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A B S T R A C T   

Thermal energy storage technology based on phase change materials (PCMs) is promising for temperature 
regulation and thermal energy storage. However, the applications of organic PCMs are hindered from their 
leakage issue. Encapsulating PCMs in microcapsules with polymer shell could effectively prevent the leakage of 
PCMs and enhance heat conduction. Herein, PCM microcapsules with melamine–formaldehyde resin (MF) as 
shell were prepared via cellulose nanocrystal (CNC) stabilized Pickering emulsion in-situ polymerization. CNCs 
were chosen as emulsifiers of Pickering emulsion and reinforcing nanofillers of MF shell due to their outstanding 
emulsifying ability, mechanical strength, and sustainability. Paraffin wax (PW) and n-octadecane (C18) were 
employed as PCMs, respectively. The prepared PCM microcapsules are in diameter of 4 μm with a tunable 
thickness of MF shell. The phase change enthalpy of PW and C18 microcapsules are as high as 164.8 and 185.1 J/ 
g, corresponding to PCM core material content of 87.0 and 84.3%, respectively. PCM microcapsules are stable 
below 200 ℃ and display a retention rate of the phase change enthalpy reach up to 99.7% after 200 cycles of 
heating–cooling. Moreover, the PCM microcapsules are self-extinguishing due to the flame-retardant properties 
of MF shell. The promising applications of PCM microcapsules in the field of temperature regulation were also 
demonstrated.   

1. Introduction 

The energy demand is dramatically increasing in recent decades due 
to the global population explosion and expanding economic scale. It is a 
constant pursuit to improve the energy utilization efficiency and seek for 
green energy [1–3]. During the process of energy conversion, a certain 
amount of energy will be inevitably lost and converted to thermal en
ergy. A lot of heat is produced as a byproduct and wasted in many 
factories [4,5]. About 90% of the global energy budget involves thermal- 
based conversion, transport, and storage [6]. Moreover, solar energy is 
an extensive and green thermal energy resource. Thermal energy storage 
is an efficient way to fully exploit waste heat and solar-thermal energy 
[7]. Phase change materials (PCMs) refer to materials that can absorb or 

release a large amount of heat during the phase change process at a 
constant temperature. The heat absorbed or released during phase 
change is called latent heat [8,9]. The latent heat energy storage (LHES) 
is one of the most promising thermal energy storage approaches because 
of its high capacity and thermostatic energy storage process [4,10]. 
PCMs have been widely employed in the LHES technology to reduce the 
gap between energy supply and demand with respect time and space or 
maintain a suitable ambient temperature range during the temperate 
variation, such as energy-saving buildings, outdoor uninterrupted power 
supply (UPS), batteries, and smart textile [11–15]. 

The PCMs are normally classified as organic, inorganic, and eutectic 
PCMs with abroad phase change temperature range from -100 to 900 ℃ 
[16]. Among them, organic PCMs are significantly attractive for LHES 
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due to their relatively stable chemical properties, minimal supercooling, 
wide phase change temperature, and high enthalpy [17,18]. Alkanes are 
the most common used organic PCMs, and their phase change temper
ature is mainly related to the carbon numbers of alkane chains [19]. 
However, the intrinsic issues of organic PCMs need to be addressed for 
LHES applications, such as low thermal conductivity, volume expansion 
during the phase transition, flammability, and leakage. Micro
encapsulating PCMs in a shell can effectively prevent leakage during 
phase change and improve thermal conductivity by increasing the spe
cific surface area between PCMs and matrices [16,20–22]. Compared 
with inorganic shell materials, PCM microcapsules with polymer shell 
have attracted many attentions due to their variety, designability, facile 
preparation, outstanding mechanical strength, and toughness [23–26]. 
Many kinds of polymers have been employed as the shell of PCM mi
crocapsules, such as Melamine–Formaldehyde resin (MF) [23,27], 
polyurethane (PU) [28,29], polystyrene (PS) [24,26,30], and poly 
(methyl methacrylate) (PMMA) [31]. 

Emulsion droplets are ideal templates to fabricate PCM microcap
sules, and conventional emulsions are usually emulsified by surfactants 
via reducing the interfacial tension between oil and water phases. 
However, surfactant is environment-hazardous and the abuse of sur
factant have raised many environmental issues [32]. Moreover, the poor 
biocompatible of surfactants also hinder their applications in many 
fields. The removing of surfactants is costly and time-consuming, and 
the presence of surfactant residues sometimes can lead to severe defects 
of the final products [33]. Pickering emulsion is a surfactant-free 
emulsion stabilized by solid particles which possess partially wetta
bility with both oil and water phase [34–36]. In conventional emulsion, 
surfactants adsorb and desorb at the water and oil interface on a rela
tively fast timescale, which is a dynamic process. However, once the 
solid nanoparticles are attached at the water and oil interface, a huge 
amount of energy is required to detach the solid nanoparticles. There
fore, compared to surfactant stabilized traditional emulsion, Pickering 
emulsion is more sustainable, biocompatible, and stable [34]. Pickering 
emulsion polymerization has been proven as an efficient approach to 
prepare PCM microcapsules with nanoparticle reinforced polymer shell 
[37,38]. The nanoparticles are employed as both emulsifiers of Picker
ing emulsion and reinforcing agents in the polymer shell [32,39–41]. 
Many solid nanoparticles have been used to prepare oil-in-water Pick
ering emulsion, such as SiO2 nanoparticles [41]., graphene oxide 
[42,43]., chitin nanocrystals [36]., and cellulose nanocrystals (CNCs) 
[44]. 

CNCs are rod-like nanocelluloses normally extracted from wood pulp 
or cotton via H2SO4 hydrolysis. CNC has been demonstrated as an 
outstanding Pickering emulsifier due to its excellent emulsifying ability, 
renewability, biodegradability, biocompatibility, mechanical perfor
mance, good water dispersibility, and large specific surface area 
[45–48]. The crystals of cellulose possess both hydrophilic faces 
((010)β/(110)α, (1–10)β/(100)α) and hydrophobic edge plane 
((200)β/(220)α), rendering CNCs with a surfactant-like amphiphilic 
characteristic and excellent Pickering emulsifying ability [47,49,50]. 
Compared with the 0D spherical particles, the 1D rod-liked CNCs with 
high aspect ratio are prone to connect together and form bridge struc
tures, leading to a dense 2D interfacial network at the interfaces. CNC 
stabilized Pickering emulsions have been employed as templates to 
fabricated PCM microcapsules. In our previous study, PCM microcap
sules with CNC/PS hybrid shell were prepared via Pickering emulsion 
polymerization and displayed a high PCM encapsulation ratio of 83.5% 
[24]. However, the polymerization of styrene requires an oxygen-free 
environment. Therefore, air should be removed and avoided by 
tedious procedures during the whole preparation of Pickering emulsion 
and polymerization of styrene. It is a challenge to prepare the Pickering 
emulsion via homogenization and sonication with the absence of air. 
Wang et al. have reported a facile approach to fabricate PCM micro
capsules with CNC/PMMA shell via Pickering emulsion assisted solvent 
evaporation. However, plenty of chloroform is consumed and the PCM 

encapsulation ratio is only 58.2% [51]. Moreover, both PS and PMMA 
are flammable. The formation of PS and PMMA shell is due to the 
insolubility and phase separation of PS and PMMA from the oil phase of 
Pickering emulsion, and CNCs are embedded on the surface of the 
PMMA and PS shells. The CNCs may detach from the PS and PMMA 
shells after years of use in the natural environment. 

MF is one of the stiffest and hardest thermosetting resin with various 
excellent properties and performance, such as self-extinguishing ability, 
excellent boil resistance, moisture resistance, scratch resistance, and 
facile preparation via in-situ polymerization, [52–56]. Moreover, MF 
shells are formed from the water phase via in-situ polymerization and 
the Pickering emusifiers are incorpoareted inside the MF shells. There
fore, MF is a promising candidate as the shell of PCM microcapsules. In 
this study, PCM microcapsules with a diameter in several micrometer 
ranges were prepared via in-situ polymerization of melamine and 
formaldehyde with CNC stabilized Pickering emulsions as templates, 
leading to PCM microcapsules with CNC reinforced MF resin as the shell 
(Fig. 1). Paraffin wax (PW) and n-octadecane (C18) with phase change 
temperature at about 60 and 25 ℃ were employed as the PCMs, 
respectively. The chemical components, morphology, thermal stability, 
and phase change processes of PCM microcapsules were studied by 
Fourier transform infrared spectra (FTIR), Polarized optical microscope 
(POM), Scanning electron microscope (SEM), Differential scanning 
calorimeter (DSC), and Thermogravimetric analysis (TGA). The self- 
extinguishing properties, thermal storage and regulating ability of 
PCM microcapsules were also demonstrated. 

2. Experimental section 

2.1. Materials 

PW, C18, melamine, and formaldehyde (37 wt% in water) were 
purchased from Adamas. CNCs were provided by ScienceK Ltd. (www. 
sciencek.com). Hydrochloric acid and sodium hydroxide were obtained 
from Guangzhou Reagent. Sodium chloride was obtained from Tianjin 
Zhiyuan Chemical Reagent. Poly (vinyl alcohol) (AR, 1788) was ob
tained from General-reagent. 

2.2. Preparation of CNC stabilized Pickering emulsions 

The CNC stabilized PW or C18 Pickering emulsions were achieved 
through ultrasonication. In detail, the CNC aqueous suspension (0.5 wt 
%) was prepared by dispersing CNC powders in distilled water via ho
mogenization and ultrasonication. NaCl (0.5 wt%) was added to the 
CNC aqueous suspension to shield the ionic strength of CNCs. PW or C18 
(36 g) was added to CNC aqueous suspension (84 g) and then the 
mixture was heated to melt PCMs. The CNC stabilized PCM emulsions 
were prepared via ultrasonication for 15 min under the power of 650 W 
by an ultrasonic cell disruptor (Ningbo Xinzhi Co., Ltd, JY92-IIN). 

2.3. Preparation of the PCM microcapsules with CNC and MF hybrid shell 

The PCM microcapsules with CNC and MF hybrid shells were pre
pared via Pickering emulsion in-situ polymerization of MF precursor. In 
detail, melamine (2.52 g) and formaldehyde (4.86 g) were added to 15 
ml deionized water in a flask, and then the pH of the mixture was 
adjusted to 8 ~ 9 by adding NaOH (1 mol/L). After the reaction was 
conducted at 70 ℃ for 30 min, a clear MF precursor was obtained. The 
CNC stabilized Pickering emulsions (120 g) prepared in the last step 
were diluted with deionized water (100 g), and the pH was adjusted to 3 
~ 4 by adding HCl (1 mol/L). Then the MF precursor was added drop
wise into the diluted PCM Pickering emulsions. The Pickering emulsion 
in-situ polymerization of MF precursor was conducted at 70 ℃ for 3 h, 
leading to PCM microcapsule slurries. The PCM microcapsule powders 
were obtained via suction filtration of PCM microcapsule slurries, 
washing with water, and dried at 40 ℃ overnight. 
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2.4. Preparation of the C18/PVA film 

The C18/PVA film was prepared via solution casting. PVA solution 
(20 wt%) was obtained by dissolve PVA (2 g) in deionized water (8 ml) 
under stirring at 70 ℃ for 3 h. Then C18 microcapsule slurries (net 
weight of C18 microcapsules is 2 g) were added into the molten PVA 
solution, and the mixture was poured into a Petri dish. After drying at 
45 ℃ for 12 h, C18/PVA film was obtained. The weight ratio of C18 
microcapsules to PVA was fixed at 1:1. A neat PVA film of 4 g was also 
prepared with a similar procedure. 

2.5. Characterization 

The morphologies of the PCM Pickering emulsions and microcap
sules were examined using a polarized optical microscope (POM, 
DM2700P) and a field-emission scanning electron microscope (SEM, 
ZEISS Gemini 500). In order to characterize the shell thickness and in
ternal morphology of the PCM microcapsules, PCM microcapsules 
slurries were mixed with varnish and dried in a Petri dish at room 
temperature. After frozen in liquid nitrogen, the PCM microcapsules and 
varnish film were brittle and broken easily. The cross-section of the 
fracture was then observed by SEM. 

The thermal stability of PCMs was evaluated by TGA (Mettler Toledo, 
TGA2). PCM samples were heated from 25 ℃ to 800 ℃ at a heating rate 
of 10 ℃/min under N2 atmosphere. 

Fourier transform infrared spectra (FTIR) were conducted with 
Nicolet 6700. 

The phase change processes of PCMs were studied by differential 
scanning calorimetry (DSC, Mettler Toledo DSC1). The PCM samples 
were heated or cooled at a rate of 5 ℃/min in the range of 10 ~ 80 ℃ 
(for PW samples) and − 10 ~ 60 ℃ (for C18 samples) under the N2 at
mosphere. In order to erase the thermal history, the first heating scan 
was not recorded. Moreover, 200 heating and cooling cycles of the PCM 
samples were performed to evaluate the durability of PCM 
microcapsules. 

The phase change temperature was determined by the intersection of 
the baseline and tangent with the maximum slope. The latent heat of 
PCMs is calculated by numerical integration of the area under the peaks. 
The PCM core material content (Ec) and encapsulation efficiency (Ep) are 
estimated by the following eqs. (1) and (4), respectively. 

Ec =
ΔHm + ΔHc

ΔHm0 + ΔHc0
× 100% (1)  

mMF = nmelamine ×
(
MMFprecursor − MH2O × 3

)
(2)  

φPCMs =
mPCMs

mPCMs + mMF + mCNCs + mNaCl
× 100% (3)  

Ep =
Ec

φPCMs
(4)  

where the ΔHm0 and ΔHc0 are the melting and solidifying enthalpies of 
bulk PCMs, ΔHm and ΔHc represent the enthalpies of the PCM micro
capsules during melting and solidifying. Assuming the yield of in-situ 
polymerization is 100% [57]., the theoretical yield was calculated by 
equation (2) and φPCMs is the theoretical mass fraction of PCMs to PCM 
microcapsules, respectively. 

3. Results and discussion 

3.1. Preparation of CNC stabilized PCM Pickering emulsions 

CNCs show excellent Pickering emulsifying ability due to their par
tial wettability with both oil and water phases [45,47]. The CNCs used in 
the study are extracted from wood pulp by sulfuric acid hydrolysis and 
are [37] negatively charged due to the presence of sulfuric ester groups. 
The electrostatic repulsion among CNCs hinder them to immobilize at 
the interface between water and oil. Therefore, NaCl is added to the CNC 
dispersion to shield the ionic strength of CNCs and faciliate the forma
tion of Pickering emulison [37]. The concentrations of CNCs and NaCl of 
aqueous dispersion were fixed at 0.5 wt%, and PW and C18 Pickering 
emulsions were prepared via sonication by ultrasonic cell disruptor. 
Fig. 2a and d show the optical images of PW and C18 Pickering emul
sions, respectively. After 6 months of storage, no obvious phase sepa
ration was found, indicating a good stability of CNC stabilized PCM 
Pickering emulsions. The morphology of the PW and C18 Pickering 
emulsions were observed by POM at room temperature, as shown in 
Fig. 2b and e, respectively. The size of over 800 emulsion droplets was 
counted, and the size distribution was shown in Fig. 2c and f. The size of 
both PW and C18 Pickering emulsions are quite uniform and mainly 
ranging from 2 to 6 μm, and can be easily tuned by varying the con
centration of CNCs [37]. 

Fig. 1. Schematic illustration of the preparation of PCM microcapsules with CNC reinforeced MF hybrid shell.  
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Interestingly, it is found that the emulsion droplets of PW Pickering 
emulsion are irregular spheres, while the sphere shape of C18 Pickering 
emulsion droplets is almost perfect at room temperature. We assumed 
the regularity of the PCM Pickering emulsion droplets may be related to 
the relationship between the phase change temperature of PCMs and 
room temperature. To verify this assumption, the optical microscopes of 
PCM Pickering emulsions were observed under different temperatures. 
As shown in Fig. 3a, the PW Pickering emulsion droplets are irregular 
sphere at 25 and 35 ℃, then become almost perfect sphere at 55 and 65 
℃. When the temperature is cooled to 25 and 35 ℃, the PW Pickering 
emulsion droplets turn to irregular sphere again. The shape change of 
PW Pickering emulsion droplets with temperature is reversible many 
times without broken, suggesting a stable Pickering emulsion. The PW 
begins to melt at about 45 ~ 50 ℃ and is mainly in a liquid state at 55 
and 65 ℃. As the volume of PW in the liquid is larger than that in the 
solid state, the PW Pickering emulsion droplets display a regular sphere 
at a temperature higher than the melting point and an irregular sphere at 
temperature lower than the freezing point. The C18 Pickering emulsion 
shows a similar sphere shape change with temperature as PW Pickering 
emulsion. As shown in Fig. 3b, the C18 Pickering emulsion droplets are 
regular sphere at a temperature above 30 ℃ and irregular sphere at a 
temperature below 25 ℃. Therefore, PCM microcapsules with a regular 
spherical and dense structure should be obtained by preparing shells 

above phase transition temperature. 

3.2. Preparation of PCM microcapsules with MF shell 

Although the CNC stabilized PCM Pickering emulsions show excel
lent stability during storage and heating–cooling cycles, the emulsion is 
still in a metastable state [24,47]. Demulsification will occur eventually 
after a long enough period, evaporation of all the water, or in an extreme 
environment. The CNC stabilized PW Pickering emulsion was dried at 
room temperature to obtain PW droplets and then heated at 70 ℃ with 
different time (0 min, 1 min, and 1 h) for observation by SEM (Fig. 4). 
The pristine PW droplets at dry state possessed a spherical droplet shape. 
After being heated at 70 ℃ for 1 min, the PW droplets began to merge 
above the melting point of PW; after being heated at 70 ℃ for 1 h, the 
PW was totally merged together and PW droplets were disappeared. 
Therefore, the CNC stabilized PW Pickering emulsion at dry state is not 
stable, and it is necessary to form a more stable shell outside the PCM 
Pickering emulsion droplets. 

The PCM microcapsules with MF shell were fabricated via Pickering 
emulsion in-situ polymerization of MF precursor with CNC stabilized 
PCM Pickering emulsions as templates. The obtained PW (Fig. 5a) and 
C18 (Fig. 5e) microcapsules with MF shell were observed by POM, and 
the size distributions of PW and C18 microcapsules are shown in Fig. 5d 

Fig. 2. (a) PW and (d) C18 Pickering emulsions after 6 months; POM images and particle size distribution of PW (b, c) and C18 Pickering emulsions (e, f).  

Fig. 3. The POM images of PW (a) and C18 (b) Pickering emulsions were observed at different temperatures.  
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and h, respectively. The PCM microcapsules remain a similar size as 
Pickering emulsion droplets after covering the MF shell. However, slight 
flocculation was found among adjacent PCM microcapsules, and the 
PCM microcapsules were prone to cream in several days. The slight 
flocculation of PCM microcapsules should be related to the disappear
ance of electrostatic repulsion among CNC stabilized Pickering emul
sions after the formation of MF shell. SEM was also used to characterize 
the morphology of the PW (Fig. 5b and c) and C18 (Fig. 5f and g) mi
crocapsules. The PCM microcapsules display a spherical shape with a 
dense MF shell, and the small dents observed on the surface of PCM 
microcapsules may be caused by the volume change of PCMs during 
solidification. In our previous study, CNCs were obviously found on the 
surface of PCM microcapsules with PS shell prepared via the Pickering 
emulsion polymerization of styrene in the oil phase [24]. However, no 
CNCs were observed on the surface of PCM microcapsules with MF shell, 
as CNCs were incorporated inside the MF shell via the Pickering emul
sion in-situ polymerization approach. The hydrophilic CNCs around the 
PCM droplets could prevent the leakage of PCM during phase change, 
and the CNC incorporated MF resin is expected with high mechanical 
properties than neat MF resin. 

The FTIR spectra of the CNCs, PW, C18, MF, and PCM microcapsules 
are shown in Fig. 6. CNCs show typical vibrations of cellulose at 
3500–3200, 2901, 1300–1400, and 1000–1150 cm− 1, which are asso
ciated with the O–H stretching vibration, asymmetric C–H stretching 
vibration, C-O–H bending, and -O- bending, respectively. MF displays 
vibration at 3306, 1300–1500, 996, and 810 cm− 1, which are attributed 
to the N–H stretching vibrations of a secondary amine, the methylene 
C–H bending vibration, the C–H out of plane deformations, and bending 
vibration of triazine ring, respectively. PW and C18 show typical FTIR 
spectra of alkanes, such as the symmetrical stretching vibration of –CH, 
–CH3, and –CH2 at 2955, 2915, and 2847 cm− 1, deformation vibration of 

–CH2 and –CH3 at 1461 cm− 1, and rocking vibration of –CH2 at 719 
cm− 1. The PCM microcapsules display the characteristic vibration of 
PCMs, CNCs and MF, and no new vibration appears, suggesting that 
there is no chemical reaction between the MF shell and the PCM core 
materials. 

In order to further study the structure of PCM microcapsules, the 
cross-section of PW microcapsules prepared via brittle fracture method 
was characterized by SEM, as shown in Fig. 7. The PW microcapsules 

Fig. 4. The SEM image of PW Pickering emulsion with different time periods at 70 ℃.  

Fig. 5. POM images of PW (a) and C18 (e) microcapsules; SEM images of PW (b, c) and C18 (f, g) microcapsules at different magnifications; the particle size dis
tribution of PW (d) and C18 (h) microcapsules. 

Fig. 6. FTIR spectra of CNCs, MF, PW, C18, and PCM microcapsules.  
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show core–shell structure, and an obvious gap between PW core and MF 
shell is observed, which reserves space for the volume change during the 
phase change of PW. According to the SEM images, the thickness of MF 
shell of PW microcapsules is about 55 nm (Fig. 7c). And the thickness of 
MF shell could be well tuned by changing the amount of MF precursor. 
When three times amount of MF precursor was employed for Pickering 

emulsion in-situ polymerization to prepare PW3MF microcapsules, the 
MF shell with a thickness of 160 nm was achieved (Fig. 7f). A thicker MF 
shell could provide more mechanical strength but decrease the PCM 
contents of PCM microcapsules. Therefore, the thickness of MF shell 
should be well tuned according to the specific application to keep an 
appropriate balance between mechanical strength and PCM contents. 

Fig. 7. The SEM images of PW (a) and PW3MF (d) microcapsules; The cross-section images of PW (b, c) and PW3MF (e, f) microcapsules at different magnifications.  

Fig. 8. (a) DSC curves of bulk PW, PW and PW3MF microcapsules. (b) DSC curves of PW microcapsules at the first (black line) and 200th (red line) heating–cooling 
scans. (c) DSC curves of bulk C18 and C18 microcapsules. (d) TGA curves of CNC, PW, C18, and PCM microcapsules. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 
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3.3. The phase change properties of PCM microcapsules 

DSC analyses were performed to evaluate the phase change proper
ties of PCM microcapsules, such as melting or solidifying temperature 
and latent heat storage capacity. The DSC scans of bulk PW and PW 
microcapsules are shown in Fig. 8a. The phase change behavior of bulk 
PW possessed two phase-change peaks in both the heating and cooling 
scans. The small peak at lower temperature ranges represents the sol
id–solid transition from an ordered phase to a more disordered rotator 
phase, while the big peak at higher temperature ranges denotes the 
solid–liquid melting process [58,59]. The thermal properties of PW, C18, 
and PCM microcapsules are summarized in Table 1. The melting and 
solidifying temperatures of PW approximately in the range of 
23.02–55.49 ℃ and 52.69–19.29 ℃, respectively. The latent heat of 
melting and freezing of bulk PW was measured as 186.12 and 192.78 J/ 
g, respectively. The DSC curves of both PW and PW3MF microcapsules 
also display two change peaks during the phase change. 

The phase change behavior of PW and PW3MF microcapsules are 
similar to bulk PW, as there is no chemical reaction between PW and MF 
shell during the preparation of PCM microcapsules. The Tendset of PW 
microcapsules was about 5 ℃ higher than that of bulk PW during the 
melting process, and Tonset of PW deceased about 1 ℃ after microen
capsulation within MF shell during the solidifying process. This may be 
related to the size of PW microcapsules, as the number of nuclei in each 
capsule reduces with the decrease of capsule size, leading to a slightly 
increased supercooling of microcapsules [28,60,61]. The PCM core 
material content (Ec) and encapsulation efficiency (Ep) of PW micro
capsule are calculated according to Eqs. (1) and (4), and are summarized 
in Table 2. The melting and freezing enthalpy of PW microcapsule is 
163.02 and 166.63 J/g, respectively. Therefore, the Ec of PW micro
capsule is as high as 87.0%, which is higher than the Ec (83.5%) of the 
PW microcapsule with PS shell prepared in our previous research. 
PW3MF microcapsules show a lower Ec about 76.4% due to the thicker 
MF shell. Both PW and PW3MF microcapsules display a quite high Ep 
about 96.6% and 98.8% respectively. 

The DSC curves of bulk C18 and C18 microcapsules are presented in 
Fig. 8c. Bulk C18 shows only one narrow endothermic or exothermic 
peak in its heating or cooling DSC curves. At the beginning of solidifying 
process, bulk C18 even shows slightly increased temperature with time at 
around 26 ℃, as the bulk C18 with high purity releases a lot of heat 
during the solidifying in a short time. In addition, the phase transition 
temperature range becomes significantly wider after the formation of 
microcapsules, especially during the cooling process, as the MF shell 
delays the crystallization of C18. As shown in Table 1, the latent heats of 
melting and solidifying of bulk C18 are 217.45 and 212.84 J/g, respec
tively. Meanwhile, the latent heat of melting and solidifying of C18 
microcapsule were 184.64 and 185.61 J/g, respectively. The Ec of C18 in 
microcapsules is 84.3%, leading to an Ep of 93.9%. 

3.4. Thermal reliability of PCM microcapsules 

Thermal stability is a crucial factor affecting the service life of PCM 
microcapsules and products. The thermal cycling stability of PCM mi
crocapsules was assessed via 200 heating–cooling thermal cycles by 
DSC, as shown in Fig. 8b. The retention rate of phase change enthalpies 
for PW microcapsule can be estimated according to the following 
equation: 

retention rate =
ΔH0 − ΔHt

ΔH0
× 100% (5)  

where ΔH0 and ΔHt are the enthalpies of PW microcapsule before and 
after 200 heating-cooling thermal cycles, respectively. The PW micro
capsules display almost the same phase change enthalpy after 200 
heating–cooling thermal cycles, and the retention rate of ΔH reach up to 
99.7%. Therefore, PW microcapsules with MF shell exhibit good thermal 
reliability during the phase change process. 

Thermal degradation behaviors of bulk PW, bulk C18, and PCM mi
crocapsules were analyzed by TGA as in Fig. 8d. All the samples were 
stable below 200 ℃, and both bulk PW and PW microcapsules displayed 
a typical single weight loss from 307 ℃ to 399 ℃ due to PW evaporation 
and MF degradation. Bulk C18 exhibited only one thermal decomposi
tion process from 207 to 276 ℃ due to the evaporation of C18. C18 mi
crocapsules displayed two thermal decomposition processes in the TGA 
curves. The first decomposition process from 200 to 256 ℃ is due to the 
evaporation of C18, while the second decomposition process from 333 to 
443 ℃ is related to the decomposition of the MF shell. 

The leakage of PW microcapsules at high temperature was also 
checked via filter paper. As shown in Fig. 9, the bulk PW and PW mi
crocapsules were placed on filter papers at 100◦C for 12 h. The bulk PW 
began to melt immediately, and the whole filter paper was totally soaked 
by the melted PW. However, no PW leakage was observed for PW mi
crocapsules even after 12 h. Several drops of red dye were dropped on 
the filter paper in order to visualize the leaked PW. The filter paper with 
bulk PW cannot be stained as it becomes hydrophobic due to the infil
tration of PW, while the filter paper with PW microcapsules can be 
completely stained, indicating no PW leakage. 

3.5. Thermal storage and thermo-regulating performance of PCM 
microcapsules 

In order to test the actual thermal energy storage capacity of PW 

Table 1 
Thermal properties of PW, C18, and PCM microcapsules.  

Sample name Melting Solidifying 

Tonset
a (℃) Tpeak

b (℃) Tendset
c (℃) ΔHm (J/g) Tendset

c (℃) Tpeak
b(℃) Tonest

a (℃) ΔHc (J/g) 

PW 23.02  52.53  55.49  186.12  19.29  49.52  52.69  192.78 
PW microcapsules 1st scan  24.72  54.24  60.21  163.02  19.32  45.49  51.26  166.63 

200th scan  25.34  54.63  60.58  163.01  19.39  45.24  51.07  165.52 
PW3MF microcapsules 24.64  53.92  60.38  141.88  18.98  46.00  51.46  147.66 
C18 25.70  25.17  33.37  217.45  21.01  29.97  25.96  221.84 
C18 microcapsules 24.15  20.51  38.50  184.64  9.57  30.69  25.70  185.61  

a Tonset: Phase transition onset temperature during melting or solidifying process. 
b Tpeak: Melting or crystallization temperature. 
c Tendset: Phase transition end temperature during melting or solidifying process. 

Table 2 
The φPCM, Ec, Ep of PCM microcapsules.  

Sample name MF 
(g) 

CNC/ 
NaCl (g) 

PCM 
(g) 

φPCM(%) Ec 
(%) 

Ep 
(%) 

PW microcapsules  3.24  0.84 36  89.8  87.0  96.6 
PW3MF 

microcapsules  
9.72  0.84 36  77.3  76.4  98.8 

C18 microcapsules  3.24  0.84 36  89.8  84.3  93.9  
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Fig. 9. The leak test analysis of bulk PW (a) and PW microcapsules (b).  

Fig. 10. Temperature regulation of water and PW microcapsule slurries when heating at 78 ℃ (a) and cooling at 19 ℃ (b); (c) infrared thermography photos 
showing the surface temperature increments of neat PVA film (left) and C18/PVA film (right) at different heating times. 
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microcapsules, 50 g PW microcapsule slurries with a mass fraction of 
23% were employed as temperature regulator with water as a reference. 
The PW microcapsule slurries and water were simultaneously placed in a 
78 ℃ bath and their temperature were recorded to compare their heat 
storage performance, as showed in Fig. 10a. During the heating process, 
the temperature of the water rose rapidly from 20 to 75 ℃ in 7 min, 
while it took 40 min for the PW microcapsule slurries. When the PW 
microcapsule slurries temperature reached 50 ℃, the heating rate begins 
to slow down due to the phase transition of PW. When the temperature 
of the water bath is 19 ℃, the temperature of slurries and water refer
ence were also recorded, as shown in Fig. 10b. The water reference 
dropped to 21 ℃ from 77 ℃ within 8 min, while it took 39 min for PW 
microcapsule slurries at the same conditions. Warm boiled water is 
preferred for drinking in many countries. When PW microcapsule is 
applied as the insulation layer of a thermos cup, 100 g PW microcapsule 
powders can absorb about 16 kJ of heat energy when it rises from 25 to 
60 ℃, which can decrease the temperature of 100 g of water from 100 to 
60 ℃. When the temperature of water drops below 60 ℃, the PW mi
crocapsules start to release heat energy, which could extend the storage 
time of water in a warm and drinkable temperature range. 

The thermo-regulating performance of C18 microcapsule was also 
evaluated. C18/PVA film prepared by solution casting was cooled to 0 ℃ 
in the fridge, and then was placed onto a hotplate at a temperature of 45 
℃. The temperature of C18/PVA film was recorded with time by an 
infrared thermal imager, while a neat PVA film was employed as a 
reference, as shown in Fig. 9c. After heating for 95 s, the temperature of 
C18/PVA and neat PVA films (at the core) are about 26 and 38 ℃, 
respectively. The heating rate of the C18/PVA film was much slower than 
that of the neat PVA films, suggesting a significant temperature regu
lation ability of C18 microcapsules. 

3.6. Self-extinguishing of PW microcapsules 

MF resin is an intrinsic flame-retardant with good resistance and self- 
extinguishing. Due to the triazine rings, MF will decompose at high 
temperature, release a lot of N2 and form coke layers to slow combustion 
[57,62]. The flame retardant performance of PW microcapsule was 
verified through high temperature heating and candle burning experi
ments. The bulk PW and PW microcapsules of the same quality were 
placed on the asbestos gauze and heated with an alcohol lamp. As shown 
in Fig. 11a and video S1 of supporting information, the bulk PW melted 

rapidly at high temperatures and infiltrate the asbestos gauze to start 
burning. However, no fire was observed when PW microcapsules were 
heated by an alcohol lamp. The morphology of PW microcapsule after 
combustion was observed by SEM, as showed in Fig. 11d. The MF shell of 
PW microcapsule was still retained after burning, suggesting a good fire 
resistance of PW microcapsule. In addition, bulk PW and PW micro
capsules were filled into beakers as home-made candles for the com
bustion test, as shown in Fig. 11b, c and video S2 (supporting 
information). After ignition of cotton thread, the candle with bulk PW 
can keep burning, while the candle with PW microcapsule was extin
guished after several minutes. During the combustion process of MF, 
nitrogen was released and a carbonized layer was formed on the surface, 
which can block the oxygen and lead to self-extinguishing. 

4. Conclusion 

Microencapsulating organic PCMs in polymer shell is an effective 
approach to prevent the leakage issue. In this study, The CNC stabilized 
Pickering emulsions were employed as templates to fabricate PCM mi
crocapsules with MF resin shell through in-situ polymerization. Both PW 
and C18 with phase change temperature at about 60 and 25 ℃ were 
employed as PCMs. CNCs were used as both Pickering emulsifiers and 
reinforcing nanofillers due to their excellent emulsifying ability, 
renewability, biodegradability, and mechanical strength. The PCM 
Pickering emulsion droplets stabilized by CNCs are regular spheres at 
temperature higher than its phase change temperature and become 
shrunken spheres at temperature lower than its phase change temper
ature, due to the volume change of PCMs during phase change. The MF 
shell was formed via Pickering emulsion in-situ polymerization of pre
cursor, leading to PCM microcapsules with CNC reinforced MF shell. The 
thickness of MF shell of PCM microcapsules could be well-tuned by the 
amount of MF precursor. The PW microcapsules possess a phase change 
enthalpy of 164.8 J/g, corresponding to a PCM core material content of 
87.0%. Compared with water, PW microcapsule slurries show a better 
thermal management effect. C18 microcapsules display a phase change 
enthalpy of 185.1 J/g, corresponding to a PCM core material content of 
84.3%. The PVA film incorporated with C18 microcapsule shows much 
better temperature regulation ability than neat PVA film. The PCM mi
crocapsules are thermal stable under 200 ℃ and there is no leakage of 
PCM at 100 ℃ for 12 h. Even after 200 cycles of heating–cooling at the 
temperature of 10 to 80 ℃, the retention rate of phase change enthalpy 

Fig. 11. (a) The high temperature heating test of bulk PW (left) and PW microcapsules (right) use an alcohol lamp; the self-extinguishment test of bulk PW (b) and 
PW microcapsules (c) candles;  (d) SEM image of PW microcapsules after combustion by an alcohol lamp. 
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of PW microcapsule is as high as 99.7%. Moreover, PCM microcapsules 
are self-extinguishing due to the fire-retardant properties of MF shell, 
making them quite promising for thermal energy storage. 
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