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Abstract: Melamine formaldehyde was used as the shell material and n-eicosane as the core material
with the method of in situ polymerization to synthesize microencapsulated phase change materials
(MPCMs). To enhance the thermophysical characteristics and photothermal conversion performance
of the MPCM slurry, multi-wall carbon nanotubes were added, and the microscopic morphology and
thermophysical parameters of the MWCNT-MPCM slurry were analyzed. The thermal conductivity,
viscosity, and photothermal conversion properties of the slurry were examined. The results indicated
that the synthesized MPCMs were nucleated and unbroken, with a spherical form and a latent
heat of phase transition of up to 135.92 kJ/kg. The MPCM was stable when dispersed in water,
and its thermal conductivity rose with the temperature but slightly decreased during the phase
transition period. The viscosity rose with the addition of the MPCM, with a jump at 20% MPCM
content. The addition of MWCNTs had a minor effect on the material’s thermophysical properties.
The thermal conductivity increased from 0.55 W/m·◦C to 0.6 W/m·◦C when MWCNTs were added
to the material. The viscosity of a 20% MPCM slurry exceeded 3000 mPa·s when 0.5% MWCNTs
were introduced. Under 1 sun of sunlight, the mixture’s peak temperature could reach 60 ◦C at
0.5% MWCNT concentration. The MWCNT-MPCM slurry is capable of producing efficient solar
photothermal conversion without sacrificing other thermophysical properties, and it has several
applications in solar energy consumption and thermal engineering.

Keywords: microencapsulated phase change materials; solar energy; photothermal conversion; in
situ polymerization

1. Introduction

As a result of the rapid expansion of the world economy, a growing number of people
are becoming concerned about the impending energy crisis and the deterioration of the
environment that will result from the continued use of fossil fuels. The 17 Sustainable
Development Goals (SDGs) were agreed upon by all nations that are members of the United
Nations as part of the Paris Agreement in 2015. In order to fulfil the CO2 reduction objective,
set out in the Paris Agreement for the year 2015, there is an unavoidable requirement that
fossil fuel use should be dropped to 20%. The transition to energy sources with low
carbon emissions is vital as fossil fuels are responsible for two-thirds of all greenhouse gas
emissions [1]. Solar energy is the only source of energy that is both renewable and free
of carbon emissions, and it is the only source that has the potential to replace fossil fuels
on a sufficiently large scale [2–5]. Given the fact that solar energy is both intermittent and
discontinuous, its distribution in time and place is also unequal. This mismatch between
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supply and demand is a significant barrier to the development of solar energy applications.
Converting solar energy into thermal energy and storing it has been proven to be an
effective method of collecting and storing solar energy. Researchers are eager to find out
more about phase change materials owing to the potential they hold for thermal storage
applications thanks to their high thermal storage capacity and consistent phase change
temperature range [6].

As organic phase change materials undergo phase separation less regularly than
inorganic phase change materials, they exhibit better stability. The organic phase change
material is not appreciably subcooled, so the phase change temperature is essentially
constant. This phase change material is nontoxic and does not induce subcooling; as
a result, it is appropriate for use in commercial applications and has won the attention
of a great number of researchers [3]. When they are in their liquid state, organic phase
change materials exhibit a high degree of fluidity. This is typical of many other types of
solid–liquid PCMs as well. This is regarded as a disadvantage of solid–liquid PCMs, as
they not only lead to basic handling challenges but also to leakage, penetration, and loss
during usage. Other drawbacks include increases in volume during phase transitions,
poor thermal conductivity, supercooling, corrosion, evaporation, and chemical degradation.
Because of these issues, the thermophysical properties of phase change materials are often
considerably diminished, and their prospective applications are severely hampered [7].

There have been several advances over the years in the ways of enhancing the dura-
bility of phase change materials and making them more user-friendly. Microencapsulated
phase change materials (MPCMs) are of special interest to researchers as they may effi-
ciently tackle the issues of leakage, evaporation, and diffusion of phase change materials
that occur throughout the energy storage process [8,9]. Microencapsulated phase change
materials are produced by encapsulating the phase change material inside a more robust
shell material, which keeps the core material within after the phase change has occurred.
Yuan et al. designed bilayer organic phase change microcapsules by utilizing n-eicosane as
the PCM, melamine formaldehyde (MF) as the shell layer, and polydopamine as the outer
coating to enhance the effectiveness of photothermal energy conversion of the microcap-
sules [10]. Al-shannaq et al. produced a MPCM by using polymethyl methacrylate for the
shell, paraffin for the core, and pentaerythritol tetra acrylate as the crosslinker. The micro-
capsules made with this approach had a much higher PCM percentage, and the particle
size of the microcapsules could be minimized by utilizing a surfactant combination [11].
Sun et al. produced a microencapsulated phase change material, with n-octadecane as the
core material and silica as the shell material in a process called microemulsion interfacial
polycondensation. With the aid of electrostatic self-assembly, the BN was successfully im-
mobilized on the silica shell [12]. Using paraffin as the PCM and chitosan/carboxymethyl
cellulose as the capsule shell, Chen et al. constructed phase change microcapsules, and
obtained phase change microcapsule gypsum by introducing it directly as a hydrogel
during the gypsum manufacturing process. The findings demonstrated that phase change
microcapsules could increase the thermal inertia of the plaster and maintain a lower inner
temperature [13]. Zhu et al. synthesized MPCM via an interfacial polymerization tech-
nique. The core ingredient was n-octadecane and the shell material was polyurea. This
MPCM was subsequently used to wall panels. As shown by the experiments, this thermal
storage coating may improve the indoor thermal environment and, hence, the occupants’
comfort [14]. MPCMs are a great thermal storage option. The development of materials
with enhanced photothermal conversion properties is crucial due to pure phase change
materials’ poor white light absorption [6].

As they are nanosized and have an excellent thermal conductivity, nanomaterials
potentially contribute to the transfer of heat. Simultaneously, some nanoparticles have
excellent light absorption and might even conduct quick photothermal conversion; the
combination of nanomaterials and phase change materials holds significant promise for the
advancement of photothermal conversion and energy storage [15]. Carbon nanomateri-
als, metal nanomaterials, and nonmetallic nanomaterials have been used by researchers
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to improve the efficiency of photothermal conversion [16–19]. Lin et al. incorporated
light-absorbing carbon nanotubes into a complex composed of expanded graphite and
paraffin wax. According to the research, this composite phase change material not only
exhibited a high thermal conductivity but also a high capacity for solar energy absorp-
tion [20]. Zheng et al. used a copper foam substrate that included graphene aerogel and
encapsulated paraffin as the PCM. Experiments in photothermal conversion demonstrated
the material’s exceptional photothermal conversion capabilities, showing the material’s
promise for photothermal conversion and storage [21]. Maithya et al. developed phase
change microcapsules by using the Pickering suspension polymerization method. The
n-eicosane was selected as the PCM core, while polyurea served as the cladding mate-
rial. Graphene oxide was used as a colloidal stabilizer [22]. Maithya et al. continued
their study on Pickering emulsion polymerization thereafter. Maithya et al. employed
bio-regenerated chitin obtained from shrimp shells as a Pickering emulsifier in the manu-
facture of polyurea/paraffin microencapsulated phase change materials. As a photon trap,
graphene oxide was incorporated into the design. The material parameters and the effi-
ciency of the photothermal conversion were analyzed [23]. Additionally, Zhao et al. created
phase change microcapsules with Pickering emulsions using graphene as the Pickering
stabilizer. Paraffin served as the PCM within the microcapsules, whereas MF formed the
shell. Thermophysical characteristics and the effectiveness of photothermal conversion of
phase change microcapsules were investigated. Concentrations of graphene and core–shell
ratios were two variables studied in detail [24]. Liu et al. employed Fe3O4 nanoparticles
to increase the photothermal conversion performance of phase change microcapsules and
demonstrated a 47.9% improvement in photothermal conversion efficiency [25]. Fan et al.
created phase change microcapsules using n-dodecane as the core material and titanium
dioxide as the shell material, and then coated them with graphene oxide-copper sulfide
to achieve full spectrum conversion and solar energy storage [26]. In addition, various
theoretical and simulation investigations on nanomaterials for solar energy conversion
performance have been conducted [27–31].

Researchers have focused a lot of their attention on carbon nanomaterials, particularly
carbon nanotubes, owing to the exceptional thermal property and photothermal conversion
capabilities [1]. Hu et al. provided a flexible phase change composite by using a cross-linked
interpenetrating network of CNTs and styrene-butadiene-styrene packed with paraffin wax.
The results revealed that these composite phase change materials might be used for the
thermal control of electronic devices and solar thermal storage [32]. Atinafu et al. used a
one-step hydrothermal method to produce a shape-stabilized phase-change material. They
employed bamboo charcoal as the framework and n-dodecane as the phase change material
(PCM). Additionally, CNTs were added to improve the thermophysical properties of the
material. The results revealed that this material retained its shape and had a high latent
heat load, making it appropriate for thermal management and thermal energy storage
applications [33]. Ong et al. employed polyurethane acrylic paint and a curing agent
to bind CNTs to a microencapsulated phase change material shell. The results indicated
that this layer of carbon nanotubes could increase the total thermal conductivity without
impairing phase change performance [34].

In addition, there are several review articles that provide a comprehensive summary
of microencapsulated phase change materials. With the help of these articles, we are able
to obtain a more in-depth understanding of the applications of microencapsulated phase
change materials and with nanomaterials in a variety of fields. Khudhair et al. presented
an overview of an early approach for the microencapsulation of phase change materials
and showed that PCM may be associated with other materials more easily via the encap-
sulation process, allowing for a considerably broader range of dispersion and application.
The findings of this review indicate that microencapsulated phase change materials have
received relatively little investigation in the field of solar photothermal conversion [35].
Tyagi et al. performed a comprehensive review of microencapsulated phase change mate-
rials in their work. This report examined a discussion of preparation methods, materials,
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and applications. It is plainly clear that microencapsulated phase change materials are
not yet used extensively in the area of solar energy [36]. Giro-Paloma et al. provided
a comprehensive summary of the various types of microencapsulated phase transition
materials, as well as their manufacturing and characterization techniques. A collection of
applications of microencapsulated phase change materials was provided. This research also
indicated that viscosity and thermal conductivity are crucial factors for MPCMs; however,
the review did not seem to address much this element of the study [37]. Yu et al. examined
current advancements in the use of phase change materials in photovoltaic/thermal sys-
tems. They discovered that the incorporation of multi-wall carbon nanotubes into water
or phase-change materials could boost the thermal conductivity of the materials. On the
other hand, it is evident that research into the utilization of carbon nanotube materials for
photothermal conversion and storage has not been nearly as extensive [38]. Tang et al. sum-
marized current advancements in the area of photo-response conversion of phase change
materials. They emphasized that carbon nanotubes are very promising for photothermal
conversion. According to this study’s summary, research combining carbon nanotubes and
phase change microcapsules for photothermal conversion is rare [39]. According to various
reviews, despite the urgency and potential of investigating multi-wall carbon nanotubes
in conjunction with phase change microcapsules for photothermal conversion, research in
this field has yet to develop [40–43].

In this study, microencapsulated phase change materials (MPCMs) were prepared
using in situ polymerization. The microcapsules’ core was n-eicosane, whereas the shell
was polymethyl methacrylate. Multi-wall carbon nanotubes (MWCNTs) were also added
to a MPCM slurry to improve the thermal and photothermal conversion capabilities. The
microscopic morphology, thermal properties, chemical structure, stability, thermal con-
ductivity, viscosity, and photothermal conversion performance of the MWCNT-MPCM
were examined using scanning electron microscopy (SEM), differential scanning calorime-
ter (DSC), Fourier transform infrared spectroscopy (FTIR), transient hot-wire theory, a
viscometer, and a homemade photothermal conversion device.

2. Materials and Methods
2.1. Material

The n-eicosane as a phase change material was purchased from Macklin Reagent
(Shanghai, China). SDS (Aladdin, Shanghai, China), Span80 (Yuanye Bio-Technology,
Shanghai, China), and Tween80 (Aladdin, Shanghai, China) were used as compounding
emulsifiers. Melamine (Sigma, Shanghai, China) and formaldehyde solution (37 wt.%,
Aladdin, Shanghai, China) were used to prepare shell monomers for microencapsulation.
To modify the pH and induce nucleation, triethyl-aminol (Sigma, Shanghai, China), ammo-
nium chloride (Macklin, Shanghai, China), and glacial acetic acid (Merck, Shanghai, China)
were utilized. The ethanol was provided by Macklin (Shanghai, China). The purchased
reagents were not further purified throughout the experiment.

Multi-wall carbon nanotubes (MWCNTs) and a Dispersant for Carbon nanotube
aqueous solutions (CNT-DASs) were purchased from Nanjing XFNANO Materials Tech
Co., Ltd. (Nanjing, China). Deionized water was home-made in the laboratory.

2.2. Synthesis of Microencapsulated Phase Change Materials

The in situ polymerization was used to make the phase change microcapsules, which
included n-eicosane as the phase change material and melamine formaldehyde resin as the
shell material. A compounded emulsifier was used in the preparation process. To make the
compounded emulsifier, SDS, Span80, and Tween80 were blended with water in a certain
ratio. The schematic diagram of the preparation of the MPCM is shown in Figure 1. The
emulsion synthesis was performed in a 100 mL three-neck jacketed flask with a mechanical
stirring mechanism, and the reaction temperature in the flask was regulated by circulating
water via an external thermostat tank. Amounts of 6 g of n-eicosane, 2 g of compound
emulsifier, and 60 mL of deionized water were added and stirred at 1000 rpm/min for
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60 min at 40 ◦C, followed by emulsifying at 8000 rpm/min for 10 min using a high-speed
shear mixer. The pH was adjusted to 4.5 to 5.0 using a 10 wt.% glacial acetic acid solution.
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Figure 1. Schematic diagram of the preparation of MPCM.

In a 150 mL three-neck flask, 5 g of melamine, 25 mL of formaldehyde solution (37%),
and 20 mL of deionized water were mixed. The pH was adjusted to 8.5–9.0 using 10%
triethanolamine. The mixture was agitated at 70 ◦C for 60 min to generate the prepoly-
mer solution.

The prepolymer was added dropwise into the emulsion at 360 rpm/min with stirring
at 40 ◦C. The pH was adjusted to 5.5–6.0 using ammonium chloride solution and gradually
heated to 65 ◦C. Then, the glacial acetic acid solution was used to adjust the pH to 3.5–4.0,
was continued to stir for 2 h, and was lowered to room temperature. The samples were
washed with deionized water and anhydrous ethanol and dried in a vacuum drying oven
at 50 ◦C for 24 h.

2.3. Preparation of the Nano-Enhanced MPCM Slurry

Four different mass fractions of the MPCM water slurry (5% to 20%) were combined
with four different mass fractions of nanoparticle water dispersions (0.2% to 0.5%). At
room temperature, deionized water and MWCNTs were first combined, and then the
CNT-DAS was added to the resulting solution. The mixture was magnetically stirred at
500 rpm for 30 min and then dispersed over the course of 120 min with a 900 W ultrasonic
processor. A jacketed beaker was linked to cold water at a constant temperature to prevent
deactivation of the dispersant above 40 ◦C. A specific proportion of MPCM was added
into the MWCNT mixture and stirred magnetically at 600 rpm for 60 min to produce a
MWCNT-MPCM slurry.

2.4. Characterization and Measurement

Scanning electron microscopy (Helios 5 CX, ThermoFisher Scientific, Waltham, MA
USA) was used to observe the surface morphology of the MWCNTs, MPCM and MWCNT-
MPCM. Carbon nanotubes, phase change microcapsules, and dried nano-enhanced phase
change microcapsules were analyzed using a Fourier-transform infrared spectrophotometer
(FTIR, ThermoFisher Scientific). A micro-calorimeter (µDSC7 Evo, SETARAM Instrumen-
tation) was used to determine the latent heat of phase change and the phase change
temperature zone of samples. The temperatures tested varied from 5 ◦C to 65 ◦C with a
1.2 ◦C/min heating rate. The instantaneous hot wire method (TC3000E, Xiaxi, China) was
used to test the thermal conductivity of materials. The sample was put in a jacketed beaker
linked to a constant-temperature water bath to guarantee a consistent temperature during
the test. The samples were put in two constant-temperature water baths at 0 ◦C and 60 ◦C
and cycled 10 times to assess the samples’ thermal cycling stability. The materials were
evaluated for photothermal characteristics utilizing a laboratory-built solar collector test set
(Figure 2). As the simulated light source, a xenon lamp with adjustable optical power (CEL-
PE300L-3A, Beijing China Education Au-Light Co., Ltd., Beijing, China) was used. The solar
simulator power was held constant throughout the test, and the irradiation intensity of the
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sample’s effective collector plane was set to 1 solar intensity. In this study, the effective
collection plane was placed at the liquid level of the sample. The viscosity of the slurry was
measured using a digital viscometer (SNB-1, Hengping, China, range: 0.1–1 × 10ˆ5 mPa·s)
with four speeds (6 rpm/min, 12 rpm/min, 30 rpm/min, and 60 rpm/min) to minimize
mistakes caused by the shear rate.
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3. Results and Discussion
Characterization

The microscopic morphology of multi-wall carbon nanotubes, microencapsulated
phase change materials, and nano-enhanced microencapsulated phase change materials
were revealed by scanning electron microscopy. The MWCNTs have an outside diameter of
roughly 50 nm and a length ranging from 0.5 µm to 2 µm (Figure 3a). The microcapsules in
the SEM field of view in Figure 3b are all well coated and do not shatter. The particle size
distribution plot (Figure 3f) demonstrates that most of the microcapsules have particle sizes
ranging from 1 µm to 4 µm, with 2 µm particle sizes the most observed. The microscopic
morphology of the nano-enhanced phase change microcapsules is shown in Figure 3c. The
preparation process has no influence on the phase change microcapsules’ microstructural
integrity, MWCNTs are uniformly distributed on the shell surface of the phase change mi-
crocapsules, and the greater length of MWCNTs forms a heat conduction pathway between
the phase change microcapsules. The prepared materials were mixed with deionized water
to make the aqueous dispersions, and Figure 3d depicts digital pictures of the samples,
the MPCM slurry, MWCNT slurry, and MPCM/MWCNT slurry, from left to right. The
appearance of the MPCM/MWCNT slurry in the figure is not significantly different from
the pure MWCNT slurry. After standing for 12 h, no considerable delamination occurs
among these samples except the 20% MPCM.

The thermal characteristics of the MPCM alter very little before and after the addition
of MWCNTs, according to DSC measurements (Figure 3e), and the complete findings are
provided in Table 1. It should be emphasized that each sample was cycled three times, with
the results averaged. Figure 3g shows that the temperature profile of the MWCNT-MPCM
slurry remains steady after 10 heating/cooling cycles, showing the prepared sample’s
reliable thermal stability. Figure 3h depicts the density of the MPCM slurry at various
MPCM concentrations. The density of the MPCM slurry declines with increasing MPCM
content, reaching 992 kg/m3 when the concentration is raised to 40%.
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The chemical composition of the phase change microcapsules was determined using
FTIR measurements, and the findings are displayed in Figure 4. The absorption peak near
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3347 cm−1 for the MPCM indicates a superposition of O-H and N-H stretching vibrations.
C-H peaks of n-eicosane appear at 2957 cm−1, 2923 cm−1, 2849 cm−1, and 1468 cm−1. The
-C=N- vibration in the plane of the triazine ring system is represented by the absorption
peak around 1563 cm−1. The -CH3 group’s C-H bending vibration is represented by
1468 cm−1. The stretching vibrations of C-N and C-O are connected to the absorption peaks
at 1128 cm−1 and 1030 cm−1. The stretching vibration of the triazine ring at 811 cm−1 is
the MF resin’s signature peak. The in-plane stretching vibrations of more than four -CH2-
continuous groups are responsible for the absorption peak around 723 cm−1. MPCM
spectra are quite similar before and after MWCNT insertion. This demonstrates that carbon
nanotubes have no influence on the chemical structure of phase change microcapsules.

Table 1. DSC data of MPCM and MWCNT-MPCM.

Properties MPCM MWCNT-MPCM

Melting onset temperature (◦C) 36.19 36.24
Melting offset temperature (◦C) 44.36 43.77
Melting peak temperature (◦C) 41.41 40.87

Solidifying onset temperature (◦C) 26.88 27.26
Solidifying offset temperature (◦C) 14.99 14.57
Solidifying peak temperature (◦C) 20.25 22.30

Latent heat-melting (kJ/kg) 135.92 107.72
Latent heat-solidifying (kJ/kg) 139.79 111.41
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The MWCNTs and MPCM were mixed in a specific ratio with deionized water to
prepare the MWCNT water dispersion and MPCM slurry. The thermal conductivity of the
samples was tested using the transient hot wire method. In order to avoid the generation
of natural convection, this study shortened the acquisition time to 1 s and examined the
temperature rise time log curve at the end of each test to ensure no natural convection oc-
curred. Figure 5 depicts the thermal conductivity at various temperatures. Overall, thermal
conductivity increases as the temperature increases. The thermal conductivity of the 0.5%
MWCNT water dispersion can reach 0.76 W/m·◦C at 50 ◦C, which is significantly greater
than that of water (Figure 5a). It is shown that the thermal conductivity of the MWCNT
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water slurry increases with the addition of carbon nanotubes, and the thermal conductivity
of 0.4% and 0.5% MWCNTs is higher than that of pure water at every temperature. This is
mainly because evenly dispersed MWCNTs in water form a heat transfer bridge, improving
the thermal conductivity of the dispersion. When the addition of nanomaterials is minimal,
the thermal conductivities for the samples of 0.2 and 0.3% MWCNTs are comparable or
lower than for water. The MWCNTs do not establish a thermally conductive channel
between themselves with low concentration. This is consistent with the explanation of
the approach in Figures 6 and 7. In addition, the surfactants used to improve the slurry’s
stability have the effect of decreasing its thermal conductivity. There is also a minor change
in the observed thermal conductivity of the MWCNT water dispersion after the tempera-
ture exceeds 41.8 ◦C. The fluctuations in the results are primarily attributable to irregular
thermal movements within the liquid as the temperature rises. However, these fluctuations
do not alter the fundamental rule that the thermal conductivity of a liquid increases as the
temperature rises. Figure 5b illustrates the thermal conductivity values of different MPCM
slurry concentrations. The apparent thermal conductivity drops in the phase change region
due to the phase transition of the MPCM, and the reduction rises with increasing MPCM
concentration. The thermal conductivity of the MPCM slurry decreases with increasing
concentration. Before the phase transition, the thermal conductivity of the slurry with 5%
concentration is close to about 0.6 W/m·◦C, while the thermal conductivity of the slurry
with 20% concentration is only about 0.5 W/m·◦C. The lower thermal conductivity of the
MPCM slurry compared to water is mainly due to the low thermal conductivity of both
the MF shell and the internal n-eicosane core. Furthermore, no effective heat conduction
channel exists between the phase change microcapsules (Figure 7). Another noticeable
difference between the MPCM slurry and MWCNTs is that the thermal conductivity of the
MPCM slurry rarely fluctuates in the high-temperature region, due to the higher viscosity
of the MPCM slurry and lower thermal convection. The viscosity characteristics of the
MPCM slurry is examined in detail in the next section.
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Figure 6 depicts the thermal conductivity of the mixture after combining a low quan-
tity of MWCNTs and MPCM. The addition of MWCNTs improves the thermal conductivity
considerably. Using a 5% MPCM slurry as an example, the thermal conductivity could well
be enhanced from 0.55 W/m·◦C to 0.61 W/m·◦C following the addition of 0.5% MWCNTs.
When MWCNTs are added at 0.2%, there is no benefit on the thermal conductivity im-
provement. This is mostly because, while MWCNTs have a high thermal conductivity, the
extremely little added quantity cannot construct a full thermal conductivity channel. When
the amount of MWCNTs applied grows, the most sufficient MWCNTs develop thermal
conductivity channels between MPCM particles, boosting thermal conductivity (Figure 7).
Furthermore, the phenomenon of the reduction in apparent thermal conductivity of the
MPCM slurry during the phase transition interval remains substantially intact with the
addition of MWCNTs, and the temperature drop area remains between 16.8 ◦C and 31.8 ◦C.
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Viscosity is a crucial parameter for fluids, and the viscosity of the MPCM, MWCNTs,
and their mixes was measured using a digital viscometer at 300 K. Figure 8 shows the results.
The viscosity of the MWCNT dispersion can be shown to be approximately 0.9 mPa·s, which
does not alter with the amount of MWCNTs added (Figure 8a). This is mostly owing to
the tiny size of the additional MWCNTs, and its viscosity after the uniform dispersion is
essentially equivalent to that of water. Figure 8b demonstrates a considerable variation in
MPCM slurry viscosity. The viscosity increases as the mass fraction of the MPCM increases.



Energies 2022, 15, 7627 11 of 15

The rise in viscosity between 5% and 15% is not large, increasing just from 1.59 mPa·s to
11.06 mPa·s, but it jumps to 70.55 mPa·s at 20%. As seen in Figure 8c, with the addition
of MWCNTs to the MPCM, the shifting pattern of viscosity becomes more complicated.
The viscosity of the samples increases to a limited amount after the addition of MWCNTs
to the low-concentration MPCM slurry (5% and 10%). The viscosity of the 5% MPCM
slurry, for example, rises from 1.59 mPa·s to about 3.0 mPa·s with the addition of 0.5%
MWCNTs. For high MPCM concentrations, such as the 20% MPCM slurry, each 0.1%
increase in MWCNT addition raises the sample viscosity by 500 mPa·s to over 1000 mPa·s.
The viscosity of the combination approaches 3200 mPa·s at 0.5% MWCNTs, a high viscosity
that is essentially unsuitable for flow heat transfer applications due to severe flow resistance.
Figure 8d illustrates the viscosity properties and variation patterns of the MWCNT-MPCM.
In the diagram, the grey arcs with arrows represent the rotor running during the viscosity
measurement. Because of their nanoscale size, the evenly dispersed MWCNTs in water
has a modest influence on viscosity at low concentrations, nearing water viscosity. As
shown in Figure 8d, the additional rise in flow shear resistance of the MPCM slurry may be
generated mostly by the sticking and collision of MPCM particles inside it. After MWCNTs
are introduced, the nanomaterials are engaged in mutual collisions and friction between
MPCM particles, which may result in an increase in equivalent surface roughness. In
addition, assuming that the MWCNTs and MPCM particles are linked in a fluffy manner,
the aggregation of particles into clusters considered can also increase the viscosity. Figure 8e
shows the loss of regularity in the change in viscosity with a change in rotational speed.
This loss of regularity is indeed demonstrated in the experimental data, and it is speculated
that this may be due to either the high concentration of the MWCNT-MPCM slurry losing
some of the viscosity properties of a Newtonian fluid while not being a non-Newtonian
fluid in the full sense of the word, or to the increased adhesion of the MPCM slurry to
the rotor with the addition of MWCNTs, resulting in a change in the fluid’s apparent
viscosity varied.
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Photothermal conversion experiments of the hybrid MWCNT-MPCM were carried
out using a solar simulator. During the test, the intensity of solar irradiation was kept
constant for one sun. Figure 9 depicts the change in MPCM slurry temperature during the
test. The temperature of the MPCM rises with time owing to solar irradiation absorption,
and there is a noticeable temperature plateau at about 35 ◦C. The higher the concentration
of the MPCM, the longer this temperature plateau lasts. At this temperature plateau, the
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solar energy received by the material triggers a phase transition in the microcapsule core
material n-eicosane, allowing photothermal conversion and storage to be integrated. The
addition of MWCNTs enhances the photothermal conversion rate, which accelerates the
temperature rise of the MPCM slurry mixture and improves its maximum temperature. It
can be shown that the enhancement of photothermal conversion at lower concentrations
of MWCNTs is not considerable, and the temperature change throughout the test is not
significantly different. The heat collection performance is greatly boosted following the
addition of MWCNTs to 0.5%. The maximum heat collection temperature could reach 60 ◦C
with the 5% MPCM slurry containing 0.5% MWCNTs as an example. As the MPCM content
grows, the maximum temperature that the combination can achieve decreases, and the
MPCM with a 20% percentage can only reach 50 ◦C. This temperature is, of course, enough
for purposes such as supplementary building heating.
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Figure 9e depicts the explanation by which the addition of MWCNTs aids in the
photothermal conversion of the MPCM. When solar radiation reaches the MPCM without
the MWCNTs, the majority of it is reflected, with the possible exception of a tiny percentage
that is absorbed and transformed into heat. The MWCNTs are dispersed on the surface
and are surrounding the phase change microcapsules after being introduced. The light is
absorbed by the MWCNTs, and heat is transported to the MPCM due to the MWCNT’s
high thermal conductivity, boosting the photothermal conversion effect.

In investigating further the photothermal conversion performance, the photothermal
conversion efficiency of the samples was calculated using Equation (1):

η =
m∆H

IA(te − ts)
(1)

where η is the photothermal conversion efficiency, m is the sample mass, ∆H is the latent
heat of phase change of the sample, I is the irradiance intensity, A is the light receiving
area, and te and ts are the end time and start time of the phase change, respectively.

The nanotubes-enhanced photothermal conversion is dependent on the MWCNT
concentration, and when the concentration is insufficient, the MWCNTs absorb part of the
light but still reflect some of the solar energy. This hypothesis is supported by the fact that
the low concentration of MWCNTs does not significantly improve photothermal conversion
in Figure 9. It can be seen from Equation (1) that when the MPCM is added in the same
amount, the sample mass m is the same and, therefore, the relative magnitude of the pho-
tothermal conversion efficiency is determined by the duration of the phase change process
(te − ts). The shorter the duration of the phase change process, the more photothermal
energy is absorbed per unit of time and the higher the photothermal conversion efficiency.
Using the MPCM content of 20% as an example, the photothermal conversion efficiencies
of 62.99%, 64.16%, 55.6%, and 92.4% are observed for the MWCNT contents of 0.2%, 0.3%,
0.4%, and 0.5% respectively. In addition, this finding is compatible with the explanation of
the mechanism for enhanced photothermal conversion efficiency shown in Figure 9.

4. Conclusions

In this work, we successfully prepared a MPCM utilizing in situ polymerization using
MF as the shell material and n-eicosane as the core material. The thermophysical and
photothermal conversion performance of the MPCM slurry were enhanced by the addition
of MWCNTs. SEM images revealed that the MPCM was well structured and regularly
rounded, with particle sizes ranging from 1 to 4 µm. The phase change temperature of
the MPCM was 36 ◦C, and the latent heat of phase change was 135.92 kJ/kg, according
to DSC data. The addition of MWCNTs had a little influence on the material’s phase
transition characteristics. Viscosity experiments showed that the introduction of MWCNTs
increased the viscosity of the MPCM slurry. The addition of 0.5% MWCNTs to 20% MPCM
resulted in a viscosity of 3200 mPa·s, making this ratio unsuitable for use in flow heat
transfer applications. More importantly, the inclusion of MWCNTs enhanced the MPCM’s
thermal conductivity and photothermal conversion properties. The MPCM slurry with
MWCNTs had a thermal conductivity of up to 0.6 W/m·◦C. The highest heat collecting
temperature of the MWCNT-MPCM slurry under a simulated solar intensity of 1 sun was
up to 60 ◦C, and the maximum photothermal conversion efficiency was up to 92.4%. As
a result of its excellent thermal storage performance and good photothermal conversion
efficiency, the MWCNT-MPCM slurry has a promising future in solar thermal utilization
and thermal storage.
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