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Abstract: In this work, expanded graphite/paraffin/silicone rubber composite phase-change materials
(PCMs) were prepared by blending the expanded graphite (EG), paraffin wax (PW) and silicone
rubber (SR) matrix. It has been shown that PW fully penetrates into the three dimensional (3D) pores
of EG to form the EG/PW particles, which are sealed by SR and evenly embedded in the SR matrix.
As a result of the excellent thermal stability of SR and the capillary force from the 3D pores of EG,
the EG/PW/SR PCMs are found to have good shape stability and high reliability. After being baked
in an oven at 150 ◦C for 24 h, the shape of the EG/PW/SR PCMs is virtually unchanged, and their
weight loss and latent heat drop are only 7.91 wt % and 11.3 J/g, respectively. The latent heat of the
EG/PW/SR composites can reach up to 43.6 and 41.8 J/g for the melting and crystallizing processes,
respectively. The super cooling of PW decreased from 4.2 to 2.4 due to the heterogeneous nucleation
on the large surface of EG and the sealing effect of the SR. Meanwhile, the thermal conductivity of the
EG/PW/SR PCMs reaches 0.56 W·m−1

·K−1, which is about 2.8 times and 3.73 times of pure PW and
pristine SR, respectively. The novel EG/PW/SR PCMs with superior shape and thermal stabilities
will have a potential application in heat energy storage and thermal interface materials (TIM) for
electronic devices.
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1. Introduction

The environmental pollution issues and the exhausting resources of petrochemical fuels have
accelerated the development of clean and sustainable energy as well as energy storage technologies.
One of them is the thermal energy storage technology. Thermal energy that can be directly used
and easily assembled has attracted much attention [1,2]. One important material for thermal energy
storage is a phase-change material (PCM), which can absorb and release a large amount of thermal
energy during the phase change process (solid–liquid, solid–solid and liquid–gas). Due to their high
energy storage density and nearly isothermal operating characteristic, PCMs have been widely used
in solar energy, industrial waste heat recover, building and battery management [3–5]. According
to the different working modes and structures, the systems of PCM in solar energy and industrial
waste heat recovery can be divided into two types, one is heat pipe heat exchanger and the other
is the regenerative phase change energy storage system. During working, PCM absorbs heat and
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then transmits the heat to the required places through the heat exchange medium, such as power
generation, heating water and cooking. Desirable PCMs should have large thermal storage capacity
and high thermal conductivity. The latter ensures that heat, to be absorbed or released, can be quickly
transferred within the PCMs.

Among many types of PCMs, PW is the most preferred one because of its high energy density,
nontoxicity and low vapor pressures. However, the drawback of PW is low thermal conductivity and the
possibility of liquid leakage during the phase change process, which restricts its broad applications [6,7].
In order to increase its thermal conductivity, several thermally conductive fillers, such as ceramic
fillers Al2O3 [8,9], AlN [10] and metal nanoparticles Cu [11], Al [12] and Ag [13], were added into
PW. For its liquid leakage issue, there are two approaches have been employed. One approach is to
use porous materials including diatomite [14], EG [15] and carbon nanotube [16] to absorb PW for
preventing its leakage. The other is to microencapsulate PW into core/shell structures. Various types
of core and shell materials have been widely explored, including graphene [17,18], polymer shells of
PMMA [19], PS [20] and PU [21], and inorganic shells of SiO2 [4,22–25] and CaCO3 [26], etc. In general,
the liquid leakage issue of PW can be effectively prevented by utilizing the compatibility between
a polymer and PW, as the polymeric matrix can fix PW by a strong intermolecular force, therefore
suppressing PW leaching [27,28]. Sari et al. [27] blended PW with high density polyethylene (HDPE)
to obtain form-stable PCMs. The HDPE and PW have similar chemical and structural characteristics,
and this therefore ensures a good compatibility between the two components. Lian et al. [29] prepared
a form-stable PCM consisting of PW and epoxy resin, in which the epoxy resin was firstly grafted
with adecanethiol (ODT) as ODT and PW have good compatibility. Gao et al. [30] also fabricated a
form-stable PCM via blending PW, SiO2-EG-PW and HTPB polybutadiene, in which EG was added
to improve the compatibility between PW and HTPB. They found that the SiO2-EG-PW/PW/HTPB
composites can sustain its form stability at 120 ◦C for 1 h.

Recently, PW-based PCMs have been widely used in battery management and electronic devices to
control their temperature for improving their safety performance and service life [31–35]. Wu et al. [32]
reported that the battery thermal management with EG/PW PCMs displayed a much better cooling effect
than that with natural air cooling. Rajesh et al. [34] filled PW into an aluminum heat sink for electronic
equipment cooling, and they found that their operational performance could be significantly improved.

It is worth to note that these polymers currently used in the PCMs usually cannot be used at
relatively high temperatures for a long time due to their low thermal stability. This largely limits their
applications to a large extent. However, SR has a unique adaptability to extreme temperatures, good
elasticity and excellent chemical inert properties. SR has therefore been used as thermal interface
materials to reduce the thermal interface resistance for more efficient heat dissipation and increase of
span life [36–38]. Similarly, improved performance would be expected if SR is used in PCMs [39–41].
Fillers with high thermal conductivity, such as graphene, have been utilized in SR based PCMs
to enhance their conductivity [40]. However, the published research generally requires the use of
microencapsules of PW to avoid the leakage issue [39–41]. This considerably complicates the fabrication
process of SR based PCMs.

Herein, instead of using the complex microencapsulation procedure and expensive material as
graphene, we intend to use more cheaper material EG to capture PW and simultaneously enhance
the high thermal conductivity of SR based PCMs. A new PCM composite with large thermal storage
capacity and high thermal conductivity was fabricated using PW, EG and SR as the raw materials. The
EG/PW particles were firstly prepared, and they were then dispersed into SR by mechanical mixing
to form the EG/PW/SR PCMs. The EG not only improves the compatibility between PW and SR,
but also enhances the thermal conductivity of the EG/PW/SR PCMs. The SR wraps the EG/PW particles
tightly to ensure excellent form-stability of the EG/PW/SR PCMs. The chemical structure, phase change
temperature, phase change enthalpy, thermal conductivity and thermal stability of the EG/PW/SR
PCMs were systematically studied.
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2. Experimental

2.1. Materials

EG (80 mesh) was supplied by Qingdao Xingtanyuan Company. PW (Tm = 52–54 ◦C) was
purchased from Shanghai Aladdin Company (Shanghai, China). Polymethyl Hydrosiloxane (PMHS,
viscosity 20 mm2/s, content of hydroxyl group 1.59 wt %), polydimethylsiloxane vinyl terminated
(Vi-PDMS, viscosity 500 mm2/s; content of vinyl group 0.43 wt %) and platinum catalysis (Pt, 2000 ppm)
were purchased from Shenzhen JiPeng Material Company (Shenzhen, China).

2.2. Preparation of EG/PW PCM

PW was melted at 80 ◦C in a glass beaker, and EG (EG:PW = 10:90 in weight) was added into the
molten PW solution under continuous stirring. After all of the molten PW was absorbed by the EG,
the mixture was cooled to room temperature, and the EG/PW PCM powder was obtained.

2.3. Preparation of SR and EG/PW/SR Composite

The neat SR was prepared using the bi-component liquid (Vi-PDMS and PMHS) method with
the Vi-PDMS as basic gum, the PMHS as a crosslink agent, and platinum (Pt) as a catalyst. In this
work, the molar ratio of the vinyl group and hydroxyl group was controlled at 1:1.2. The detailed
preparation process of SR was as follows. Vi-PDMS solution was mixed with PMHS solution at a
weight ratio of 100:1.2 under stirring. Platinum catalysts were added to accelerate the reaction. After
that, the mixture was placed in a vacuumed glass container for 10 min, and the mixture was poured
into a homemade mold for curing in a dry oven at 80 ◦C for 2 h to obtain the SR. For preparing the
EG/PW/SR composite, the EG/PW powder with different contents (10 wt %, 20 wt % and 30 wt %) was
added into bi-component liquid. In this paper, The EG/PW/SR composites obtained with different
EG/PW contents of 10 wt %, 20 wt % and 30 wt % were denoted as PCM-1, PCM-2 and PCM-3,
respectively. The synthesis process of the EG/PW/SR composite is shown in Figure 1.
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(PW)/silicone rubber (SR) composites.

2.4. Characterization

The morphology and microstructure of PW, EG/PW and EG/PW/SR were observed on a field
emission scanning electron microscopy (FESEM, JEOL, JSM-6701F, Tokyo, Japan). The chemical
composition of PW, EG/PW and EG/PW/SR was tested by Nicolet 5700 Fourier transform infrared
(FTIR, Thermo Fisher Scientific, Waltham, MA, USA) spectroscope with a KBr sampling sheet. The
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wavenumber range is 500–4000 cm−1. The crystalline structure of the materials was examined by X-ray
diffraction XRD (D8 ADVANCE Bruker, Karlsruhe, Germany). A thermal stability test was performed
by a thermal gravimetric analyzer (TGA4000, PE, Waltham, MA, USA) with the temperature range of
30–700 ◦C at a heating rate of 10 ◦C/min in the argon atmosphere. Differential scanning calorimetry
(DSC) was carried on DSC (DSC8000, PE, Waltham, MA, USA) with materials heated and cooled at a
rate of 5 ◦C/min between 0 and 75 ◦C in the argon atmosphere. The thermal conductivity coefficient of
samples was measured by transient hot wire method at 25 ◦C (XIATECH, TC3000, Xi’an, China) with a
sample dimension of Φ 40 mm × 10 mm. For the form-stability performance, the samples were placed
into a drying oven at 150 ◦C for 24 h to observe the shape stability property and measure the weight
loss at a specified time of 0, 1, 2, 12 and 24 h, respectively.

3. Results and Discussion

3.1. Morphology of the EG/PW/SR Composites

Figure 2 shows morphologies of the EG, EG/PW, SR and EG/PW/SR composite. The EG had a
porous wormlike structure (Figure 2a), and it contained many irregular and reticulate pores on the
surface of EG, which are consistent with the previous reports of EG [30]. As shown in Figure 2b, a large
number of PW filled into the microporous EG, and meanwhile a part of the paraffin was exposed
outside of the pores, just coating on the surface of EG. The pure SR had a smooth and flat surface,
and no pores and bubbles were observed (Figure 2c). It is proved that the silicone rubber obtained by
addition reaction of 1:1.2 molar ratio of vinyl to the hydrogen group is available. (Figure 2d) shows the
micrographs of the prepared PCM-1. There were no pores on the fractured surface of PCM-1. It can be
observed that EG/PW particles was homogeneously distributed and embedded in the SR matrix. The
well dispersed EG should benefit for forming a heat conduction channel and consequently improving
the thermal conductivity. The SEM photograph of PCM-2 is shown in Figure 2e. The EG/PW particles
were still embedded in the SR matrix. Additionally, it is obviously seen that the body of EG/PW
particles was tightly coated by SR, but the sharp edge of EG seemed not to be coated (see the expanded
view of Figure 2e). However, a few numbers of EG/PW particles that disembedded into the SR matrix
was observed on the fracture surface of PCM-3, as shown in Figure 2f. This phenomenon is probably
due to the increased content of EG/PW that gradually deteriorates the mechanical properties of the
composite materials. As we know, the PW has poor mechanical properties and it acts as a lubrication
effect, which may decrease the binding force between EG particles and the SR matrix [27]. Although
the EG/PW particles was disembedded form the matrix, the surface of EG/PW was still wrapped by a
thin lay of SR, which lead to sealing the surface of EG/PW. Therefore, the presence microstructure of
EG/PW/SR PCM could potentially support PW possessing high temperature form stability properties.
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and (f) PCM-3.

3.2. Chemical Structure of EG/PW/SR Composites

The FTIR spectra of the PW, EG/PW and EG/PW/SR composite are displayed in Figure 3. For the
spectrum of EG, there was only one broad absorption peak at 3450 cm−1, which could be attributed
to the stretching vibration of the O–H group due to a little H2O absorbed [16]. For the pristine SR,
the broad band at 1015–1085 cm−1 and 804 cm−1 belong to the asymmetric stretching of Si–O–Si and
symmetric of Si–O–Si, respectively, which represents the characteristic skeleton of silicone rubber [42].
The Si–O bond is difficult to be broken because it has strong polarity and high bond energy, which can
reach as high as 462 KJ/mol [43]. Therefore, the silicone rubber has a good thermal stability that can be
a good supporting material for PW. As for pure PW, the absorption peaks can be seen at 2918 cm−1

(–CH2 symmetric stretching vibration), 2849 cm−1 (–CH3 symmetric stretching vibration), 1466 cm−1

(–CH2 bending vibration) and 722 cm−1 (–CH2 rocking vibration) [4,23]. For the EG/PW/SR composite,
all of the corresponding characteristic peaks of PW and SR are presented, without appearing new
peaks. These results indicate that the good compatibilities between EG/PW particles and SR matrix.
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3.3. Crystalline Characterization of EG/PW/SR Composites

To investigate the crystalline property of the EG/PW/SR composite, an XRD was performed and
the results are presented in Figure 4. As shown in Figure 4, PW exhibited two sharp diffraction peaks
located at 21.3◦ and 23.1◦, corresponding to the (110) and (200) crystal plane [22]. For EG, there is only
one diffraction peak at 26.7◦, corresponding to (002) crystal plane of graphitic. A broad diffuse peak at
around 12.1◦ is ascribed to the silicone rubber. It demonstrates that the SR possessed the crystalline
characteristics of short-range order and long-range disorder. With the increased addition of EG/PW
particles, the broad diffuse peak intensity is enhanced, which indicates that the addition of EG/PW
promotes SR nucleation and growth. This phenomenon is probably because the EG has a larger specific
surface area, which can promote non-uniform nucleation of SR on the surface of EG. These results
are consistent with the observation of SEM. It is noted that all of the diffraction peaks exist in the
EG/PW/SR composite and no other new peaks are detected. The results of XRD are also consistent
with FTIR, which demonstrates that three different component in EG/PW/SR have good compatibility.
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3.4. Phase Change Properties of EG/PW/SR Composites

The DSC instrument was carried out to study the thermal properties of PW, EG/PW and EG/PW/SR
composites. The results are shown in Figure 5 and Table 1. As shown in DSC cures, it can be observed
two phase change peaks on the both heating and cooling cures. The minor peak corresponds to the
solid–solid phase change of PW and the other peak at a temperature range of 48–55 ◦C corresponds
to the solid–liquid phase change of PW [44]. The phase change parameters of PW and EG/PW/SR
composites are presented in Table 1. The Tm and Tc are peak temperatures during the melting
and crystalline process. The super-cooling (∆T) of PW, EG/PW and EG/PW/SR are listed in Table 1.
Super-cooling is the phenomenon that the liquid phase change material can not nucleate until the
temperature is below the melting temperature. As shown in Table 1, the super-cooling of PCM-1,
PCM-2 and PCM-3 are 1.7, 2.5 and 2.4 ◦C, respectively, which are lower than that 4.7 ◦C of PW and
3.4 ◦C of EG/PW. This decline of super-cooling is ascribed to the heterogeneous nucleation on the
large surface of EG and partly on the surface of SR, which also proved that SR was tightly coated
on the EG/PW particle surface. Apparently, the decrease of super-cooling could accelerate the phase
change cycle and improve the utilization efficiency of the PCM. Besides, the measured latent heat
(∆H) of PCM-1, PCM-2 and PCM-3 were 14.3, 28.5 and 42.7 J/g, respectively. As the content of EG/PW
increased, the latent heat of EG/PW/SR increased greatly because the mass fraction of the PW in the
composites increased. However, the theoretical value of enthalpy (∆HT) was higher than the measured
enthalpy (∆H). The major reason may be the loss of PW during the curing process (80 ◦C, 2 h). The
other reason may be a little of PW dissolved into the silicon matrix during the addition reaction of the
SR synthesis process.
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Table 1. Thermal characteristics of the PW, EG/PW and EG/PW/SR composite.

Samples Melting Process Crystalline Process - - - -

Tm (◦C) ∆Hm (J/g) Tc (◦C) ∆Hc (J/g) ∆T (◦C) ∆H (J/g) ∆HT (J/g) ∆Hloss (%)

PW 53.8 172.3 49.1 170.1 4.7 171.2 - -
EG/PW 53.9 149.9 50.5 146.2 3.4 148.1 154.1 3.91
PCM-1 54.4 14.9 52.7 13.7 1.7 14.3 15.4 7.19
PCM-2 54.3 28.7 51.8 28.3 2.5 28.5 30.8 7.51
PCM-3 53.9 43.6 51.5 41.8 2.4 42.7 46.2 7.58

Tm is the melting temperature, Tc is the crystalline temperature, ∆Hm is the melting latent heat, ∆Hc is the crystalline
latent heat, ∆T = Tm − Tc, ∆H = (∆Hm + ∆HC)/2, ∆HT = mPW/M0 × ∆HPW, ∆Hloss = (∆HT

− ∆H)/∆HT, where ∆T is
supercooling, mPW is the mass of PW, M0 is the mass of initial PCM composite, ∆HPW is the ∆H of PW, ∆HT was
calculated by ∆HPW multiplying the weight percentage of PW.

3.5. Thermal Stability of EG/PW/SR Composites

The thermal gravimetric analysis (TGA) was used to measure the thermal decomposition
temperature of PCM. Figure 6 shows TGA cures for PW, SR, EG/PW and EG/PW/SR composites. It is
clearly illustrated that the onset of degradation for pure PW was at about of 145 ◦C, and the weight
loss ended at about 390 ◦C. For pristine SR, there was a weight loss stage from 370 to 650 ◦C, due to
the degradation of the C–C, C–H, Si–C side chain and Si–O–Si main chain of silicone rubber [43,45].
Compared with PW, SR has higher thermal stability, indicating that SR has the potential to be supporting
materials for PW. As for the EG/PW/SR composites, we could observe a two-step decomposition
process. The first mass loss step was mainly attributed to the decomposition of PW, while the second
decomposition process corresponded to the SR. The onset of degradation of PW in the composites
was approximately at 192 ◦C, 190 ◦C and 189 ◦C for PCM-1, PCM-2 and PCM-3, respectively, which
indicates that the EG/PW/SR composite PCM can delay the degradation of PW due to the good thermal
stability of SR and capillary force provided by the porous structure of EG.
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3.6. Form stability and Thermal Reliability of EG/PW/SR Composites

Form stability properties of SR, PW, EG/PW and PCM-3 were tested by putting samples into a
heated oven at 150 ◦C for 24 h. In order to prevent the melting PW flowing out, PW was placed into a
glass culture dish and the other samples were placed in filter paper. Figure 7 shows the optical photos
of PW, SR, EG/PW and PCM-3. The PW melted completely after 1 h, while the shape of PCM-3 had no
virtual change after 24 h. The corresponding weight loss chart is shown in (Figure 8a). SR had high
thermal stability properties with little weight loss. Compared with other samples, PW had the largest
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weight loss (57%). Although PW will not leak in the glass dish, the high temperature 150 ◦C exceeded
the decomposition temperature of paraffin, making paraffin oxidized and decomposed in the air. The
measured weight loss data of the samples were 36.4% and 7.9% for EG/PW and PCM-3, respectively.
The results indicating that the EG/PW/SR composite PCM has a good high temperature form stability.
XRD and DSC were performed to test the crystal structure and thermal properties of PCM-3. From
(Figure 8b), it can be noted that the XRD patterns of PCM-3 (before baking) and PCM-3 (after baking)
were almost identical coupling, but the intensity diffraction peak of PW in PCM-3 after baking slightly
decreased compared with that of PCM-3 before baking. No new phase peaks appeared, which indicated
that EG/PW and SR have good compatibility. (Figure 8c) shows the DSC curve of PCM-3 before baking
and after baking, and the relevant data were presented in Table 2. After baking, the latent heat value
of PCM-3 decreased by 11.3 J/g, but the latent heat was still as high as 31.4 J/g. It is interestingly
noted that the melting peak temperature Tm and crystallizing peak temperature Tc were both shifted
toward higher temperature. The increasing of Tm may be because the melting PW penetrated into
the smaller pores of EG during the curing process (150 ◦C, 24 h), and the pore size also influenced on
the melting temperature. As described by the Gibbs–Thomson equation, ∆K ∝ 1

r−t , where ∆K is the
melted temperature change, r and t are the pore radius and thickness of PCM respectively. r is inversely
proportional to ∆K, hence, the smaller the pore size will lead to a higher melting temperature [46].
The increased Tc may be because the baking caused some PW decomposition and the residual of the
PW can be more easily contacted with EG surface. The EG surface can benefit for PW heterogeneous
nucleation. Figure 8d shows the DSC curves during 20 thermal cycles of PCM-3 (after baking). It is
obviously viewed that the DSC curves of 20 thermal cycles fully coincide, indicating that the sample
has excellent circulation stability.
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Figure 8. (a) Thermal stability analysis of SR, PW, EG/PW and PCM-3, (b) XRD spectra and (c) DSC
curves spectra of PCM-3 before and after (150 ◦C, 24 h) baking and (d) DSC curves of PCM-3 (after
baking) with in 20 cycles. Weight loss = M0−Mt

Mt
× 100%, where M0 is the initial mass of samples and Mt

is the mass of samples weighted at specific time.

Table 2. Thermal characteristics of PCM-3 before and after baking.

Samples Melting Process Crystalline Process - - -

Tm (◦C) ∆Hm (J/g) Tc (◦C) ∆Hc (J/g) ∆T (◦C) ∆H (J/g) ∆H Decrease (J/g)

PCM-3
(Before baking) 53.9 43.6 51.5 41.8 2.4 42.7 -

PCM-3
(After baking) 54.9 31.8 52.8 30.9 2.1 31.4 11.3

The parameter ∆H decrease = 42.7(J/g) − 31.4(J/g) = 11.3 (J/g).

3.7. Heat Conduction Test

For phase change materials, heat conduction is an important performance parameter, which reflects
the heat storage and heat release efficiency of the material. Figure 9 shows that the heat conductivity of
pure paraffin and silicone rubber was only 0.2 W·m−1

·K−1 and 0.15 W·m−1
·K−1, respectively. After

adding EG/PW, the thermal conductivity of composite phase change materials increased, and the
thermal conductivity of PCM-3 reached a maximum value of 0.56 W·m−1

·K−1, which was 2.8 times
that of pure paraffin and 3.73 times that of pure SR. This is because EG has good thermal conductivity
and disperses well in the silicon matrix.
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4. Conclusions

In this study, high temperature form-stable EG/PW/SR composite PCMs were prepared by simply
blending EG, PW and SR together. The SEM and XRD analysis proved that the surface of EG/PW
was sealed by SR. The DSC test shows the fusion latent heat and the crystallization latent heat of
the composite PCM was 43.6 J/g and 41.8 J/g, respectively. The shape stable test indicates that the
EG/PW/SR composite PCM could withstand baking at 150 ◦C for 24 h with no virtual shape change.
The XRD crystal structure analysis and DSC thermal cycle test proved the composite PCM had good
compatibility and good thermal reliability. The thermal conductivity of the composite PCM could
reach a maximum value of 0.56 W·m−1

·K−1, which was 2.8 times that of pure PW and 3.73 times that
of pristine SR, respectively. Therefore, the novel EG/PW/SR PCM with superior shape stability and
thermal stabilities should have a potential application in heat energy storage, battery management and
thermal interface materials for electronic devices. Especially, the new PCM with the facilitate prepared
process and low cost can accelerate it popularization and application, while the unique synergism
encapsulation mechanism may help for preparing other high temperature form-stabilized PCM.
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Mt mass of samples weighted at specific time (g)
mpw mass of paraffin wax (g)
r pore radius (µm)
t thickness of PCM film in pores (µm)
EG expand graphite
SR Silicon rubber
PW Paraffin war
wt weight
Vi-PDMS polydimethylsiloxane vinyl terminated
PMHS polymethyl hydrosiloxane
PCM phase change material
PCM-1 phase change material with weight radio (EG:PW:SR=1:9:90)
PCM-2 phase change material with weight radio (EG:PW:SR=2:18:80)
PCM-3 phase change material with weight radio (EG:PW:SR=3:27:70)
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20. Sarı, A.; Alkan, C.; Döğüşcü, D.K.; Kızıl, Ç. Micro/nano encapsulated n -tetracosane and n -octadecane
eutectic mixture with polystyrene shell for low-temperature latent heat thermal energy storage applications.
Sol. Energy 2015, 115, 195–203. [CrossRef]

21. Chen, K.; Yu, X.; Tian, C.; Wang, J. Preparation and characterization of form-stable paraffin/polyurethane
composites as phase change materials for thermal energy storage. Energy Convers. Manag. 2014, 77, 13–21.
[CrossRef]

22. Li, B.; Liu, T.; Hu, L.; Wang, Y.; Gao, L. Fabrication and Properties of Microencapsulated Paraffin@SiO2 Phase
Change Composite for Thermal Energy Storage. ACS Sustain. Chem. Eng. 2013, 1, 374–380. [CrossRef]

23. Geng, L.; Wang, S.; Wang, T.; Luo, R. Facile Synthesis and Thermal Properties of Nanoencapsulated
n-Dodecanol with SiO2 Shell as Shape-Formed Thermal Energy Storage Material. Energy Fuels 2016, 30,
6153–6160. [CrossRef]

24. Belessiotis, G.V.; Papadokostaki, K.G.; Favvas, E.P.; Efthimiadou, E.K.; Karellas, S. Preparation and
investigation of distinct and shape stable paraffin/SiO2 composite PCM nanospheres. Energy Convers. Manag.
2018, 168, 382–394. [CrossRef]

25. Chen, Z.; Zhao, Y.; Zhao, Y.; Thomas, H.; Zhu, X.; Moller, M. Inclusion of Phase-Change Materials in
Submicron Silica Capsules Using a Surfactant-Free Emulsion Approach. Langmuir 2018, 34, 10397–10406.
[CrossRef]

26. Jiang, Z.; Yang, W.; He, F.; Xie, C.; Fan, J.; Wu, J.; Zhang, K. Microencapsulated Paraffin Phase-Change
Material with Calcium Carbonate Shell for Thermal Energy Storage and Solar-Thermal Conversion. Langmuir
2018, 34, 14254–14264. [CrossRef]

27. Sarı, A. Form-stable paraffin/high density polyethylene composites as solid-liquid phase change material for
thermal energy storage: Preparation and thermal properties. Energy Convers. Manag. 2004, 45, 2033–2042.
[CrossRef]

28. Molefi, J.A.; Luyt, A.S.; Krupa, I. Comparison of LDPE, LLDPE and HDPE as matrices for phase change
materials based on a soft Fischer–Tropsch paraffin wax. Thermochim. Acta 2010, 500, 88–92. [CrossRef]

29. Lian, Q.; Li, Y.; Sayyed, A.A.S.; Cheng, J.; Zhang, J. Facile Strategy in Designing Epoxy/Paraffin Multiple
Phase Change Materials for Thermal Energy Storage Applications. ACS Sustain. Chem. Eng. 2018, 6,
3375–3384. [CrossRef]

30. Gao, X.; Zhao, T.; Luo, G.; Zheng, B.; Huang, H.; Han, X.; Ma, R.; Chai, Y. Thermal Property Enhancement
of Paraffin-Wax-Based Hydroxyl-Terminated Polybutadiene Binder with a Novel NanoSiO2-Expanded
Graphite-PW Ternary Form-Stable Phase Change Material. Energy Fuels 2018, 32, 4016–4024. [CrossRef]

31. Al-Hallaj, S.; Selman, J. A Novel Thermal Management System for Electric Vehicle Batteries Using
Phase-Change Material. J. Electrochem. Soc. 2000, 147, 3231–3236. [CrossRef]

32. Wu, W.; Zhang, G.; Ke, X.; Yang, X.; Wang, Z.; Liu, C. Preparation and thermal conductivity enhancement of
composite phase change materials for electronic thermal management. Energy Convers. Manag. 2015, 101,
278–284. [CrossRef]

33. Setoh, G.; Tan, F.L.; Fok, S.C. Experimental studies on the use of a phase change material for cooling mobile
phones. Int. Commun. Heat Mass Transf. 2010, 37, 1403–1410. [CrossRef]

34. Baby, R.; Balaji, C. Experimental investigations on phase change material based finned heat sinks for electronic
equipment cooling. Int. J. Heat Mass Transf. 2012, 55, 1642–1649. [CrossRef]

http://dx.doi.org/10.1021/acs.iecr.8b02159
http://dx.doi.org/10.1016/j.apenergy.2017.04.041
http://dx.doi.org/10.1039/C7TA09664J
http://dx.doi.org/10.1016/j.apenergy.2009.10.011
http://dx.doi.org/10.1016/j.solener.2015.02.035
http://dx.doi.org/10.1016/j.enconman.2013.09.015
http://dx.doi.org/10.1021/sc300082m
http://dx.doi.org/10.1021/acs.energyfuels.6b00929
http://dx.doi.org/10.1016/j.enconman.2018.04.059
http://dx.doi.org/10.1021/acs.langmuir.8b02435
http://dx.doi.org/10.1021/acs.langmuir.8b03084
http://dx.doi.org/10.1016/j.enconman.2003.10.022
http://dx.doi.org/10.1016/j.tca.2010.01.002
http://dx.doi.org/10.1021/acssuschemeng.7b03558
http://dx.doi.org/10.1021/acs.energyfuels.7b03856
http://dx.doi.org/10.1149/1.1393888
http://dx.doi.org/10.1016/j.enconman.2015.05.050
http://dx.doi.org/10.1016/j.icheatmasstransfer.2010.07.013
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2011.11.020


Materials 2020, 13, 894 14 of 14

35. Tan, F.L.; Tso, C.P. Cooling of mobile electronic devices using phase change materials. Appl. Therm. Eng.
2004, 24, 159–169. [CrossRef]

36. Razeeb, K.M.; Dalton, E.; Cross, G.L.W.; Robinson, A.J. Present and future thermal interface materials for
electronic devices. Int. Mater. Rev. 2018, 63, 1–21. [CrossRef]

37. Hansson, J.; Nilsson, T.M.J.; Ye, L.; Liu, J. Novel nanostructured thermal interface materials: A review. Int.
Mater. Rev. 2017, 63, 22–45. [CrossRef]

38. Cui, T.; Li, Q.; Xuan, Y.; Zhang, P. Multiscale simulation of thermal contact resistance in electronic packaging.
Int. J. Therm. Sci. 2014, 83, 16–24. [CrossRef]

39. Guo, Y.; Yang, W.; Jiang, Z.; He, F.; Zhang, K.; He, R.; Wu, J.; Fan, J. Silicone rubber/paraffin@silicon
dioxide form-stable phase change materials with thermal energy storage and enhanced mechanical property.
Sol. Energy Mater. Sol. Cells 2019, 196, 16–24. [CrossRef]

40. Zhao, Q.; He, F.; Zhang, Q.; Fan, J.; He, R.; Zhang, K.; Yan, H.; Yang, W. Microencapsulated phase change
materials based on graphene Pickering emulsion for light-to-thermal energy conversion and management.
Sol. Energy Mater. Sol. Cells 2019, 203, 110204. [CrossRef]

41. Wu, W.; Chen, Z. A novel phase-change composites based on silicone rubber containing energy-storage
microcapsules. J. Therm. Anal. Calorim. 2018, 133, 1365–1370. [CrossRef]

42. Zhang, X.; Li, X.; Zhou, Y.; Hai, C.; Shen, Y.; Ren, X.; Zeng, J. Calcium Chloride Hexahydrate/Diatomite/Paraffin
as Composite Shape-Stabilized Phase-Change Material for Thermal Energy Storage. Energy Fuels 2018, 32,
916–921. [CrossRef]

43. Radhakrishnan, T.S. New method for evaluation of kinetic parameters and mechanism of degradation from
pyrolysis-GC studies: Thermal degradation of polydimethylsiloxanes. J. Appl. Polym. Sci. 1999, 73, 441–450.
[CrossRef]

44. Zhang, Q.; Zhao, Y.; Feng, J. Systematic investigation on shape stability of high-efficiency SEBS/paraffin
form-stable phase change materials. Sol. Energy Mater. Sol. Cells 2013, 118, 54–60. [CrossRef]

45. Hall, A.; Patel, M. Thermal stability of foamed polysiloxane rubbers: Headspace analysis using solid phase
microextraction and analysis of solvent extractable material using conventional GC-MS. Polym. Degrad. Stab.
2006, 91, 2532–2539. [CrossRef]

46. Zhang, D.; Zhou, J.; Wu, K.; Li, Z. Granular phase changing composites for thermal energy storage. Sol. Energy
2005, 78, 471–480. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.applthermaleng.2003.09.005
http://dx.doi.org/10.1080/09506608.2017.1296605
http://dx.doi.org/10.1080/09506608.2017.1301014
http://dx.doi.org/10.1016/j.ijthermalsci.2014.04.006
http://dx.doi.org/10.1016/j.solmat.2019.03.034
http://dx.doi.org/10.1016/j.solmat.2019.110204
http://dx.doi.org/10.1007/s10973-018-7288-6
http://dx.doi.org/10.1021/acs.energyfuels.7b02866
http://dx.doi.org/10.1002/(SICI)1097-4628(19990718)73:3&lt;441::AID-APP16&gt;3.0.CO;2-J
http://dx.doi.org/10.1016/j.solmat.2013.07.035
http://dx.doi.org/10.1016/j.polymdegradstab.2005.12.017
http://dx.doi.org/10.1016/j.solener.2004.04.022
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experimental 
	Materials 
	Preparation of EG/PW PCM 
	Preparation of SR and EG/PW/SR Composite 
	Characterization 

	Results and Discussion 
	Morphology of the EG/PW/SR Composites 
	Chemical Structure of EG/PW/SR Composites 
	Crystalline Characterization of EG/PW/SR Composites 
	Phase Change Properties of EG/PW/SR Composites 
	Thermal Stability of EG/PW/SR Composites 
	Form stability and Thermal Reliability of EG/PW/SR Composites 
	Heat Conduction Test 

	Conclusions 
	References

