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Abstract: Calcium ions can react with polyethylene glycol (PEG) to form a form-stable phase change
material, but the low thermal conductivity hinders its practical application. In this paper, hy-
droxylated multi-walled carbon nanotubes (MWCNTs) with different mass are introduced into
PEG1500·CaCl2 form-stable phase change material to prepare a new type of energy storage material.
Carbon nanotubes increased the mean free path (MFP) of phonons and effectively reduced the
interfacial thermal resistance between pure PEG and PEG1500·CaCl2 3D skeleton structure. Ther-
mal conductivity was significant improved after increasing MWCNTs mass, while the latent heat
decreases. At 1.5 wt%, composite material shows the highest phase change temperature of 42 ◦C,
and its thermal conductivity is 291.30% higher than pure PEG1500·CaCl2. This article can provide
some suggestions for the preparation and application of high thermal conductivity form-stable phase
change materials.

Keywords: MWCNTs; form-stable phase change materials; PEG; thermal conductivity

1. Introduction

Environmental problems such as global warming are intensifying. There is an in-
creasing demand for clean energy around the world. Europe plans to go carbon neutral
by 2050, contributing to the 1.5 ◦C target of the Paris Agreement on climate [1]. Phase
change materials (PCMs) are the materials which can store energy by its latent heat [2].
Compared with traditional energy storage such as mechanical energy storage, chemical
energy storage and electrical energy storage, the energy stored by PCMs shows some
advantages as follows: additional energy consumed by latent heat storage is lower, so
it is easier to control and safer. They are widely used in the temperature control field
such as solar energy storage [3–6], green building [7–9], electronic equipment cooling
systems [10–12], temperature adaptable textiles [13], and cold chain logistics [14–16], etc.
PCMs are regarded as one of the most promising green heat storage technologies for future
application. According to the phase change modes, PCMs can be divided into gas–liquid
PCMs, solid–gas PCMs, solid–liquid PCMs, and solid–solid PCMs [17]. In addition, the
solid–liquid PCMs include organic PCMs (paraffin and non-paraffin materials such as
fatty acids, alcohol esters and other organic compounds, etc.), inorganic PCMs (hydrated
salts, inorganic compounds, and low-melting metals and its alloys), and various mixtures
(eutectic) [18–21].

The phase change material commonly used for battery thermal management is paraf-
fin. However, paraffin is flammable. Once the battery module thermal runaway occurs,
the flammability of paraffin will even accelerate the spread of combustion, making the
situation more serious that becoming one of the biggest challenges to battery safety [22].
Polyethylene glycol (PEG) with suitable phase change temperature, high latent heat is
composed of a linear dimethyl ether chain with terminal hydroxylHO-CH2-(CH2-O-CH2-)n
-CH2-OHs [23]. Both phase change enthalpy and phase change temperature rise with the
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increasing of molecular weight [24,25]. PEG is soluble in water and organic solvents, with
the advantages of high specific heat capacity, moderate melting temperature range, low
vapor pressure during melting, and excellent chemical and thermal stability. In addition,
the good characteristics of low flammability, biodegradable, non-toxic, non-corrosive, and
low price make it be regarded as an ideal polymer phase change material [26]. Tas [27]
et al. impregnated halloysite nanotubes (HNTs) with poly PCMs PEG400 and PEG600
to form a shape-stable HNT/PCM nanohybrid mixture. Then, the HNT/PEG400 and
HNT/PEG600 nano-hybrid was compounded into the polyethylene (PE) matrix by melt
mixing method to produce a flexible nano-compound film. Compared with pure PE film,
the nano compound film delays the heating time of frozen and refrigerated samples by
18 min and 20 min, respectively. However, during the solid–liquid phase change process of
PEG, the enormous volume change can result in leakage, which hinders application of PEG.
In recent years, reasonable packaging methods of PEG were developed (i.e., encapsula-
tion methods include microcapsules, nanostructures, polymer compounds, and adsorbing
PCMs into porous materials, etc.) [28]. Ke [29] et al. prepared a series of polyethylene glycol
(PEG)/methylcellulose (MC) form-stable PCMs with different PEG mass fractions (10–50%).
FT-IR analysis showed that PEG and MC have good compatibility. Meng [30] et al. used
vacuum dipping method to immerse PEG into the hollow vessel lumen structure to form a
form-stable PCM system (FPCM). The FPCM shows a high encapsulation ability of 83.5%
at the temperature of the melting point. Based on the ionic bond interaction between
CNF and chitosan, Fang [31] et al. used interfacial polyelectrolyte compound spinning
to prepare a polyethylene glycol-based compound phase change material which contains
hydroxylated boron nitride, cellulose nanofibers and chitosan. Thanks to the interfacial
hydrogen bond interaction and the encapsulation effect of the cross-linked CNF/chitosan
network, the polyethylene glycol/boron nitride/CNF/chitosan compound material pre-
pared by chemical vapor deposition is better than pure polyethylene. The polyethylene
glycol/boron nitride compound material has better form stable stability during the phase
change process.

Calcium ions can react with PEG to generate a form-stable phase change material
(Equations (1) and (2)) [32]. However, the low thermal conductivity of the PEG·CaCl2
compound seriously hinders battery cooling. The traditional way to increase the thermal
conductivity of PCM materials is adding enhance materials such as foamed metals [33,34],
expanded graphite [35,36], nanoparticles [37], various metal fillers (copper particles, silver
particles, nickel particles, silver nanofibers) [38–40], ceramic materials (alumina, aluminum
nitride, boron nitride, copper oxide) [41–43], inorganic carbon materials (carbon black,
graphite, carbon nanotubes, nano carbon fibers, and carbon fibers) [44–50], etc. However,
increasing fillers will reduce the latent heat of PCMs and change the viscosity of the polymer
material, which finally affect the processing performance and mechanical properties of
the materials. Therefore, when adding fillers, the amounts of fillers should be as small
as possible.

CaCl2 (s) + xC2H5OH (l)→ CaCl2·xC2H5OH (s) (1)

CaCl2·xC2H5OH(s) + yPEG(l)→ CaCl2·(x − y)C2H5OH·yPEG(s) + yC2H5OH(g) (2)

Since carbon nanotubes were discovered in 1991, they have been widely used in
various fields, owing to their unique mechanical, thermal, and electrical properties. It
is reported that the thermal conductivity of multi-walled carbon nanotubes and single-
walled carbon nanotubes at room temperature is 3000 W/(m·K) and 7000 W/(m·K), respec-
tively [51], meanwhile, CNTs and organic PCMs have excellent chemical compatibility [52],
which indicate that the carbon nanotubes can work as the ideal PCM thermal conductivity
enhancer. Cao et al. [53] grafted hexadecyl acrylate(HAD) molecules on the surface of
single/multi-wall carbon nanotubes(SWCNT/MWCNT), which improves the low thermal
conductivity of HAD. In this paper, a new type of high thermal conductivity form stable
compound phase change material was prepared. Hydroxylated multi-walled carbon nan-
otubes with different mass fractions were introduced into the PEG·CaCl2 complex. Series
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of methods such as differential scanning calorimetry (DSC), X-ray diffraction (XRD), Hot
Disk thermal constant analysis, etc., were applied to analyze the effect of hydroxylated
multi-walled carbon nanotubes on the properties of PEG-CaCl2 form-stable phase change
material. This new type of high thermal conductivity shape stable phase change material
can be applied into battery thermal management systems in the future.

2. Materials and Methods
2.1. Material

Hydroxylated multi-walled carbon nanotubes (MWCNTs, length 10–30 µm, inner
diameter 5–10 nm, outer diameter 20–30 nm, purity 95%) were purchased from Aladdin
Reagent Co., Ltd. (Shanghai, China) Polyethylene glycol (AR, the average molecular
weight is 1350–1650 g/mol) and anhydrous calcium chloride (CaCl2, AR) were supplied by
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China) All chemicals were analytical
grade and were used without further purification.

2.2. Preparation of the PEG1500·CaCl2
PEG and anhydrous CaCl2 were dispersed and stirred in anhydrous ethanol at 70 ◦C

at a molar ratio of 1:1, 1:2, 1:3, 1:4, and 1:5 until a transparent solution was obtained. Next,
these solutions were put into an oven at 100 ◦C for 12 h to prepare a white solid phase. The
synthesized material is labeled PEG1500·CaCl2 (1:X) (X = 1, 2, 3, 4, and 5, respectively), and
the X value with the highest PEG content is obtained by observing the circle out method,
which is labeled Xs.

2.3. Preparation of the PEG1500·CaCl2(1:3)/MWCNTs

In order to prepare compound PCM with superior thermal conductivities, PEG1500·
CaCl2(1:3)/MWCNTs composites were obtained by a straight forward liquid phase mix-
ing method. PEG1500·CaCl2(1:3) and MWCNTs were mixed at a mass ratio of 1:N
(N = 0, 0.2, 0.5, 1, 1.5 wt%), and the obtained mixtures were dispersed in ethanol
by stirring at 70 ◦C for 2 h. Then, these samples were put in a vacuum oven at
100 ◦C for 12 h. After the vacuum adsorption process, the mixtures were denoted
as PEG1500·CaCl2(1:3)/MWCNTs Nwt% (N = 0, 0.2, 0.5, 1, 1.5). Figure 1 shows the
preparation process diagram of PEG1500·CaCl2(1:3)/MWCNTs composite materials.

2.4. Characterization

Differential Scanning Calorimeter (DSC, DSC200F3) was used to study the latent heat
and phase change temperature of the phase change process of the samples (heating rate
5 ◦C/min, nitrogen atmosphere, testing temperature 20–70 ◦C). The microstructures were
observed by a Scanning Electron Microscope (KYKY-EM6000). The thermal conductivity
of samples was measured by the hot disk thermal constant analyzer (TPS500). X-ray
diffraction (XRD) measurements were performed using Cu Kα (λ = 0.1, 54,056 nm) radiation
with a step size of 0.03◦ in the 2θ range of 15◦ to 40◦.
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Figure 1. Preparation process diagram of PEG1500·CaCl2(1:3)/multi-walled carbon nanotubes (MWCNTs) composite materials.

3. Results and Discussion
3.1. Thermal Characterization
3.1.1. Latent Heat

Latent heat and phase change temperature are considered as the most important
parameters of PCMs. The latent heat indicates the heat storage capacity of the PCMs.
Suitable PCM should be considered according to the application temperature. The existing
literature shows that CNTs suppress the mobility of matrix molecular chains by trapping
phonons in the filler network, thereby resisting the phase changes [54]. Figure 2 shows
the DSC curves recorded for the synthesized PEG1500·CaCl2(1:3)/MWCNTs Nwt% (1:X)
samples during the melting and crystalizing stages, and Figure 3 shows the latent heat
for the synthesized samples. The melting temperature of the complex without adding
MWCNTs is 40.3 ◦C and its latent heat is 99.3 J/g. MWCNTs occupy the proportion of the
phase change material in the 3D pore structure, the latent heat of the compound decreases
with the increase of MWCNTs, when 0.2, 0.5, 1, and 1.5 wt% of MWCNT is added to the
compound PCM, the latent heat of melting of the composite material is 98.8, 84.4, 98.4,
and 91.2 J/g; compared with PEG1500·CaCl2, the latent heat value is decreased 0.5%,
15%, 0.9%, and 8.20%. With the increase of MWCNT content, the melting temperature of
PEG1500·CaCl2(1:3)/MWCNTs N wt% increases slightly. When the content of MWCNTs
is 1.5 wt%, the compound’s melting temperature is the largest, which is 42 ◦C. The phase
change temperature of the compound material after adding MWCNTs is still within the
seeking range (suitable for battery thermal management), and the latent heat is still at a
relatively large value.
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Figure 2. Differential scanning calorimetry (DSC) curves recorded for the synthesized PEG1500·CaCl2(1:3)/MWCNTs
Nwt% (1:X) samples.

Figure 3. Latent heat for the synthesized PEG1500·CaCl2(1:3)/MWCNTs Nwt% (1:X) samples.
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The crystallization stage curve of PEG1500·CaCl2(1:3)/MWCNTs’ is similar to the
melting stage. With the increase of MWCNT mass, the crystallization temperature of
composite PCMs began to increase and their latent heat decreased. It shows that the
presence of carbon nanotubes affects the energy storage properties of the materials deeply.

Meanwhile, change trend of crystallinity can also be observed from Figure 2. Crys-
tallinity Xc can be calculated by equation (Equation (3)):

Xc(%) =
∆H

∆H∗ × 100% (3)

where ∆H is the melting enthalpy of PCMs, J/g; ∆H∗ is the melting enthalpy of 100%
crystalline PCMs. ∆H∗ would be unchanged for the same material, which means the
presence of MWCNT reduces the crystallinity of composite PCMs.

An obvious phase change hysteresis is found. Normally we think the process of
latent heat storage and released should be carried out at a constant temperature; however,
due to the purity of the material and other reasons, PCM has a solid–liquid coexistence
phenomenon at the melting point. Because of the thermal resistance, during the heating
process, the internal sample’s temperature the is lower than the temperature of the surface,
which may cause that the detected temperature is higher than real sample temperature
during the heating process, then the surface temperature of the sample would be exceeded
melting temperature, peak will move to a higher temperature. Conversely, during the
cooling process, the sample temperature is lower than estimated, so the peak will shift
to a lower temperature [55,56]. On the other hand, polymer materials are folded through
molecular chains to form crystals of various sizes. Melting and crystallization process are
in Gaussian distribution which leads to a hysteresis. Polymer crystals are different from
inorganic salt crystals. The former is composed of crystals of different sizes, while the
latter has the same crystal size and structure. For example, the PEG1500 used in this study
is composed of long chains with an average molecular weight of 1350~1650. They emit
different heat when recrystallized, so hysteresis occurs. Similar discoveries have also been
reported [57].

Determination of the melting temperature range of PCM means to find the starting
melting temperature at which PCM starts melting and the ending melting temperature at
which the melting process is finished. However, the form-stable phase change material in
this study does not show a melting state when it reaches the target temperature (Shape
stability verification work would be shown in Section 3.2), which reduces the accuracy of
the DSC test. However, the DSC sample quality is very small (5–10 mg), and the highest
temperature measured is 70 ◦C which is higher than the phase change temperature nearly
30 ◦C. According to the test rate 5 ◦C/min, and we keep the constant temperature of
70 ◦C for 3 min, the sample has been kept above the phase transition temperature for
9 min, so the complete phase change process has been achieved. Then we believe that the
DSC test results have reference value. The general way to improve the phase transition
hysteresis is to reduce the test rate and let the sample melt completely [58]. According to
previous reports, the oscillation amplitude of the surface temperature strongly affects the
temperature distribution and boundary motion [59,60]. However, as mentioned above, the
sample in this study will not melt into a liquid at the target temperature. We will explore a
feasible research method for shaping phase change materials to improve the phenomenon
of phase change hysteresis in future research.

3.1.2. Thermal Stability Analysis

Thermal stability of form-stable PCMs was analyzed by thermogravimetric (TG), and
test results are presented in Figure 4. According to TG curves, PEG1500·CaCl2(1:3) and
PEG1500·CaCl2(1:3)/MWCNTs 1.5 wt% have a weak weight loss from 100 ◦C to 200 ◦C. A
significant weight loss occurs after 350 ◦C. It shows that these two composite form-stable
phase change materials have good thermal stability at high temperatures. These two curves
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almost overlap, indicating that MWCNTs does not help to improve the thermal stability of
PEG1500·CaCl2 (1:3), which may be due to the low content.

Figure 4. Thermogravimetric (TG) curves recorded of PEG1500·CaCl2(1:3) and PEG1500·
CaCl2(1:3)/MWCNTs 1.5 wt%.

3.1.3. Thermal Conductivity

Due to their molecular chain arrangement and structure, polymer PCMs have low
thermal conductivity (<0.5 W/(m·K)) [61–63]. Adding high thermal conductivity inorganic
fillers is considered as an effective way to increase the thermal conductivity of polymer
materials. As a kind of one-dimensional carbon materials with high thermal conductivity,
in this article, carbon nanotubes will effectively improve PCMs’ thermal conductivity
through the formation of double percolation thermal network. Figure 5 shows the thermal
conductivity of the PEG1500·CaCl2(1:3)/MWCNTs Nwt% (1:X) PCM. It can be seen that
the thermal conductivity of pure PEG1500·CaCl2 complex is 0.23 W/(m·K). When 0.2, 0.5,
1, 1.5 wt% MWCNTs are added into the compound PCM, the thermal conductivity of the
compound material is 0.41, 0.64, 0.78, and 0.90 W/(m·K), compared with PEG1500·CaCl2
the thermal conductivity is increased by 78.26%, 178.26%, 239.13%, and 291.30%. It is obvi-
ously that the introduction of MWCNTs significantly improves the thermal conductivity of
compound PEG1500·CaCl2.

The increase of thermal conductivity is due to the high thermal conductivity of MWC-
NTs. Normally, the thermal conductivity of organic PCMs is low, which is related to their
heat conduction mechanism. They mainly rely on the mutual vibration of molecules to
conduct heat, which is called phonon conduction. The carbon nanotube heat conduction
system has a large average phonon free path [64], which can improve the mean free path
(MFP) of phonons. Moreover, the added MWCNTs are in a micron size structure, and the
interface thermal resistance is also very small. These factors will significantly increase the
thermal conductivity of the original PCM.
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Figure 5. Thermal conductivity for the synthesized PEG1500·CaCl2(1:3)/MWCNTs Nwt% (1:X).

Although the thermal conductivity of a single carbon nanotube is very high, in prac-
tical applications, the carbon nanotubes are assembled disorderly by van der Waals to
form a carbon nanotube network. The overlap between the carbon nanotubes affects the
thermal conductivity of the overall network, and MWCNTs are easy to entangle, bundle
together, and agglomerate, which affect dispersed and thermal efficiency [65]. According
to reports, the thermal conductivity of the carbon nanotube network can be as low as
0.134 W/(m·K) [66–68]. Zhong et al. [69] found through molecular dynamics simulation
that the thermal contact resistance between carbon nanotubes decreases as the overlap
interval decreases. One-dimensional MWCNTs’ thermal interfacial resistance R can be
expressed by Equation (4):

R = A∆T/q (4)

where A is the interface area , ∆T is the steady-state temperature jump between two
surfaces forming the interface, and q is the heat flow rate across the interface. Therefore,
increasing A means enhancing thermal resistance R.

The PEG1500·CaCl2(1:3) matrix can also transmit the phonon vibration from MWCNTs
to another MWCNTs more efficiently, so that the phonon conduction forms a faster chain
and forms a more common heat conduction path. It reduces part of the thermal resistance of
the carbon nanotube network caused by the overlapping form. Wang [70] et al. found that
solid materials’ orderly structure could enhance heat transfer between TCNTs and PCMs
that was due to decreasing thermal resistance. The significant increase in thermal conduc-
tivity could indicate the material has reached double percolation structure (Figure 6 shows
Thermal conductivity double percolation mechanism of PEG1500·CaCl2(1:3)/MWCNTs).
The double percolation structure, conductive fillers are selectively located in one phase of a
co-continuous immiscible polymer blend to form a percolated conductive pathway in the
selected phase. Two requirements are needed to realize the double percolation structure
in composites. One requires co-continuous blend morphologies, the other needs selective
filling of only one of the blend phases (double percolation). When the filler is distributed on
the continuous interface of the co-continuous polymer blend, in this way, the filler required
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to establish an infiltration heat conduction network is minimized. It is expected to further
improve its thermal conductivity. The double percolation structure provides a significant
improvement in thermal conductivity. This composite material has a co-continuous struc-
ture and has a very low thermal permeability threshold (0.11 vol%); polymer matrix and
thermally conductive fillers that do not have a double percolation structure usually require
a very high load (30 vol%) to obtain a suitable Thermal Conductivity [71]. Zhang et al. [72]
prepared an insulating three-phase double percolation BNNSs/SEBS/PP nanocomposites,
after adding 3 phr BNNSs, the thermal conductivity of SEBS/PP was increased 228.6%
(from 0.42 W/(m·K) to 1.38 W/(m·K)). This is because the SEBS phase with BNNSs can
form a complete heat conduction pathway structures in the PP substrate. Wu et al. [73]
combined EG and MWCNTs in polypropylene to prepare a double percolated filler net-
work. The interface thermal resistance (Rk) is 4.27 × 10−7 m2 KW−1 when the MWCNT
content is less than 2 wt%. The thermal conductivity of the PP/EG-MWCNT is lower than
PP/EG-EG, which shows that when the MWCNT content does not reach the threshold,
there is no obvious effective effect on improving the heat transfer performance. However,
when the MWCNT content reaches 3 wt%, the interface thermal resistance (Rk) is only
2.93 × 10−8 m2 KW−1, and the effective thermal conductivity (ke/km) increases rapidly
with the increase of MWCNT content.

Figure 6. Thermal conductivity double percolation mechanism of PEG1500·CaCl2(1:3)/MWCNTs (a) dispersion State (b)
double percolation state.

3.2. Shape Stability of PEG1500·CaCl2/MWCNTs Composites

In order to study the stability of PEG1500·CaCl2 (1:X), composite samples containing
various load ratios were placed on the filter paper (Figure 7), and then each sample and the
filter paper were placed in an oven at a temperature of 80 ◦C (above the melting point of
polyethylene glycol) 2 h to ensure that the sample undergoes a phase change from solid
to liquid. After cooling to room temperature, we observe each filter paper for any traces
of liquid PEG leakage carefully. The shape of polymer PCMs during process from solid
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to liquid would change, materials are easily leaked without suitable package. This limits
polymer PCMs used in the engineering field. Therefore, it is necessary to study the shape
stability of polymer PCMs. At this stage, the shape stability of phase change materials can
be ensured by cross-linking method [74–77], high specific surface area material adsorption
method [78,79], microcapsule method and other methods [80–82]. The method used in this
work is to cross-link PEG materials together by complexation. Although PEG crystalline
phase changes from solid to liquid, the morphology of compounds is stable because of
the existence of PEG1500·CaCl2 complex skeleton structure. Figure 8 shows the leakage
diagram of PEG1500·CaCl2 PCM. As Figure 8 shows, with the increasing of CaCl2 content,
the leakage of PEG1500·CaCl2 decrease gradually. The reason is that the more CaCl2
content, and the more complex points between PEG1500·CaCl2 3D skeleton and PEG, the
less leakage of PCM. The diameter of carbon nanotubes is at the nanometer level and the
specific surface area is very high. It must have a high adsorption effect on PEG polymer
materials. Therefore, after adding carbon nanotubes, the PCM material will have higher
deformation resistance. CaCl2 and CaCl2·PEG complexes do not have latent heat, the latent
heat of compound PCMs depends on the value of the mass fraction of pure PEG adsorbed
on the 3D framework. Therefore, the maximum PEG mass fraction (1:3) without leakage is
chosen for further optimization.

Figure 7. Digital photos of morphologies of different samples.

Figure 8. Digital photos of morphologies of different samples at 80 ◦C for 2 h.

The composite PEG1500·CaCl2(1:3)/MWCNTs and its microstructure are shown in
Figure 9. We can see the white PEG1500·CaCl2 skeleton structure in the picture clearly,
which is the key to maintaining the shape stability of PCMs.

3.3. XRD and FT-IR Characterization

Figure 10 shows the XRD patterns of prepared pure PEG1500·CaCl2(1:3) and PEG1500·
CaCl2(1:3)/MWCNTs 1.5 wt%. Pure PEG1500·CaCl2(1:3) compound exhibits two strong
crystallization peaks at 19.22◦ and 23.32◦. Meanwhile, the corresponding crystal diffraction
peaks for the PEG1500·CaCl2(1:3)/MWCNTs 1.5 wt% sample are centered at 18.69◦ and
22.94◦. These peak shapes of PEG1500·CaCl2(1:3) before and after adding MWCNTs do not
change much, no other diffraction peaks appeared, indicating that additional MWCNTs do
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not affect the crystal structure of PEG1500·CaCl2 complex. After adding 1.5 wt% MWCNTs,
these two main crystallization peaks of compound PCMs shift left 0.53 and 0.38. According
to Prague equation (Equation (5)):

2dsinθ = nλ (5)

In which d is crystal plane spacing, nm; θ describes the angle between the reflecting
crystal plane and the incident X-ray, ◦; n is the reflected series; and λ is the wavelength of the
X-ray, nm. Reduced angle suggests that MWCNTs increase the polymer interplanar spacing.

To further research the characteristic of composite phase change material, Fourier trans-
form infrared spectroscopy (FT-IR) analyses were conducted for the PEG1500·CaCl2(1:3)
and PEG1500·CaCl2(1:3)/MWCNTs 1.5 wt% sample. Theoretically, the stretching vibration
of the OH group appears at 3650–3200 cm−1. When the hydroxy compound is associated,
the absorption peak of the O-H group shifts to the low wavenumber direction. At this time,
a broad and strong absorption peak appears at 3400–3200 cm−1. This is consistent with
what we saw in Figure 11. It shows that the complex has an association reaction. However,
the presence of MWCNTs did not effect on the wavelength after 1500 cm−1, it proves that
MWCNTs will not affect the association reaction of the polymer.

Figure 9. (a) Composite PEG1500·CaCl2(1:3)/MWCNTs (b) microstructure of PEG1500·CaCl2(1:3)/MWCNTs.
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Figure 10. X-ray diffraction (XRD) patterns of: (a) PEG1500·CaCl2(1:3)/MWCNTs 0 wt%; (b) PEG1500·CaCl2(1:3)/MWCNTs 1.5 wt%.
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Figure 11. Fourier transform infrared spectroscopy (FT-IR) patterns of PEG1500·CaCl2(1:3) and PEG1500·CaCl2(1:3)/
MWCNTs 1.5 wt%.

4. Conclusions

In this paper, a new type of high thermal conductivity form-stable PCM was prepared.
Series of methods such as differential scanning calorimetry (DSC), X-ray diffraction (XRD),
and Hot Disk thermal constant analysis are used to study the effect of hydroxylated
multi-walled carbon nanotubes on PEG1500·CaCl2.

(1) Phase change temperature increases with the increasing of MWCNTs mass fraction,
while the latent heat decreasing. non MWCNTs material’s phase change temperature
is 40.3 ◦C, and its latent heat is 99.3 J/g, compared to PEG1500·CaCl2(1:3)/MWCNTs
1.5 wt% that has the highest phase change temperature (42 ◦C). An obvious phase
change hysteresis is found, which due to the uneven size of polymer crystals, and the
speed of the recrystallization process is different. The sample in this study will not
melt into a liquid at the target temperature, which makes the internal heat transfer
mechanism and rate of the sample inconsistent. During the heating process, the
internal sample’s temperature the is lower than the temperature of the surface, and
during the cooling process the sample temperature is lower than estimated, so the
peak will shift to a lower temperature, aggravating the hysteresis of the DSC curve.

(2) TG curve indicating that MWCNTs does not help to improve the thermal stability of
PEG1500·CaCl2 (1:3), which may be due to the low content.

(3) The thermal conductivity of pure PEG1500·CaCl2 is 0.23 W/(m·K). When 0.2, 0.5,
1, and 1.5 wt% MWCNTs are added, their thermal conductivities increase to 0.41,
0.64, 0.78, and 0.90 W/(m·K). This is due to the large average phonon free path of
MWCNTs, which can improve the mean free path of phonons effectively, and the
added MWCNTs effectively reduce the interface thermal resistance between PCM
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molecules. The results of this study also showed the thermal conductivity double
percolation mechanism of PEG1500·CaCl2(1:3)/MWCNTs.

(4) XRD patterns indicating that additional MWCNTs do not affect the crystal structure
of PEG1500·CaCl2, but they increase the polymer interplanar spacing. FT-IR analyses
shows that the complex has an association reaction.
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