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Abstract 

This work concerns the development of a shape-stable molten salt based composite phase change 

material (PCM) for low and medium temperature thermal energy storage. The composite was is 

fabricated by using the cold compression and hot sintering method with the employment of a 

eutectic quinary nitrate salt of NaNO3-NaNO2-KNO3-KNO2-LiNO3 as PCM, halloysite nanotube 

(HNT) as skeleton supporting material and natural graphite as thermal conductivity enhancement 

additive. A sequence of characterizations was is performed to investigate the composite 

microstructure, chemical and physical compatibility, thermal stability, phase change behaviour, and 

thermal conductivity as well as cycling performance. The results indicate that an excellent chemical 

compatibility has been achieved among the ingredients of quinary salt, HNT and graphite within the 

composite. A mass concentration of 50 wt.% HNT endows the composite with the optimal 

formulation in which 10 wt.% graphite can be successfully accommodated and a thermal 

conductivity around 1.31 W/m·K can be acquired. Moreover, in such a formulation, the composite 

presents a considerably low melting temperature of 72.4 °C and a high thermal decomposition 

temperature of 530 °C, which achieves the composite a relatively high energy storage density nearly 

500 kJ/kg at a temperature range of 25-510 °C. The results presented in this work demonstrate that 

the quinary salt-HNT-graphite composite with fairly low phase transition temperature and a splendid 

combination of thermal properties and cycling performance could be a promising candidate to 

replace the conventional organic based PCMs utilized in low temperature thermal energy storage 

fields. 
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storage; Low melting temperature; 

 

1. Introduction 

It has been universally agreed that the development of energy storage technology could be able to 

eliminate the imbalance of energy supply and demand, and to achieve stable power output [1-3]. 

Thermal energy storage (TES) as one of highly efficient energy storage technologies refers to a 

transition process that store the surplus energy through the forms of either heat, cold or their 
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combinations, and has presented tremendous application potential in the consumption of renewable 

energy and utilization of industrial waste heat [4, 5]. Of the three modes of TES, the latent heat 

storage using phase change material (PCM) has drawn huge attentions in last decades owning to its 

advantages of quasi-isothermal melting-solidifying process and large heat storage capacity, and has 

been utilized in many fields such as cold chain logistics transport, building energy efficient heating 

and mobile energy recovery and storage as well as peak shaving of energy networks, to name but a 

few [6, 7]. 

Molten salts as one of promising candidates have been broadly used in medium and high TES fields 

due to their merits of opportune melting temperature, high energy storage capacity, and favourable 

thermal stability as well as low cost [8-10]. However, the wide-scale use of molten salt has been 

restricted to a certain extent because of the two main issues of poor thermal conductivity and 

chemical instability. A large number of investigations have indicated that the fabrication of a so-

called shape stability phase change composite provides solutions towards these two challenges. 

Such a form-stable composite usually contains a molten salt for heat storage, a skeleton supporting 

material (SSM) for maintaining structure stability and a thermal conductivity additive (TCA) for 

performance enhancement, and have presented to be able to achieve outstanding thermal and 

mechanical properties [5, 7-9]. Zhang et al. [11, 12] prepared a phase change composite using a 

solar salt as PCM and an open-cell SiC ceramic as SSM, and it was found that the composite thermal 

conductivity can be significantly improved by the conduction-friendly porous skeleton. Due to the 

greater influence of thermal conduction induced by SiC ceramic than the natural convection, the 

heat transfer rate within the composite can be boosted by nearly 42%. Wang et al. [13] investigated 

a ternary chloride salt composite by using a porous Si3N4 as SSM, and they found over 88% salt can 

be accommodated in the composite. Because of the highly thermal conductivity of ceramic 

substance, the composite thermal conductivity can enhance by six times greater than the pure ternary 

salt. Meanwhile, excellent chemical stability had also achieved in the composite and stable 

thermophysical properties were measured even though the composite went through 300 thermal 

cycles. Miliozzi et al. [14] fabricated a concrete/diatomite/solar salt composite with the aim to utilize 

the combined sensible and latent heat for thermal energy storage, and their results indicated that the 

addition of 2% solar salt into the cement mortar could achieve positive impacts on the composite 

thermal and mechanical properties. Using steel slag as SSM, Liu et al. [15] synthesized a nitrate salt 

composite. It was revealed that more than 50 wt.% salt could be able to accommodate inside the 

composite, and in such a composition, the composite achieved a thermal conductivity of 0.68 

W/m·K. Lu et al. [16] evaluated a ternary nitrate salt composite by employing expanded graphite as 

SSM and they affirmed that a splendid chemical stability has been achieved between the nitrate salt 

and SSM. Although the use of expanded graphite enhanced the thermal conductivity of the 

composite, the thermal decomposition temperature was reduced. With the use of carbide slag as 

SSM, Xiong et al. [17, 18] developed a Na2CO3 based composite and it was indicated that the 

carbonate salt can be successfully encapsulated by the carbide slag to form shape-stable composite. 

A mass fraction of 52.5 wt.% endowed the composite with the optimal behaviour in which a 

mechanical strength over 22 MPa and a thermal conductivity over 0.6 W/m·K can be obtained. 

From the above literature reviews, it can be asserted that the research focuses on the employment 

of cold compression-hot sintering method for fabrication of salt composite have been mainly on the 

development of shape stability materials for medium-high temperature applications, and very little 



investigation has been reported on the synthesis of molten salt composite for low temperature 

thermal energy storage. Jiang et al. [19] proposed a quaternary nitrate salt composite and 

demonstrated that the composite was suitable for low temperature application owning to their low 

melting point around 103 °C. Our previous work [20] studied a nitrate salt based composite by using 

MgO as SSM, and it was declared that a fairly low melting point around 90 °C and high 

decomposition temperature over 620 °C had been achieved in the composite. These investigations 

indicate that the use of either ternary or quaternary salt as PCM for composite fabrication can bring 

down the material melting temperature, thereby making them to be satisfied in applications of low 

temperature thermal energy storage. However, this is inadequate since there will be existence of 

large temperature fluctuation scenarios such as industrial and construction waste heat recovery 

where the main temperature is concentrated on 70-80 °C while the maximum temperature could be 

higher than 300-400 °C. This part of the residual heat could not be recycled by using of the 

traditional organic-polymer composites due to the its inherent issue of low decomposition 

temperature (typically <250 °C). This brings out the major motivation of this investigation, in which 

a quinary nitrate salt composite was developed and investigated. It is demonstrated that the salt 

composite achieves an extremely low melting point around 72 °C and a high thermal decomposition 

temperature over 500 °C that could be used in low and medium thermal energy storage fields. To 

fabricate such salt composite, a halloysite nanotube (HNT) was employed as SSM. The HNT has 

been broadly utilized for preparation of low-temperature organic composites but very little has been 

done in accommodating molten salt. Herein we reported that such ceramic nanotube could be able 

to employed as skeleton substance for the fabrication of quinary salt composite by cold compression 

and hot sintering technology. Besides that, such ceramic substance is shown to have reliability and 

economical efficiency and suitable for large-scale production of salt based composite. This work 

also employs a carbon enhancer of natural graphite power as TCA to promote the thermal 

conductivity of the salt composite. More specifically, the optimal composition among the 

ingredients of quinary salt, HNT and graphite was first evaluated by conducting leakage 

visualization inspection on different formulations of composites. A sequence of measurements was 

then carried out to investigate the microstructural characterization, chemical and thermal stability, 

phase change behaviour and thermal conductivity of the composite. Finally, the composite cycling 

performance was determined by analysing the composite chemical structure and thermal properties 

during the repeated heating and cooling cycles. The results indicated that the quinary salt-HNT-

graphite composite with considerably low phase transition temperature and an outstanding 

combination of thermal properties and cycling performance could be an effective candidate instead 

of traditional organics used in low temperature thermal energy storage fields. 

 

2. Materials and methods 

2.1. Raw materials 

A eutectic quinary nitrate salt is used as PCM in this work, which is consisted of NaNO3, NaNO2, 

KNO3, KNO2 and LiNO3. All these single salts are of analytical grade and got from Bejing Yili Fine 

Chemicals Co., Ltd, China. A hallyosite nanotube with a purity of 95% is purchased from Jiangsu 

Xianfeng Nanomaterials Technology Co., Ltd, China, and employed as SSM. Natural graphite 

power is used as thermal conductivity enhancer, which has a predominant particle size of 3-5 µm 



and is got from Beijing Jiashiteng Co., Ltd, China. All raw materials are utilized as received with 

no further treatment. 

2.2. Preparation of quinary nitrate salt 

A static melting approach is used for the eutectic quinary salt preparation [10]. Specifically, the 

single salts of KNO2, NaNO2, KNO3, NaNO3 and LiNO3 are first dried in an electro-thermostatic 

blast oven (101-3AB, Tianjin TAISITE Instruments Co., Ltd, China) at 100 °C for 12 h to remove 

the moisture, followed by weighing the salts in a balance according to a desired mass ratio of 

51.58:15.56:1.58:1.33:29.95. The samples are then adequately mixed to achieve uniform mixing in 

a ball grinder, and heated in a muffle furnace (KJ-M1200-12LZ, Zhengzhou Kejia Electric Furnace 

Co., Ltd, China) with the use of following temperature program: starting heat from room 

temperature to 150 °C at 10 °C/min, and holding at 150 °C for 0.5 h; heating further at a rate of 

5 °C/min to 400 °C, and maintaining at 400 °C for 12 h. After the mixed salts are fully melted, a 

reversed temperature program to the heating process is used to cool the sample to environment 

temperature. Finally, the molten mixture is taken out from the furnace and milled in a high-efficient 

pulverizer to obtain the eutectic salt power. The milled quinary nitrates are stored in a thermotank 

for further experiments. 

2.3. Preparation of quinary salt based composite 

The quinary nitrate salt composite is fabricated with the use of a so-called cold compression and hot 

sintering approach and the process is illustrated in Fig. 1. The detailed procedure involves the 

following three steps. Firstly, an anticipant mass ratio of the salt, HNT and graphite is accurately 

weighed and equably mixed in a ball grinding mill for 2 h with a speed of 250 rpm to realize even 

mixing. Secondly, the mixed powder is shaped and compressed into disk-like configuration in a self-

designed stainless steel mould by using a pressure of 80 MPa to get a dimension size of 12.5 mm in 

diameter and 8 mm in thickness. Lastly, the green pellet is calcined in a muffle furnace based on the 

following temperature routine: sintering from ambient temperature to 100 °C at a rate of 5 °C/min, 

and sustaining at 100 °C for 0.5 h; sintering further at the same rate from 100 °C to 200 °C, and 

maintaining such a temperature for another 1 h; and finally cooling the sample to ambient 

temperature with a backward process to the heating programme. The sintered composite obtained 

from the above processes is kept into a thermotank for further test and characterization. Repeating 

the fabrication procedure and altering the concentration of the ingredients, various composites can 

be achieved. 

 

Fig. 1. Schematic diagram of the fabrication process for the quinary salt based composite. 



2.4. Characterization of composites 

The microstructure characteristics of the composite are observed by using a Scanning Electron 

Microscope integrated with an Energy Dispersive Spectrometer (SEM-EDS, HITACHI SU9000, 

Japan). The chemical structure and compatibility of the composite are measured with the use of an 

X-ray diffraction (XRD, BURKER D8 ADVANCE, UK) with a scanning angle over 10-90° and a 

step interval of 0.02°, and also a Fourier transformation infrared spectroscope (FT-IR, B420, 

SpectrumII, US) with the spectrum from 400-4000 cm-1. The composite thermophysical properties 

involving the melting point, latent heat and specific heat are analysed by a Differential Scanning 

Calorimeter (DSC, 214Polyma, NETZSCH, Germany). A thermogravimetric analyser (TG, 209F1 

Libra, NETZSCH, Germany) and a Laser Flash Analyser (LFA 457, NETZSCH, Germany) are 

respectively employed to measure the composite thermal stability and thermal conductivity. A self-

built facility containing both a high temperature chamber and a low temperature chamber is used to 

evaluate the cycling performance of the composite. A heating and cooling rate of 5 °C/min is 

selected for experiments, and a thermocouple inserted into the composite is used for monitor the 

composite temperature and control the thermal cycling. 

 

3. Results and discussions 

3.1. Confirmation of optimal composition in the composite 

As mentioned above, various composites can be obtained by altering the ingredient concentration 

of salt and HNT based on the hot sintering fabrication approach. The decent selection of HNT 

concentration can not only achieve the composite stable structure to avoid the liquid leakage during 

phase transition process, but also endow the composite with high energy storage ability. Therefore, 

the optimal composition in the composite has been checked and confirmed prior to the further 

experiments. For doing so, eight sets of samples containing different mass ratios of HNT with a 

range of 20-80 wt.% are prepared and investigated. Fig. 2 shows the photographs of these samples 

before and after sintering. In the figure, the labels of C8-C1 respectively correspond to the 

composites with HNT mass concentrations of 20-80 wt.%. The detailed results on the visual 

inspection on these samples are tabulated in Table 1. It can be seen that there is existence of apparent 

liquid leakage and structure distortion when the HNT concentration is less than 40 wt.%. For the 

sample containing 45 wt.% HNT, slight salt leakage is observed in the material outer surfaces and 

no obvious shape deformation is occurred. In the case of HNT loading higher than 50 wt.%, 

excellent appearance with no deformation and leakage is found in the composite. These observations 

indicate that for achieving the structure stabilization of the composite and eliminating the salt 

leakage, at least 50 wt.% of HNT is required over the fabrication process. Namely, case C4 is 

regarded as the optimum formula and hence is further chosen to mix with graphite for thermal 

conductivity enhancement. As shown in Fig. 2 (c) and (d), which gives the pictures of composite 

with different concentration of graphite before and after sintering. One can see that for a given 

graphite concentration of 2-10 wt.%, all composites present consummate appearance and stable 

structure. This indicates that 50 wt.% of HNT endows with the composite ability to retain 10 wt.% 

graphite without the happening of salt leakage and distortion. 



 

 

 

Fig. 2. Photographs of the composites. (a) samples without graphite before sintering, (b) samples 

without graphite after sintering, (c) samples with graphite before sintering, and (d) samples with 

graphite after sintering. 

Table 1. Different fabrication cases for the composites and visual inspection after sintering. 

Samples C1 C2 C3 C4 C5 C6 C7 C8 

Salt (wt.%) 20 30 40 50 55 60 70 80 

HNT (wt.%) 80 70 60 50 45 40 30 20 

Graphite (wt.%) ~2-10 (*) 

Intuitive form (Δ) a a a a b c c c 

(*): the graphite accounts for the ratio of the total mass of the salt-HNT composite; (Δ) a indicates 



that the composite has a stable structural morphology after sintering and no collapse; b indicates 

slight liquid leakage of the composite after sintering; c indicates serious structural deformation and 

leakage in the composite after sintering. 

 

3.2. Microstructural characterization of the composite 

Fig. 3 shows the SEM images of HNT and the composite containing a ratio of 

salt:HNT:graphite=5:5:1 after sintering. It can be seen that for HNT, a clear hollow tubular structure 

with a diameter range of 60-100 nm and a length range of 200-1500 nm is observed, as illustrated 

in Fig. 3 (a). Such distinctive feature could be able to provide extra contact surface area to 

encapsulate salt and thereby effectively restrain the liquid leakage during the phase transition 

process. As for the salt based composite, a reasonably homogeneous distribution of salt and other 

two ingredients is observed in the detection area after experienced mixing and sintering processes 

(Fig. 3 (a)). From Fig. 3 (c) and (d), it can also be seen the formation of a distinct molten salt 

liquefied structure. This structure plays a significant role in maintaining the ceramic and graphite 

substances together and sustaining the structural stability. Our previous investigations have 

demonstrated the structure formation mechanism of the salt based composite [21, 22]. For the salt 

composite prepared in this work, the physical blending and geometry shaping enable a 

homogeneous distribution of the three ingredients, and an increase in the density within the 

composite over the green sample fabrication process. During sintering, the salt melts and changes 

the state when the temperature is over the melting point. In such a process, the microscaled 

movement of liquid salt in the confined area occurs to form the molten salt liquefied structure, which 

pull the migration of skeleton substance moving together and lead to the occurrence of particle 

rearrangement within the composite. Due to the high wettability of skeleton ceramic towards the 

salt, the liquid salt can be efficaciously encapsulated by the ceramic material and accommodated 

within the composite. In the meantime, the swelling impact caused by the low surface energy of 

graphite towards the salt can also be overcome, permitting the formation of a compact and dense 

composite. 



 

Fig. 3. (a) SEM image of HNT; (b) SEM image of the composite with a ratio of 

salt:HNT:graphite=5:5:1 after sintering; (c) Capture SEM image from the rectangular area of Fig. 

(b); (d) Capture SEM image from the rectangular area of Fig. (b). 

Fig. 4 illustrates EDS element distributions in the composite after sintering. The mapping analyses 

are performed by identifying the distributions of Si, Al, Na and K elements. The former two 

elements are used to indicate the HNT, while the latter two are employed to stand for the quinary 

salt. These elements are believed to be sufficient to express the distributions of HNT and salt in the 

composite. From Fig. 4, one can see that all elements are pretty well distributed in the observation 

area with the element of Na and K completely filled the voids that formed by Si and Al. Such 

observation further denotes that a homogeneous distribution of particles has been achieved in the 

composite. This phenomenon can be interpreted as follows. For a form-stable composite containing 

salt as PCM, the high-temperature sintering leads to the occurrence of salt phase transition from 

eutectic state to viscous liquid. During such a process, the motion of liquid salt within the micro-

pores occurs, pulling the ceramic particles movement together to form liquid bridges because of the 

high surface energy of ceramics towards to salt. This migration of salt causes the rearrangement and 

redistribution of HNT and graphite, allowing the uniform distribution of ingredients in the 

composite after sintering. 



 

Fig. 4. EDS element maps of Si (a), Al (b), Na (c) and K (d) in the composite. 

 

3.3. Chemical and physical compatibility of the composite 

Fig. 5 plots the XRD patterns of the salt based composite. For comparison, the results for pure 

quinary salt, HNT and graphite are also included in the figure. It can be seen that nine major peaks 

at 2θ=12.0°, 19.1°, 23.7°, 30.5°, 32.2°, 33.8°, 41.3°, 44.5° and 62.2° are apparent in the salt-HNT 

composite after sintering, as demonstrated in Fig. 5 (d). This is similar with the peaks appeared in 

the pure quinary salt and HNT (Fig. 5 (a) and (b)), denoting good chemical compatibility between 

the salt and HNT. Fig. 5 (c) illustrates the XRD analysis for natural graphite, and it is seen that a 

distinct peak of 26.3° and a misty peak of 54.4° are observed, which is in agreement with the 

observations reported by reference [23]. For the salt-HNT composite containing graphite, as 

indicated in Fig. 5 (e), the XRD pattern only contains the peaks of salt/HNT composite and graphite, 

and no new peak is emerged, indicating that there are no chemical reactions happened among the 

ingredients of quinary salt, HNT and graphite, and a splendid chemical compatibility is reached 

within the salt composite. 



 

Fig. 5. XRD patterns of the (a) quinary salt, (b) HNT, (c) graphite, (d) salt-HNT composite, and 

(e) salt-HNT-graphite composite. 

To further determine the chemical and physical compatibility of the salt-HNT composite, the FT-IR 

analysis is also carried out. Fig. 6 illustrates the measurement results. One can see that for quinary 

salt, three main spectrum peaks of 830 cm-1, 1270 cm-1 and 1650 cm-1 are distinct, as plotted in Fig. 

6 (a). These observations are mainly due to the in-plane flexural vibration of 𝑁𝑂3
−1 , stretching 

vibration of 𝑁𝑂2
−1, and antisymmetric stretching vibration of 𝑁𝑂3

−1. For HNT, there are five peaks 

appearing at 459 cm-1, 535 cm-1, 1095 cm-1, 3623 cm-1 and 3699 cm-1 (Fig. 6 (b)). The first peak is 

induced by the Al-O-Si deformation vibration, and the latter four peaks are respectively assigned to 

Si-O-Si stretching vibration, Al-OH stretching bands, apical Si-O stretching and Al-OH bending 

band [24, 25]. Mixing of quinary salt and HNT to fabricate composite has no impact on the material 

stability where no new characteristic peaks are found, as shown in Fig. 6 (d). For graphite, it is 

noticed that two obvious peaks of 1635 cm-1 and 3441 cm-1 are apparent (Fig. 6 (c)). The peak of 

1635 cm-1 is induced by the C=C stretching, and the peak of 3441 cm-1 can be attributed the 

stretching vibration peak of -OH bond that induced by residual water in the sample. The addition of 

graphite into the salt-HNT composite has not been caused the chemical reaction in the composite 

and the same absorption peaks as these exhibited in the ingredients of quinary salt, HNT and 

graphite have been observed, indicating that all components are chemically compatible. These 

results combined with the observations shown in Fig. 5 denote that the salt based composite 

developed in this work achieves a preeminent chemical stability and compatibility. 



 

Fig. 6. FT-IR spectra of the (a) quinary salt, (b) HNT, (c) graphite, (d) salt-HNT composite, and 

(e) salt-HNT-graphite composite. 

 

3.4. Thermophysical properties of the composite 

3.4.1. Phase change behaviour of the composite 

The phase change behaviours of the salt based composite are evaluated by DSC. Fig. 7 plots the 

results, in which the measured data for melting temperature and latent heat as well as heat capacity 

are involved. It can be seen that since there is no chemical reaction occurred in the composite, only 

one endothermal peak is observed for both the pure quinary salt and composite at the temperature 

range of 30-200 ℃. For the convenience of analysing, only the measured curves at a temperature of 

50-110 ℃ are depicted in the figure. Table 2 summarises the detailed results. One can see that the 

pure quinary salt achieves a quite low melting temperature with the onset and peak values being 

respectively measured as 72.51 ℃ and 78.41 ℃. The peak melting points of the salt-HNT composite 

and salt-HNT-graphite composite are respectively 78.3 ℃ and 78.4 ℃, which corresponds closely 

to that of the pure quinary salt. These results reveal that the developed composite with a considerably 

suitable low phase change temperature can be an effective alternative for replacement of organics 

used in low temperature fields. The measured latent heat for the pure quinary salt is determined as 

135.46 kJ/kg. The addition of HNT triggers a decline in latent heat of the composite, and the value 

is decreased to 67.68 kJ/kg when 50 wt.% HNT is contained. The involvement of graphite gives a 

further reduction in the composite latent heat. Generally, the theoretical latent heat in a salt based 

composite should be linearly proportional to the concentration of the salt, and it can be calculated 

by the following expression: 

∆𝐻 = 𝛿∆𝐻𝑠𝑎𝑙𝑡                                                                  (1) 



where ∆𝐻 is the composite latent heat, 𝛿 is the salt mass ratio within the composite, and ∆𝐻𝑠𝑎𝑙𝑡 

is the salt latent heat. For the composite illustrated in Table 2, the measured latent heat value is in 

close proximity to the theoretical one with slight deviation less than 0.5% existed. This is mainly 

due to the incomplete encapsulation of salt at the composite surface, which results in the divulgence 

during the phase change process and hence the reduction of measured value for material latent heat. 

But nonetheless, this observation further indicates the excellent chemical stability among the 

components of salt, HNT and graphite. From Table 2 it is also seen that the melting temperature of 

the composite is lower than that of the pure quinary salt. The penetration of salt into the hollow 

tubular of HNT could be a reason for this reduction. Another reason could be attributed to the change 

of entropy [23]. For a salt based composite, the entropy value of salt within the composite is 

typically larger than that of the salt in pure state. Therefore, the composite phase transition point 

will be lower than that the pure salt under a stable melting or solidifying condition. 

Involved in Table 2 also are the heat storage density of the salt composite. For convenient calculation, 

the heat capacities of the ingredients of pure salt, HNT and graphite are measured and tabulated in 

the table. The total heat storage capacity of a salt composite can be calculated according to the 

following formula [26]: 

𝑄𝑒 = (1 − 𝜂) ∫ 𝑐𝑝,𝑐𝑠𝑚𝑑𝑇
𝑇𝑒

𝑇𝑠
+ 𝜑 ∫ 𝑐𝑝,𝑡𝑐𝑒𝑑𝑇

𝑇𝑒

𝑇𝑠
+ 𝜂 (∫ 𝑐𝑝𝑠,𝑝𝑐𝑚𝑑𝑇

𝑇𝑚

𝑇𝑠
+ ∆𝐿𝑚 + ∫ 𝑐𝑝𝑙,𝑝𝑐𝑚𝑑𝑇

𝑇𝑒

𝑇𝑚
)      (3) 

where 𝑄𝑒 stands for the energy storage density of the composite, 𝑇𝑠 and 𝑇𝑒 respectively denote 

the starting and end temperatures, 𝑐𝑝 is the heat capacity, 𝜂 and 𝜑 are respectively the mass ratio 

of the HNT and graphite within the composite, ∆𝐿𝑚 is the latent heat of quinary salt. It is seen 

from the table that the heat capacities of the HNT and graphite are respectively measured as 0.514 

kJ/kg  ℃ and 0.710 kJ/kg  ℃, which are smaller than the pure quinary salt where a measured value 

of 1.29 kJ/kg  ℃ is obtained. Based on the heat capacity values, the composite heat storage density 

can be obtained. As shown in the table, the heat storage capacity of the composite containing either 

10 wt.% or not is reached up to 497 kJ/kg at a temperature range of 25-510 ℃. Such value is 

significantly higher than some conventional organics and hydrate salts, and hence has the edge on 

the competition to be utilized in low temperature thermal energy storage fields. 



 

Fig. 7. DSC curves of the pure quinary salt, salt-HNT composite and salt-HNT-graphite 

composite. 

Table 2. DSC measurements for the pure quinary salt, HNT, graphite and the composite. 

Name Onset  

(℃) 

Peak 

(℃) 

Endset 

(℃) 

Specific 

Heat  

(J/g  ℃) 

Latent 

Heat 

(J/g) 

Energy storage 

density 

(J/g, 25-510 ℃) 

Salt 72.51 78.41 83.07 1.290 135.46 761.11 

HNTs - - - 0.514 - - 

Graphite - - - 0.710 - - 

Salt-HNT 72.50 78.32 83.01 0.880 67.68 494.48 

Salt-HNT-

Graphite 

72.47 78.40 82.96 0.894 64.35 497.94 

 

3.4.2. Thermal stability of the composite 

In order to evaluate the maximum allowable operation temperature and also the effect of using HNT 

as skeleton supporting material on the composite thermal stability, the thermogravimetric analyses 

are carried out under an air environment and the results are plotted in Fig. 8. For comparison, the 

result for pure HNT is also involved in the figure. It can be seen that for pure quinary salt, a one-

step degradation in the weight loss is observed in which the sample starts to lose weight from 490 °C. 

In general, the decomposition temperature of a tested sample can be regarded as the moment where 

over 3% of initial weight has been lost during the TGA measurement [26]. Therefore, the thermal 

decomposition temperature of the quinary salt can be measured as 512 °C. When the HNT is added 

into the quinary salt to fabricate composite, the thermal decomposition curve becomes more 



complex in which a two-step degradation is apparent. Such observation can be attributed to the 

physical characteristics of HNT. As illustrated in the insert of Fig. 8, the thermal decomposition of 

HNT experiences an obvious three-step process: the step one is the normal temperature section; the 

step two takes place at a temperature of 300 ℃ and is a water loss stage in which the complete 

transformation of the layer spacing from 10Å to 7Å is occurred; the step three is the dehydroxylation 

stage when the temperature is around 500 °C. The thermal decomposition of the composite 

combines the weight loss characteristics of pure salt and HNT, and hence presents two 

distinguishable degradations, as shown in Fig. 8. The maximum decomposition temperature can be 

determined as 530 °C, which is higher than that of quinary salt. This confirms that the HNT can be 

served as supporting matrix to improve the thermal stability of the quinary salt. An explanation for 

such observation could be as follows. In a salt-HNT composite, the hollow tubular structure of HNT 

provides enlarged surface to absorb and encapsulate salt. Meanwhile, the untreated HNT contains 

residual water on the interlayer and surface, as exhibited in weight loss curve in Fig. 8. When the 

operating temperature is increased from 25 °C to 650 °C, the HNT releases water first and then 

occurs the dehydroxylation at a temperature of 500 ℃. During such a process, a change in the crystal 

structure is happened, leading to the enlargement of lumen of HNT [27, 28]. Fig. 9 illustrates the 

thermal weight loss process of a salt based composite containing HNT. It can be inferred that the 

microstructure change of HNT offers extra space to accommodate the molten salt and prevent it 

from decomposing. 

 

Fig. 8. TGA curves of the quinary salt and salt based composite; the insert is TGA result for HNT. 



 

Fig. 9. Schematic diagram of the thermal weight loss process of composite containing HNT. 

As discussed in the last section, two major advantages of the salt composite developed in this study 

are its low phase change temperature and high thermal decomposition temperature, which offers the 

composite spacious temperature range that could be able to utilize in some special thermal energy 

storage scenarios such as building energy conservation and industrial waste heat recovery where a 

large temperature fluctuation is existed. To verify the superiority of the present salt based composite, 

several typical materials investigated in the literatures that have similar melting temperatures to the 

quinary salt are compared and the results are summarised in Table 3. One can see that the developed 

composite exhibits not only the largest temperature range but also the reasonably lowest melting 

temperature among the selection materials. The temperature range mentioned here stands for the 

distinction between the melting temperature and decomposition temperature. A wide temperature 

range denotes that the material has great ability to bear the risk of decomposition in real applications. 

As shown in Table 3, the composite temperature range is reached up to 460 °C on the premise of 

melting point around 75 °C, which is nearly 2.5 times higher than that of the paraffin based materials, 

two and three times higher than the hydrated salt and polyethylene glycol. This result indicates that 

the present quinary salt based composite could be able to serve as a promising candidate to substitute 

organic substances utilized in low and middle temperature applications. 

Table 3 Comparison of thermophysical properties of the composite fabricated in this work with 

other typical materials. 

CPCMs Onset 

(℃) 

Peak 

(℃) 

Endset 

(℃) 

ΔH 

(J/g) 

Tg 

(℃) 

∆T 

(℃) 

λ 

(W/m·K) 

Refs. 

SA/TATP-TAPA 63.0 71.9 93.8 136.8 - - 0.4215 [29] 

PA/CPS - 65.7 - 95.5 - - - [30] 

SA/CNT@PC - 70.7 - 155.7 200 129.3 1.023 [31] 

PEG/BN/chitosan 64.6 - - 136.9 200 135.4 2.77 [32] 

PEG/GNP-melamine - 61.7 - 178.9 - - 0.26 [33] 

n-

octacosane/Cellulose/

CNTs 

- 68.5 - 252.9 311.2 242.7 0.58 [34] 

SA/Co3O4/EG-10 - 69.44 - 192.47 259 189.56 2.53 [35] 

n-alkane/Cellulose 

nanofiber/ black 

phosphorus 

- 66.0 - 251.6 324.2 258.2 0.448 [6] 



PW/CF-1300 47.5 66.5 73.1 221.1 200 152.5 - [36] 

Diatomite/PEG/silver 

nanowire 

59.83 - - 110.7 367 307.17 0.82 [7] 

SA/BN/EG-12 67.85 - - 153.75 200 132.15 6.349 [8] 

PEG/GO/GNP 59.0 65.5 72.1 185.7 - - 1.43 [37] 

PEG/MPMF 54.5 62.5 75.5 186.2 392.6 338.1 - [10] 

Present sample 72.47 78.40 82.96 64.35 530 457.53 1.31  

 

3.4.3. Thermal conductivity of the composite 

It has been broadly reported that the effective thermal conductivity of the composite can be largely 

enhanced through the addition of carbon additives [21, 22]. In this work, the graphite is used as 

TCA for composite fabrication and its effect on the composite thermal conductivity is investigated 

in this section. Fig. 10 shows the measured results under an operating temperature of 25 °C. One 

can see that the composite thermal conductivity is increased with increasing the graphite 

concentration. In the case of the composite with no graphite addition, the thermal conductivity is 

measured to be 0.621 W/m·K, which is increased to 1.315 W/m·K when the graphite concentration 

is 10 wt.%. Compared to other substances that owning similar phase transition temperature below 

100 °C, as summarized in Table 3, the thermal conductivity of the salt composite developed in this 

work is nearly 2-5 times higher than the paraffin and hydrated salt composite. Also shown in Fig. 

10 is the fitting curve for the measurement results of the composite thermal conductivity. It is seen 

that for a given graphite loading range of 0-10 wt.%, the composite thermal conductivity can be 

identified as linearly proportional to the graphite content. A close check of Fig. 10 also finds that 

the thermal conductivity of the composite containing no graphite is higher than the pure quinary 

salt. For nitrate salts, the average thermal conductivity is around 0.5 W/m·K [19], while the thermal 

conductivity of the salt-HNT composite is determined as 0.62 W/m·K. This result indicates that the 

employment of HNT as skeleton material has improved the thermal conductivity of the quinary salt. 

The main cause for this observation lies in the unique tubular structure of the HNT, which is 

beneficial to the formation of conductive network and thereby the improvement of effective thermal 

conductivity in the salt composite. 



 

Fig. 10. Thermal conductivity of the composite containing different mass loading of graphite. 

Fig. 11 shows the relationship between the thermal conductivity and operation temperature. It can 

be seen that for a selected temperature range of 25-200 °C, there is an inflection point on 

experimental data apparent during which the thermal conductivity first decreases with temperature 

from 25 °C to 70 °C, then reaches a minimum value at a temperature of 70-85 °C and finally 

increases with temperature up to 200 °C. Similar trend on thermal conductivity measurement has 

also been observed by Yang et al. [38] and Anagnostopoulos et al. [39]. The reason for this 

observation can be explained as follows. In an insulating sample, the heat is principally transmitted 

by the pattern of lattice vibration or phonons due to the inconspicuous impact of free electrons to 

conduction. In such circumstance, the thermal conductivity of the substance is mainly related to the 

heat capacity, and phonons mean free path velocity. Consequently, the measured thermal 

conductivity is found to decrease with temperature in the case of operation temperature is higher 

than the Debye temperature. But in spite of this, the composite thermal conductivity measurement 

at the working temperature range is difficult and detailed explanation remains to be further explored. 



 

Fig. 11. Measured thermal conductivity of the composites versus temperature and graphite 

loading.  

 

3.5. Thermal cycling performance of the composite 

The thermal cycling performance of the composite is evaluated in this section. For doing so, the 

XRD and FTIR as well as DSC analyses are performed to check the behaviour of the composite that 

experienced different heating-cooling cycles. Fig. 12 illustrates the crystal structure and infrared 

spectrum of the salt based composite went through different heating-cooling cycles. It can be seen 

that all characteristic peaks in the samples after 50, 100 and 400 thermal cycles are identical to these 

observed in the individual materials of quinary salt, HNT and graphite, as well as the composite 

experienced one thermal cycle. This further demonstrates no new chemical bond created in the 

composite at elevate temperatures, and an outstanding physical and chemical stability over the 

repeated thermal cycles. Fig. 13 shows the DSC comparison results. It can be seen that three similar 

endothermal curves are observed for all measured samples. After experienced 400 times of heating-

cooling cycles, the phase transition behaviour of the composite change very little with the phase 

change point and latent heat respectively being measured as around 72.5 °C and 64 kJ/kg. The 

variation of phase change point may be attributed to the salt encapsulation and movement in the 

micropores formed by the tubular structure of HNT, while the slight reduction of the measured latent 

heat is mainly due to the divulgence of salt in the heating-cooling cycle process. In a salt-HNT 

composite, the incomplete accommodation of quinary salt at the outer surface could occur the 

spillage and hence leads to the decrease of the latent heat. It is worth pointing out that although the 

latent heat of the developed composite is not very high (only around 65 kJ/kg) and the use of such 

composite in real applications seems to be a challenge, the large temperature range gives the 

composite the ability to be a competitive candidate utilized in low and medium thermal energy 

storage particularly in the situation where there exists a large fluctuation of temperature and the 

traditional low temperature PCMs is powerless. This results together with the observations obtained 

from Fig. 12 reveal that the quinary salt based composite fabricated in this work has achieved an 



excellent stability and long-term reliability that propitious for low and medium thermal energy 

storage applications. 

 

 

Fig. 12. Thermal cycling stability of the composite experienced different times of heating and 

cooling cycles. (a) XRD and (b) FTIR measurements. 



 

Fig. 13. DSC measurements of the composite experienced different times of heating and cooling 

cycles. 

 

3. Conclusions 

A quinary salt-HNT-graphite composite was developed and investigated in this work. The optimal 

composition among the ingredients of quinary salt, HNT and graphite within the composite was first 

evaluated by conducting leakage visualization inspection. A variety of measurements were then 

carried out to investigate the microstructural characterization, chemical and thermal stability, phase 

change behaviour and thermal conductivity of the composite. Finally, the composite cycling 

performance was determined by analysing the composite chemical structure and thermal properties 

during the repeated heating and cooling cycles. The following conclusions can be obtained 

according to the investigations: 

(1) The hollow tubular structure of HNT could be able to provide extra contact surface area to 

accommodate quinary salt within the composite and thereby effectively eliminate the liquid leakage 

during the phase change process. 

(2) The addition of HNT and graphite into quinary salt has not caused the chemical reaction in the 

composite, indicating preeminent chemical stability and compatibility has been achieved in the 

composite.  

(3) A mass fraction of 50 wt.% HNT endows the composite with the optimal formulation in which 

10 wt.% graphite can be successfully accommodated and a thermal conductivity of 1.31 W/m·K can 

be acquired. In such a composition, the composite presents a considerably low melting temperature 

of 72.4 °C and a high thermal decomposition temperature of 530 °C. This spacious temperature 

difference achieves the composite a large heat storage density over 500 kJ/kg at a temperature range 

of 25-510 °C. 



(4) The composite achieves splendid stability and long-term reliability that could be an effective 

candidate to substitute traditional organic materials utilized in low and medium temperature thermal 

energy storage fields. 

This work concerns only the development of a novel low temperature quinary nitrate salt based 

composite phase change material with the use of HNT as skeleton supporting material. Investigation 

of system efficiency and performance enhancement by utilizing such a salt composite is beyond the 

scope of this work but it is worth exploring nevertheless in the future. 
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