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Abstract

Erythritol has attracted wide attention due to high latent heat of 297.2 kJ/kg

and excellent chemical stability as a medium- to low-temperature thermal

energy storage (TES) material. However, low thermal conductivity leads to

extended charging and discharging time and severely affects its large-scale

application. In this article, three cheap nanoparticles (CuO, Al2O3, and Fe2O3)

and triethanolamine (TEA) were used as heat transfer enhancers and disper-

sant to improve the TES performance of erythritol. Sedimentation of

nanoparticles in erythritol indicates that TEA is an effective dispersant in

erythritol for three kinds of nanoparticles. The experimental results show that

the thermal conductivity increased from 0.671 W/(m�K) of erythritol to

0.722 W/(m�K) and 0.761 W/(m�K) of 1.5 wt% CuO and Fe2O3 nano-enhanced

phase change materials (NePCMs), respectively. Based on the DSC results, the

melting temperature and heat of fusion of NePCMs stayed stable with

nanoparticles but increased significantly after adding TEA. Furthermore, the

charging/discharging cyclic behaviors of NePCMs were tested in the cycle test

platform. During the cycle test, the melting time of 1.5 wt% CuO NePCM

decreased from 657.9 s for pure erythritol to 615.8 s but increased to 757 s and

680.6 s for 1.5 wt% Al2O3 and 1.5 wt% Fe2O3 NePCMs. The solidification time

decreased from 311.2 s for erythritol to 179.3 s, 198.5 s, and 132.4 s for 1.5 wt%

CuO, 1.5 wt% Al2O3, and 1.5 wt% Fe2O3 NePCMs. Interestingly, the super-

cooling degree of NePCMs we got from the test was much lower than that from

the DSC curves, indicating that the supercooling is related to the sample size.

These results testify that CuO and Fe2O3 nanoparticles can improve the ther-

mal conductivity of erythritol effectively.
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1 | INTRODUCTION

Energy sources such as fossil fuels can be used to provide
energy according to the demand of people, which means

they are readily storable when not needed. However,
renewable energy like solar and wind energy needs to be
harvested when available and stored until required.1,2

Thermal energy storage (TES) is an appropriate solution
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to solve the unbalance between energy demand and sup-
ply.3,4 Generally, TES can be commonly achieved as sen-
sible heat storage,5–7 latent heat storage (LHS),8–10 and
thermochemical storage11–13 based on the way thermal
energy is stored.

LHS has many advantages in energy density and tech-
nological maturity that are not available in sensible heat
storage and thermochemical storage.14 LHS can realize
heat storage and release almost without temperature vari-
ation, whose gravimetric energy density is 2–4 times12

higher than sensible heat storage.15 Besides, LHS has a
smaller volume of the TES system and less heat loss dur-
ing the process of heat storage.

Phase change materials (PCMs) are employed to
absorb and release heat through the phase change pro-
cess of PCMs in LHS. PCMs are categorized based on
their phase change temperature as low-, medium-, and
high-temperature PCMs.10 According to the report of
Hoshi et al.,16 the melting temperature of PCMs below
227�C can be classified into the low-temperature cate-
gory, those with melting temperature between 227�C
and 427�C as medium-temperature PCMs, and those
with melting temperature over 427�C as high-
temperature PCMs. Organic low-temperature PCMs
such as paraffins, fatty acids, esters, and alcohols
receive wide attention due to their great chemical
stability, recyclability, high latent heat, and uniform
melting ability.10 Erythritol, with a melting temperature
of 116�C, has higher energy storage density and satis-
factory supercooling. Moreover, erythritol is nontoxic,
noncorrosive, and environmentally friendly, making it a
promising PCM candidate.17 However, the low thermal
conductivity leads to long charging and discharging
time of erythritol, restricting its application seriously.
Qureshi et al.,18 Wei et al.,15 and Wu et al.8 reviewed
recent enhancement researches on thermal conductivity
of PCMs.

In view of the poor thermal conductivity of PCMs,
scholars put forward numerous ways to overwhelm the
problem, such as adding high thermal conductivity
nanoparticles,19,20 metallic foams,21–23 expanded
graphite,24,25 and other materials26,27 into PCMs. The
nano-enhanced PCMs (NePCMs) were proposed by
Khodadadi and Hosseinizadeh28 to improve the thermal
conductivity of PCMs by adding nanoparticles to them.
Subsequently, different kinds of nanoparticles were used
to enhance the thermal properties of PCMs, and the
mechanisms of enhanced heat transfer of nanoparticles
were investigated intensively.29,30 Rashidi et al.31

reviewed the features such as the thermal conductivity,
specific heat, and dynamic viscosity of the nanofluids
with hybrid nanostructures and the proposed models for
these properties.

A paraffin/diatomite composite PCM was prepared by
Xu and Li,32 in which 0.26 wt% of multiwall carbon nan-
otubes with length ranging 5–15 μm and diameter 10–
20 nm were added. The thermal conductivity of the paraf-
fin/diatomite composite PCM increased by 42.45%. At the
same time, multiwall carbon nanotubes accelerated the
heat storage and release rates obviously. Srinivasan
et al.33 found that the thermal conductivity of eicosane-
based composite PCM was enhanced to 4.5 times of
eicosane by dispersing 3.5 vol% graphite particles into
it. Zhang et al.34 investigated the effect of short carbon
fibers on the thermal properties of pure erythritol. The
thermal conductivity was enhanced from 0.77 W/(m�K)
of pure erythritol to 3.92 W/(m�K) by adding 10 wt%
short carbon fibers into erythritol.

Ghossein et al.35 prepared NePCMs with different
mass fractions by suspending silver nanoparticles into
eicosane. The thermal conductivity increased from
0.42 W/(m�K) of eicosane to 0.48 W/(m�K) of NePCMs
with 2 wt% Ag nanoparticles. Parameshwaran et al.36

used silver–titania hybrid nanocomposite to improve the
thermal conductivity of organic dibasic ester. The ther-
mal conductivity of organic dibasic ester was 0.386 W/
(m�K), while increased to 0.860 W/(m�K) after adding
1.0 wt% hybrid nanocomposite. Suresh Kumar et al.37

reported that the thermal conductivity of capric acid
increased from 0.150 W/(m�K) to 0.397 W/(m�K) by dis-
persing 0.8 wt% CuO nanoparticles into it. Colla et al.38

obtained NePCMs by seeding 1 wt% of nano-aluminum
oxide and carbon black in paraffin. The characterization
results showed that the carbon black nanoparticles
increased the thermal conductivity from 0.254 W/(m�K)
of paraffin to 0.344 W/(m�K), while the Al2O3

nanoparticles abated it. The dispersion technique was
applied by Şahan et al.39 to improve the heat transfer of
paraffin by adding nano-magnetite into it. The LHS
capacity of the composite PCM was 3% and 8% higher
than pure paraffin, and the thermal conductivity was
improved by 48% and 60% after adding nano-magnetite
content of 10 wt% and 20 wt%, respectively. Table 1 lists
the thermal conductivity of organic PCMs before and
after adding different kinds of nanoparticles. Recently,
NePCMs have been employed in different fields of sci-
ence and industrial applications, such as incorporating
nanomaterials into PCM for solar TES46 and heat
exchangers. The application research of large-scale
NePCMs becomes more and more important.47

Admittedly, there are some researches about adding
nanoparticles into PCMs to improve the thermal conduc-
tivity of PCMs, but the investigations mainly focus on the
thermal properties changes of PCM after adding
nanoparticles and the cyclic stability of small mass
NePCM. Few works consider both the effects of different
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nanoparticles on the thermal properties of PCM and the
charging and discharging cyclic behaviors of NePCM
with a large mass. In this article, three cheap and fre-
quently used nanoparticles (CuO, Al2O3, and Fe2O3) were
chosen as heat transfer enhancers to improve the thermal
conductivity of erythritol. However, directly mixing
nanoparticles with PCM may cause nanoparticles to sedi-
ment at the bottom of liquid PCM, resulting in invalid of
nanoparticles. Therefore, adding effective dispersant can
meet the particular requirements of NePCMs, such as
even suspension, stable and durable suspension, and low
agglomeration of particles. According to the research of
Zhichao et al.,20 triethanolamine (TEA) was an efficient
dispersant to prevent nanoparticles deposition in
erythritol. Hence, erythritol and TEA were used as based
PCM and dispersant, respectively. Nine kinds of NePCMs
with different nanoparticles and the mass content of
0.5%, 1%, and 1.5% were prepared and characterized sys-
tematically. To be more specific, the microstructure of
nanoparticles (transmission electron microscope [TEM]),
chemical compatibility (X-ray powder diffractometer
[XRD]), thermal properties (differential scanning
calorimeter [DSC]), and thermal conductivity (thermal
constant analyzer) of the NePCMs were studied. At last,
the charging/discharging cyclic behaviors of NePCMs
were investigated experimentally based on the cyclic test

platform. The results of this study can provide some
valuable information for the application of nanoparticles
as heat transfer enhancers in TES and make the
application of NePCMs in solar energy storage systems,
thermal management of building, and electronic
components.

2 | MATERIALS AND METHODS

2.1 | Materials and preparation

Erythritol (purity: 99%) and TEA (purity ≥99) were pro-
vided by Shanghai Macklin Biochemical Technology
Co. Ltd. and Aladdin Chemistry Co. Ltd. of China,
respectively. The main information and the morphology
(FEI, Tecnai G2 F20, USA) of three selected
nanoparticles are listed in Table 2 and displayed in
Figure 1.

The typical two-step method20,48 was employed to
prepare the NePCMs. Firstly, erythritol was weighted
with a balance and completely melted to a clear liquid in
an oil bath (HH-51BS/300�C/±0.5�C) at 130�C. After
that, TEA, whose mass content was half of the
nanoparticles, was added and stirred for 30 min in a mag-
netic stirring apparatus to fully mix the dispersant and

TABLE 1 Thermal conductivity of organic PCMs before and after adding different kinds of nanoparticles

Organic
PCMs Nanoparticles

Thermal conductivity of
PCMs (W/(m�K))

Content
(%)

Thermal conductivity of
NePCMs (W/(m�K))

Magnification
(times) Refs

Eicosane Ag 0.42 2 0.48 1.143 35

Organic ester Ag 0.257 5 0.765 2.977 36

Organic
dibasic ester

Ag–TiO2 0.386 1 0.860 2.402 40,41

Lauric acid/
stearic acid

TiO2 0.198 1 0.267 1.348 42

ZnO 1 0.291 1.470 42

CuO 1 0.321 1.621 42

Rubitherm
RT42

CuO 0.2000 0.5 0.2007 1.0035 43

Capric acid CuO 0.150 0.8 0.397 2.647 37

Sodium
acetate
trihydrate

Cu 0.777 0.5 0.936 1.205 44

RT20 Al2O3 0.254 1 0.234 0.921 38

RT25 Al2O3 0.260 1 0.242 0.931 38

Pentaerythritol Al2O3 0.106 0.1, 0.5, 1 0.1252, 0.1412, 0.1609 1.181, 1.332,
1.518

45

Paraffin Fe3O4 0.25 10 0.37 1.48 39
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liquid erythritol. Then a fixed mass of nanoparticles was
added and stirred for 30 min again to get well-mixed
NePCMs. Eighteen groups of NePCMs (0.5 wt%, 1 wt%,
and 1.5 wt% CuO, Al2O3, and Fe2O3 with and without
TEA) were prepared. Finally, the NePCMs were poured
into some molds with a diameter of 50 mm for rapid
cooling, and the thermal conductivity test was performed
after they were solidified and polished carefully. Each
sample was prepared more than four times during the
experiment to minimize experimental error.

2.2 | Characterization

An X-ray diffractometer (X'Pert Powder, the
Netherlands) with Cu K-alpha radiation (k = 1.540598 Å)
from 10� to 90� was employed to characterize the crystal
size of erythritol, nanoparticles, and NePCMs. The scan-
ning rate and step size were 0.1�/min and 0.02�. The ther-
mal conductivity of NePCMs was characterized by a
thermal constant analyzer (TPS 2500S, Hot Disk Co.,
Ltd., Sweden, accuracy: ±0.0001 W/(m�K)) based on the

TABLE 2 Main information of three kinds of nanoparticles

Nanoparticle type Supplier Purity (%) Nominal diameter (nm) Density (kg/m3)

Cupric oxide (CuO) Macklin 99.5 40 6.32

Aluminum oxide (Al2O3) Macklin 99.9 30 3.97

Ferric oxide (Fe2O3) Aladdin 99.5 30 5.24

FIGURE 1 Morphology of (a) CuO,

(b) Al2O3, and (c) Fe2O3 nanoparticles in

transmission electron microscopy (TEM)

FIGURE 2 Experimental setup

for testing the cyclic behaviors

of PCMs

4 of 13 ZHOU ET AL.
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transient planar heat source method at room
temperature of 23 ± 0.5�C. To avoid the experimental
error caused by the sample as much as possible, we
took the sample out of the mold and carefully
polished the ground of the sample. During the test, a
5501 probe inserted between the two polished surfaces
was employed as a heat source and a sensor to measure
the thermal conductivity of the samples every 25 min.
The result that was significantly different from the
average value obtained by the test would be eliminated.
In addition, the mean value obtained from the test
without abnormal results was applied as the thermal
conductivity result.

The melting temperature, solidification temperature,
and latent heat of erythritol and the NePCMs were mea-
sured by the DSC (Q200, TA, USA, accuracy: ±0.05�C)

with a constant stream of nitrogen whose flow rate was
50 mL/min. All the samples with the size of 12–15 mg
were heated from room temperature to 160�C at
20�C/min to eliminate the thermal history. During the
test, it was found that the NePCMs with TEA did not
show an endothermic peak when the temperature was
lowered to 30�C. Therefore, we set a lower temperature
limit of NePCMs with TEA to �30�C during the cooling
process. The samples without TEA were cooled from
160�C to 30�C and then heated from 30�C to 160�C again
at 5�C/min, while the samples with TEA were cooled
from 160�C to �30�C and then heated from �30�C to
160�C again at 5�C/min. An electron microscope
(Axioskop 2 Plus, Zeiss, Germany) was used to photo-
graph the surface microstructure of erythritol and
NePCMs.

FIGURE 3 Photography of the

sedimentation of nanoparticles ([A–F] 0.5 wt%,

1 wt%, and 1.5 wt% Fe2O3 NePCMs without and

with TEA; [G, H] 1.5 wt% CuO NePCM without

and with TEA; and [I, J] 1.5 wt% Al2O3 NePCM

without and with TEA) in erythritol under

140�C after (a) 48 h and (b) 120 h

ZHOU ET AL. 5 of 13
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2.3 | Sedimentation of nanoparticles in
erythritol and charging/discharging cyclic
behaviors of NePCMs

The heat transfer of PCM can be enhanced by introduc-
ing nanoparticles into it. However, the difference in den-
sity between the two materials will cause the
sedimentation of nanoparticles in the PCM and cause the
failure of NePCM. In our study, we used TEA as the dis-
persant of nanoparticles in erythritol. Each NePCM
(1.5 wt% CuO and Al2O3, 0.5 wt% Fe2O3, 1 wt% Fe2O3,
and 1.5 wt% Fe2O3 with and without TEA) with a mass of
20 g was photographed every 24 h in an oil bath of
140�C, through which we could obtain sedimentation of
nanoparticles in erythritol.

To better investigate the charging and discharging
cyclic behaviors of PCMs, a test platform of cyclic behav-
ior was set up, as displayed in Figure 2. The test platform
contained a hot oil bath (150�C), a cold oil bath (30�C),
test tubes, a temperature measuring system (Agilent data
acquisition, K-type thermocouples/±1�C), and a com-
puter, which collected data every 2 s. Six test tubes whose
diameter and height were 25 mm and 150 mm were
placed in the holder to conduct the cycle test. Add 50 g
PCM to each test tube with a silicone plug above it, and a
thermocouple was inserted in the center of the tube to
monitor the temperature change of PCM. The test tubes
were heated and cooled alternately in the hot and cold oil
bath during the test. The data obtained from the measur-
ing system could monitor the phase change processes
of PCMs.

3 | RESULTS AND DISCUSSION

3.1 | Sedimentation of nanoparticles in
erythritol

The sedimentation of different kinds of nanoparticles in
erythritol in an oil bath of 140�C after 48 h and 120 h is
displayed in Figure 3. As revealed in Figure 3a, all kinds
of nanoparticles in the NePCMs without TEA showed
noticeable sedimentation after 48 h. However, only a tiny
number of Fe2O3 particles sedimented in the Fe2O3

NePCMs with TEA, while no visible sedimentation of
nanoparticles was found in the other two NePCMs with
TEA. The sedimentation of nanoparticles became more
severe in the NePCMs without TEA after 120 h, as shown
in Figure 3b. There were more Fe2O3 nanoparticles
sedimented in the NePCMs with TEA. Correspondingly,
no distinct layer was observed in the CuO and Al2O3

NePCMs. It can be concluded from Figure 3 that TEA is
an effective dispersant in erythritol in general. It is

noteworthy that TEA is more efficient for the dispersion
of CuO and Al2O3 nanoparticles in erythritol. This may
be explained by the research of Zhichao et al.20 There are
several main reasons: (1) Compared with other disper-
sants, TEA molecules can form functional nanolayers
more easily. (2) Secondly, the protons from alcohol mole-
cules can be taken by TEA easily because of the lone pair
electrons on the nitrogen atom.49 (3) Thirdly, hydrogen
bond can be formed between TEA and erythritol mole-
cule due to the hydroxide radical of TEA.

3.2 | XRD analysis of NePCMs

The composition of the material can be obtained through
the XRD pattern. The XRD patterns of erythritol, nano-
CuO, nano-Al2O3, nano-Fe2O3, and NePCMs are dis-
played in Figure 4. Several strong diffraction peaks were
observed at 14.6�, 19.5�, 20.1�, 24.5�, and 29.5� in the
XRD pattern of erythritol, which was in accordance with
the results of Shao et al.50 and Karthik et al.51 There were
two strong diffraction peaks located at 2θ = 32.8� and
67.5� in the XRD pattern of nano-CuO, which was consis-
tent with standard JCPDS file no. 48-1548. The diffraction
intensity of nano-Al2O3 and nano-Fe2O3 was weaker than
the other samples, so the values of the two samples in
Figure 4 were magnified 10 times. The XRD patterns of
nano-Al2O3 and nano-Fe2O3 are similar to JCPDS file
no. 35-0221 and no. 33-0664. According to Figure 4, the
XRD patterns of NePCMs were approximately identical
to erythritol, indicating that the addition of nanoparticles
produced no crystal change in erythritol.

FIGURE 4 XRD patterns of erythritol, nano-CuO, nano-Al2O3,

nano-Fe2O3, and 1.5 wt% CuO, 1.5 wt% Al2O3, and 1.5 wt% Fe2O3

NePCMs

6 of 13 ZHOU ET AL.
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3.3 | Thermal conductivity of NePCMs

Thermal conductivity dominates the charging and dis-
charging time of PCM, which is vital for PCM applica-
tions. Figure 5 plots the thermal conductivity of pure
erythritol and NePCMs having different kinds and con-
tents of nanoparticles with TEA. Consistent with the
results of Wang et al.,26 the thermal conductivity of pure
erythritol was 0.671 W/(m�K). As expected, that of
NePCMs increased with the increase of CuO and Fe2O3

nanoparticles, which indicated that the two kinds of
nanoparticles could efficiently improve the heat transfer
of erythritol. The thermal conductivity of 1.5 wt% CuO
and Fe2O3 NePCMs was enhanced to 0.722 W/(m�K) and
0.761 W/(m�K), respectively. More interestingly, the

Al2O3 nanoparticles improved the thermal conductivity
of erythritol at 0.5 wt% and 1.5 wt% but weakened it at
1 wt%. Similar results were reported in Colla et al.38 The
influence factors of Al2O3 nanoparticles on the thermal
conductivity of PCM need further research. Especially,
Figure 5 plots the thermal conductivity fitting curves of
CuO and Fe2O3 NePCMs.

The surface microstructure of erythritol and NePCMs
having different kinds and contents of nanoparticles with
TEA is presented in Figure 6. Compared with the surface
microstructure of erythritol, the surfaces of NePCMs with
TEA were rougher and more cracks appeared. As rev-
ealed in Figure 6d–f, with the increase of Fe2O3

nanoparticles, the cracks on the surface became denser
and changed from strips to dendrites. The possible reason
is that the nucleation center will increase by introducing
nanoparticles into erythritol. Simultaneously, the thermal
conductivity of erythritol will improve, which will pro-
mote the rapid growth of grains.

3.4 | DSC analysis of NePCMs

The thermophysical properties of PCM can affect the
TES performance of PCM significantly. The DSC
curves during the heating and cooling processes of
PCMS are revealed in Figure 7. The phase transition
temperature of PCM is the peak of heating and cooling
curves, while the latent heat is obtained by integrating
the area enclosed by the baseline and the peak of the
curve. The detailed information about thermophysical
properties of erythritol and NePCMs is listed in
Table 3.

FIGURE 6 Surface microstructure of (a) erythritol, (b) 1.5 wt% CuO, (c) 1.5 wt% Al2O3, (d) 0.5 wt% Fe2O3, (e) 1 wt% Fe2O3, and (f)

1.5 wt% Fe2O3 NePCMs

FIGURE 5 Thermal conductivity of erythritol, CuO, Al2O3,

and Fe2O3 NePCMs and fitting curves for CuO and Fe2O3 NePCMs

ZHOU ET AL. 7 of 13
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As shown in Figure 7 and Table 3, the addition of
nanoparticles had almost no effect on the melting tem-
perature of NePCMs, but the solidification temperature
of NePCMs had decreased to varying degrees, which
would lead to the increase of supercooling degree. After
adding 1.5 wt% CuO, Al2O3, and Fe2O3 nanoparticles into
erythritol, the supercooling degree of NePCMs increased
from 47.03�C of erythritol to 51.26�C, 50.16�C, and
51.41�C, respectively. For latent heat of NePCMs, the
phase transition temperature of nanoparticles was much
higher than erythritol, which indicated that no phase
transition occurred for nanoparticles during the DSC test.
Therefore, in contrast with pure erythritol, the heat of
fusion and solidification of NePCMs added with

nanoparticles were reduced proportionally.14,52 The
experimental results from DSC curves were similar to the
theoretical results.

One unanticipated finding was that after adding the
dispersant TEA on the basis of adding nanoparticles to
erythritol, the melting temperature and heat of fusion of
all NePCMs increased significantly. The melting tempera-
ture of NePCMs with TEA added three nanoparticles
increased from 110.09�C, 110.09�C, and 109.99�C to
122.52�C, 122.38�C, and 123.48�C, respectively, while the
heat of fusion increased from 288.9 kJ/kg, 292.8 kJ/kg,
and 292.7 kJ/kg to 347.8 kJ/kg, 343.8 kJ/kg, and
347.6 kJ/kg. The conceivable reasons for this phenome-
non were described in Section 3.1 that hydrogen bond
between TEA and erythritol molecule can be formed eas-
ily due to the hydroxide radical of TEA. Compared with
substances without hydrogen bonds between molecules,
substances with hydrogen bonds need higher tempera-
ture when melting to provide more energy to break the
hydrogen bonds between molecules. Consequently, the
melting temperature and heat of fusion of substances
with hydrogen bonds are higher than those without
hydrogen bonds. In addition, we observed that the
NePCMs with TEA showed an exothermic peak during
the cooling process, and several other exothermic peaks
appeared during the following heating process, which
was related to the addition of TEA. In Section 3.5, we will
discuss the charging and discharging behaviors of PCMs
in more detail.

3.5 | Charging and discharging cyclic
behaviors of NePCMs

The charging and discharging behaviors of erythritol,
1.5 wt% CuO, Al2O3, and Fe2O3, 1 wt% Fe2O3, and 0.5 wt
% Fe2O3 NePCMs with TEA were researched on
the test platform. Consecutive charging and discharging
test with 24 cycles was carried out on erythritol and
different kinds of NePCMs. Figure 8 displays the
typical temperature curve of erythritol with time during
a charging/discharging cycle. During the charging
process, the temperature increased rapidly until it
almost reached the melting temperature (Tm) of
erythritol. The temperature then slowly rose to the
turning temperature (Tt) due to a large amount of heat
absorbed by the melting of erythritol. After the erythritol
melted completely, the temperature rose quickly again
until it approached the temperature of the heat source.
During the discharging process of erythritol, the tempera-
ture quickly declined to the solidification temperature
(Ts) that was under the melting temperature of erythritol,
indicating a supercooling. Subsequently, the erythritol
began to solidify accompanied by heat release, and the

FIGURE 7 DSC curves of erythritol, 1.5 wt% CuO, 1.5 wt%

Al2O3, 1.5 wt% Fe2O3, 1.5 wt% CuO with TEA, 1.5 wt% Al2O3 with

TEA, and 1.5 wt% Fe2O3 with TEA for (a) melting and

(b) solidification processes
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temperature rose to a particular value and then declined
continually.17

To better quantify the cyclic behaviors of erythritol
and NePCMs, we introduced the following parameters, as
plotted in Figure 8. Δtm was a representative charging
time that was the time it took from the melting tempera-
ture to the turning temperature. Similarly, Δts was the
time it took from the solidification temperature to peak
temperature (Tp), which represented the discharging time
of NePCMs to a certain extent. T0 = Tm � Ts represented
the supercooling degree of NePCMs, as shown in
Figure 8.

The first charging/charging cycle curves of erythritol,
1.5 wt% CuO, 1.5 wt% Al2O3, 0.5 wt% Fe2O3, 1 wt%
Fe2O3, and 1.5 wt% Fe2O3 NePCMs with TEA are
revealed in Figure 9. At the beginning of the charging

process, the temperature of the five samples was the
same. Then it was found that the higher the thermal
conductivity, the steeper is the slope of the melting
curve. During the discharging process, the extent of
shortening the discharging time of high thermal conduc-
tivity was more evident than the charging time.
Compared with pure erythritol, the discharging time of
the NePCMs with CuO and Fe2O3 nanoparticles could
be shortened evidently. The Δts of pure erythritol
was 356 s, while that of 1.5 wt% CuO and 1.5 wt% Fe2O3

NePCMs was 40 s and 38 s, respectively.
Based on the 24 charging/discharging cycle test, the

stability and values of Δtm, Δts, and T0 were analyzed, as
shown in Figure 10. As plotted in Figure 10a–c, the value
of Δtm remained relatively constant during the 24 cycle
test, while the values of Δts and T0 were unstable at the

TABLE 3 The melting temperature, solidification temperature, heat of fusion, heat of solidification, and supercooling degree of NePCMs

having different kinds of nanoparticles with and without TEA

Samples
Melting
temperature (�C)

Solidification
temperature (�C)

Heat of fusion
(kJ/kg)

Heat of
solidification
(kJ/kg)

Supercooling
degree (�C)

Erythritol 110.47 63.44 297.2 237.4 47.03

1.5 wt% CuO 110.09 58.83 288.9 226.1 51.26

1.5 wt% CuO
with TEA

122.52 — 347.8 — —

1.5 wt% Al2O3 110.09 59.93 292.8 229.9 50.16

1.5 wt% Al2O3

with TEA
122.38 — 343.8 — —

1.5 wt% Fe2O3 109.99 58.58 292.7 233.3 51.41

1.5 wt% Fe2O3

with TEA
123.48 — 347.6 — —

FIGURE 8 Typical temperature curve with time during a

charging–discharging cycle for pure erythritol
FIGURE 9 The first charging–discharging cycle curves of
erythritol, 1.5 wt% CuO, Al2O3, and Fe2O3, 1 wt% Fe2O3, and 1.5 wt

% Fe2O3 NePCMs with TEA
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beginning of the test but then remained relatively stable.
This indicates that the performance of erythritol and
NePCMs was stabilized during the 24 cycle test.

The box charts of Δtm, Δts, and T0 during the
24 charging/discharging cycles for erythritol and different
NePCMs are displayed in Figure 10d–f. The box chart
was invented in 1977 by the famous statistician John
Tukey, which can show the maximum, minimum,
median, upper, and lower quartiles of a set of data. More-
over, the mean value can represent the compromised
state of a data group, and the box height (interquartile
range) can reflect the degree of dispersion of the data
group.17,53 Compared with the mean Δtm of 657.92 s for
erythritol, it was decreased by 6.4% and 7.4% for 1.5 wt%
CuO and 0.5 wt% Fe2O3 NePCMs, while it is increased
by 15.1%, 7.6%, and 3.4% for 1.5 wt% Al2O3, 1 wt%
Fe2O3, and 1.5 wt% Fe2O3 NePCMs, as shown in
Figure 10d.

In contrast with the representative charging time, as
revealed in Figure 10e, the representative discharging
time difference is more obvious between the erythritol
and NePCMs. Compared with the Δts of 311.25 s for
erythritol, it was decreased by 42.4%, 36.2%, 68.7%, 52.1%,
and 57.5% for 1.5 wt% CuO, 1.5 wt% Al2O3, 0.5 wt%
Fe2O3, 1 wt% Fe2O3, and 1.5 wt% Fe2O3 NePCMs, respec-
tively. Among them, the NePCM with 0.5 wt% Fe2O3 had

the shortest discharging time. The possible reasons were
mentioned in Sections 3.3 and 3.4; as the contents of
nanoparticles increase, the thermal conductivity of
NePCMs will increase, reducing the solidification time of
NePCMs. However, at the same time, the quality of TEA
also increases, which will form more hydrogen bonds
with erythritol molecules, and more energy is needed to
break the hydrogen bonds, thereby increasing the solidifi-
cation time of NePCMs. Therefore, in the case of more
nanoparticles, it may also lead to longer charging and dis-
charging time. The effect of TEA on the phase change
properties of erythritol will be further investigated in our
future work.

As we can see from Figure 10f, the T0 of all NePCMs
is higher than pure erythritol of 14.03�C, attributed to
adding nanoparticles or the TEA. It is noteworthy that the
value of T0 we got from the 24 charging/discharging cycle
test is entirely different from the results obtained from
the DSC curves. It is because the quality and size of the
sample can affect the supercooling degree severely, and a
larger sample is more practical for engineering applica-
tions. These results indicate that the supercooling
degree of large erythritol is much smaller than that of
small erythritol, and the addition of TEA does not signifi-
cantly change the supercooling degree of erythritol, which
can be further proved by the results in Figure 10c.

FIGURE 10 Variation of (a) Δtm, (b) Δts, and (c) T0 with the cycle number and the box chart of (d) Δtm, (e) Δts, and (f) T0 during the

24 charging/discharging cycles for different NePCMs
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3.6 | Cyclic stability of NePCMs

After the charging/discharging cycle test, an XRD test
was conducted again by taking a small amount of sample
from the center of 1.5 wt% CuO, Al2O3, and Fe2O3

NePCMs. Figure 11 reveals the XRD patterns of the
NePCMs before and after the cycle test. It can be found
that, except for the change in the peak intensity, no new
absorption peak was observed in the XRD patterns,
which indicates that the NePCMs did not undergo chemi-
cal changes during the 24 cycle test.

4 | CONCLUSION

The purpose of the article was to compare the effect of
three kinds of nanoparticles (CuO, Al2O3, and Fe2O3)
and TEA as heat transfer enhancers and dispersant on
the thermal properties of erythritol. According to the
results of characterizations and experiments, the sedi-
mentation of nanoparticles in erythritol, chemical stabil-
ity, thermal conductivity, phase change properties, and
charging/discharging cyclic behaviors were researched.
Based on the results, the following primary findings can
be summarized:

1. The results of XRD before and after the 24 cycle test
show that whether in the preparation process or the
long period of charging/discharging test, the NePCMs
have excellent chemical compatibility and chemical
stability.

2. According to the results of thermal conductivity and
microstructure of erythritol and NePCMs, the CuO
and Fe2O3 nanoparticles can enhance heat transfer
effectively. Compared with the thermal of 0.671 W/
(m�K) for erythritol, it was increased to 0.722 W/
(m�K) and 0.761 W/(m�K) of 1.5 wt% CuO and 1.5 wt
% Fe2O3 NePCMs, respectively. However, the effect of
Al2O3 nanoparticles was ambiguous, which can be
confirmed by the cycle test results.

3. The TEA is a valuable dispersant for three kinds of
nanoparticles, especially for CuO and Al2O3

nanoparticles. Moreover, based on the results of DSC
curves, adding TEA into erythritol significantly
increases the melting temperature and heat of fusion
of NePCMs, such as the melting temperature and heat
of fusion of 1.5 wt% CuO NePCM increased from
110.09�C and 288.9 kJ/kg to 122.52�C and 347.8 kJ/kg
after adding TEA, respectively.

4. During the 24 charging/discharging cycle test, the rep-
resentative charging time, representative discharging
time, and supercooling degree of erythritol and
NePCMs kept relatively stable, demonstrating the
chemical stability again. Compared with pure
erythritol, the representative discharging time was
reduced by 42.4%, 36.2%, and 57.5% for the 1.5 wt%
CuO, Al2O3, and Fe2O3 NePCMs, respectively. The
supercooling degree of NePCMs was close to that of
erythritol, which was different from the results
obtained from DSC.

The presented experimental results testify that CuO
and Fe2O3 nanoparticles can effectively enhance heat
transfer of erythritol, and the effect of TEA on erythritol
will be studied in our future work.
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NOMENCLATURE

Symbols
T0 supercooling degree (�C)
Tm melting temperature (�C)
Tp peak temperature (�C)
Ts solidification temperature (�C)
Tt turning temperature (�C)
Δtm representation charging time (s)
Δts representation discharging time (s)
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FIGURE 11 XRD patterns of 1.5 wt% CuO, Al2O3, and Fe2O3

NePCMs before and after the 24 charging/discharging cycle test
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