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Abstract

A kind of polyurethane rubber (PU)/n-octadecane (n-OD)@silicon dioxide
(SiO,)-polymethyl acrylate (PHEMA) form-stable phase change material (PCM)
was fabricated in this paper. n-OD@SiO,-PHEMA microcapsules were prepared
in one-pot, through interfacial hydrolysis polycondensation of alkoxy silanes
and radical polymerization of HEMA. Then, n-OD@SiO,-PHEMA microcap-
sules were added into PU matrix to obtain PU/n-OD@SiO,-PHEMA compos-
ites. SiO,-PHEMA hybrid shell not only provides a shelter for core material, but
also increases interfacial bonding between microcapsules with PU and effectively
improves the mechanical properties of composites. The morphologies, chemical
compositions and crystal structures of microcapsules and composites were char-
acterized by SEM, TEM, FT-IR and XRD methods. The thermal and mechanical
properties of the microcapsules and composites were characterized by differential
scanning calorimetry and mechanical performance tests. The results show that the
thermal and mechanical properties of PU/n-OD@SiO,-PHEMA composites were
better than those of neat PU. The PU/n-OD@SiO,-PHEMA composites endow
the microcapsules with improved thermal reliability and leakage proof property.
The composites were found as form-stable PCM with low leakage rate. The phase
change latent heat of the PU/n-OD@Si0,-PHEMA composites was up to 85.1 J/g
and the composites can be used for thermal energy storage.
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Introduction

Growing of world population and intense industrial consuming have created the
shortage of energy. Meanwhile, toxic gases produced by fossil fuels have caused
global warming and the collapse of ecosystems. Thus, the development of green
and sustainable energy science should be our urgent mission. In recent years,
investigation of new energy has drawn the extensive consideration of researchers.
For example, solar energy is a kind of abundant resource and photocatalysis is
a novel and eco-friendly technology [1-4]. Converting solar energy to chemical
energy in the form of hydrogen through nanoparticles such as TiO, [5] and Fe,0;
[6] is regarded as a promising approach to solve the environment problem such
as fuel pollution in the textile industry [7, 8]. In addition, thermal energy stor-
age (TES) [9] possessing high-efficiency energy storage methods and recovery
efficiency has drawn the attention of researchers. Phase change materials (PCMs)
are mainly divided into three transformation modes: solid—gas, solid—liquid and
liquid—gas. Solid—gas and liquid—gas will disclose gas during energy conversion,
which is harmful to energy storage and conversion. The solid-liquid transition is
a relatively mature option [10]. However, high leakage rate during the phase tran-
sition restricts their applications. Encapsulating solid—liquid PCMs into micro/
nano-sized tiny containers can effectively improve the leakage problem, and it
can also improve heat transfer by increasing the surface area to volume ratio [11,
12]. Researchers use different shell materials to encapsulate solid-liquid PCMs,
organic shells such as melamine—formaldehyde resin (MF) [13, 14], polymethyl
methacrylate (PMMA) [15-17], polyurea resin (Polyurea) [18] and polystyrene
(PS) [19]. Inorganic shells such as calcium carbonate (CaCO;) [20] and silicon
dioxide (Si0O,) [21-23]. Zhu et al. [24] used silicon dioxide to microencapsulate
n-octadecane to prepare PCMs and used styrene and hydroxyethyl methacrylate
to prepare a polymer-SiO, hybrid shell. The polymer shell had good thermal sta-
bility and tightness, which improved the leakage of n-octadecane at phase transi-
tion temperature.

In addition, the form-stable PCM [25] can also effectively solve the leakage
problem of solid-liquid PCM, such as inorganic support material diatomaceous
earth [26] and organic support material polyurethane [27]. The combination of
microcapsules and support materials can have the advantages of the above two
methods. For example, Guo [28] successfully used the interfacial hydrolysis poly-
condensation reaction of tetraethylorthosilicate and y-aminopropyltriethoxysilane
in the miniemulsion to coat paraffin wax and used the prepared microcapsules to
fill silicone rubber to obtain the form-stable silicone rubber/paraffin @silicon. The
form-stable PCMs filled with microcapsules effectively enhanced the mechanical
properties of silicone rubber and possessed high enthalpies, good thermal cycling
and great applications in thermal energy storage. To the best of our knowl-
edge, however, many works hardly report to prepare the form-stable PCM with
organic—inorganic hybrid shell microcapsules. Compared with the single shell
microcapsules, organic—inorganic hybrid shell microcapsules have advantages in
thermal conductivity and compatibility with support materials.
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Here, we present a kind of PU/n-OD@SiO,-PHEMA form-stable phase change
material. According to the literature, PU is a kind of rubber with high density, high
hardness, good elasticity and good biocompatibility. However, the weak interaction
force between macromolecules caused poor mechanical properties that limited its
application. Inorganic fillers and organic polymer are chosen to modify PU, such as
Si0, [29], CaCO; [30], acrylic resin [31] and epoxy resin [32]. SiO, has a huge spe-
cific surface area, which can provide strong van der Waals force between the filler
and the polymer chain, while acrylic resin can effectively improve the thermal sta-
bility. In this study, the sulthydryl-modified n-OD @SiO, microcapsules were first
prepared by the miniemulsion method, and then, the sulthydryl groups on the sur-
face of SiO, and the double bonds in hydroxyethyl methacrylate were used for free
radical polymerization to obtain n-OD @SiO,-PHEMA hybrid shell microcapsules.
Finally, the microcapsules were added to the PU matrix to prepare PU/n-OD @SiO,-
PHEMA composites. In this composite, n-OD makes PU/n-OD @SiO,-PHEMA
composites possessing latent heat of phase change, PU and SiO,-PHEMA hybrid
shell provide dual encapsulation for n-OD. The prepared PU-based form-stable
PCMs have thermal energy storage capacity, low leakage rate and good mechanical
properties.

Experimental methods
Materials

N-octadecane (n-OD, 98 wt%), y-mercaptopropyltriethoxysilane (KH-590) and
hydroxyethyl methacrylate (HEMA) were purchased from Aladdin. Tetraethyl
orthosilicate (TEOS), anhydrous ethanol (NH;-H,O), 2,2'azobisiso butyronitrile
(AIBN), trimethylolpropane (TMP) and cetyltrimethylammonium bromide (CTAB)
were purchased from Sinopharm Chemical Reagents. HEMA were purified by pass-
ing through a neutral alumina column, to remove retardants. AIBN was recrystal-
lized from 95% ethanol before use. Two dibutyltin dilaurate (DBT) was purchased
from Beijing Zhengheng Chemical Co., Ltd. Diisocyanated’isophorone (IPDI) was
commercially supplied by Jinan Huakai Resin Co., Ltd. Poly (1,4-Bytylene adipate)
(M, =1000) was obtained from Shandong Jiaying Chemical Technology Co., Ltd.
All chemicals were of reagent quality and used without further purification, unless
stated otherwise.

Fabrication of n-OD@Si0,-PHEMA hybrid shell microcapsules

Typically, n-OD (10.0 g), TEOS (8 mL), KH-590 (3 mL) and purified AIBN (0.1 g)
were mixed in a breaker (500 mL), then deionized H,O (145 mL), absolute etha-
nol (72.5 mL), CTAB (1.65 g) and HEMA (5 mL) were added into the breaker and
heating at 30 °C to form a clear solution. The solution was emulsified by means
of FJ200-S homogenizer at 10,000 r/min for 5 min and ultrasounded for 10 min to
form a stable miniemulsion; then, the solution was poured into a three-necked flask
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(500 mL) equipped with a mechanical stirrer. The reaction was catalyzed by 30 mL
dilute ammonia solution and stirred at 35 °C for 2 h at a rate of 330 rpm. Then, the
temperature was raised to 80 °C. The radical polymerization was initiated by AIBN
and continued for 4 h. Finally, the white powder was obtained after filtration, wash-
ing and freeze drying. The fabrication procedure is shown in Scheme 1. The surface
of n-OD droplets are full of CTAB micelles [33], which provides a layer of positive
charges. The positive charges have a charge attraction on the negatively charge SiO,,
which pledges SiO, to be deposited on the surface of the n-OD droplets to form
n-OD@Si0, microcapsules. The modified SiO, was obtained through hydrolyza-
tion and polycondensation of silanol (KH-590) and TEOS. Finally, n-OD@SiO,-
PHEMA hybrid shell microcapsules were obtained through the free radical polym-
erization mechanism between -SH and double bond.

Preparation of PU/n-OD@SiO,-PHEMA composites

The n-OD@Si0,-PHEMA microcapsules as a kind of filler with phase change materi-
als were added into the PU matrix. TMP acted as a crosslinking agent and DBT used as
a catalyst, the fabrication procedure is shown in Scheme 2. In this procedure, a certain
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Scheme 1 Fabrication process of n-OD@SiO, and n-OD@SiO,-PHEMA
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n-OD@Si0,-PHEMA + PU + TMP

+ DBT

Scheme 2 Fabrication process of PU/n-OD@SiO,-PHEMA composites

amount of PBAG (M,=1000) and redundant IPDI reacted for 2 h to prepare -NCO
group capped PU prepolymer. Then n-OD @SiO,-PHEMA microcapsules were gradu-
ally added into the PU prepolymer. TMP and DBT were added into the mixture after
the microcapsules well stirring with PU. Subsequently, the mixture was poured into a
Teflon mold to solidify for 24 at room temperature to acquire composites. The -OH
(PHEMA and SiO,) on the surface of microcapsules could form chemical crosslinks
with the PU prepolymer to increase the bonding between microencapsules and PU
matrix. Composites with different n-OD@SiO,-PHEMA contents were prepared and
labeled as PU/n-OD@SiO,-PHEMA-40, 60, 80, 100, respectively. Meanwhile, PU,
PU/n-OD@Si0, were prepared for comparison.

Characterization

Fourier transform infrared (FT-IR)

The chemical composition of microcapsules and composites was analyzed by Nicolet
560 FTIR spectrometer (iS10 Thermo Nicolet Co., Ltd, Madison-n, America) with the

KBr sampling method and transmission method, respectively. The range of the spectra
was from 4000 to 400 cm ™.
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X-ray powder diffraction (XRD)

The crystal diffraction peak of microcapsules and composites were confirmed by
high-resolution X-ray diffractometer (D/MAX2500, Japan science smartlab 9).
The scanning speed was 4°/min at 26 range of 5-80°, and the step was 0.02.

Particle size analyzer

The diameters of the prepared n-OD@SiO, and n-OD@SiO,-PHEMA micro-
capsules were measured by Malvern Mastersizer 3000 (UK). The microencap-
sules (0.05 g) were dispersed in absolutely ethanol (10 mL), and the results were
obtained by taking the average of three measurements.

Field emission scanning electron microscope (FE-SEM)

The characterization of the microcapsules and composites was conducted on a
SUPRASS field emission scanning electron microscope. The cross section of the
composites sheet was obtained by brittle fracture in liquid nitrogen, which was
then installed on the sample table and sprayed with gold before testing. During
the SEM test, the cross sections of all samples were directly below the electron
beam (install the samples vertically to view the cross section).

Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) was performed on a JEOL 2100 trans-
mission electron microscope operated at an accelerating voltage of 100 kV. The
microcapsules were dispersed absolutely ethanol, and a drop of the mixture was
dripped to copper mesh (100 mesh). The thickness of shell was determined based
on the obtained TEM micrographs.

Differential scanning calorimetry (DSC)

The thermal properties of n-OD, n-OD@SiO,, n-OD@SiO,-PHEMA and PU/n-
OD@SiO,-PHEMA composites were performed by a DSC-204-F1 (GE) differen-
tial scanning calorimetry (DSC), the heating or cooling rate was 10 °C/min and
the temperature range was from 0 to 60 °C in N, atmosphere, and the weight of
sample was about 5 mg.

Dynamical mechanical analysis (DMA)

The glass transition of composites was performed on a DMA 8000 (Llant-
risant. CF72 8YW. UK). The method of test is tensile mode, the length, width
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and thickness of each example was 10 mm, 5 mm and 0.5 mm. Composites were
measured at 5 °C/min rate from — 10 °C to 120 °C.

The thermogravimetric analysis (TGA)

The thermogravimetric analysis (TGA) was performed on a TG-209-F-1 (USA)
thermal analyzer and measured at 20 °C/min rate from 35 to 600 °C. The analyses
were taken in an inert nitrogen atmosphere at a 100 mL/min flow rate. Each sample
was about 3 mg.

Leakage test

The stability of the microcapsules and the form-stable PCMs was evaluated by
measuring the leakage rate (Lr%). In this test, the samples of initial weight referred
to M, Were placed on filter papers to observe the leaked n-OD when they were
heated to 60 °C (60 °C, which is higher than the melting temperature of n-OD) in
the Vacuum oven. Keeping to replace another filter paper until the weight of sam-
ples no longer changed. The final remaining weight of the samples were labeled as

M, mainger- The leakage rate of the samples was calculated by the following equation:

L% = Minitial]‘; Mremainder % 100%

initial

Mechanical performance test

The tensile strength and elongation at break of the dumbbell-shaped samples were
measured by the MTS industrial system C45.504 universal testing machine. Dumb-
bell specimens was obtained from Teflon molds. The effective thickness and length
of the dumbbell specimens were 2 mm and 15 mm, respectively. At least five meas-
urements were taken for each sample at room temperature (RT), and all experiments
were performed at 100 mm/min. By using a shore hardness tester to test the hard-
ness of the sample. Five results were taken for each sample at room temperature and
60 °C. All data are the average of five measurement results for each sample.

Results and discussion
Characterization of n-OD@Si0, and n-OD@Si0,-PHEMA microcapsules

See Fig. 1.

The topography and particle size analysis of microcapsules.

The chemical compositions of the microcapsules were confirmed by FT-IR
characterization, as shown in Fig. la. The FR-IR spectra of the microcapsules
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Fig.1 a FT-IR spectra of n-OD, n-OD@SiO,, n-OD@SiO,-PHEMA; b XRD patterns of n-OD, n-OD@
Si0,, n-OD@SiO,-PHEMA

(n-OD@Si0,, n-OD@Si0,-PHEMA) show the similar characteristic peaks of
core material n-OD (2923 cm™', 2853 cm™, 1469 cm™, 1370 cm™!, 718 cm™).
The microcapsules also have the peaks at 1086 cm™' and 467 cm™!, which are
the characteristic absorption peaks of SiO,. The peak at 1731 cm™" corresponds
to stretching vibrational peak of C=O0, indicating that the polymer (PHEMA)
was successfully grafted on the surface of SiO,. And the characteristic absorp-
tion peak at 3436 cm™! corresponds to -OH is shown in n-OD@Si0O, and n-OD@
Si0,-PHEMA, which is owing to the -OH groups from SiO, and PHEMA. There-
fore, the formation of n-OD@SiO,-PHEMA was clearly demonstrated. In addi-
tion, by comparing the XRD patterns of n-OD and microcapsules in Fig. 1b, it
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can also be shown that the core material n-octadecane was encapsuled in the
microcapsules and displayed a triclinic phase structure similar to n-octadecane.

The morphology of n-OD@Si0O, and n-OD@SiO,-PHEMA microcapsules is
shown in Fig. 2. n-OD@Si0, are obviously regular spherical (Fig. 2a), and as can
be seen from the TEM (Fig. 2d) picture, the shell thickness of the n-OD@SiO,
microcapsule is about 25 nm, indicating that SiO, encapsuled the core material
n-octadecane greatly, and the particle size is 326 nm (Fig. 2g). But the micro-
capsules have some certain folds (Fig. 2d) due to the evaporation of solvent in
the microcapsules, demonstrates that the SiO, is mesoporous. Compared with the
SiO, microcapsules, the polymer-SiO, shell reacted with the mesoporous SiO,
wall (Fig. 2b, c), the n-OD@Si0O,-PHEMA is dense and smooth, it owns a thicker
shell (Fig. 2e, f, 170 nm) and larger particle size (Fig. 2h, 1.68 pm). The C, Si, O
and S elements are clearly seen from the EDS analysis of microcapsules (Fig. 2i),
which further demonstrate that n-OD@SiO,-PHEMA have been successful. But
the TEM image of the n-OD @SiO,-PHEMA seems not to be perfectly spherical,
this problem could be solved if we consider the contents of PHEMA to regulate
the shape of the microcapsules, we will have the chance to discuss the situation in
future experiments. Therefore, despite the SEM and EDS preliminary characters,
they can clearly indicate n-OD@SiO, and n-OD@SiO,-PHEMA have been pre-
pared successfully.

Chemical composition and Crystallization performance of composites

The structures and chemical compositions of the prepared form-stable PCMs are
analyzed by FT-IR and XRD methods. As shown in Fig. 3a FT-IR spectrum, the
characteristic absorption peaks of neat PU and n-OD @SiO,-PHEMA microcapsules
can be clearly observed in the curve of PU/n-OD@SiO,-PHEMA composites. The
N-H group (3300 cm™!) in PU and the -OH group (3438 cm™') in n-OD@SiO,-
PHEMA microcapsules form hydrogen bond crosslinks, hydrogen bonding in PU
composites is also of great interest since it plays an important role in determining
phase segregation [34]. Its hard segment increased with the addition of filler, and
the degree of hydrogen bonding also increased. The peak intensity of —OH groups
(3438 cm™!) are weaken in the composites and then redshifted (3366 cm™!). The
strong absorption peak at 1730 cm™! corresponds to the C=0 group in PU. In addi-
tion, PU/PHEMA/n-OD@Si0O, composites show the same characteristic absorp-
tion peaks as the core material n-octadecane (2923 cm™!, 2853 cm™!, 1466 cm™!,
1390 cm™! and 719 cm™!), and the characteristic absorption peaks of Si—O-Si
appear at 1030 cm™! and 460 cm™!, which prove that the PU matrix material had
successfully encapsuled n-OD @SiO,-PHEMA microcapsules.

The crystal performance of neat PU, n-OD@SiO,-PHEMA, PU/n-OD@Si0,-
PHEMA composites are presented in Fig. 5b. PU shows amorphous peak and mani-
fests its structureless. In addition, the shape of crystal peak in all PU/n-OD@SiO,-
PHEMA composites is similar with n-OD@SiO,-PHEMA microcapsules, which
indicates n-OD@SiO,-PHEMA was successfully encapsulated in these composites
and the composites possess the same triclinic crystal structure compared to n-OD.
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Fig.2 SEM images of a n-OD@SiO, and b, ¢ n-OD@SiO,-PHEMA; TEM images of d n-OD@SiO,
and e, f n-OD@SiO,-PHEMA; Particle size distribution of g n-OD@SiO, and h n-OD@SiO,-PHEMA. i
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Fig.3 a the FTIR spectra of n-OD, n-OD@SiO,-PHEMA, PU/n-OD@SiO,-PHEMA and PU; b XRD
patterns of PU/n-OD @SiO,-PHEMA-40, 60, 80, 100 and PU

SEM topography of PU and composites

The cross-sectional SEM pictures of neat PU, PU/n-OD@Si0O,, PU/n-OD @SiO,-
PHEMA-40 and PU/n-OD@SiO,-PHEMA-100 are shown in Fig. 4. It is obvi-
ous that the cross section of PU is smooth (Fig. 4a). However, PU/n-OD@SiO, is
clearly visible that n-OD@Si0O, was partly reunited (Fig. 4b), it is demonstrated
that n-OD@SiO, badly dispersed in the PU matrix because of the poor compat-
ibility between the n-OD@Si0, and PU matrix. As can be seen from Fig. 4c, d,
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Fig.4 Cross-sectional SEM images of a neat PU, b n-OD@SiO,-PHEMA, ¢ PU/n-OD@SiO,-
PHEMA-40, d PU/n-OD@SiO,-PHEMA-100

many hemispherical particles are observed on the fracture surface of PU/n-OD@
Si0,-PHEMA, proving the existence of the n-OD@SiO,-PHEMA microcapsules.
And it is consistent with the formula that the density of the microcapsules in the
PU/n-OD@SiO,-PHEMA-100 composite is higher than that of the PU/n-OD@
Si0,-PHEMA-40 composite. In short, it can effectively prevent n-OD from leak-
ing at the working environment temperature through the dual encapsulation of PU
matrix and microcapsules.

Phase change properties

The thermal energy storage/release performance of the n-OD, n-OD@SiO,, n-OD@
Si0,-PHEMA and the PU/n-OD@SiO,-PHEMA composites are characterized by
DSC, and the DSC curves of melting and crystalling process are shown in Fig. 5.
For the two types of microcapsules (Fig. 5a), one-step melting occurred at 31.6 °C
and 33.4 °C, respectively, which is lower than n-OD (34.3 °C). The reason is that
whatever SiO,-shell and SiO,-PHEMA hybrid shell both provide a barrier for
n-OD to limited heat conduction. It is worth noting that supercooling of microcap-
sules is lower than that of n-OD, explaining that the encapsulation of n-OD effec-
tively delays the rate of cooling and enhances crystal perfection. As can be seen in
Fig. 5b, it is consistent for curves of the composites, and with the content of n-OD@
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Fig.5 DSC curves of a n-OD, n-OD@SiO,, n-OD@SiO,-PHEMA, b PU/n-OD @SiO,-PHEMA-40, 60,
80, 100 composites

Si0,-PHEMA increasing on PU matrix, the enthalpies of the composites increase.
The main statistics are shown in Table 1, the encapsulated efficiency of n-OD @SiO,-
PHEMA (56.7%) has almost no changes from that of n-OD@SiO, (56.8%) when
was attributed to PHEMA, but the enthalpy of n-OD@SiO,-PHEMA (145.7 J/g)
is higher than that of n-OD@SiO, (141.9 J/g), indicating the thermal conductivity
of n-OD@SiO,-PHEMA superior to n-OD@SiO,. The melting enthalpy of PU/n-
OD@Si0,-PHEMA-40, 60, 80, 100 composites is up to 42.6 J/g, 58.1 J/g, 72.6 J/g,
85.1 J/g. For PU/n-OD@Si0,-100 composite, the content of n-octadecane on PU
matrix had reached to 33.7% according to calculation, it provides the function of
thermal energy storage for the form-stable PCMs greatly.
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Table 1 Phase change properties of n-OD, n-OD@SiO,, n-OD@SiO,-PHEMA and PU/n-OD@SiO,-

PHEMA composites

Samples AH, (/g T, (°C) AH_ (J/g) T, (°C) n (%)*
n-OD 252.9 343 249.8 20.3 -
n-OD@SiO, 141.9 31.6 143.9 21.3 56.8%
n-OD@SiO,-PHEMA 145.7 334 139.1 21.2 56.7%
PU/n-OD@Si0,-PHEMA-40 42.6 31.6 42.1 21.9 16.8%
PU/n-OD@Si0,-PHEMA-60 58.1 324 56.6 21.6 22.8%
PU/n-OD@SiO,-PHEMA-80 72.6 31.7 714 223 28.6%
PU/n-OD@Si0,-PHEMA-100 85.1 30.7 84.3 22.6 33.7%
%n refers to the percentage of n-OD in corresponding in samples using the equation

n=[(AH_,+AH,)

samples.

VI(AH,, + AH), op] X 100%

Dynamic thermodynamic analysis

Dynamic mechanical properties of composites were characterized by DMA 8000,
and the results are shown in Fig. 6. The glass transition temperature of neat PU is
around 40 °C (Fig. 6a), and the glass transition of composites slightly decreased
5 °C. On the one hand, the free volume of composites is increased after filler, which
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Si0,-PHEMA-80 + PU/n-OD@SiO,-PHEMA-100; ¢ storage modulus curves and d loss modulus curves
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results in the decrease of Tg. On the other hand, the filler can increase the degree of
crosslinking in the composites, which block the movement of the macromolecular
chains. However, the storage modulus and loss modulus (Fig. 6¢, d) of composites
are both higher than those of neat PU during the whole test temperature range due
to the filler, indicating that fillers can improve the dynamic mechanical properties of
PU composites in the highly elastic region.

Thermal reliability

As shown in Fig. 7, the thermal stability of n-OD, n-OD@SiO,, n-OD@Si0O,-
PHEMA and PU/n-OD@SiO,-PHEMA composites is assessed by the TG method,
and the statistics are listed in Table 2. Compared with the TG data of n-octadecane

a
@ 100 4 —=— - 0D@SiO,-PHEMA
——1-0D@sio,
—A—1.0D
80 4
Q
2
&/ 60 P
2
=
=
40 H
20
0 . . r : 4 4 4 4 4 4
100 200 300 400 500 600
Temperature (°C)
(b)
—=—ry
100 N —@— PU/n-OD@ Si()l-l’HEhlA-JU
+|’l'/n-0l)(a SiOZ—P"[M/\-ﬁD
—¥—PU /n»()l)(a‘si()l-l'l‘lEMA-XU
80 4
_‘_l’lf/n—()l)(n Si()z—l’Hr.MA—lDﬂ
Q
N
o\-’ 60 -
w
w
<
=
40
20
0

T T T T T T T T T T
100 200 300 400 500 600
Temperature ("C)
Fig.7 TG curves of a OD, n-OD@Si0O,, n-OD@SiO,-PHEMA; b PU/n-OD @SiO,-PHEMA-40, 60, 80,
100
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Table 2 Thermal stability of n-OD, microcapsules and PU/n-OD @SiO,-PHEMA composites

Samples Weight loss in stage I Weight loss in stage II Char yield at
(100-250 °C, wt%) (300-500 °C, wt%) 600 °C (wt%)
n-OD 98.9% - 1.1%
PU - 97.2% 2.8%
n-OD@Si0, 63.9% 13.5% 22.2%
n-OD@SiO,-PHEMA 36.9% 28.4% 33.8%
PU/n-OD@Si0,-PHEMA-40 14.2% 69.6% 9.1%
PU/n-OD @SiO,-PHEMA-60 19.1% 64.4% 9.9%
PU/m-OD@Si0,-PHEMA-80 28.1% 56.2% 12.4%
PU/n-OD@SiO,-PHEMA-100 33.6% 50.6% 13.7%

in Fig. 7a, n-OD@Si0, microcapsules also represent a one-step thermal decompo-
sition behavior in the curve of TG and represent a higher thermal decomposition
temperature than pure n-octadecane because of the surface of n-octadecane filled
with a layer of tight SiO, shell. The weight loss of n-OD@SiO,-PHEMA micro-
capsules is divided into two steps. The first step (100-250 °C) is mainly due to the
decomposition of the core material (n-OD), and the second step (300-500 °C) is the
decomposition of the polymer shell (PHEMA). Two-step thermal decomposition is
also observed in PU/n-OD @Si0,-PHEMA composites in Fig. 7b. Similarly, the first
step is attributed to the core material (n-OD, 100-250 °C), but the second step is the
decomposition of PU (300-500 °C), and the second decomposition temperature of
PU/n-OD@Si0,-PHEMA composites is higher than that of neat PU, demonstrating
that the SiO,-PHEMA hybrid shell effectively improves the stability of PU matrix.
Because hydrogen bonding between filler and hard segments of PU is usually con-
sidered the strongest secondary force [35] that can display microphase separation,
thereby exhibiting excellent thermal stability. Worthing observed, with the amounts
of n-OD@Si0O,-PHEMA microcapsules increasing in the PU matrix, the proportion
of the first-step decomposition also increases, and the content of first-step decompo-
sition in PU/n-OD @Si0,-PHEMA composites is consistent with the results of SEM
confirmed.

Thermal conductivity

In order to examine the thermal cycle reliability of the microcapsules and PU/n-
OD@SiO,-PHEMA composites, three samples (n-OD@SiO,, n-OD@SiO,-
PHEMA, PU/n-OD@SiO,-PHEMA-100) were, respectively, heated to 60 °C
and kept for 3 min, then cooled to 0 °C and kept for 3 min. After 10, 20, 30 heat-
ing—cooling cycles, the thermal reliability performance was characterized by DSC.
It is found that the melting and crystallizing temperatures of microcapsules and
PU/n-OD@Si0O,-PHEMA have a good coincidence from the 10th cycles to the
20th and 30th cycles (as shown in Fig. 8a—c). Compared with the data of n-OD@
SiO,-PHEMA, n-OD@SiO, and PU/n-OD@SiO,-PHEMA-100 both appear three
crystalling peaks, which are based on heterogeneous nucleation and homogeneous
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experiencing 10, 20 and 30 heating—cooling cycles, d the melting enthalpies curves of samples, e the
crystallizing enthalpies curves of samples

nucleation. The SiO,-PHEMA hybrid shell provides n-OD from revealing at oper-
ating temperature and improves undercooling. However, as n-OD@SiO,-PHEMA
added to the PU prepolymer, PHEMA could react with the excess -NCO groups,
explaining the reason why PU/n-OD @SiO,-PHEMA-100 appeared three crystalling
peaks. Whatever melting enthalpies and crystalling enthalpies (Fig. 8d, ), PU/n-
OD@Si0,-PHEMA-100 did not change much and possessed better stable thermal
cycle performance than n-OD@SiO, and n-OD@SiO,-PHEMA, indicating that
composites exhibit excellent thermal reliability.
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Table 3 Mechanical characteristics of PU, PU/n-OD@Si0O,, and PU/n-OD@SiO,-PHEMA composites

Samples Tensile strength Elongation at break  Hardness (Shore
(MPa) (%) A)
RT 60 °C
PU 9.72 326 21 18
PUM-OD@SiO, 11 526 28 24
PU/n-OD@Si0,-PHEMA-40 11.74 530 34 32
PU/m-OD@Si0,-PHEMA-60 11.96 549 38 34
PU/n-OD@Si0,-PHEMA-80 12.75 556 41 37
PU/m-OD@Si0,-PHEMA-100 12.98 567 44 39
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Fig. 9 Mechanical properties of pure PU, PU/n-OD@SiO, and PU/n-OD @SiO,-PHEMA-40, 60, 80, 100

Mechanical properties

The mechanical properties of PU, PU/n-OD@Si0O,, PU/n-OD @SiO,-PHEMA-40,
60, 80, 100 were tested (tensile strength, elongation at break and hardness test), and
data are presented in Table 3. As shown in Fig. 9, the tensile strength and elon-
gation at break of PU/n-OD@SiO, are 11 Mpa and 526%, respectively, which are
higher than those of PU (tensile strength, 9.72 MPa, elongation at break, 326%),
due to the presence of n-OD@SiO, playing a positive effect on PU. Meanwhile,
the tensile strength and elongation at break of PU/n-OD @SiO,-PHEMA-40 reach
11.74 MPa and 530%, indicating that n-OD @SiO,-PHEMA microcapsules as fillers
can effectively improve the performance of PU. And as the content of microcapsules
increases, the mechanical properties of PU/n-OD@SiO,-PHEMA composites are
enhanced. The tensile strength of PU/n-OD @Si0,-PHEMA-100 composites is up to
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12.98 MPa, higher than that of PU. The hydrogen bonding interaction between filler
and PU improves the degree of microphase separation, thereby improving compos-
ites mechanical properties [36]. The hardness can show the compressibility of mate-
rials. From the hardness data in Table 3, it is obviously that the room temperature
hardness of PU/n-OD@SiO, and PU/n-OD @SiO,-PHEMA composites is increased
compared to neat PU. The hardness of the samples treated at 60 °C is lower than that
of the samples at room temperature. Solid n-OD turns into the liquid caused to the
decrease of the hardness when the samples heated above the phase transition tem-
perature, which is critical to the heat dissipation process of the phase change materi-
als in working environment.

Leaking rates

The leakage rate properties of the microcapsules and form-stable PCMs (PU/n-
OD@Si0,-PHEMA-40, 60, 80,100) were tested by treating them at 60 °C in an
oven for 500 h. The weight loss of the samples was plotted against the heating time
in Fig. 10a. It is shown that the weight loss is rapid in the initial 100 h due to the
evaporation of solvent, and then, it turns slow while the heating time has reached
100 h. The n-OD@SiO, microcapsules performed faster weight loss than n-OD@
Si0,-PHEMA microcapsules, which proved that the hybrid shell provided a stronger
barrier for n-OD. For the PU/n-OD@SiO,-PHEMA composites, with the content of
microcapsules increasing in the PU matrix, the leakage rate was also increasing, and
their melting enthalpies before and after heated for 500 h were measured and illus-
trated in Fig. 10b. The drop percentage of melting enthalpy follows such an order:
PU/n-OD @Si0,-PHEMA-40 < PU/n-OD @SiO,-PHEMA-60 < PU/n-OD @SiO,-
PHEMA-80 < PU/n-OD @SiO,-PHEMA-100 < n-OD@SiO,-PHEMA < n-OD @
Si0,. Obviously, the order of leakage proof property is just inverse to the above-
mentioned order. Therefore, it can be concluded that the PU matrix and polymer-
Si0, shell possess better leak-proof propertity.

Conclusions

The n-OD@Si0,-PHEMA hybrid shell microcapsules are successfully prepared by
interfacial hydrolysis polycondensation of alkoxy silanes and radical polymerization
of HEMA, and the n-OD@SiO,-PHEMA possess the dense and smooth spherical
shape. And the n-OD@Si0,-PHEMA hybrid shell microcapsules are wrapped in
the network structure of PU by observing the microstructure of PU/n-OD@SiO,-
PHEMA composites through SEM. The phase change enthalpies of PU/n-OD@
SiO,-PHEMA composites increase with the contents of n-OD@SiO,-PHEMA. The
prepared PU/n-OD@SiO,-PHEMA composites have low leakage rate and excel-
lent mechanical properties. PU matrix and SiO,-PHEMA hybrid shell can effec-
tively provide dual barriers to prevent the n-OD to give away even after the phase
occurs at 500 h of heating environment. The tensile strength and elongation at break
of the PU/n-OD@SiO,-PHEMA composites increase with the content of n-OD@
Si0,-PHEMA hybrid shell microcapsules, and the tensile strength of PU/n-OD@
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Fig. 10 a Leakage rate curves of microcapsules and PU/n-OD@SiO,-PHEMA composites. b Drop per-
centage of melting enthalpies after heated for 500 h

SiO0,-PHEMA can be up to 12.98 Mpa. Excellent phase change enthalpy and low
hardness of the prepared form-stable PU/n-OD @SiO,-PHEMA composites indicate
that they have great potential application in thermal energy storage.
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