
 
 

 

 
 

Development and thermal properties of a novel sodium acetate trihydrate-Acetamide-
micron/nano aluminum nitride composite phase change material

Wu, Fengping; Lin, Zhongqi; Xu, Tao; Chen, Jiayu; Huang, Gongsheng; Wu, Huijun; Zhou,
Xiaoqing; Wang, Dengjia; Liu, Yanfeng; Hu, Jianqing

Published in:
Materials and Design

Published: 01/11/2020

Document Version:
Final Published version, also known as Publisher’s PDF, Publisher’s Final version or Version of Record

License:
CC BY-NC-ND

Publication record in CityU Scholars:
Go to record

Published version (DOI):
10.1016/j.matdes.2020.109113

Publication details:
Wu, F., Lin, Z., Xu, T., Chen, J., Huang, G., Wu, H., Zhou, X., Wang, D., Liu, Y., & Hu, J. (2020). Development
and thermal properties of a novel sodium acetate trihydrate-Acetamide-micron/nano aluminum nitride composite
phase change material. Materials and Design, 196, [109113]. https://doi.org/10.1016/j.matdes.2020.109113

Citing this paper
Please note that where the full-text provided on CityU Scholars is the Post-print version (also known as Accepted Author
Manuscript, Peer-reviewed or Author Final version), it may differ from the Final Published version. When citing, ensure that
you check and use the publisher's definitive version for pagination and other details.

General rights
Copyright for the publications made accessible via the CityU Scholars portal is retained by the author(s) and/or other
copyright owners and it is a condition of accessing these publications that users recognise and abide by the legal
requirements associated with these rights. Users may not further distribute the material or use it for any profit-making activity
or commercial gain.
Publisher permission
Permission for previously published items are in accordance with publisher's copyright policies sourced from the SHERPA
RoMEO database. Links to full text versions (either Published or Post-print) are only available if corresponding publishers
allow open access.

Take down policy
Contact lbscholars@cityu.edu.hk if you believe that this document breaches copyright and provide us with details. We will
remove access to the work immediately and investigate your claim.

Download date: 24/05/2023

https://scholars.cityu.edu.hk/en/publications/development-and-thermal-properties-of-a-novel-sodium-acetate-trihydrateacetamidemicronnano-aluminum-nitride-composite-phase-change-material(667ebaf6-ced7-4546-8330-7151dbd35be5).html
https://doi.org/10.1016/j.matdes.2020.109113
https://scholars.cityu.edu.hk/en/persons/tao-xu(22116ce7-6db6-4246-a83c-7929d7bd7886).html
https://scholars.cityu.edu.hk/en/persons/jiayu-chen(8b1407af-9811-4f49-8abc-8eda7f4358d9).html
https://scholars.cityu.edu.hk/en/persons/gongsheng-huang(6ae4c740-7165-40b3-b79e-2f91c8c0c2cd).html
https://scholars.cityu.edu.hk/en/publications/development-and-thermal-properties-of-a-novel-sodium-acetate-trihydrateacetamidemicronnano-aluminum-nitride-composite-phase-change-material(667ebaf6-ced7-4546-8330-7151dbd35be5).html
https://scholars.cityu.edu.hk/en/publications/development-and-thermal-properties-of-a-novel-sodium-acetate-trihydrateacetamidemicronnano-aluminum-nitride-composite-phase-change-material(667ebaf6-ced7-4546-8330-7151dbd35be5).html
https://scholars.cityu.edu.hk/en/publications/development-and-thermal-properties-of-a-novel-sodium-acetate-trihydrateacetamidemicronnano-aluminum-nitride-composite-phase-change-material(667ebaf6-ced7-4546-8330-7151dbd35be5).html
https://scholars.cityu.edu.hk/en/journals/materials--design(83137e1a-a729-4f7a-a314-5e11ae1aec28)/publications.html
https://doi.org/10.1016/j.matdes.2020.109113


Materials and Design 196 (2020) 109113

Contents lists available at ScienceDirect

Materials and Design

j ourna l homepage: www.e lsev ie r .com/ locate /matdes
Development and thermal properties of a novel sodium acetate
trihydrate-Acetamide-micron/nano aluminum nitride
composite phase change material
Fengping Wu a, Zhongqi Lin b, Tao Xu a,⁎, Jiayu Chen c, Gongsheng Huang c, Huijun Wu a, Xiaoqing Zhou a,
Dengjia Wang d, Yanfeng Liu d, Jianqing Hu e

a Guangdong Provincial Key Laboratory of Building Energy Efficiency and Application Technologies, Academy of Building Energy Efficiency, School of Civil Engineering, Guangzhou University,
Guangzhou, 510006, China
b School of Civil and Transportation Engineering, Guangdong University of Technology, Guangzhou, Guangzhou, 510006, China
c Department of Architecture and Civil Engineering, City University of Hong Kong, Tat Chee Ave, Kowloon, Hong Kong
d State Key Laboratory of Green Building in Western China, School of Building Services Science and Engineering, Xi'an University of Architecture and Technology, Xi'an, 710055, China
e School of Materials Science and Engineering, Sun Yat-sen University, Guangzhou, 510275, China
H I G H L I G H T S G R A P H I C A L A B S T R A C T
• A novel Sodium acetate trihydrate-
Acetamide-micron/nano Aluminum ni-
tride composite phase change material
was prepared for solar-heat pump
systems.

• Thecombinationof 5wt%mixedmicron/
nano AlN and 4wt%Na2HPO4·12H2O re-
duced the “supercooling” degree to
0.27 °C.

• Thermal conductivity of the novel com-
posite material varied from 0.5621 to
0.6799 W/m·K depended on the mass
ratio of mixed AlN.

• The composite material still maintained
a suitable phase change temperature
of 47.3 °C and a high latent heat of
222.6 kJ/kg after 100 heat absorption
and release cycles.
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Heat storage phase change materials (PCM) has been widely used in various thermal energy systems, such as
solar-heat pump. Harvesting solar energy requires low-cost and efficient PCM with proper melting points and
high energy absorbing capacity. This paper proposed a novel Sodium acetate trihydrate (SAT) -Acetamide (AC)
-micron/nano Aluminum nitride (AlN) composite phase change material (CPCM) with a melting point of
47.3 °C for solar-heat pump implementation. 10 wt% AC was selected as modifier to lower the melting point of
SAT. The nano AlN or micron AlN was added to CPCM to suppress “supercooling” and improve its thermal con-
ductivity. In order to determine the optimal ratio of mixture and examine the composite's thermal properties,
DSC, SEM, XRD, FTIR and other characterization methods were implemented in this study. The results showed
that 3 μm and 30 nm mixed AlN were the most effective nucleating agent and thermal conductivity filler. Also,
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Composite phase change material
Thermal conductivity enhancement
the optimal composite with 5 wt%mixed AlN could reduce the “supercooling” degree to 0.27 °C and improve the
thermal conductivity to 0.6484 W/m·K. After 100 heat absorbing and releasing cycles, the latent heat of CPCM
maintained a respectable value of 226.8 kJ/kg.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Heating and domestic hot water systems account for 75% of energy
consumption in residential, commercial, and industrial sectors [1]. As
an abundant, clean, and renewable energy source, many researchers
suggest solar energy for heating [2]. However, the corresponding
models showed that diffuse solar radiation is a highly nonlinear and ex-
tremely complex problem, and solar energy is intermittent and instable
energy source that distributed unevenly in time and space between
supply and demand [3]. Therefore, thermal energy storage (TES) tech-
nologies have been thoroughly studied to overcome the major draw-
backs of solar energy [4–6]. As a typical solar thermal energy storage
system, the solar-heat pump has been developed and widely utilized
for its strong energy storage capacity and high efficiency [7].

PCM is themajormedia for phase change energy storage in different
TES systems，numerical simulation showed that the pipe-encapsulated
PCMwall with appropriate PCM achieved good energy saving potential,
so likewise the selection of PCM is critical for the design of solar heat
pump [8–11]. In recent years, inorganic phase change materials have
attracted increasing attention for their low price, high accessibility,
moderate phase change temperature, and high latent heat [12].
Among different types of inorganic PCM, crystalline hydrated salt so-
dium acetate trihydrate (CH3COONa·3H2O, SAT) is one of the ideal
PCM materials, that has suitable phase change temperature (58 °C),
high latent heat (264 kJ/kg), and stable chemical properties [13]. At
the same time, the issues of phase separation, “supercooling”, and low
thermal conductivity are major hurdles of its wide application. To re-
solve the issues of phase separation, thickener additives were intro-
duced by researchers to prevent the particles in solution from sinking
[14]. Inappropriate amount of thickeners not only cannot solve the
phase separation phenomenon but also deteriorate the latent heat
value of SAT [15]. For the “supercooling” issue of SAT, with proper affin-
ity to PCM, inorganic hydrated salt was proposed as the nucleating
agent. For example, Mao et al. [16] combined 5 kinds of inorganic hy-
drated salt nucleating agents (Na2HPO4·12H2O, Na3PO4·12H2O,
Na2CO3·10H2O, Na3SiO3·9H2O, Na2B4O7·10H2O) and 3 kinds of thick-
eners (CMC, gelatin and polyacrylamide) to improve the phase separa-
tion and reduce the “supercooling” degree of SAT simultaneously. This
study also suggested that Na2HPO4·12H2O and CMC can be an effective
combination to improve the thermal properties of SAT. In recent years,
nanomaterials attracted more attentions for their small particle size
and versatile crystal structure, which results in unique volume effect
and surface effect [17]. Ramirez et al. [18] found that adding silver nano-
particles (AgNPs) to SAT could stimulate nucleation and reduce
“supercooling”, especially for a large CMC content combined with high
AgNPs concentration. Li et al. [19] used CH3COONa·3H2O–KCl compos-
ite salt with Al2O3 nanoparticles as the nucleating agent and CMC as the
thickening agent. The composite showed that CH3COONa·3H2O–8 wt%
KCl composites salt system with 1 wt% Al2O3 nanoparticles and 4 wt%
CMChas the best thermal characteristicswith no “supercooling” degree.
Hu et al. [20] reported that with 5wt% AlN nanoparticles as a nucleating
agent and 4 wt% CMC as a thickening agent, the composite can
completely eliminate the “supercooling” (the corresponding degree of
“supercooling”was approximately 1 °C even after 50 melting– freezing
cycles). Based on these results, researchers found that the selection of
nanomaterials as nucleating agents could reduce the “supercooling”
and enhance the thermal conductivity of SAT at the same time [21].
For example, He et al. [19] used iron oxide nanoparticles (α-Fe2O3) as
a nucleating agent and reported that the “supercooling” degree of the
SAT composite PCM was reduced to 0 °C and the thermal conductivity
was improved by 22.5% at a α-Fe2O3 content of 0.8 mass%. Cui et al.
[22] also found that when 0.5% Nano‑copper (Nano-Cu) was added to
SAT, the “supercooling” temperature was reduced to approximately
0.5 °C and the thermal conductivity was approximately 20% higher
than that of the pure SAT. In addition, many researchers concluded
that adding expanded graphite (EG) also can significantly improve the
thermal conductivity of SAT [23–30].

Extendingprevious researchon improving the thermal characteristics
of SAT (CH3COONa·3H2O) and removing the phase separation and
“supercooling”, this study proposed a novel SAT-AC-micron/nano AlN
CPCM. In the proposed composite PCM, acetamide was used to adjust
the phase change temperature of SAT to meet the requirements of
solar-heat pump for phase change temperature (45–50 °C [31]) and im-
prove its efficiency. AlN modified CPCMs were prepared by dispersing
nano-sized or micron-sized AlN into SAT-AC mixture to inhibit
“supercooling” and increase heat transfer rate. The related properties of
the CPCMs were studied and verified by experiments on crystalline
phase, morphology characterization, thermal reliability and heat transfer
performance. Thermal conductivity had been proved to be directly re-
lated to energy consumption, so the improvement of thermal conductiv-
ity was particularly important for solar-heat pump systems [32]. Our
study uniquely proposed to combine inorganic hydrated salt
Na2HPO4·12H2O (DSP) and AlN as nucleating agent, which not only
solved the instability of using a single DSP to promote the crystallization,
but also improved its thermal conductivity. Moreover, in order to further
optimize the performance of the prepared composites, AlNwith different
particle diameters was mixed for use, which was an innovative experi-
ment and had not been reported and studies in detail from others. By
means of the interaction between different sizes of AlN, the properties
of the composite materials in thermal conductivity and “supercooling”
had been improved obviously. Consequently, the research methods and
results not only provided valuable information for the practical applica-
tion of SAT-AC-micron/nano AlN CPCMs in the future, but also enriched
the preparation and research direction of this kind of material.
2. CPCMs preparation and experiment

2.1. Preparation of SAT-AC-micron/nano AlN CPCMs

2.1.1. Raw materials
Following Table 1 shows the list of raw materials for the CPCMs

preparation.
2.1.2. Preparation of SAT-AC mixture
To adjust the melting point of the CPCMs, this study adopted the

melt blending method to prepare the SAT-AC mixture. SAT was taken
as the base PCM and 10 wt% AC was added as the melting temperature
modifier. Both composites were mixed evenly and stirred magnetically
in a water bath of 65 °C until completely melted. After that, the 4 wt%
DSP and 4 wt% CMC were added successively as nucleating agent and
thickening agent. The solution was heated under constant temperature
(65 °C) andwas stirredmagnetically at 800 rpm for 20min. Then the so-
lutionwas cooled at room temperature (22–26 °C) to crystallize and the
SAT-AC mixture was finally prepared.

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Fig. 1. Image of solid SAT-AC-AlN CPCM and SAT-AC mixture.

Table 1
List of raw materials.

Materials Details Manufactures

Sodium Acetate
Trihydrate

SAT, CH3COONa·3H2O, AR Tianjin Damao Chemical
Reagent Co., Ltd.

Acetamide AC, CH3CONH2, AR Tianjin Damao Chemical
Reagent Co., Ltd.

Disodium Phosphate
Dodecahydrate

DSP, Na2HPO4·12H2O, AR Tianjin Damao Chemical
Reagent Co., Ltd.

Sodium Dodecyl
Benzene Sulfnate

SDBS, C18H29NaO3S, AR Tianjin Damao Chemical
Reagent Co., Ltd.

Carboxymethyl
Cellulose

CMC, RnOCH2COONa, AR Tianjin Zhiyuan Chemical
Reagent Co., Ltd.

Nano-sized or
micron-sized
Aluminum Nitride

nano AlN or micron AlN, AR
(particle size 30 nm/3 μm)

Beijing Deke Daojin
Science and Technology
Co., Ltd.
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2.1.3. Preparation of SAT-AC-micron/nano AlN CPCMs
This study used themelt blendingmethod [33] to compound themi-

cron/nano AlN with the SAT-AC mixture obtained in last step to obtain
lower “supercooling” temperature and higher thermal conductivity.
First, SAT-ACmixture was put into a mortar, and then the AlN of differ-
ent ratios (3wt%, 5 wt%, 7 wt% and 9wt%) with different corresponding
particle sizes (30 nm, 3 μm, and a mixture of 30 nm and 3 μm) were
added. Themixtureswere ground into powder andmoved into beakers.
Then, they were placed into a water bath of 65 °C and stirred magneti-
cally at 800 rpm for 30 min to ensure proper dispersion. SDBS was
added as dispersant before the operation. Finally, the samples were
cooled and crystallized at room temperature (22–26 °C) to obtain the
SAT-AC-micron/nano AlN CPCMs. Table 2 lists the Specific quantities
of the additives and SAT and Fig. 1 shows the solid structure of SAT-
AC-AlN CPCM and SAT-AC mixture.
2.2. Characterization and testing

The phase transition temperature (Tm) and latent heat (ΔHm) of
samples were tested with a differential scanning calorimeter (DSC
204F1, Netzsch-Gerätebau GmbH Co., Ltd., Germany). The scanning
was conducted under stable nitrogen atmospherewith the temperature
range from 0 °C to 80 °C, the scanning rate of 5 °C/min, and the accuracy
of ±0.1%.

The crystalline phase of samples were obtained by a X-Ray diffrac-
tometer (XRD, PW3040/60, PANalytical B.V., Holland)with CuKα radia-
tion source at 40 kVand 40mA. Before themeasurement, the pulverized
samples were placed in the XRD special glass sample tanks with an
outer diameter of 35 × 50 mm and a depth of 0.5 mm.
Table 2
Compositions of SAT-AC mixture and SAT-AC-micron/nano AlN CPCMs.

Sample Index AlN
(g)

Particle
size

The mass ratio of SAT and additives
(SAT: AC: DSP: CMC:SDBS:AlN)

S1 0.0 – 100: 10: 4: 4: 0: 0
S2 0.9 30 nm 100: 10: 4: 4: 0.5: 3
S3 1.5 30 nm 100: 10: 4: 4: 0.5: 5
S4 2.1 30 nm 100: 10: 4: 4: 0.5: 7
S5 2.7 30 nm 100: 10: 4: 4: 0.5: 9
S6 0.9 3 μm 100: 10: 4: 4: 0.5: 3
S7 1.5 3 μm 100: 10: 4: 4: 0.5: 5
S8 2.1 3 μm 100: 10: 4: 4: 0.5: 7
S9 2.7 3 μm 100: 10: 4: 4: 0.5: 9
S10 0.9 30 nm: 3 μm = 1:1 100: 10: 4: 4: 0.5: 3
S11 1.5 30 nm: 3 μm = 1:1 100: 10: 4: 4: 0.5: 5
S12 2.1 30 nm: 3 μm = 1:1 100: 10: 4: 4: 0.5: 7
S13 2.7 30 nm: 3 μm = 1:1 100: 10: 4: 4: 0.5: 9

Note: Except S1, the weight of SAT, AC, DSP, CMC, and SDBS of all samples are same
(SAT= 30 g, AC = 3.0 g, DSP = 1.2 g, CMC = 1.2 g, SDBS = 0.15 g).
The “supercooling” temperature and the period of heat absorbing
and releasing cycle were obtained through the following steps: (1) the
configured samples were placed in 50 ml reagent bottles with the
inner diameter of 20 mm, the outer diameter of 45 mm, and the height
of 92 mm. (2) the K-type thermocouples (with a maximum error of ±
0.1 °C) were inserted into the center of the bottles. Then the bottles
were placed in the LK-80G programmable constant temperature and
humidity testing chamber (Dongguan Kingjo Environmental Testing
Equipment Co., Ltd., China). (3) The samples were heated at 65 °C for
90 min for heat absorbing, and then cooled down from 65 °C to 20 °C
at a rate of 2 °C per min. Then, the samples were left for 70 min until
the next cycle. (4) A computer-controlled Agilent 34972A multi-
channel data acquisition logger (Agilent Technologies Inc., USA) was
used to record the data every 10 s during cycles. The obtained data in-
cluded the “supercooling” temperature and the time required for heat
storage and release. The setup of all apparatus were shown in Fig. 2.

A S-3700 N scanning electron microscope (SEM, HITACHI, Japan)
then was employed to observe the morphologies of AlN with scanning
voltage of 5 kV. The crystallography features of before and after modifi-
cation were observed with an optical microscopy (OM, BD-40, China).

3. Results and discussion

3.1. Impacts of AlN on the thermal properties of SAT-AC-micron/nano
AlN CPCMs

The results of several preliminary studies [22–28] combined with
the relevant experiments we conducted suggested that the optimal
mass fraction of AC that should add into the SAT-AC mixture was
10 wt%. Besides, the optimal mass fraction of DSP was 4 wt% under
the fixed content of CMC at 4 wt%. Therefore, this study mainly investi-
gated the impact of micron/nano AlN on the SAT-AC mixture. The test-
ing mass ratios examined included 3 wt%, 5 wt%, 7 wt% and 9 wt%. To
compare the phase change behaviors of the composites, the DSC curves
of 3 μm AlN with mass fractions of 3 wt%, 5 wt%, 7 wt% and 9 wt% were
shown in Fig. 3. The outcomes of the test results were summarized in
Table 2.

It can be seen from Fig. 3 and Table 3, adding AlN can slightly reduce
the melting temperature (Tm) of CPCMs. For example, the Tm of the
SAT-AC mixture was 47.8 °C and the minimum of target CPCM was
47.0 °C, which indicated physical interactions between the SAT-ACmix-
ture and AlN were occurred during the compounding process. The peak
temperature (Tp) of CPCMs increased with the addition of AlN during
phase change could be explained by the Clapeyron-Clausius equation:

ln
T2
T1

¼ Δβ
αVm

Δβ
αHm

P2−P1ð Þ ð1Þ

where T1, T2 represent the peak temperature;



Fig. 2. Schematic diagram of apparatus in the heat absorbing and releasing test.

Fig. 3. DSC curves of SAT-AC-micron/nano AlN CPCMs with different doses of AlN (3 μm).
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Δα
βVm andΔα

β Hm represent the volume change and enthalpy change
from one phase state to another, respectively;

P1, P2 represent the environment pressure during the phase change.
It can be observed that the latent heat of CPCMs were inversely pro-

portional to the amount of AlN. For example, the latent heat of CPCMs
ranged from 211.6 to 234.0 kJ/kg when the content of AlN increased
from 3 wt% to 9 wt%. AlN and SDBS cannot release latent heat during
the process of phase change under the working temperature of the
study. Through calculating theoretical ΔHM and comparing with the ex-
periment results, the difference (error) was reported to be less than
4.4%. Following the equation can compute ΔHCPCM:

ΔHCPCM = ΔHSAT−AC mixture • (1− ΦAlN − ΦSDBS) (2)

where ΔHCPCM represents the latent heat value of CPCM;
ΔHSAT−AC mixture represents the latent heat value of SAT-AC mixture;
ΦAlNand ΦSDBS represent the mass fraction of AlN and SDBS,

respectively.
Table 3
DSC results of SAT-AC-micron/nano AlN CPCMs with different doses of AlN (3 μm).

AlN Mass fraction
(wt%)

Tm
(°C)

Tp
(°C)

ΔHm
(kJ/kg)

0 47.8 55.2 244.5
3 47.5 56.0 234.0
5 47.6 56.5 229.8
7 47.0 56.7 218.2
9 47.3 57.2 211.6
To investigate the micron AlN's impact on the heat storage/release
performance and thermal conductivity enhancement, the heat stor-
age/release time of the CPCMs and SAT-AC mixture were compared.
The melting and freezing curves of SAT-AC-micron/nano AlN CPCMs
with different mass fractions of AlN (3 μm) were presented in Fig. 4
and the corresponding storage/release time was listed in the Table 4.

In Fig. 4(a), it can be observed that the rate of heat absorption of the
CPCMs was significantly accelerated by adding micron AlN. When the
Fig. 4. Melting (a) and freezing (b) curves of SAT-AC-micron/nano AlN CPCMs with
different AlN mass fractions (particle size is 3 μm).



Table 4
Heat storage and heat release time of SAT-AC-micron/nano AlN CPCMs with different
doses of AlN (3 μm).

Mass fraction of
AlN
(wt%)

Heat storage
time
(s)

Time
saved
(wt%)

Heat release
time
(s)

Time
saved
(%)

0 6120 – 6416 –
3 5700 6.86 6130 4.46
5 5560 9.15 6013 6.28
7 5440 11.11 5777 9.96
9 5080 16.99 5415 15.60

Fig. 5. DSC curves of SAT-AC-micron/nano AlN CPCMs with different AlN mass fractions
(particle size is 30 nm).

Fig. 6. DSC curves of SAT-AC-micron/nano AlN CPCMs with different AlN mass fractions
(mixed particles).

Table 5
DSC outcomes of SAT-AC-micron/nano AlN CPCMs with different AlN mass fractions
(particle size is 30 nm).

Mass fraction of AlN
(wt%)

Tm
(°C)

Tp
(°C)

ΔHm
(kJ/kg)

3 47.8 56.5 231.2
5 47.5 56.7 222.6
7 47.3 56.8 213.7
9 47.1 57.0 211.1

Table 6
DSC outcomes of SAT-AC-micron/nano AlN CPCMswith different
AlN mass fractions (mixed particles).

Mass fraction
of AlN (wt%)

Tm
(°C)

Tp
(°C)

ΔHm
(kJ/kg)

3 47.6 56.2 238.4
5 47.3 56.4 228.9
7 47.2 56.7 221.6
9 46.9 57.4 213.8
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temperature increased from 30 °C to 60 °C, the SAT-AC mixture took
6120 s to complete the heat absorption. The CPCMs containing 3 wt%,
5 wt%, 7 wt% and 9 wt% micron AlN required a time of 5700 s, 5560 s,
5440 s, 5080 s from 30 °C to 60 °C, respectively. The percentage time re-
duction was 6.86%, 9.15%, 11.11%, 16.99%, respectively. From Fig. 4
(b) and Table 4, it can be concluded that the heat release rate of
CPCMs were greater than that of the mixture. Compared to the time
(6416 s) required for the mixture to decrease from 60 °C to 30 °C,
CPCMs with mass fractions of 3 wt%, 5 wt%, 7 wt% and 9 wt% took
6130 s, 6013 s, 5777 s and 5415 s, respectively. The percentage time re-
duction was 4.46%, 6.28%, 9.96%, 15.6%, respectively. Also, in Fig. 4(b),
adding AlN with a particle size of 3 μm (3 wt%, 5 wt%, 7 wt%) resulted
in neglectable changes in the “supercooling” degree (ΔT) of the
CPCMs. However, adding micron AlN to 9 wt%, the “supercooling” de-
gree suddenly increased to 3.83 °C. The reasonable cause was that
Fig. 7. Freezing curves of SAT-AC-micron/nano AlN CPCMswith different mass fractions of
(a) 30 nm AlN and (b) mixed AlN.



Fig. 8.Melting curves of SAT-AC-micron/nano AlN CPCM with different mass fractions of
(a) 30 nm AlN and (b) mixed AlN.

Table 8
Thermal conductivities of SAT-AC-micron/nano AlN CPCMswith different mass fraction of
mixed AlN.

AlN mass fraction
(wt%)

Thermal conductivity
(W/m·K)

Ratio of increase
(%)

– 0.5621 –
3 0.5686 1.16
5 0.6484 15.4
7 0.6572 16.9
9 0.6799 21.0

Note: The testing temperature of thermal conductivities is 26 °C.

Fig. 9. Illustrative micro-structure of the mixed AlN.
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excessive micron AlN would aggregate to form larger particles, which
might envelop part of SAT and nucleating agent DSP, resulting in the in-
crease of “supercooling” temperature of the CPCMs.

From the perspective of the whole process of heat absorbing and re-
leasing, the heat transfer speed was positively related to the amount of
themicron AlN and suggestingmicron AlNwas a valid thermal conduc-
tivity enhancer. Although the heat transfer rate could be greatly im-
proved when the addition amount of micron AlN was 9 wt%, its
“supercooling” degree also increased to 3.83 °C because of the blocking
effect of excessivemicron AlN on crystallization. Therefore, based on the
above analysis of “supercooling” degree, heat transfer rate and latent
Table 7
Heat storage and heat release time of SAT-AC-micron/nano AlN CPCMs with different AlN part

AlN particle size AlN mass fraction (wt%) Heat absorbing time
(s)

– – 6120
30 nm 3 5680
30 nm 5 5560
30 nm 7 5450
30 nm 9 5090
mixed AlN 3 5100
mixed AlN 5 4270
mixed AlN 7 4250
mixed AlN 9 4070
heat value of SAT-AC-micron/nano AlN CPCMs, it was concluded that
the most suitable mass fractions of micron AlN was 7 wt%, which
could obtain a lower “supercooling” temperature (1.32 °C), a larger la-
tent heat (218 kJ/kg) and a higher thermal conductivity (It improved
by 11% compared with the SAT-AC mixture).

3.2. The impact of particle size of AlN on the thermal properties of SAT-AC-
micron/nano AlN CPCMs

This section compares the thermal properties of the composite with
different AlN particle sizes. In addition to the micron AlN, this experi-
ment also added nanoparticles (30 nm) as a comparison. Furthermore,
the combined particles of 30 nm and 3 μm AlN with 1:1 ratio were
also tested. Figs. 5 and 6 showed the DSC curves of the samples with
the particle size of 30 nm and combined particles. The major quantita-
tive thresholds were listed in Table 5 and Table 6.

No matter adding nano AlN of 30 nm or mixed micron/nano AlN
of 3 μm and 30 nm, their impacts on the melting temperature (Tm) of
SAT-AC mixture were neglectable. As for the latent heat (ΔHm) of
icle size and mass fraction.

Time reduction
(%)

Heat releasing time
(s)

Time reduction
(%)

– 6416 –
7.19 6280 2.12
9.15 6100 4.93
10.95 6010 6.33
16.83 5760 10.22
16.67 5720 10.85
30.23 5570 13.19
30.56 5530 13.81
33.50 5140 19.89



Fig. 10. “Supercooling” temperature of SAT-AC-AlN CPCM and SAT-AC mixture after
multiple melting-freezing cycles.

Fig. 12. XRD patterns of AlN, SAT-AC mixture and SAT-AC-micron/nano AlN CPCMs.
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phase change of the SAT-AC mixture, it was also inversely proportional
to the amount of AlN. For example, when themass fractions of nano AlN
and mixed AlN were 9 wt%, the latent heat values were 211.1 kJ/kg and
213.8 kJ/kg, respectively.

Fig. 7 and Fig. 8 show the freezing andmelting curves of the compos-
ites with different mass fractions and particle sizes. In Fig. 7(a), when
AlN (30 nm) was less than 9 wt%, the AlN had limited impacts on the
“supercooling” temperature of the SAT-AC CPCMs (the temperature re-
mains between 1.54 °C and 1.78 °C). Fig. 7(b) show that when the mass
fractions of mixed AlN was less 5 wt%, the “supercooling” temperature
still remained low, but with the same mass fraction, the mixed AlN ob-
viously outperformed than the pure nanoAlN particles. This could be at-
tributed to that the mixed AlN had lower tendency of aggregation. Also,
its non-uniform shapes could promote the SAT mixture crystallization
and further reduce the “supercooling” temperature.

The results of Fig. 7 and Fig. 8 are summarized in Table 7. Adding
more AlN can obviously reduce the heat absorbing and releasing time.
For example, in the heat absorbing cycle (heat the composites from
30 °C to 60 °C), the SAT-AC mixture takes 6120 s while CPCM with
3 wt% AlN takes 5680 s (7.19% reduction). When the 9 wt% AlN was
added, the time further reduced to 5090 s (16.83% reduction). Similarly,
theminimum time of heat releasing from 60 °C to 30 °Cwas reduced by
Fig. 11. DSC curves of CPCM with 5 wt% of mixed AlN after 50 and 100 cycles.
10.22% to 5760 s for 9wt% AlN. Furthermore,when themass fractions of
mixed AlNwere 5 wt%, 7 wt%, and 9wt%, the time varied slightly. 5 wt%
sample performed sufficiently well, which reduced the time by 33.5%
compared with the baseline sample. In the cooling process, there was
also a sudden drop of time usagewhen themass fraction reached 9wt%.

To further explore the contribution of mixed AlN to the SAT-ACmix-
ture, the thermal conductivities of SAT-AC-mixed AlN CPCM were
tested and the results were listed in the Table 8. When the added
amount ofmixed AlN reached 9wt%, the thermal conductivity increased
from 0.5621 W/m·K of SAT-AC mixture to 0.6799 W/m·K of SAT-AC-
mixed AlN CPCM, which was 21.0% higher. Obviously, the thermal
conductivity enhanced with the increase of mixed AlN mass fraction,
suggesting that thermal conduction network had been formed in the
sample due to the addition of mixed AlN.

Based on above observations, with mixed nano AlN andmicron AlN,
the formed CPCMs could maintain a high latent heat value with the
melting point unaffected. This also improved the thermal conductivities
of the hydrated salts. Smaller particle size resulted in higher surface ten-
sion, therefore 30 nm AlN particles were easier to aggregate. Fig. 9
shows an illustrative micro-structure of the mixed AlN. The mixed AlN
Fig. 13. FT-IR spectra of AlN, SAT-AC mixture and SAT-AC-micron/nano AlN CPCM.



Fig. 14. Optical microscope images of SAT-AC mixture (a: 100 ×, b: 500 ×) and SAT-AC-AlN CPCM (c: 100 ×, d: 500 ×).
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could form an effective heat conduction network in the SAT-ACmixture
and improve the composites' thermal conductivity. In summary, among
all samples, the CPCM with 5 wt% mixed AlN was the ideal sample for
following tests. The sample had a low “supercooling” temperature of
0.12 °C, a suitable melting point of 47.3 °C, a high latent heat of
228.9 kJ/kg and a strong thermal conductivity of 0.6484 W/m·K.

3.3. Analysis of thermal stability

To study the long-term thermal stability, this study also tested the
material characteristics of SAT-AC-AlN CPCM after multiple melting-
freezing cycles. Fig. 10 shows the “supercooling” temperature after 50
and 100 cycles. As the figure shown, the CPCM could maintain a stable
“supercooling” temperature after 100 cycles. After 100 cycles, the
“supercooling” temperature without AlN was 1.71 °C while that of the
CPCM was only 0.62 °C. This suggests that the phase change character-
istics is more stable for SAT-AC-AlN CPCM with the help of mixed AlN.

Fig. 11 shows the DSC curves of CPCM with 5 wt% of mixed AlN
after different cycles. The latent heats of CPCM were 227.3 kJ/kg and
226.8 kJ/kg after 50 and 100 cycles, which were 1.6 kJ/kg and 2.1 kJ/kg
lower than its original values. The phase change temperatures both de-
creased slightly from 47.3 °C to 47.2 °C after 50 or 100 cycles. Therefore,
adding mixed AlN as the modifier did not affect the thermal stability of
the SAT mixture.

3.4. Analysis of crystalline phase and chemical compatibility

Fig. 12 shows the XRD patterns of AlN, SAT-ACmixture and SAT-AC-
micron/nano AlN CPCMs. The diffraction peaks of AlN in the XRD
patterns appeared at 33.216°, 36.040°, 37.916°, 49.814°, 59.349°,
66.052°, 71.438°, which could be highly consistent with the peaks on
PDF: 25–1133 in the database, indicating that it is a pure hexagonal
AlN. As for SAT-AC mixture, the strong diffraction peaks appeared at
11.438°, 16.939°, 22.537°, 26.872°, 29.725°, 33.652°, and 32.791°, corre-
sponding with the peaks of CH3COONa·3H2O in PDF: 28–1030 in the
database. Obviously, in the XRD pattern of SAT-AC-micron/nano AlN
CPCMs, the strong diffraction peaks of AlN and SAT-AC mixture still
could be observed at the same position and the low mass fraction of
AlN results in less pronounced peaks in it. There are no new obvious dif-
fraction peaks appeared, explaining that the crystal structure of the SAT-
AC mixture was not destroyed by the addition of AlN. The results indi-
cated that mixture of AlN and SAT-AC composites were only physical
combination and no chemical reaction occurred. Also, due to the change
in the content of SAT-AC crystals in CPCMs, the intensity of part of the
peaks was reduced compared to the SAT-AC mixture. Furthermore,
after 50 and 100 heat storage and release cycles, the diffraction peaks
of CPCMswere almost the same to that of the sample before cycles, sug-
gesting stable crystal structure.

To determine the chemical structure, the FTIR spectra results of AlN,
SAT-AC mixture and SAT-AC-micron/nano AlN CPCM were shown in
Fig. 13. For AlN's spectrum, the peak at 706 cm−1 represented the
Al\\N absorption bond [34]. There were 2 peaks at 1636 cm−1 and
3448 cm−1 meant the vibration of the OH groups, which was due to
the absorption ofwater from the air. In the spectrumof SAT-ACmixture,
the strong absorption peak in 3431 cm−1 represented the stretching vi-
bration of OH group, indicating the existence of water whose form was
crystal water. The peaks at 1668 cm−1, 1559 cm−1 and 1413 cm−1 rep-
resented the C_O stretching vibration, the N\\H bending vibration and



Fig. 15. SEM images of mixed AlN (a: 5000 ×, b: 10000 ×).
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the C\\N stretching vibration in the acylamino, respectively. It was clear
that all the peaks in the spectrum of SAT-AC-micron/nano AlN CPCM
had been appeared in the spectra of the AlN and SAT-AC mixture, and
no new peaks were generated, indicating that the addition of AlN did
not change the chemical properties of SAT-AC mixture. The conclusion
was consistent with the XRD results and further proved the accuracy
of the XRD test.

3.5. Analysis of microstructure

Fig. 14 shows the images of SAT-AC mixture and SAT-AC-AlN
CPCM that captured with the optical microscope. As shown in the
figure, SAT-AC mixture crystallized rapidly and appeared as needle
shape under the action of nucleating agent DSP and its crystal
size was relatively large. As the nucleation of CPCM depended on
the cooperation of DSP and AlN, its crystals showed both granular
and needle shapes (mainly granular shape). With AlN as the nucleus,
the crystals formed were smaller and the crystallization speed was
slower than that of SAT-AC mixture. CPCM had a smooth, delicate
and uniform crystal structure, indicating that AlN serves as crystal
nucleus.

After the AlN of 30 nm and 3 μm was mixed evenly at a ratio of
1:1, a SEM test was also conducted as shown in Fig. 15. The 30 nm
AlN appeared to be agglomerated, forming aggregates even larger
than the 3 μm AlN. Because of the large specific area and high
surface energy among nanoparticles, they tended to stick together
to reduce surface energy. No agglomeration was observed in the
large-sized 3 μm AlN, and the particles presented distinct states,
which could prevent further agglomeration of nano AlN to a certain
extent. Mixing AlN with 2 particle sizes could ensure its role of nu-
cleating agent and form thermal conductive chains quickly. These
chains acted like a thermal conductive network efficiently under
the filling effect of small particles.

4. Conclusion

In this paper, a novel SAT-AC-micron/nano AlN CPCM was innova-
tively prepared by melting blending with AC as temperature modifier
and DSP combined with mixed AlN as nucleating agent. Compared
with a single inorganic hydrated salt or micron/nano particles with
the same size, the combination of 30 nmand 3 μmAlNwith DSP as a nu-
cleating agent not only basically solved the problem of large
“supercooling” degree of SAT, but also enhanced the thermal conductiv-
ity. When the mass fraction of mixed AlN was 5 wt%, the CPCM had an
appropriate phase transition temperature (47.3 °C), low “supercooling”
temperature (0.12 °C), high latent heat (228.9 kJ/kg), and strong ther-
mal conductivity (0.6484 W/m·K) which was a 15.4% increase over
the SAT-AC mixture. After 100 melting-freezing cycles, the melting
point (47.2 °C) and the latent heat (226.8 kJ/kg) varied little compared
to the first cycle, which could be accepted in practical application.
Futher, the results of XRD and FTIR showed that the preparation process
of SAT-AC-AlNCPCMwas a pure physicalmixingprocesswithout chem-
ical reactions. In terms of crystal structure, the optical microscope ob-
servation suggested that adding AlN could promote crystals to grow
and present a uniform and stable granular shape. Besides, themorphol-
ogy ofmixed AlN obtained by SEMshowed that 30nmAlN tended to ag-
glomerate due to small particle size, but 3 μm AlN could prevent them
from agglomerations, indicating a heat transfer networkwas formed ef-
fectively with the help of small particles filled with the space between
large particles.
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