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a b s t r a c t

In order to improve the thermal properties of PCMs (phase change materials), in this study, a new series
of NEPCMs (nanoencapsulated phase change materials) were synthesized using a solegel method with
SA (stearic acid) as the core and TiO2 (titania) as the shell material. The effects of the weight ratios of the
SA/titania precursor TTIP (titanium tetraisopropoxide) on the morphology, thermal performance and
thermal conductivity of the prepared nanocapsules are discussed. The experimental results indicate that
the SA was encapsulated in spheres with minimum and maximum diameters of 583.4 and 946.4 nm, at
encapsulation ratios between 30.36% and 64.76%. The results indicated that there was no chemical
interaction between the core and shell materials, SA and TiO2, which were compatible with each other
under controlled synthesis conditions of pH 10. The NEPCMs with high mass ratios of SA/TTIP exhibited
enhanced phase change properties and higher encapsulation efficiencies but lower thermal conductiv-
ities than NEPCMs with low mass ratios. Good thermal reliability and chemical stability of the NEPCMs
were obtained by cycling the material through 2500 melting/solidifying cycles. In conclusion, the
outstanding thermal stability and reliability of the prepared nanocapsules make these materials
appropriate phase change materials for thermal energy storage applications.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

In recent years, renewable energy sources, such as solar energy,
have emerged as suitable solutions to many environmental issues.
These energy sources are intermittent by nature and require a
storage system. One of the most significant storage systems is the
TES (thermal energy storage) system, of which there are two types,
SHTES (sensible heat thermal energy storage) and LHTES (latent
heat thermal energy storage). PCMs (phase change materials) are
among the latent heat storage system. Latent heat is stored in PCMs
by storing phase transition heat at a nearly constant temperature
[1]. For PCMs to be used in applications such as solar energy [2e4],
smart textiles [5], heat transfer media [6,7], and intelligent build-
ings [8], the following characteristics are required: an appropriate
phase change temperature, a superior melting enthalpy at the

temperature under consideration, and a high density. PCMs must
also be non-toxic, non-polluting and inexpensive [9].

PCMs are generally classified into three major types: organics
(e.g., paraffins, fatty acids and esters), inorganics (e.g., salt hydrates
and metallic alloys), and eutectics (mixtures of inorganics and/or
organics) [10]. Among the PCMs studied, fatty acids, especially the
linear chain fatty acid SA (stearic acid), have desirable character-
istics including a suitable melting temperature, negligible super-
cooling through a phase change, thermal and chemical stability,
outstanding phase transition performance, and non-toxicity.
However, the direct employment of these organic PCMs for heat
storage has several limitations because of the low thermal con-
ductivity of PCMs, which leads to low charging and discharging
rates and problems with leakage through the solideliquid phase
transition [11,12]. Several studies have been conducted to over-
come these disadvantages. In recent years, there has been
considerable interest in shape-stable composite PCMs [13,14] and
encapsulation of PCMswithin a solid shell [15]. The most beneficial
objective for PCM (Phase Change Materials) microencapsulation
would be to not only make PCMs easier and safer to use but also to
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decrease the reactivity of PCMs and enhance their thermal prop-
erties by increasing their heat transfer area [16,17]. Therefore,
MEPCMs/NEPCMs (microe/nanoencapsulated PCMs) have
numerous benefits, such as preventing the leakage of melted
PCMs, control of the volume change during a phase transition, and
protection from damaging environmental interactions. These
characteristics make NEPCMs more practical for energy storage
applications, such as heat transfer, solar energy storage, building
materials [18], and thermally regulated fibres and textiles [19]. The
selection of appropriate shell materials for nanoencapsulation is
important for controlling the properties of the microe/nano-
capsules. Polymers such as polyurethane and styrene-based
copolymer [20] and Urea and formaldehyde [21] are used as the
shell material in typical micro/nanocapsules of PCMs. These
polymeric wall materials play a crucial role in enhancing the
structural stability and permeability of PCMs [22]. Various physical
and chemical approaches have been developed for microe/nano-
encapsulation, such as interfacial polymerisation [23,24], in situ
polymerisation [25,26], suspension polymerisation [27], and spray
drying [28]. Nevertheless, the flammability, toxicity, low thermal
conductivity and inadequate thermal and chemical stability of
MEPCMs limit their usage in polymeric shells. Therefore, organic-
inorganic MEPCM composites have been receiving significant
consideration [29]. It is well known that the thermal conductivities
of inorganic materials are definitely higher than those of organic
materials. Furthermore, the vast majority of inorganic materials
exhibited enhanced rigidity and durability over those of polymeric
materials; thus, an inorganic shell material with superior strength
not only enhances the thermal transfer performance of the PCM
system but also improves the durability and working reliability of
MEPCMs [30,31]. Thus far, several methods have been used for the
micro-/nanoencapsulation of organic PCMs into inorganic shells,
such as the solegel method using an O/W (oil-in-water) emulsion
route [32] and in situ interfacial polycondensation [33]. Li et al.
[29] and Fang et al. [21] prepared paraffin microcapsules in a silica
shell via in situ polycondensation and investigated the corre-
sponding phase-change properties. In a previous study, we used
the solegel technique to produce homogenous NEPCMs of PA
(palmitic acid) in a SiO2 shell. The effect of the synthesis conditions
on the morphology and thermal properties of NEPCMs were
studied [34]. In another work, we synthesized themicrocapsules of
palmitic acid within an aluminum hydroxide oxide shell. The
thermal properties of the prepared microcapsules ascertain the
applicability of them in thermal energy storage applications [35].
Lin et al. reported a novel MEPCM using AlOOH as the shell ma-
terial; however, the MEPCM had a low latent heat value [36]. Shiyu
et al. also successfully synthesised well-defined PCM microcap-
sules with an n-octadecane core and a silica shell, which exhibited
a substantially enhanced thermal conductivity and phase-change
performance [18]. In another study, Shiyu et al. reported the syn-
thesis of n-octadecane microcapsules via a self-assembly tech-
nique in which CaCO3 (calcium carbonate) was used as the shell
material. The resulting CaCO3-encapsulated PCM demonstrated a
high thermal conductivity and durability as well as good phase-
change performance because of the high mechanical strength of
the shell material [22].

Few research studies have been conducted on the micro-/
nanoencapsulation of fatty acids. The functional group of fatty acids
makes the microe/nanoencapsulation process more difficult to
control than for paraffins. In addition, MEPCMs with more rigid
shells must be produced to prevent the leakage of corematerial over
numerous thermal cycles. A TiO2 shell is rigid and can increase the
thermal stability of the microe/nanocapsules. Lei Cao et al. syn-
thesised micro-/nanoencapsulated paraffin [37] and PA (palmitic
acid) [38] using TiO2 (titanium dioxide) shells. The authors prepared

the MEPCMs using tetra-n-butyl titanate as a precursor in a solegel
method under acidic conditions. The paraffin and PA were encap-
sulated in microe/nanocapsules with diameters of approximately
50 and 200e400 nm, respectively, in an acidic environment. The
encapsulation ratios of the paraffin microe/nanocapsules was
approximately 87% and for PA microe/nanocapsules were 30%
[37,38]. In MEPCM-dispersed thermal fluids, large microcapsules
increase the fluid viscosity; thus, smaller MEPCMs must be devel-
oped or NEPCMs must be used [26]. Furthermore, higher encapsu-
lation ratios enhance the energy storage properties of the MEPCMs.
Therefore, both parameters are important and should be optimised.
However, the synthesis and investigation of the thermal properties
of nanoencapsulated SAwith a TiO2 shell has not been reported [30].
Thus, the purpose of this study is to develop a feasible encapsulation
procedure for SA using a solegel process and to determine the
synthesis conditions that optimise the microstructure, crystal-
lisation behaviour and phase-change efficiency of the products.

2. Experimental section

2.1. Materials

The following chemicals were obtained from Fisher Scientific
Inc. and used in the synthesis of the nanocapsules: SA (C18H36O2,
commercial grade, 99%), which was used as the organic PCM (core);
sodium dodecyl sulphate (SDS, NaC12H25SO4), which was used as
the surfactant; titanium tetraisopropoxide (TTIP, C12H28O4Ti, 98%),
as the precursor for TiO2; and absolute ethanol (C2H6O, 99.9%) and
distilled water, which were used as solvents. The pH was adjusted
using ammonium hydroxide (NH4OH, 28%). All of the materials
were chemically pure grade and were used as received.

2.2. Preparation of SA/TiO2 NEPCMs

In the synthesis procedure, the O/W emulsion was prepared by
mixing 0.3 g of SDS and 50 mL of distilled water using a magnetic
stirrer at 1000 rpm. Once the temperature of themixture stabilised
at 70 �C, three g of SA was added to the mixture, and the
emulsion was stirred under continuous agitation at the constant
temperature of 70 �C for 1 h. After the SA was uniformly dispersed
in the emulsion, 15 mL of absolute ethanol was added to the
mixture.

The precursor solution was prepared in a separate beaker by
mixing 15 mL of anhydrous ethanol with TTIP in the ratios listed in
Table 1 for 15 min. Afterward, ammonium hydroxide was used to
adjust the pH to 10, 10.8, and 11.5.

Nanocapsule formationwas achieved in the last phase by adding
the precursor solution dropwise into the SA emulsion while the
emulsion was stirring continuously at 750 rpm at a temperature of
70 �C. After 2 h, the mixture was cooled to room temperature and
washed with distilled water 3 times, and the resulting white
powder was collected and dried in an oven at 50 �C. Twelve types of
nanocapsules were obtained, as listed in Table 1.

2.3. NEPCM synthesis

The SA/TiO2 nanocapsules were synthesised via poly-
condensation using a solegel route. In the first step, the oily SAwas
dispersed in an aqueous solution containing SDS as the surfactant.
A typical O/W emulsionwas obtained. In this case, the hydrophobic
segments of the SDS were intermittently collocated with the hy-
drophilic segments of the SA molecules, and water molecules
attached to the hydrophilic segments of the SAmolecules. Thus, the
hydrophobic SDS segments covered the surface of the SA droplets.
After formation of the SA micelles, absolute ethanol was added as
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