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Abstract

energy storage applications.

TGA: Thermogravimetric Analyzer

A facile three-step approach was presented to prepare microencapsulated phase change materials (MEPCMs) with n-octadecane as
core and polyurea/polymethyl methacrylate (PUA/PMMA) as shell. First, a droplet-based microfluidic technique was introduced to generate
microdroplets of n-octadecane with controllable size. Then, an interfacial polymerization technique was employed to form a protective shell
of PUA on microdroplets to prevent them from collapse and coalescence. Finally, an in-situ polymerization technique was adopted to form a
compact shell of PMMA inside the PUA shell to improve the thermal performance of MEPCMs. The MEPCMs with PUA/PMMA double-layered shell
exhibited high monodispersed in size and sphericity, good phase-change performance, and enhanced thermal stability and durability for thermal
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Introduction

MEPCMs are small composite particles of phase change
material (PCM) with stable core-shell structure [1]. The shell of
MEPCMs can isolate the PCM core from the outside environment
and ensure the safety and reliability of MEPCMs. MEPCMs
as thermal energy storage (TES) material can modulate the
temperature by cyclically storing and releasing latent heat
through phase transition, and thus have potentially wide-ranging
applications in smart thermo-regulated textiles [2], electronic
and electrical appliances [3], battery-electrified vehicles [4], and
intelligent buildings [5]. It is noted that MEPCMs fabricated by
conventional methods, such as in-situ polymerization, interfacial
polymerization, and mini emulsion polymerization, often feature
nonuniform sizes and irregular shapes because the emulsion
procedure is usually triggered by mechanical stirring or ultrasonic
vibration [1,6,7]. The polydispersity of MEPCMs is probably the
reason for inconsistency and unrepeatability of current studies
on TES applications [8-10]. Considering that controllable size
and morphology is an important prerequisite for stabilizing the
performance of MEPCMs, a novel droplet-based microfluidic

technique was employed in the study instead of mechanical
emulsification. Droplet-based microfluidics can realize the
massive production of monodisperse droplets and easy control
of each droplet [11,12]. Interfacial and in-situ polymerization
techniques were combined to from a double-layer polymer shell
on PCM droplets. The former was adopted for forming a thin
layer (PUA) instantly on PCM droplets to prevent collision and
coalesce, and the latter for synthesizing a compact and stiff shell
(PMMA) by using the stable droplets as templates to enhance
thermal performance for TES. The resultant MEPCMs with PUA/
PMMA shell were expected to have good morphology and stable
performance.

Materials and Methods

The co-flow microfluidic setup used to generate the MEPCMs
with controllable structure and size is displayed in Figure 1. The
dispersed and continuous phases were injected into the glass
capillaries using the syringe pumps, and the corresponding
flow rates were set at 500 uL/min and 20 pL/min, respectively.
The dispersed PCM phase was a mixture solution consisting of
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2,4-toluene diisocyanate (TDI, 2.5 wt.%), methyl methacrylate
(MMA), and 2,2-azobisisobutyronitrile (AIBN) in n-octadecane.
The continuous phase was an aqueous solution consisting of
tetraethylenepentamine (TEPA, 5.0 wt.%) and sodium dodecyl
sulfate (SDS, 5.0 wt.%) in deionized water. All materials were

purchased from Sigma-Aldrich and used as received, Singapore
and used as received. The mass concentration of MAA monomers
ranged from 30 wt.% to 45 wt.%, and the mass ratio of MMA to
AIBN used to induce the polyreaction of MMA monomers was set
at 20.

Continuous phaselfluid

PCM microdroplets

N

MEPCMs with PUA shell

Figure 1: Experimental setup for the formation of MEPCMs with PUA/PMMA shell.

MEFCM: with PUA/PMMA shell
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The MEPCM preparation involved three steps: the formation
of PCM microdroplets, the formation of MEPCMs with PUA shell,
and the formation of MEPCMs with PUA/PMMA shell. Firstly, the
dispersed phase traveled to the capillary orifice (40um) and broke
into the spherical PCM microdroplets by a shear force of continuous
phase. The precise flow control of the continuous and dispersed
phases facilitated the production of monodisperse microdroplets.
Secondly, the shell of PUA was formed on the PCM microdroplets
when they migrated in the direction of the continuous phase.
The TDI in the microdroplets could react with the TEPA in the
continuous phase to form PUA through interfacial polymerization.
The reaction was terminated once the PUA polymer completely
encapsulated the PCM microdroplets. Finally, the MEPCMs with
PUA shell were collected in a vial of deionized water and placed
in a warm-box for 8 h at 80°C to form the second layer of PMMA
inside the PUA shell through the in situ polymerization of MMA
monomers. The resultant MEPCMs with double-layered shell were
washed with deionized water and dried at 45°C for 12 h to remove
the water for performance testing.

The morphology of the MEPCMs with PUA/PMMA shell was
measured using a field-emission scanning electron microscopy

(SEM, Sigma 300, ZEISS, Germany), the chemical structure was
measured using a fourier transformation infrared spectroscope
(FTIR, 8400S, Shimadzu Corp., Japan), and the thermal stability
was evaluated using a thermogravimetric analyzer (TGA Q50, TA
Instruments, USA). The phase change performance of the MEPCMs
was measured using a differential scanning calorimeter (DSC 3500,
Netzsch, Germany). The measurements were carried out in the
temperature range of 0°C-50°C ata heating/coolingrate of 5°C/min.

The encapsulation efficiency (E_ =(AH ,..cu/AH, 50,)%100%),
the energy storage efficiency (E_=(AH ,\ooontAH yipen)/
(AH oy +AH,,\)*x100%), and the thermal storage capability

(C,=(E./E, )x100%) of the MEPCMs could be calculated from the
melting (AH ) and freezing(AH) enthalpies obtained from DSC
scans [13,14]. The prepared MEPCMs were also subjected to 200
cycles of heating and cooling in DSC to evaluate thermal durability.

Results and Discussion

Figure 2a shows the FTIR spectra of the n-octadecane and
the MEPCMs with PUA/PMMA shell. The MEPCMs presented
three additional peaks compared to the n-octadecane. The peaks
at 1649 and 1558 cm® were assigned to the carbamide group
of PUA, and the peak at 1732cm™ was assigned to the ester
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carbonyl group of PMMA, suggesting that the n-octadecane was
successfully encapsulated by the PUA/PMMA shell. A typical
elemental spectrum of the MEPCMs was given in Figure 2b, and the
presence of carbon, oxygen and nitrogen elements also confirmed
the microencapsulation of n-octadecane with PUA and PMMA as
shells. Figure 2c shows the TGA curves of the pure n-octadecane
and the MEPCMs formed at different MMA concentrations. The
thermal degradation of n-octadecane exhibited one stage with
the initial weight-loss temperature (T0.05) of around 131°C.

The decomposition of n-octadecane went quickly and stopped
at around 206°C. The prepared MEPCMs degraded in two
stages: the first stage was the weight-loss of n-octadecane in the
temperature range of 150-225°C, and the second stage showed the
decomposition of polymer shell in the temperature range of 225-
450°C. Apparently, the decomposition of n-octadecane core was
successfully delayed by the PUA/PMMA shell, indicating that the
MEPCMs achieved good thermal stability.
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Figure 2: (a) FTIR spectra, and (b) TGA curves of MEPCMs formed at different MMA concentrations.
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The SEM micrographs of the MEPCMs prepared at different
MMA concentrations were displayed in Figure 3a. The MEPCMs had
a regular spherical shape and a uniform size distribution around
100um, demonstrating that the first shell of PUA could stabilize
and prevent the PCM microdroplets from breakup in forming the
second shell of PMMA. The polydispersity index (PDI) was used to
characterize the size distribution of the MEPCMs. PDI is a number
calculated from o/da, where da is the average size, and o is the
standard deviation. In the study, the maximum value of PDI did not
exceed 0.03, indicating that highly monodispersed MEPCMs was

achieved via the droplet-based microfluidic approach. Figure 3b
shows the SEM micrographs of the MEPCMs subjected to thermal
cycling test consisting of 200 cycles between 0°C and 50°C. The
MEPCMs formed at 40 wt.% and 45 wt.% maintained good
spherical shape and compact surface, whereas for those formed at
30 wt.% and 35 wt.%, broken MEPCMs with irregular shapes were
observed, namely, the thin shell couldn’t protect the n-octadecane
from leakage anymore. In short, the MEPCMs with PUA/PMMA
shell could achieve long-term thermal durability when the MMA
concentration was higher than 40 wt.%.

Ve

Figure 3: SEM images of MEPCMs with PUA/PMMA shell (a) before and (b) after thermal cycling.
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Figure 4 presentsthe DSC curves of MEPCMs formed atdifferent
MMA concentrations. For all MEPCMs, the onset temperatures of
freezing (T,) were approximately equal to those of melting (T ),
implying that the PMMA shell could serve as nucleation substrate
to promote phase change of n-octadecane without supercooling
(AT=T -T). Supercooling elimination of MEPCMs is beneficial for
reducing the energy consumption and making the TES system
efficient [15-17]. With increasing MMA concentration, the phase-
change enthalpies of MEPCMs decreased, and the encapsulation
efficiency (E, ) reduced from 77.5% to 56.1%. The energy storage
efficiencies (E,) of MEPCMs were close to the encapsulation
efficiencies, suggesting that n-octadecane core in MEPCMs could

freeze completely and release almost all of latent heat in the
subsequent melting. The calculation of thermal storage capability
(Ces298.5%) further verified that n-octadecane was well
encapsulated by polymer shell and could fully exert its function
during the phase-change cycle [14]. Figure 4 also shows the DSC
curves of MEPCMs after 200 phase-change cycles. The MEPMCs
formed at 40 wt.% and 45 wt.% exhibited little temperature and
enthalpy changes in exothermic and endothermic peaks, whereas
significant changes appeared in those formed at 30 wt.% and
35 wt.%. It is indicated that the MEPCMs with encapsulation
efficiencies of 69.6% and 56.1% possessed good energy storage
and release performance for TES.
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Figure 4: DSC curves of MEPCMs with PUA/PMMA shell before and after phase-change cycles.
\ J
Conclusion the preparation and performance of paraffin-based phase change

Microencapsulated n-octadecane with PUA/PMMA double-
layered shell were successfully fabricated by combing the
microfluidic emulsification, interfacial and in-situ polymerization
techniques. SEM results verified thathighly monodisperse MEPCMs
with regular spherical shape were attained, the polydispersity
index of which was lower than 0.03. TGA measurements showed
that the compact PUA/PMMA shell could protect the MEPCMs
from thermal decomposition. DSC analysis confirmed that no
supercooling was required for the phase change of MEPCMs,
and good thermal storage capacities higher than 98.5% were
achieved. Thermal cycling tests indicated that the MEPCMs
with encapsulation efficiency up to 70% had long-term thermal
durability. The advanced MEPCMs with PUA/PMMA shell possess
good potentials for TES purposes, such as intelligent textiles, solar
cells, and building materials.
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