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A B S T R A C T

In this work, a novel nanocomposite phase change material (PCM) has been designed to greatly enhance the
thermal energy storage capacity and thermal conductivity. It is the first time that two-dimensional montmor-
illonite nanosheets (2D-MMT) have been used in encapsulating stearic acid (SA) latex particles thus to prepare
composite phase change materials (PCM), which is featured by the very thin shell and ultra-high content of
active core materials. It was prepared through the self-assembly of positively charged MMT nanosheets on the
negatively SA latex surfaces under a strong electrostatic attraction, leading to the formation of a core-shell
structural composite PCM. The microstructure, thermal performances and cycling stability of this 2D-MMT/SA
composites have been researched via Fourier transform infrared spectroscopy (FTIR), scanning electron mi-
croscope (SEM), differential scanning calorimetry (DSC), zeta potential measurement and thermal constant
analyzer. The experimental results have shown that 2D-MMT/SA composite contained an ultra-high mass
fraction (> 80%) of SA due to the very thin MMT nanosheets shell, thus to have a tremendous latent heat
storage capacity (184.88 J/g). In addition, the thermal conductivity of this PCM composite can reach to 159.46%
of SA at most on account of the relatively high thermal conductivity of MMT nanosheets. Moreover, the pro-
tective 2D-MMT shell provided an excellent shape stability to the composite thus to restrict the leakage of PCM
effectively. The composite also exhibited a stable cycling performance in the heating/cooling test. It is de-
monstrated that this 2D-MMT/SA composite would be of great promise for solar energy storage in sustainable
energy field because of the very low cost, ultra-high latent heat storage capacity, promoted thermal conductivity,
excellent structural stability and outstanding cycling performance.

1. Introduction

The demand for renewable and clean energy is becoming more and
more desperately urgent due to the energy exhaustion and environment
pollution in the last few decades [1,2]. Solar energy is believed to be the
most prospective energy for its environment friendly and renewable
nature. However, solar energy can only be utilized in the daytime when
there is sun, thus the technologies on solar energy storage are despe-
rately needed before humans can take full advantage of solar energy.
Phase change materials (PCM) have the ability to absorb solar radiation
and transform into thermal energy, which can be stored during phase
transition process [3,4], so it shows great potential for practical ap-
plications in storing solar radiant heat which are inexhaustible and eco-

friendly [5–7]. Actually, due to its high thermal energy storage capacity
as well as small temperature changes in the phase transition, PCM has
already been widely employed in solar energy storage, and the stored
thermal energy has been supplied for the energy consumption for air-
conditioning, building energy cycle, temperature regulating textiles and
electronic thermal control [8–12]. Therefore, develop the sustainable
solar energy storage technologies, such as PCM, may be an effective
measure to alleviate the energy crisis and the environmental problem
[13,14].

Generally, composite PCM have to be prepared by using some
supporting materials in order to prevent the leakage of PCM and keep
the cyclic durability of composite PCM. However, some problems such
as low thermal storage capacity, low thermal conductivity or high cost
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still restricted the development and practical application of PCMs. For
example, polymer based composite PCMs have poor thermal properties
such as low thermal stability, poor thermal conductivity and weak
mechanical strength [15–17]. Besides, the percent content of PCM in
polymer/PCM composite is commonly very low (< 80%) considering
that very thick shells of polymers are essential to restrict leakage ef-
fectively, which leads to very low thermal energy storage capacity
[18,19]. In recent years, some graphene based composite PCMs have
been reported and showed good thermal energy storage properties
[20–23]. However, the difficult preparation method of graphene makes
it hard to produce at large scale [24,25]. The high cost of graphene
seriously restricted the development and application of graphene based
composite PCM. By comparison, some mineral based PCM enables a
relative stable structure because PCM can be stabilized by the capillary
force [26]. However, for the limited pore or interlayer space, minerals
based composite PCM has very low latent heat storage capacity on
account of the low mass fractions of PCMs (< 80%). For example,
Sarier et al. have prepared a MMT based composite PCM through in-
tercalation method, the mass percentage of PCM is about 60% while the
latent heat storage capacity is only 125 J/g [27]. This was the largest
heat storage in the reported MMT based composite PCM, which were
far less than graphene based PCM. Above all, these existing composite
PCMs showed either poor thermal performance or high cost, which
greatly restricted the practical application of PCM in solar energy sto-
rage field.

Therefore, it is urgently to design a composite PCM not only with
large latent heat and high thermal conductivity, but also with very low
cost and easy preparation methods before developing the PCM to real
applications. Herein, we want to present a facile method to prepare
core-shell structural composite PCM by using very low-cost natural
minerals but with excellent energy storage properties such as very high
thermal energy storage capacity and relatively high heat transfer rate.
Montmorillonite, a very common layered clay mineral, which structure
is that one layer of alumina octahedral sheet is sandwiched between
two layers of silica tetrahedron. Isomorphous substitutions in the
crystal structure results in net negative charge in layers, which is ba-
lanced by exchangeable cations in interlayers such as Na+, K+, Ca2+

and Mg2+ [28]. Due to very strong hydration ability of these ex-
changeable cations, water molecules penetrate into the layers and force
the layers apart, which increase the MMT layer spacing. Considering
this swelling property of MMT, it is easy to exfoliate into two-dimen-
sional montmorillonite nanosheets (2D-MMT) just through physical
method [29–33]. By using these 2D-MMT nanosheets to encapsulate
PCM, composite PCMs with ultra-high mass percentage of PCMs
(> 80%), resulted by ultra-thin shell materials, may be achieved. Be-
sides, the microencapsulation PCM has small size, large specific surface
which are beneficial to improve high heat transfer rate [34]. In addi-
tion, the absorbability of clay minerals are superb thus PCMs can be
easily loaded on the surface of clay minerals through Van der Waals’
interactions, electrostatic forces, hydrophobic attractions or hydrogen
bonds [35]. Furthermore, the high mechanical stability and perfect
flame retardation of clay minerals enable 2D-MMT/SA microcapsules to
be structural and thermal stable [36]. Compared with polymer or gra-
phene, montmorillonite (MMT) is excellent supporting material to load
the PCM due to the very low cost, relatively high thermal conductivity,
good organic compatibility, excellent absorbability and perfect flame
retardation [36,37]. Although some MMT based composite PCM has
been reported. However, almost all the reported papers are to inter-
calate the PCMs to the interlayer space of MMT, the low loading of PCM
and the low thermal storage capacity seriously hindered the develop-
ment and application of MMT based composite PCM.

Therefore, we aimed to present an easy way to prepare core-shell
composite PCM with excellent thermal energy storage properties while
only use very low cost MMT. This 2D-MMT/SA composite PCM are
designed to have ultra-thin shell thus to dramatically increase the
weight fraction of PCM materials and greatly promote the solar thermal

energy storage capacity. At the same time, the relatively high thermal
conductivity of MMT and large heat transfer area are expected to im-
prove the thermal conductivity of composite PCMs. Having solved
traditional problems such as low thermal storage capacity, low thermal
conductivity or high cost in the application of PCM, the prepared 2D-
MMT/SA composites in this work with perfect energy storage property,
outstanding structural stability and excellent cycling performance
would be of great promise for solar energy storage and industrial waste
heat recovering in sustainable energy field.

2. Experiments

2.1. Materials

Montmorillonite were acquired from Chifeng Ningcheng
Montmorillonite Company Limited (Inner Mongolia, China). Fig. 1
shows the X-ray diffraction spectrum (XRD) of montmorillonite, which
demonstrated the high purity of MMT used in this work.

Stearic acid (SA), hexadecyl trimethyl ammonium bromide (CTAB)
and sodium dodecyl sulfate (SDS) used in this work were of analytically
pure. All these reagents were bought from the Sinopharm Chemical
Reagent Company Limited in China. Water solution used in the whole
experimental were ultra-pure water with the electrical resistivity of
18.2 MΩ cm, which were produced by Milli-Q ultra-pure water meter.

2.2. Methods

First, the MMT has been exfoliated to 2D-MMT through ultrasonic
method combined with shearing treatments, as described in previous
literature [38–42]. 250 images of exfoliated MMT sheets were captured
by atomic force microscope (AFM) so as to analysis the thickness dis-
tribution of 2D-MMT. Fig. 2a shows the thickness of original MMT was
about 193.8 nm. Meanwhile, 2D-MMT of 1.44 nm in thickness was
observed (Figs. 2c-2d), indicating the successful preparation of MMT
nanosheets. As shown in Figs. 2e, 2D-MMT in thickness of 1–2 nm ac-
counts for 56%, and 93.4% of the exfoliated MMT are less than 10 nm in
thickness, demonstrating the well preparation of 2D-MMT nanosheets.
A large reduction in thickness of MMT shell will be greatly beneficial to
increase the content of PCM in composite.

Then, the 2D-MMT/SA composite with core-shell structure was
produced through self-assembling the SA and 2D-MMT nanosheets. SA
was added to SDS solution in which the ratio of SDS, SA and water is
1:15:100 by weight. This mixture solution was heated to 90 °C in order
to melt SA, and then being stirred for 3 h. SA latex particles coated by
SDS would be formed after the SA dispersion cooled down to room
temperature. Next, the 2D-MMT layers mixed with CTAB were dis-
persed in water, and then this mixture with weight ratio of MMT: CTAB:

Fig. 1. XRD spectrum of montmorillonite.
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water being 1:1:300 was stirred for about 2 h. Finally, SA latex particles
solution was mixed with 2D-MMT dispersion modified by CTAB, fol-
lowed by agitation for 1 h. After which the mixed solutions were fil-
trated, washed thoroughly and then dried at 50 °C in vacuum drying
oven for 24 h to obtain 2D-MMT/SA composites. Three kinds of com-
posites have been prepared in this work, the composite prepared by
1.5 g 2D-MMT and 15 g SA was called composite-1. Similarly, compo-
sites prepared by 2.1 g 2D-MMT+15 g SA and 3.0 g 2D-MMT+15 g SA
were named composite-2 as well as composite-3 in turn.

Weight fraction of SA in 2D-MMT/SA composites in this work is
calculated by Eq. (1):

=η H
H

Δ
Δ

CPCM

PCM (1)

where HΔ CPCM is the latent heat of the 2D-MMT/SA composite PCM,
HΔ PCM means the latent heat of pure SA PCM materials, while η re-

presents the weight percentage of SA in 2D-MMT/SA composite.

2.3. Characterization

A D8 Advance X-ray diffractometer (Bruker, Germany) XRD pattern
was used to measure the purity of MMT, 2θ ranged from 5° to 80° with a
step scanning speed of 10°min−1 were recorded in this work. Thickness
of MMT nanosheets were determined through Multimode 8 at. force
microscope (Bruker, Germany). The very diluted MMT nanosheets
suspensions were instilled onto a newly cleaved mica surface so as to
prepare the AFM measurement samples. And then AFM images of MMT
nanosheets were captured with peak-force tapping mode. The thickness
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Fig. 2. Morphology and thickness of original MMT (a-b), morphology and thickness of 2D-MMT nanosheets (c-d), thickness distribution of 2D-MMT nanosheets (e).
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of 250 exfoliated MMT nanosheets were obtained by Nanoscope
Analysis software to analyze the thickness distribution.

Fourier transform infrared spectroscopy (FTIR) as well as zeta po-
tential characterization analysis were performed to explore the self-
assembly mechanism of 2D-MMT/SA composites. Infrared spectrum in
the range of 4000–400 cm−1 was performed by using a Nexus FTIR
spectrometer (Thermo Nicolet, US). Zeta potential measurements of the
SA latex particles coated by SDS and the 2D-MMT modified by CTAB
were measured by a Zetasizer Zeta-nano (Malven, UK) [43–45].

The microstructure and morphology of SA latex particles and 2D-
MMT/SA composites were observed by Zeiss Uitra 55 Scanning elec-
tronic microscope (SEM) (Zeiss, Germany). Latent heat capacity of
composite PCMs were measured by differential scanning calorimeter
8500 (DSC) (PE, US), while the thermal conductivity was measured by
TPS2500S thermal constant analyzer (Hot Disk, Sweden). DSC mea-
surements were performed at a heating rate of 1℃/min ranged from 30
to 85 °C in N2 atmosphere.

Thermal cycling performances of the formed PCM composites were
verified by heating/cooling cycling tests. Latent heats variations after
dozens of thermal cycles were used to assess the thermal reliability of
the composite PCM. The microstructure of composite PCM after
heating/cooling cycling test was also observed through SEM measure-
ments so as to evaluate the thermal and structural reliability.

3. Results and discussion

3.1. Structure characterization of 2D-MMT/SA

Fig. 3 displayed the FTIR spectrum of MMT, SA and 2D-MMT/SA
composites. The FTIR of MMT are in accordance with many previous
literatures, the 1641 cm−1 and 3624 cm−1 could be attributed to the
vibration of –OH in MMT structure, while 464 cm−1 and 1032 cm−1

were ascribed to the Si-O bonds vibration [35]. Besides, the 3443 cm−1

were possibly assigned to the interlayer water of MMT. As for SA, the
719 cm−1 and 1472 cm−1 correspond to rocking vibration and de-
formation vibrations of -CH2 and -CH3. While 2849 cm−1 and
2917 cm−1 were due to the stretching vibrations of C-H [46]. Absorp-
tion band of 1704 cm−1 was on account of C˭O vibrations [47].

In spectrum of 2D-MMT/SA composites, the bands at 463 and
1032 cm−1 correspond to MMT, while the bands appeared at 2955,
2917, 2849, 1704, 1471, 1298, 1103, 941, 719, 688 cm−1 were as-
signed to SA. The appearing of absorption band of MMT and SA at the
same time proves that 2D-MMT and SA have been combined together
successfully. On the other hand, no obvious new bands have been ob-
served, demonstrating that MMT and SA in 2D-MMT/SA composites are
just combined together through physical interactions.

To further illustrate detailed interaction mechanisms of the self-

assembly of SA and 2D-MMT, the zeta potential has been measured.
Fig. 4 illustrated the zeta potential of the SA latex particles and the 2D-
MMT layers before and after adsorption of CTAB. SA latex particles
were synthesized by adding SDS as a stabilizer, which allows the for-
mation of the negative charged SA particles owing to the adsorption of
SDS on the SA latex particle surface. Clearly, Fig. 4 shows a very ne-
gative zeta potential of the SA latex particles (−33.57mV). Meanwhile,
the 2D-MMT layers renders the very positive surface charge (43.83mV)
after adsorption of CTAB. This observation demonstrates a strong
electrostatic interaction between the SA latex particles and the modified
2D-MMT layers [44]. Combined with the FTIR results, we concluded
that the SA particles and the 2D-MMT layers self-assemble to form a
core-shell structural composite microcapsule PCM through strong
electrostatic interaction.

Fig. 5a exhibits the SEM images of SA latex particles, which were
applied as core materials. Figs. 5b-5d show the SEM of 2D-MMT/SA
composites, which showed that the SA latex particles with smooth
surfaces were tightly wrapped by the ultra-thin 2D-MMT nanosheets.
The 2D-MMT nanosheets on the composites surface make a well-de-
fined MMT nanosheets framework trapping SA inside. These SEM
images of the composites demonstrated the successful preparation of
composite PCM with core-shell structure. It was found that the core-
shell structural 2D-MMT/SA composites maintains its shape even after
filtering, washing and drying in the preparation process, which also
demonstrated that the composite PCM self-assembled by 2D-MMT
sheets on SA particles results in form-stable structure. Therefore, the
composite PCM is structural stable and is reliable enough to hinder the
leakage of PCM when melted.

Based on the results of FTIR, zeta potential and SEM, the synthetic
process and the microstructure of 2D-MMT/SA composites were sche-
matically illustrated. As shown in Fig. 6, the strong electrostatic forces
between the MMT nanosheets and SA latex particles gives rise to the
self-assembly of the core and shell materials, thus to form a micro-
capsules composites. This special structure of 2D-MMT/SA composite
PCM provides stable 2D-MMT framework to prevent the leakage ef-
fectively. In addition, this composite has an ultra-high weight ratio of
PCM core materials due to the very thin 2D-MMT shell materials, which
show great promise in promoting the thermal energy storage capacity
dramatically.

3.2. Thermal properties of 2D-MMT/SA

Thermal performances of composite PCM were measured through
DSC and thermal constant analyzer. Fig. 7 displays the DSC curve of
pure PCMs and 2D-MMT/SA composite PCMs. The endothermic peak ofFig. 3. FTIR spectra of SA, MMT and 2D-MMT/SA composites.
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pure SA occurs at 68.85 °C, while the endothermic peak of composites
occurs at 65.44 °C, 65.03 °C, and 63.09 °C, respectively. The slightly
shift of phase change temperature may be due to the interactions be-
tween 2D-MMT and SA latex particles. These interactions may be the

strong electrostatic interaction between SA and modified 2D-MMT, as
demonstrated by our zeta potential measurement shown in Fig. 4. Be-
sides, there may be some other interactions between SA core and 2D-
MMT shell according to previous works, including hydrophobic at-
tractions and H-bond interactions [27,35,48]. With respect to latent
heat storage capacity, the latent heat of pure SA is 225.15 J/g, while the

Fig. 5. SEM images of SA particles (a), composite-1 (b), composite-2 (c) and composite-3 (d).

Fig. 6. Schematic illustration of the self-assembly of 2D-MMT layers and SA particles.

Fig. 7. DSC curve of SA and 2D-MMT/SA composites.

Table 1
Comparison of latent heats of the 2D-MMT/SA composites with previous pre-
pared MMT based composite PCMs.

Composite PCMs Weight
fraction of
PCM (%)

Latent heat
of melt (J/
g)

Latent heat of
freezing (J/g)

References

OMMT/paraffin 37.13 51.8 – [49]
n-Octadecane/MMT/

xGnp
31.82 80.16 78.78 [50]

OMMT/paraffin 29.4 37.78 – [51]
RT20/MMT 39.97 53.6 – [52]
SA/MMT 52.88 110 118 [35]
RT20/MMT 58 79.25 – [53]
Paraffin/HDPE/

OMMT
59.74 99.78 – [54]

n-hexadecane/MMT 60 126 125 [27]
2D-MMT/SA 82.11 184.88 181.04 This work
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thermal energy storage of composite-1 to composite-3 are 184.88 J/g,
160.78 J/g and 132.33 J/g, respectively. For the composite-1 which
was prepared by 1.5 g 2D-MMT and 15 g SA, the mass fraction η of SA in
the 2D-MMT/SA composite is 82.11% calculated according to Eq. (1).
Compared with PCM composites prepared by MMT in previous litera-
tures, the latent heat of 2D-MMT/SA composites in this work shows
obvious advantages over the reported paper. As shown in Table 1, the
highest weight fraction of PCM was 82.11% and latent heat of PCM
composite was 184.88 J/g in this work. The 2D-MMT/SA composite
PCM prepared in this work shows very large latent heat capacity, far
higher than that MMT based composite PCM in previous literature.
Compared with other shape-stabilized PCMs using SA, 2D-MMT/SA
prepared in this work still shows superior performance in latent heat
capacity, as displayed in Table 2. Therefore, this 2D-MMT/SA compo-
site PCMs are believed to be potential for thermal energy storage in
sustainable energy field, such as utilizing of solar energy and recovering
industrial waste heat.

Fig. 8 displays the thermal conductivity of SA, 2D-MMT layers and
their composites. Thermal conductivity of composite PCM prepared
using 1.5 g 2D-MMT increases to 142.59% of SA. Besides, the composite

prepared with 2.1 g 2D-MMT layers increases the thermal conductivity
to 153.80% of SA. Meanwhile, the composite PCM prepared with 3 g
2D-MMT showed a promotion of 159.46% of SA in thermal con-
ductivity. On one hand, the relatively large improvement of the thermal
conductivity can be explained by relative high heat-conducting prop-
erty of 2D-MMT layers. On the other hand, the 2D-MMT framework and
the micron size of PCM composites results to very large heat transfer
area, which may also contribute to the promotion of the thermal con-
ductivity.

3.3. Thermal and structure stability of 2D-MMT/SA

The morphologies of pure SA and the 2D-MMT/SA composite PCM
heated at 80 °C (higher than the melting point of SA (~70 °C)) were

Table 2
Comparison of latent heats of the 2D-MMT/SA composites with previous pre-
pared composite PCMs using SA.

Composite PCMs Weight
fraction of
PCM (%)

Latent heat
of melt (J/g)

Latent heat of
freezing (J/g)

References

SA@MWCNT 46.74 91.94 92.55 [55]
SA/Co3O4 81.82 183.81 189.81 [56]
SA/rGO/MOF 72.62 142.4 138.1 [57]
SA/EG – 148.14 152.10 [58]
SA/SiO2 70 135.3 133.5 [59]
2D-MMT/SA 82.11 184.88 181.04 This work
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Fig. 8. Thermal conductivity of MMT, SA and their composites.

Fig. 9. Thermal stability measurements.

Fig. 10. TGA curves of 2D-MMT, SA and 2D-MMT/SA composite-1.

Fig. 11. DSC curve of 2D-MMT/SA composite-2 over 25 and 50 heating/cooling
cycles.

H. Yi et al. Solar Energy Materials and Solar Cells 192 (2019) 57–64

62



showed in Fig. 9. It is clearly to observe that the SA particles melt to
liquid quickly, while no leakage was found on the 2D-MMT/SA com-
posites, even only 1.5 g 2D-MMT was used to encapsulate the SA par-
ticles. Thus, a very low dosage of MMT is enough to prevent leakage
when SA change phase to liquid. In addition, the composites keep their
shape stable even at high temperature, which indicates that the simple
self-assembly of SA latex particles and modified MMT layers is a simple
and convenient method to synthesize form-stable composites with mi-
crocapsule structure. This core-shell structural 2D-MMT/SA composite
PCMs provide a strong shell frame to trap core SA inside, which is
beneficial to the restriction of leakage.

Thermal stability has also been examined by TGA measurements. As
shown in Fig. 10, SA began to decompose at around 180℃, and almost
all the SA were decomposed at around 250 °C. As for the 2D-MMT, only
the removal of adsorption water in MMT structure occurred at around
100–200 °C. Besides, the 2D-MMT/SA composites prepared in this work
showed a good thermal stability because no decomposition was found
below 180 °C, suggesting that the 2D-MMT materials are suitable for
preparing PCMs composites. On the other hand, the 2D-MMT shows a
weight loss due to the dehydration process, the weight loss of 2D-MMT
occupies approximately 9%. From the TGA curve of 2D-MMT/SA, the
weight loss accounts for about 93% including the dehydration of MMT
and the decomposition of SA. This mass ratio of PCM in composite
PCMs measured by TGA is only slightly higher than that value mea-
sured from DSC. But it can still be concluded that the mass fraction of
SA in the composites agrees well with the results calculated from DSC.

3.4. Cycling performance of 2D-MMT/SA

Fig. 11 shows the DSC curve of 2D-MMT/SA composites over 25 and
50 heating/cooling cycles. It is obvious that this 2D-MMT/SA composite
PCM exhibits a stable cycling behaviors, which indicates that no che-
mical degradation or segregation of SA and 2D-MMT took place during
heating/cooling tests. Only very slight changes of latent heats ( ± 4 J/
g) and phase change temperature ( ± 0.5 °C) of 2D-MMT/SA have
been observed, which are in the normal range of DSC measurement
errors ( ± 0.3%). Besides, this very little change of phase change
properties that can be ignored also demonstrates a high structural and
thermal stability of this composite PCMs. In addition, these negligible
phase change temperature and latent heat does not affect the practical
applications of this composite PCMs at all. Therefore, the 2D-MMT/SA
composite PCM with good thermal durability and excellent cycling
performance turns out to be applicable for solar thermal storage field.

Fig. 12. Shows the SEM images of 2D-MMT/SA composites after 40
heating/cooling cycles. It is clearly observed that, even after 50 times
thermal cycling, the PCM microcapsules still keep good shape, no de-
struction or no separation between the SA and 2D-MMT layers has
taken place. Thus, the synthetic 2D-MMT/SA has very good structure

stability as well as excellent thermal cycling performance. In con-
sequence, it is demonstrated that the 2D-MMT/SA composites prepared
in this work shows ultra-high thermal energy storage capacity, pro-
moted thermal conductivity, excellent structure stability and out-
standing cycling performance, which are of tremendous potential for
solar thermal energy storage in sustainable energy field.

4. Conclusions

(1) The 2D-MMT/SA composites with a core-shell structure are self-
assembled through strong electrostatic interaction.

(2) The 2D-MMT/SA composites have an ultra-high weight fraction
(> 80%) of SA due to the very thin MMT nanosheets shell, thus to
provide tremendous latent heat storage capacity (184.88 J/g).

(3) The protective 2D-MMT shell gives an excellent structure stability
to the composite and is effective to restrict leakage of PCM during
phase transition process.

(4) The relatively high thermal conductivity of MMT nanosheets results
in an improved thermal conductivity of the 2D-MMT/SA composite
PCM.

(5) The 2D-MMT/SA composite exhibits a stable cycling performance
in the heating/cooling test and shows great promise for sustainable
energy applications.
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