 wt%. So the 70 wt% loading 

sample is used for further characterizations in this paper.    

Figure 4. Melting enthalpies of (1DHPD:1SDH)/HNTs composites with various 
loadings vs. numbers of heat uptake/release cycles  
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2.3. Cycling properties of PCM/HNTs nanocontainer composite  

                                                                                                                                                    

The DSC curves of hydrated salts mixture and PCM/HNTs nanocontainer composite during 

50 melting/freezing cycles are displayed in Figure 5. The summary of the correspondent DSC 

data can be seen in Table S2, Electronic Supplementary Information Section. The hydrated 

salts mixture has a melting point of 38.5 °C and melting enthalpy of 211 J g-1 during the first 

cycle. It shows a certain stability for the first twenty cycles due to the eutectic effect. After 20 

cycles, the down shift of melting temperature becomes more evident and the melting enthalpy 

reduces rapidly with increasing cycle number. The melting point shift reaches 2.3 °C and the 

melting enthalpy reduces by 21 J g-1 after 30 cycles, following 5.3 °C and 83 J g-1 reduction 

after 50 cycles, which takes over 39.3% of the original melting enthalpy.  

PCM/HNTs nanocontainer composite exhibits a melting point of 35.8 °C, which is lower than 

the pure hydrated salts mixture. The melting enthalpy is 67% of the hydrated salts mixture. 

Since HNTs does not have melting behaviour, the effective loading yield of the composite can 

thus be calculated as 67wt%. [45] It is similar to the starting loading percentage of 70wt%. The 

hydrated salts mixture keeps its melting enthalpy efficiently in the composite after the 

halloysite loading and drying. The composite demonstrates better thermal stability than pure 

hydrated salts mixture in heat uptake/release cycles. The melting temperature shift is only 0.9 

°C, and the melting enthalpy decrease is 10 J g-1 after 50 cycles, which is only 7% of the 

starting value. The nano-confinement effect from HNTs evidently inhibits phase separation 

and PCM degradation during thermal cyclings. 

Turbulence in freezing temperature is observed for both hydrated salts mixture and 

nanocontainer composite during cyclings. This could be attributed to the slow nucleation 

process for crystallohydrate PCMs. The hydrated salts start to nucleate at slightly different 

temperature during each cycle, and the process of heat release does not have a uniform rate 

for all nanotubes because of their difference in length, so the freezing peak can vary between 
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1 °C to 6 °C.  It should be also noticed, the freezing enthalpy of the pure hydrated salts 

mixture decreases rapidly after 50 cycles, which is due to the phase separation effect.[46] In 

comparison, the freezing enthalpy of the nanocontainer composite does not show obvious 

change during cyclings. This proves again the phase separation is eliminated inside HNTs 

composite. It is assumed, that a relatively ordered crystal structure could be generated 

repeatedly within a confined space of halloysite lumen. 

 
Figure 5. a) Thermal cycling tests of hydrated salts mixture (1DHPD:1SDH) for 50 cycles, b) 
(1DHPD:1SDH)/HNTs nanocontainer composite for 50 cycles 
 
The stability of encapsulated PCM during heating/cooling cycles can be visually seen in 

Figure 6, where images of hydrated salts mixture and encapsulated hydrated salts 

nanocontainer composite before and after heating at 60 ˚C are displayed. The melting 
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temperature of hydrated salts mixture is about 36 ˚C. While the water leakage is obvious for 

pure hydrated salts mixture, the PCM-loaded nanocontainers keep a stable powder form and 

no liquid leakage is observed after heating to 60 ˚C. 

 
 
Figure 6. Photos of hydrated salts mixture (1DHPD:1SDH) before a) and after b) heating, 
(1DHPD:1SDH)/HNTs composite before c) and after d) heating at 60 ˚C 
 
 
2.4. Structural characterization of PCM/HNTs nanocontainer composite 

 

Figure 7a shows the TEM images of HNTs. They are hollow nanotubes with average inner 

diameter of 30 nm, and the average shell thickness of 20 nm. The average outer diameter is 70 

nm, and the tube length ranges from 200 nm to 1 µm, in accordance with the observations 

from the SEM images (Figure 3a). The EDX measurement detected Si, Al, O elements in pure 

HNTs (Figure 7b). This corresponds to the unit formula for halloysite as Al2Si2O5(OH)4.
[29] 

The TEM images of crystallohydrates loaded HNTs are displayed in Figure 7c. The inner 

lumen of the HNTs is filled with hydrated salts. The EDX spectrum from Figure 7d shows the 

presence of P, S, Na elements in the composite, which appear from the crystallohydrates. 

Combining the observation from the TEM images and the EDX measurement, it can be 

confirmed that hydrated salts mixture is located inside HNTs in the hydrated salts/HNTs 

nanocontainer composite. 
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Figure 7. TEM images of a) HNTs, c) PCM-loaded HNTs, EDX spectra of b) HNTs, d) PCM-
loaded HNTs 
 
The FTIR spectra of hydrated salts mixture, PCM/HNTs and pure HNTs are displayed in 

Figure 8. HNTs show the characteristic absorption peaks at 3625 cm-1 and 3694 cm-1，which  

correspond to the vibration of two alumina stretching bands.[47] In the spectrum of the 

hydrated salts, the peak at 618 cm-1 is assigned to the asymmetric bending vibration of SO4 

group.[48] The peak at 861 cm-1 corresponds to the symmetric vibration of P-OH.[49] The P-O 

bonding shows two obvious peaks, one at 985 cm-1 due to the symmetric vibration, and the 

other at 1098 cm-1 from the asymmetric vibration.[50]  

In PCM/HNTs composite the vibration peaks of alumina from halloysite are found without 

any shift, indicating the chemical composition of the halloysite does not change in the 

composite. Also the typical peaks from S-O and P-OH are detected at fast the same 

wavenumbers as for hydrated salts mixture. However, both peaks of P-O bond show a shift 

from 985 to 912 cm-1 and from 1098 to 1031 cm-1, which can be attributed to the electrostatic 

interactions between negatively charged P-O bonds and positively charged alumina layer in 

the lumen of HNTs. This explains hydrated salts are predominantly absorbed inside positively 

charged alumina inner space, but not on the negatively charged silica outer surface of HNTs. 
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The stretching vibration of the alumina layer is not influenced by the weak electrostatic 

interaction from the hydrated salts, which should be due to the strong network structure in the 

layer. In the FTIR spectra, all characteristic peaks of halloysite and hydrated salts mixture are 

displayed, and no new peaks are found. This could be considered as evidence, that no new 

covalent chemical bonding is formed between hydrated salts and halloysite as nanocontainer 

material. 

 
Figure 8. FTIR spectra of hydrated salts mixture (1DHPD:1SDH), (1DHPD:1SDH)/HNTs 
nanocontainer composite and pure HNTs 
 

Figure 9 shows the comparison of the XRD patterns from the PCM/HNTs nanocontainer 

composite, HNTs and hydrated salts mixture. HNTs exhibit a characteristic peak at 11.9 °, 

which is assigned to the multiwall nano-tubular structure.[51] The same diffraction peak is 

observed in the XRD pattern of hydrated salts /HNTs, indicating the same tube wall structure 
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of HNTs is preserved in the nanocontainer composite. Other sharp peaks at 26.4 °, 24.8 ° and 

19.8 ° from HNTs have also been found in the nanocontainer composite. The diffraction 

peaks of hydrated salts mixture are also observed in the same place in the nanocontainer 

composite, confirming the presence of the hydrated salts mixture and the maintenance of their 

crystal structures in the nanocontainer composite. Moreover, the nanocontainer composite 

after heating to 60 °C and cooling shows the same XRD pattern as the sample before heating. 

It demonstrates the crystal structure of the nanocontainer composite sample does not change 

during heating. 

 

Figure 9. XRD patterns of hydrated salts mixture (1DHPD:1SDH), HNTs and 
(1DHPD:1SDH)/HNTs nanocontainer composite before and after heating at 60 °C 
 

3. Conclusion 

 
In this study, a eutectic crystallohydrate PCM/HNTs nanocontainer composite system was 

fabricated to eliminate the phase separation of crystallohydrates as phase change materials as 

well as to improve their thermal stability over phase change cyclings. The mixture of 

Na2HPO4·12H2O (DHPD) and Na2SO4·10H2O (SDH) was selected as crystallohydrate PCM 

because of their ability to form stable eutectic hydrated salts with low melting temperature 
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(˂40˚C) suitable for domestic heat region. HNTs as nanocontainers have the advantages of 

low-cost and easy accessibility. They have long nanotubular morphology with the average 

inner diameter of 30 nm, the average shell thickness of 20 nm and the tube length ranges from 

200 nm to 1 µm. This provides good nano-confinement effect on the loaded crystallohydrate 

PCMs, which can be proved by the improved phase change performance and cycling stability. 

Meanwhile, the proper ratio of inner diameter to shell thickness endows HNTs as 

nanocontainers high loading property as well as structure stability. Due to the vacuum 

impregnation process and the electrostatic interaction between Al-OH from the inner alumina 

layer and P-O from eutectic hydrated salts mixture, PCM was encapsulated into the lumen of 

HNTs. The composite with 67wt% loading of DHPD and SDH in 1:1 mass ratio exhibits no 

phase separation during heat uptake/release. Its melting temperature retains around 35 °C and 

the melting enthalpy decreases only by 7% from 142 J g-1 to 132J g-1 after 50 cycles. The 

structural characterization shows the crystallohydrates in HNTs nanocontainer composite 

have the same IR and XRD pattern as their pure form and no new chemical bonding is formed 

between crystallohydrates and HNTs. During the heating to 60 °C, the morphology of the 

nanocontainer composite keeps stable and its crystalline structure remains unchanged after 

cooling. In general, the encapsulation of eutectic crystallohydrates in HNTs as nanocontainers 

can be considered as effective strategy to address two common problems when inorganic 

crystallohydrates are used as PCMs for thermal energy storage, namely the phase separation 

and poor cycling stability.  The employment of the HNTs with low cost and easy accessibility 

as supporting nanomaterial, the simple fabrication process, as well as the non-toxic property 

of all chemicals included in the composite, make the PCM/HNTs nanocontainer composite 

system economically efficient and environment-friendly. The proper melting temperature 

together with high melting enthalpy render the system big potential in applications of the 

latent heat storage in low temperature range. 

 



    

 16 

4. Experimental Section  

 

    Materials: Sodium sulfate decahydrate (Na2SO4·10H2O, SDH, purity ˃  99%, melting point 

32.4 °C) was purchased from Sigma, USA. Sodium phosphate dibastic dodecahydrate 

(Na2HPO4·12H2O, DHPD, purity ˃  99%) was purchased from Sigma, Germany. Halloysite 

nanoclay (H4Al 2O9Si2·2H2O), in the form of nanopowder, was supplied by Aldrich, USA. All 

materials were used as purchased without further purification. Milli Q water was applied as a 

solvent media. 

    Preparation of PCM-loaded HNTs nanocontainer composite (PCM/HNTs): The 

PCM/HNTs were prepared by sonication and impregnation of concentrated hydrated salts 

solutions under vacuum. To determine the optimal composition and mass ratio of hydrated 

salts loaded in HNTs, Na2HPO4·12H2O and Na2SO4·10H2O mixtures (7 g) containing 0, 25, 

50, 75 and 100wt% of Na2HPO4·12H2O were dissolved in deionized H2O (3 mL) at 40 °C.  

Halloysite (3 g) was added to the solution forming a white suspension. Series of composites 

containing hydrated salts (7 g) and halloysite (0.5, 1, 1.5, 3, 5, 7 g) were also prepared for 

investigation of the loading capacity of halloysite nanocontainers. The suspension was 

sonicated (VWR Ultrasonic Cleaner USC 500TH, output 100 W) at 40 °C for 30 minutes. A 

homogeneous white pulpy mixture was obtained after sonication. Then, the mixture was put 

into the vacuum oven at 40 °C. To achieve better impregnation of the PCMs into the 

halloysite lumen, the samples were first put under vacuum for 10 min, then exposed to the air 

at room temperature for 10 min. This process was repeated two times. In the last step, the 

samples were cooled at 4 °C for 30 minutes and dried in desiccator at room temperature for 2 

days until the weight was constant.  

    Characterization: The morphology of the samples was characterized by scanning electron 

microscopy (SEM) and transmission electron microscopy (TEM). SEM images were recorded 

by JSM-7001F (JEOL Japan) setup. The samples were sputter coated by 100 nm chromium 
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layer before measuring. TEM measurements were operated on STEM-2100F (JEOL Japan) 

with STEM mode at 200 kV. The average diameter, inner diameter and shell thickness of the 

HNTs were calculated from 100 measurements. Energy-dispersive X-ray spectroscopy (EDX) 

was applied for elemental analysis. The chemical composition was characterized by Fourier 

transform infrared spectroscopy (FTIR) using TENSOR II instrument (Bruker, Germany) with 

all reflective diamond ATR. The transmittance mode was recorded from 400 to 4000 cm-1 as 

the result of 64 consecutive scans. The crystal structure of the samples was analysed by X-ray 

diffraction (XRD, Bruker diffractometer with CuKa radiation). The diffraction data were 

recorded in the range of 5-60 ° with the scan speed of 1 ° min-1. The thermal properties 

including cycling tests were characterized by differential scanning calorimeter (DSC, 214 

NETZSCH, Germany). The measurements were undertaken in the temperature range from -20 

to 70 °C with the ramp of 10 °C/min under nitrogen atmosphere. The thermal gravimetric 

(TGA) measurements were recorded from 22 to 200 °C with a heating rate of 5 °C min-1 

under nitrogen atmosphere using STA PT-1000 (LINSEIS, Germany). 
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Figure 1. a) Comparison of DSC melting curves of pure hydrated salts to correspondent 
hydrated salts/HNTs, b) DSC melting curves of hydrated salts/HNTs with different mass 
ratios of DHPD to SDH 
 
Figure 2. DSC melting curves of PCM/HNTs nanocontainer composite with various loading 
of hydrated salts mixture (1DHPD:1SDH) as PCM  
 
Figure 3. SEM images of (1DHPD:1SDH)/HNTs nanocontainer composite at the loading 
percentage of: a) pure HNTs, b) 58wt%, c) 70wt%, d) 82wt%, e) 88wt% PCM. Circles 
indicate unloaded PCMs 
 
Figure 4. Melting enthalpies of (1DHPD:1SDH)/HNTs composites with various loadings vs. 
numbers of heat uptake/release cycles  
 
Figure 5. a) Thermal cycling tests of hydrated salts mixture (1DHPD:1SDH) for 50 cycles, b) 
(1DHPD:1SDH)/HNTs nanocontainer composite for 50 cycles 
 
Figure 6. Photos of hydrated salts mixture (1DHPD:1SDH) before a) and after b) heating, 
(1DHPD:1SDH)/HNTs composite before c) and after d) heating at 60 ˚C 
 
Figure 7. TEM images of a) HNTs, c) PCM-loaded HNTs, EDX spectra of b) HNTs, d) PCM-
loaded HNTs 
 
Figure 8. FTIR spectra of hydrated salts mixture (1DHPD:1SDH), (1DHPD:1SDH)/HNTs 
nanocontainer composite and pure HNTs 
 
Figure 9. XRD patterns of hydrated salts mixture (1DHPD:1SDH), HNTs and  (1DHPD: 
1SDH)/HNTs nanocontainer composite before and after heating at 60 °C 
 

 
 
 
 
 


