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A B S T R A C T   

Phase-change materials (PCMs) have attracted numerous attentions in thermal energy storage area due to their 
high latent heat capacity. However, their inherently low thermal conductivity and potential leakage risk severely 
decrease the thermal storage efficiency. In this study, thermally-enhanced nanoencapsulated phase change 
materials (NEPCMs) were proposed to overcome those limitations. Through a miniemulsion polymerization 
approach, the n-Octadecane is encapsulated by SiO2/BN shell, which not only enhances the thermal conductivity, 
but also avoids the leakage problem during the phase change process. Compared with pristine PCMs, the thermal 
conductivity of the prepared NEPCMs was reinforced by 527% to 0.912 W m− 1 K− 1, which is the highest record 
among all the encapsulated PCMs with encapsulation ratio above 50%. The latent heat of the NEPCMs reaches 
136.8 J/g with an encapsulation ratio as high as 60.4%. The thermal gravity analysis (TGA) and thermal cycling 
tests reveal that the nanocapsules possess excellent thermal stability and reliability. Furthermore, the NEPCMs 
were applied in latent functionally thermal fluid (LFTF) to enhance its thermal storage capacity. A microchannel 
cooling setup, with the NEPCMs/water LFTF as the coolant, was developed to evaluate the LFTF cooling per-
formance. Compared with the pristine water, LFTF with 20 wt% NEPCMs reduced the heat source temperature by 
12.1 ◦C at 80 W, showing their potential for the thermal management applications in electronic devices.   

1. Introduction 

Due to their high thermal storage capacity, organic phase change 
materials (PCM) have been widely applied in various energy fields, such 
as solar energy storage [1,2], electronic devices cooling [3–7], battery 
thermal management system [8,9], and waste heat recovery [10,11]. 
However, two major challenges for organic PCMs are the inherently low 
thermal conductivity and the potential leakage risk during the phase 
change process, which result in slow thermal charging/discharging 
rates, thus restricting their applications [12–15]. 

Encapsulating PCMs into micro/nano capsules is regarded as an 
effective and promising approach to simultaneously enhance the ther-
mal conductivity and avoid the leakage problem. A variety of organic 
polymers, such as polystyrene [16–18], methyl methacrylate [19], 
polymethyl methacrylate [20–23], and polyurea [24–26] were 
employed as the shell materials to encapsulate PCMs. However, organic 
shell materials have some disadvantages such as flammability, poor 
thermal stability, and low thermal conductivity (<0.2 W m− 1 K− 1). 
Recently, inorganic materials, such as SiO2 [27–29], TiO2 [30,31], 

CaCO3 [32], Al2O3 [33] were utilized as the shell materials. However, 
the thermal conductivity of PCMs encapsulated with the inorganic shell 
is still low (<0.4 W m− 1 K− 1), which is far from enough for thermal 
energy storage. The poor enhancement in thermal conductivity is mainly 
due to the intrinsically low thermal conductivity of the shell materials (i. 
e. SiO2, TiO2, CaCO3, Al2O3). Therefore, the shell materials should be 
further optimized to increase the thermal conductivity of PCMs. 

Inspired by the high thermal conductivity (~300 W m− 1 K− 1) of 
hexagonal boron nitride (BN) [34,35], we prepared thermally-enhanced 
nano-encapsulated phase change materials (NEPCMs) by encapsulating 
the n-Octadecane with SiO2/BN hybrid shell through the miniemulsion 
polymerization approach. Compared with microcapsules, nanocapsules 
are more dispersive in thermal fluid, avoiding the agglomeration and 
deposition problem [36,37]. In addition, the smaller size make the 
capsules more durable in thermal fluid during the pump circulation [38, 
39]. Hence, in this study, the SiO2/BN hybrid shell of nanoscale size was 
prepared to obtain the NEPCMs. The thermal conductivity of NEPCMs 
was enhanced by 527% compared to the pristine n-Octadecane. To 
demonstrate its practical application, the as-prepared nanocapsules 
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were dispersed into a thermal fluid, forming the latent functionally 
thermal fluid (LFTF). Compared with single-phase unloaded fluid, LFTF 
with 20 wt% NEPCMs reduced the heat source temperature by 12.1 ◦C at 
80 W, showing its potential for the thermal management applications in 
electronic devices. 

2. Materials preparation 

2.1. Materials 

N-Octadecane (Melting Point 28 ◦C, 99 wt%, Tianjin Alfa Aesar Co., 
China) was employed as the phase change core. Cetyl trimethyl 
ammonium bromide (CTAB, Tianjin Kermal Chemical Reagents Co., 
China) was served as the emulsifier to promote the formation of mini-
emulsion. Tetraethyl orthosilicate (TEOS, 98 wt%, Sinopharm Chemical 
Reagent Co., China) and ammonium hydroxide (25%, Sinopharm 
Chemical Reagent Co., China) were used to form the encapsulation shell. 
Nano-BN (<100 nm, 99.8 wt%, Sinopharm Chemical Reagent Co., 

China) was adopted as thermal enhancer of the encapsulation shell. 
Styrene sulfonic acid-maleic anhydride copolymer (PSSMA, Aladdin 
Reagent Co., America) was employed to improve the dispersion of nano- 
BN in water. Other chemicals including deionized water and ethanol 
were used throughout the preparation process. 

2.2. Modification of Nano-BN 

The nano-BN particles were ultrasonically treated with PSSMA to 
avoid aggregation in water [31]. Briefly, the nano-BN, PSSMA and 
deionized water were mixed according to the ratio of 1:0.2:100, 
following by ultrasonic treatment for 2 h to promote the adhesion of 
PSSMA on the nano-BN particles. Then the mixture was centrifuged 
(8000 rpm, 15min) to separate the particles from the water, and the 
obtained particles were washed thoroughly with deionized water and 
ethanol to remove residual PSSMA. Finally, the particles were dried in a 
vacuum oven at 80 ◦C for 12 h. It should be noted that these modified 
nano-BN particles present a negative surface charge due to the existence 

Fig. 1. Synthesis schematic of the SiO2/BN nanocapsules with miniemulsion polymerization method.  

Table 1 
Composition of SiO2/BN nanocapsules synthesized with miniemulsion polymerization method.  

Samples n-Octadecane TEOS CTAB Deionized water Ethanol Ratio of water to ethanol Modified nano-BN NH3⋅H2O 

S1 20 g 30 ml 3 g 250 ml 167 ml 3:2 0 g 5 ml 
S2 20 g 30 ml 3 g 250 ml 167 ml 3:2 2 g 5 ml  
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of hydroxyl groups [35]. 

2.3. Synthesis of SiO2/BN NEPCMs 

Fig. 1 shows the synthesis schematic of the SiO2/BN nanocapsules 
with miniemulsion polymerization method. Firstly, the liquid n-Octa-
decane and TEOS were mixed in a beaker to form the oil phase, while the 
CTAB, modified nano-BN, deionized water and ethanol were mixed 
together based on the ratio in Table 1, forming the water phase. After-
wards, the oil phase and the water phase were mixed and pre-emulsified 
by a digital homogenizer (T25, IKA, China) at 8000 rpm for 2 min. Then, 
the mixtures were further emulsified by ultrasonic treatment (SCIENTZ, 
China) for 10 min in a water bath (50 ◦C) to ensure that the n-Octade-
cane was molten. As a result, the oil-in-water (O/W) miniemulsion was 
formed. A certain amount of aqueous ammonia was dropped into the 
miniemulsion, and the solution was mixed for 20 h by a magnetic stirrer 
(300 rpm) at a temperature of 50 ◦C. The interfacial hydrolysis and 
polycondensation reaction between the aqueous ammonia and the TEOS 
were carried out on the interface of the O/W miniemulsion. The nega-
tively charged silicon dioxide oligomers were formed and attached onto 
the surface of the positive-charged micelles due to the electrostatic ef-
fects. The modified nano-BN particles that presented negative surface 
charge were also attached on the micelles simultaneously. Conse-
quently, the SiO2/BN hybrid shells were formed. Finally, the formed 
nanocapsules were washed with deionized water and ethanol for three 
times to remove the residual solvent and n-Octadecane. The residual 

water in nanocapsules was removed by applying a freeze dry process for 
24 h (SCIENTZ-12 N, China). In our study, two kinds of samples (S1, S2) 
were prepared to compare their thermal performance. As shown in 
Table 1, S1 and S2 are made in a similar way, the only difference be-
tween them is the absence or presence of the modified nano-BN. 

2.4. Characterization 

The chemical properties of the SiO2/BN nanocapsules and their 
compositions were firstly analyzed by Fourier transform infrared (FT-IR, 
VERTEX 70, German) spectroscopy at room temperature with the 
wavenumber ranging from 450 cm− 1 to 4000 cm− 1, then confirmed by 
X-ray diffraction (XRD, PANalytical B⋅V., Netherlands) with the scan-
ning angle ranging from 5◦ to 90◦ (5◦/min). The microstructure and 
particle size of the nanocapsules were obtained through scanning elec-
tron microscopy (SEM, Quanta 200, FEI) and transmission electron 
microscopy (TEM, Tecnai G2 F30), respectively. The phase change 
characteristics were detected using the differential scanning calorimetry 
(DSC, TA Instruments Q2000, PerkinElmer) under nitrogen atmosphere 
(− 10 ◦C–60 ◦C, 5 ◦C/min), and each sample was tested for three times to 
reduce the error. The thermal stabilities were analyzed by the ther-
mogravimetric analysis (TGA, TA Instruments Q500) under the nitrogen 
atmosphere (25 ◦C–700 ◦C, 10 ◦C/min). The thermal reliabilities were 
characterized by thermal cycling tests between − 10 ◦C and 60 ◦C. To 
investigate the thermal conductivity of the prepared nanocapsules, a 
tablet press was firstly utilized to press the nanocapsules into round 
pieces, and then the round pieces were measured with the laser flash 
method (NETZSCH-LFA467) at 25 ◦C. To minimize the measurement 
error, four pieces for each sample were prepared and each piece was 
tested three times. 

3. Applications in latent functionally thermal fluid 

The prepared nanoparticles were dispersed into the deionized water 
to form the latent functionally thermal fluid (LFTF). LFTF possesses 
higher heat storage capacity due to the phase transition of NEPCMs 
compared with traditional single-phase fluid. Hence, the heat absorption 
capability of the thermal fluid is expected to be enhanced. In addition, 
the nanoparticles possess a high specific surface area, thus enhancing 
the heat transfer between the thermal fluid and the NEPCMs. In this 
work, the water was employed as the base thermal fluid, and 5 wt%, 10 
wt%, 20 wt% NEPCMs were dispersed into the water to form different 
LFTFs. The latent heat of LFTF with 5 wt%, 10 wt%, 20 wt% NEPCMs 
was measured through the DSC test (Q2000, TA instrument). To reduce 
experimental errors, each sample was tested three times. Furthermore, 
the thermal conductivity of LFTF was tested by the hot-wire method 
(TC3000, XIATECH, accuracy ±3%), and each sample was tested ten 
times. Other thermophysical properties of LFTF including density, vis-
cosity and heat capacity could be calculated by Eqs. (1)–(3) [38]. 

ρeff =φmρNEPCM + (1 − φm)ρw (1)  

μeff = μw

(
1 − φ − 1.16φ2)− 2.5 (2)  

Cp,eff =φmCp,NEPCM + (1 − φm)Cp,w (3)  

where ρ, μ and Cp mean the density, viscosity and heat capacity, 
respectively. And the subscript of eff, NEPCMs, and w represent LFTF, 
nanoencapsulated PCMs and water, respectively. φ is the volumetric 
concentration of NEPCMs and φm is the mass concentration of NEPCMs. 

Fig. 2. Schematic diagram of the (a) microchannel liquid cooling experimental 
setup and (b) microchannel. 
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Fig. 3. (a–b) SEM images of the samples S1, S2, respectively. (c–d) TEM images of the samples S1, S2, respectively. (e–f) Particle size distribution of the samples S1, 
S2, respectively. 
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To evaluate the thermal performance of LFTF, we established a 
microchannel liquid cooling experimental setup, as shown in Fig. 2a. A 
ceramic heater with a size of 20 × 20 × 2 mm3 was adopted to provide 
high heat flux. 300 g LFTF was stored in an acrylic container that served 
as the coolant reservoir. The microchannel was located directly below 
the ceramic heater to transfer the generated heat to LFTF. LFTF circu-
lation was driven by the micropump and the volume flow rate was 
measured by the flowmeter. K-type thermocouples were adopted to 
detect the temperatures of the heat source and LFTF in the container. 
Fig. 2b shows the schematic diagram of the microchannel made by a row 
of copper pillars with a size of 0.8 × 0.8 × 3 mm3. The area of pillars 
array is the same as the ceramic heater to ensure a uniform heat transfer 
performance. 

4. Results and discussion 

4.1. Microstructure and particle size distribution of the nanocapsules 

Fig. 3a and b presents the SEM images of the samples S1–S2. 
Spherical nanoparticles with smooth surfaces were observed, which is 

completely different from the original n-Octadecane. There are no 
obviously broken nanocapsules, revealing an excellent encapsulating 
result. Fig. 3c and d shows the TEM images of the samples S1–S2. It can 
be seen that all the particles possess obvious core-shell structures, 
demonstrating that the n-Octadecane was encapsulated by SiO2/BN 
hybrid shell. We measured the shell thickness and the diameter of 
nanocapsules from the TEM images and obtained the average values 
from 60 nanocapsules. 57 nm ± 6 nm and 77 nm ± 9 nm were measured 
for the S1 and S2 shell thickness respectively, and 446 nm ± 66 and 816 
nm ± 115 nm for the S1 and S2 diameters, respectively. Fig. 3e and f also 
provides the particle size distribution of the samples S1–S2. The core-to- 
shell ratios of samples S1–S2 are 0.70 and 1.15, respectively. The larger 
core-to-shell ratio means more n-Octadecane were encapsulated into the 
encapsulation shell, corresponding to a larger thermal storage capacity. 

4.2. Chemical composition 

Fig. 4 shows the FT-IR spectra of the prepared nanocapsules and their 
components. The SiO2 presents an obvious characteristic peak at 1117 
cm− 1, which indicates the bending vibration of the Si–O functional 
group [29]. The curve of BN shows two obvious characteristic peaks at 
1380 cm− 1 and 812 cm− 1, which belong to the stretching and bending 
vibration of B–N, respectively [40,41]. As for n-Octadecane, the char-
acteristic absorption bands are shown as 716 cm− 1, 1470 cm− 1, 2847 
cm− 1 and 2912 cm− 1, which indicates the rocking vibration of –CH2 
(716 cm− 1), deformation vibration of –CH2 and –CH3 (1470 cm− 1) and 
stretching vibration of –CH2 and –CH3 (2847 cm− 1 and 2912 cm− 1), 
respectively [42]. The spectra of the prepared nanocapsules are similar 
to the pristine n-Octadecane, indicating that the addition of SiO2/BN 
hybrid shell has negligible effect on the chemical structure of the phase 
change core. In addition, all the samples contain the characteristic ab-
sorption peaks of SiO2, revealing that the n-Octadecane was encapsu-
lated into the silica shell. The differences lie in the characteristic 
absorption peaks of the BN, and the peaks obviously occur in the curve 
of the sample S2, indicating that the encapsulation shell of the sample S2 
consists of BN. Since the composition of sample S1 does not contain the 
modified nano-BN, the characteristic absorption peaks of the BN would 
not exist in the curve of the sample S1. 

Fig. 5 presents the XRD patterns of the prepared nanocapsule and its 
components. It can be seen that SiO2 has no obvious characteristic peak, 
representing the SiO2 particles are amorphous. The characteristic 
diffraction peak of BN appears at 26.7◦, corresponding to the (220) 
plane, which implies that the direction of BN is horizontal [40]. As for 
n-Octadecane, the diffraction peaks at 2θ = 19.24◦, 19.81◦, 23.31◦ and 
24.71◦are indexed as (0 1 0), (0 1 1), (1 0 5) and (− 1 0 1) reflections of 
the β-form crystal, while the reflections at 2θ = 7.74, 11.59, 15.45, 
39.67, and 44.58◦ are assigned to the (0 0 2), (0 0 3), (0 0 4), (0–2 2), and 
(2 0 7) planes of the α-crystal, respectively [43]. It is clear that the XRD 
patterns of the nanocapsules are similar to that of the pristine PCMs, and 
all the nanocapsules contain the diffraction peaks of SiO2. In addition, 
the sample S2 reflects the characteristic diffraction peaks of BN while 
the sample S1 does not contain them, which further confirms that the 
sample S2 is composed of n-Octadecane, SiO2, and BN. 

4.3. Phase change characteristics 

Fig. 6a shows the DSC curves of the n-Octadecane, which presents an 
obvious endothermic peak (31.88 ◦C) and an exothermic peak 
(23.48 ◦C) during the phase transition process. Fig. 6b shows the 
endothermic and exothermic DSC curves of the sample S2. The phase 
change characteristic of S2 is similar to that of n-Octadecane with an 
obvious endothermic peak at 30.48 ◦C. The melting enthalpy is 136.84 
J/g, which is lower than n-Octadecane due to the existence of the 
encapsulation shell. The solidifying DSC curve of S2 is quite different 
from the n-Octadecane, in which three characteristic peaks exist. During 
the exothermic process, a small exothermic peak firstly appears, as 

Fig. 4. FT-IR spectra of the prepared nanocapsules and their components.  

Fig. 5. XRD patterns of the prepared nanocapsules and their components.  
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shown in Fig. 6b, which is mainly due to the surface freezing of n- 
Octadecane. As the temperature furtherly decreases, two obvious 
exothermic peaks appear, corresponding to the metastable phase (α) and 
the triclinic phase (β), respectively. The exothermic peak at 24.69 ◦C 
with the enthalpy (ΔHc,α) of 94.73 J/g is attributed to the bulk crystal-
lization. Another exothermic peak appears at 9.58 ◦C with the enthalpy 
(ΔHc,β) of 27.64 J/g, which does not exist in the solidifying process of n- 
Octadecane. The difference can be explained that the nanocapsules 
transform from a liquid phase to a metastable phase and then turn into a 
stable triclinic phase [44]. Fig. 6c and d reveal the comparison of 
endothermic and exothermic DSC curves of the pristine PCMs and the 
NEPCMs. The exothermic DSC curves of the NEPCMs are similar to that 
of the n-Octadecane, revealing that the encapsulation shell has no effect 
on the phase transition characteristics of the n-Octadecane. 

Table 2 lists the thermal properties of pristine PCMs and the prepared 
NEPCMs. It shows that the latent heat of the samples S2 is higher than 

that of S1, due to the increase of core-to-shell ratio. The solidifying DSC 
curves of the samples S1 and S2 are similar, both presenting a small 
exothermic peak and two big exothermic peaks. 

The encapsulation ratio (R) which reflects the amount of PCMs 
encapsulated into the shell could be calculated as: 

R=
ΔHm,NEPCM

ΔHm,PCM
× 100% (4)  

where ΔHm,NEPCM and ΔHm,PCM are the melting latent heats of the 
NEPCMs, and n-Octadecane, respectively. Table 2 lists the encapsulation 
ratios of the nanocapsules. The larger core-to-shell ratio means more n- 
Octadecane are encapsulated into the shell, corresponding to a higher 
encapsulation ratio R. 

Fig. 6. DSC curves of (a) n-Octadecane and (b) the sample S2. Comparison of (c) melting and (d) solidifying DSC curves of n-Octadecane and the nanocapsules.  
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4.4. Thermal conductivity 

Fig. 7a shows the thermal conductivity of pristine n-Octadecane and 
the prepared nanocapsules. As can be seen from the figure, the pristine 
n-octadecane possesses an extremely low thermal conductivity (0.146 
W m− 1 K− 1). After encapsulating with SiO2 shell, the thermal conduc-
tivity is increased to 0.418 W m− 1 K− 1. However, the thermal conduc-
tivity of the sample S1 is still too low to satisfy the application. After 
adding nano-BN, the thermal conductivity of the nanocapsules is 
increased to 0.912 W m− 1 K− 1 due to the much higher thermal con-
ductivity of the BN. The error bars in Fig. 7a are contributed partially by 
instrument error (~3%). The uneven surface of samples may also 
contribute to errors when measured with LFA. Compared with the 
thermal conductivity reported in the literature, this value is the highest 
on record among all the encapsulated PCMs with encapsulation ratio 
above 50%, as shown in Fig. 7b. Although some higher thermal con-
ductivities were reported [45], the encapsulation ratio is much lower, 
which sacrifices the latent heat of PCMs. Hence, the prepared 
thermally-enhanced NEPCMs has advantages in both thermal conduc-
tivity and encapsulation ratio, i.e. the thermal storage efficiency and 
heat storage capacity. 

4.5. Thermal stability and thermal reliability 

Fig. 8 presents the TGA curves of the prepared nanocapsules and 
their components. The BN exhibits high thermal stability with a negli-
gible weight loss of 0.4%. For the pristine n-Octadecane, the weight loss 
mainly occurs at 100–220 ◦C, induced by the evaporation of n-Octade-
cane. After encapsulated with SiO2/BN shell, the weight losses still 
occur at 100–220 ◦C, but significantly reduced, as shown in Fig. 8. Be-
sides, there are slight weight losses below 100 ◦C, which is attributed to 
the evaporation of residual solvents. The weight loss above 220 ◦C is 
primarily caused by the further condensation of silanol groups [27]. 
Table 2 lists the weight loss of all samples at 600 ◦C, the weight loss is 
mainly determined by the mass fraction of BN in the nanocapsules. As 
the BN loading increases, the compactness of encapsulation shell in-
creases, then the evaporation of n-Octadecane would be reduced. 
Therefore, the prepared nanocapsules possess excellent thermal stability 
due to the physical protective barrier formed by the SiO2/BN shells. 

The thermal reliability of the NEPCMs was evaluated through the 
thermal cycling test. 500 heating and cooling cycles were conducted in 
the high-low temperature test chamber, and the testing range was set to 
− 10 ◦C–50 ◦C. Fig. 9a-d show the melting and solidifying DSC curves of 
the NEPCMs samples during the thermal cycling test, and Fig. 9e-f 
display the variation of the latent heat and the phase change tempera-
ture of NEPCMs samples over the number of cycles. It can be seen that 
the phase change temperature of both S1 and S2 barely changes and the 
temperature fluctuates within 1.5 ◦C. Besides, the latent heat of S2 
[46–49] remains almost unchanged with the largest variation less than 
4% after 500 melting/solidifying cycles. It should be noted that the 
slight increase in the latent heat of S1 is due to the evaporation of the 
residual water during the thermal cycling process. Moreover, no obvious 
liquid n-Octadecane was observed after the thermal cycling test, indi-
cating that the nanoencapsulated phase change materials would not leak 
during the melting/solidifying process. In general, the nanocapsules 
possess excellent thermal reliability, which is beneficial for repeated 
thermal storage/release cycles. 

4.6. Thermal performance of LFTF 

Fig. 10a shows the DSC curve of LFTF with 5 wt% NEPCMs, which 
presents an obvious endothermic peak and exothermic peak during the 
phase transition process. Although the latent heat of LFTF is much lower 
than NEPCMs, the melting point and the solidifying point of LFTF are 
almost the same as NEPCMs, indicating that NEPCMs plays a role in 
LFTF. Fig. 10b displays the latent heat of LFTF with different mass Ta

bl
e 

2 
Th

er
m

al
 p

ro
pe

rt
ie

s 
of

 n
-O

ct
ad

ec
an

e 
an

d 
th

e 
pr

ep
ar

ed
 n

an
oc

ap
su

le
s.

  

Sa
m

pl
es

 
M

el
tin

g 
So

lid
ify

in
g 

R 
(%

) 
Co

re
 to

 s
he

ll 
ra

tio
 

W
ei

gh
t l

os
s 

at
 6

00
 ◦

C 
(%

) 
Th

er
m

al
 c

on
du

ct
iv

ity
 (

W
⋅m

−
1 ⋅K

−
1 ) 

T m
 (
◦
C)

 
ΔH

m
 (

J/
g)

 
T c

,α
 (◦

C)
 

T c
,β

 (
◦
C)

 
ΔH

c 
(J

/g
) 

n-
O

ct
ad

ec
an

e 
28

.8
7 
±

0.
36

 
22

7.
42

 ±
10

.3
4 

25
.7

8 
±

1.
17

 
– 

22
5.

79
 ±

9.
70

 
– 

– 
99

.8
 

0.
14

6 
±

0.
01

05
 

S1
 

27
.9

8 
±

0.
38

 
77

.3
4 
±

4.
32

 
26

.6
8 
±

0.
10

 
12

.3
9 
±

0.
07

 
64

.3
4 
±

0.
79

 
37

.5
 

0.
7 

84
.7

 
0.

41
8 
±

0.
02

93
 

S2
 

27
.9

4 
±

0.
10

 
13

6.
74

 ±
2.

05
 

26
.8

3 
±

0.
01

 
11

.6
4 
±

0.
02

 
94

.5
7 
±

2.
36

 
60

.4
 

1.
15

 
72

.1
 

0.
91

2 
±

0.
12

43
  

W. Lan et al.                                                                                                                                                                                                                                     



International Journal of Thermal Sciences 159 (2021) 106619

8

fractions of NEPCMs (0 wt%, 5 wt%, 10 wt%, 20 wt%). It can be seen 
that the curve is almost linear, which implies the latent heat of LFTF 
increases with the growing mass fraction of NEPCMs. Table 3 lists the 
physical properties of LFTF and its components. Among them, the latent 
heat and thermal conductivity of LFTF are measured by experiment, 
while the others are calculated based on Eqs. (1)–(3). It is shown that the 
latent heat of LFTF was significantly increased compared to the base 
fluid, in spite of the slight decrease of heat capacity. In addition, 
compared with the water, the thermal conductivity of LFTF with 20 wt% 
NEPCMs loading declines by 5.6% according to the hot-wire method. 

Fig. 11 shows the thermal performance of LFTF with the heating 
power of 40 W and 80 W, respectively. The volume flow rate was set as 
0.5 L/min. Results show that the heat source temperature with LFTF is 
obviously lower than that of the pure water due to its much higher latent 
heat storage capacity. The heat source temperature decreased from 

74.3 ◦C to 66.5 ◦C at the heating power of 40 W, as shown in Fig. 11a. 
Notably, it reveals an obvious phase transition region at the temperature 
range of 28 ◦C–30 ◦C for LFTF, and the duration of the phase transition 
process increase with the NEPCMs loading, resulting in a lower tem-
perature rise of LFTF. Besides, the temperature difference between the 
heat source and coolant is also lower for using LFTF due to a higher 
convection coefficient of LFTF. Furthermore, Fig. 11b shows a more 
significant cooling effect was obtained at the heating power of 80 W. 
Compared with pure water, 20 wt% LFTF decreases heat source tem-
perature from 108.6 ◦C to 96.5 ◦C. The heat transfer enhancement of the 
LFTF in the cooling system could be explained by two reasons. First, 
micro convection around the nanoencapsulated phase change materials 
can be formed owing to the interaction between fluid and particles, 
breaking the boundary layer of the wall. Hence the convection heat 
transfer coefficient between LFTF and wall increases [50]. Second, the 
latent heat of the nanoencapsulated phase change materials enhances 
the effective heat storage capacity of LFTF, thus LFTF could store a 
larger amount of heat during the heating up process. 

5. Conclusions 

Through the miniemulsion polymerization approach, thermally- 
enhanced nanoencapsulated phase change materials (NEPCMs) was 
prepared to increase the thermal conductivity of PCMs and avoid the 
leakage during the phase transition process. In the NEPCMs, the n- 
Octadecane was served as the phase change core and the SiO2/BN was 
served as the encapsulation shell. FT-IR spectroscopy, XRD, SEM and 
TEM were used to confirm the form of encapsulation and characterize 
the morphology. Furthermore, the DSC test, TGA test and thermal 
cycling measurements demonstrate that the prepared NEPCMs possesses 
excellent thermal storage capacity, stability and reliability. Notably, the 
thermal conductivity of NEPCMs increases to 0.912 W m− 1 K− 1, 
achieving the highest value among all encapsulated PCMs with encap-
sulation ratio >50%. Finally, the NEPCMs were dispersed into the 
thermal fluid to form LFTF, and the thermal storage performance of 
LFTF was evaluated. Results show that LFTF with 20 wt% NEPCMs 
loading reduces the heat source temperature of 12.1 ◦C at 80 W, which 
exhibits its potential for the thermal management applications on 
electronic devices. 

Fig. 7. (a) Thermal conductivities of pristine n-Octadecane and the nanocapsules. (b) Comparison of the thermal conductivity reported in the existing literature with 
the values obtained in the present study. 

Fig. 8. TGA curves of the prepared nanocapsules and their components.  
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Fig. 9. (a-b)Melting and (c–d) solidifying DSC curves of the prepared nanocapsules for repeated melting/solidifying cycles. (e)Latent heat and phase change 
temperature of S1 over the number of cycles. (f)Latent heat and phase change temperature of S2 over the number of cycles. 
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Fig. 10. (a) DSC curve of LFTF with 5 wt% NEPCMs. (b) Latent heat of LFTF with 5 wt%, 10 wt%, 20 wt% NEPCMs.  

Table 3 
Physical properties of NEPCMs slurry and its components.  

Slurry and its components Density (kg/m3) Specific heat at 25 ◦C (J/kg⋅K) Thermal conductivity at 25 ◦C (W m− 1⋅K− 1) Latent heat (J/g) Viscosity at 25 ◦C (mPa s) 

n-Octadecane 850(s) 780(l) 3399 0.146 ± 0.011 227.42 ± 10.34 – 
S2 1033 2996 0.912 ± 0.124 136.74 ± 2.05 – 
Water 997 4178 0.609 ± 0.001 – 0.94 
5 wt% LFTF 998.8 4118.9 0.603 ± 0.002 6.78 ± 0.36 1.07 
10 wt% LFTF 1000.6 4059.8 0.595 ± 0.001 13.08 ± 0.53 1.25 
20 wt% LFTF 1004.2 3941.6 0.575 ± 0.002 26.78 ± 2.19 1.84  

Fig. 11. Thermal performance of LFTF with a heating power of (a) 40 W and (b) 80 W.  
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