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Self-assembled boron nitride nanosheet-based
aerogels as support frameworks for efficient
thermal energy storage phase change materialst

Lanshu Xu, €22 Yujie Ding® and Laishun Wang*®

Phase change materials (PCMs) are promising in many fields related to energy utilization and thermal
management. However, the low thermal conductivity and poor shape stability of PCMs restrict their
direct thermal energy conversion and storage. The desired properties for PCMs are not only high thermal
conductivity and excellent shape stability, but also high latent heat retention. In this study, the boron
nitride nanosheets (BNNSs) were bridged by small amounts of GO nanosheets and successfully self-
assembled into BNNS/rGO (BG) aerogels by hydrothermal and freeze-drying processes. The BG aerogels
with interlaced macro-/micro-pores have been proven to be ideally suited as support frameworks for
encapsulating polyethylene glycol (PEG). The obtained composite PCMs exhibit high thermal
conductivity (up to 1.12 W m~* K™%, excellent shape stability (maintain at 90 °C for 10 min), and high
latent heat (187.2 J g™Y) with a retention of 97.3% of the pure PEG, presenting great potential

rsc.li/rsc-advances

1. Introduction

Boron nitride nanosheets (BNNSs), also called “white gra-
phene”, have drawn broad and increasing attention due to the
unique physical properties.™* Specifically, BNNSs have excellent
intrinsic in-plane thermal conductivity (1700-2000 W m~" K1),
low dielectric constant (3-4), high chemical/thermal stability,
extraordinary mechanical and electrical insulation properties.**
Hence, these superior properties enable the potential applica-
tions of BNNSs in thermal management materials,>® electro-
catalysts,” high-temperature coating,® and sorbents.” However,
it is difficult to fabricate BNNS-based composites due to the lack
of surface functional groups in BNNSs, especially for the
assembly of three-dimensional (3D) BNNS aerogels. Currently,
the fabrication of 3D BNNS aerogels is tactfully achieved by
utilizing template methods to accommodate BNNSs.'>** For
example, Xue et al. used melamine foam (MF) as a template to
incorporate reduced graphene oxide (rGO)/BNNSs to form
composite MF/rGO/BN aerogel, exhibiting a high thermal
conductivity of 0.79 W m ™' K ' after impregnation with poly-
ethylene glycol (PEG).* In addition to this there are 3D printing
method,” and low-dimensional BN assembly method."”
However, with the rise of green chemistry, researchers are
committed to using self-assembly method without the
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applications in energy storage systems and thermal management of electronic devices.

generation of other by-products, and focus on developing more
efficient and economical strategies for the synthesis and func-
tionalization of BNNS aerogels.

3D BNNS aerogels with high thermal conductivity and
porous structure are highly anticipated to be carriers of phase
change materials (PCMs)."* Polyethylene glycol (PEG), as
a typical “solid-liquid” PCM is widely used in waste heat
recovery due to the advantages of suitable phase change
temperature and high energy storage density."”** However, PEG
faces problems such as leakage and slow heat absorption/
exhaustion rate in practical applications. Based on the stable
3D thermally conductive BNNS networks, the PCMs can keep
shape stability and effectively avoid the leakage during the
liquidation and solidification cycles.' Meanwhile, strongly
linked BNNSs form efficient filler-filler overlaps, which can
increase the high thermal conductivity and thus achieve high
heat transfer efficiency.”® For example, Wan et al. prepared r-
glutamine-grafted BNNSs/nanofibers/PEG-based PCM with
a high latent heat of 150.1 J g~ ".!* Xue et al. obtained MF/rGO/
BN/PEG-based PCM with a high latent heat of 160.7 J ¢ ' and
a retention of 90.8% of pure PEG." Thus, facile strategy to
assemble PCMs by using more effective 3D BNNS networks
without sacrificing their latent heat is still an urgent target to
pursue.”

In this work, we proposed an effective strategy to assemble
3D BNNS-based aerogels by using small amount of GO nano-
sheets. The GO nanosheets act as initiators for the self-assembly
of BNNSs due to their good water solubility and self-assembly
properties during the reduction process.”** Based on affinity
interactions between GO and BNNS, the BNNSs bridged by GO
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nanosheets can form continuous thermal conductivity paths,
and successfully self-assembled into aerogels with interlaced
macro-/micro-pores. After impregnation of PEG, it is interesting
to observe that the prepared composite PCMs show enhanced
thermal conductivity, excellent shape stability, high latent heat
of fusion and latent heat retention.

2. Experimental
2.1 Materials

Hexagonal boron nitride (h-BN, PT110) powders were
purchased from Momentive Performance Materials. Graphene
oxide (GO) was purchased from Hangzhou Gaoxi Technology
Co., Ltd. Isopropyl alcohol (IPA, =99.5%) was provided by
Aladdin Biochemical Technology Co., Ltd. Deionized (DI) water
was obtained in the laboratory using Millipore Elix (Elix Tech-
nology inside, USA). Polyethylene glycol (PEG, M,, = 10 000) was
purchased from Shanghai Bide Pharmaceutical Technology Co.,
Ltd.

2.2 Methods

2.2.1 Preparation of BNNSs. The exfoliation of h-BN was
prepared via ball milling method using IPA as a liquid phase
assistant. Typically, pristine h-BN (5 g), IPA (20 mL), and two
different size ZrO, balls with diameters of 10 mm (100 g) and
2 mm (25 g) were loaded into a ZrO, tank (a volume of 250 mL).
The tank was rotated at a speed of 300 rpm in a planetary ball
mill (XH-QMQX, Chang Sha MITR, China) for 12 h. The milled
paste was dispersed in DI water and centrifuged at 1000 rpm
(TGL-15B, Shanghai Anting Scientific Instrument, China) for
30 min for further purification. Then the purified samples were
centrifuged at 10 000 rpm for 30 min to remove the supernatant.
Finally, the BNNS slurry was freeze-dried to powder for subse-
quent use.

2.2.2 Preparation of BNNS/rGO (BG) aerogels. The BG aer-
ogel was prepared by hydrothermal self-assembly and freeze-
drying processes. As shown in Fig. 1a, a certain amount of
BNNSs (1.52 g) was added into the GO solution (2.0 mg mL*, 40
mL) in a conical flask, followed by magnetic stirring (500 W, 2 h)
for thorough mixing. The mixed BNNS/GO dispersion was then
sealed in a 100 mL Teflon-lined autoclave and placed in an oven
for 12 h at 180 °C to reduce GO and induce self-assembly. After
that, the BG hydrogel was obtained and further freeze-dried to
fabricate BG aerogel. In order to explore the self-assembly
modes of high-content BNNSs, small amounts of GO nano-
sheets were used as cross-linking agents as much as possible.
Thus, the hybrid BG aerogels with different BNNS contents of
80, 85, 90, and 95 wt% were prepared to verify the stability and
efficiency of the support frameworks, and named BG-80, BG-85,
BG-90, and BG-95, respectively.

2.2.3 Preparation of BNNS/rGO/PEG (BGP) composite
PCMs. The composite PCM was prepared by using vacuum-
assisted impregnation method. The mechanism is that under
the vacuum environment, the gas inside the aerogel is pumped
out to form a low-pressure area, which helps the molten PEG to
automatically penetrate into the interior of the aerogel and fill
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its pores and voids, so that it can be fully impregnated. The
specific steps are as follows. First, the raw PEG powders were
heated at 90 °C for 30 min to obtain fully melted, followed by
degassing 20 min to remove the air bubbles under the vacuum
environment. Then the as-prepared BG aerogels were immersed
into the melted PEG, and then degassed for 1 h to ensure
complete impregnation of the aerogels with the PEG melt. The
obtained PCMs were marked as BGP-80, BGP-85, BGP-90, and
BGP-95.

2.3 Characterization

The morphology and size of BNNS and GO were characterized
by transmission electron microscope (TEM, JEM-2100F, Japan)
and atomic force microscope (AFM, Bruker Dimension Icon,
USA). The morphology and structure of BG aerogels and BGP
composites were observed by scanning electron microscope
(SEM, 5 kv, Hitachi SU8010, Japan). Fourier transform infrared
spectroscopy (FTIR, Bruker Vertex 70, Germany) was used to test
the degree of functionalization of the BNNSs. Ultraviolet-visible
(UV-vis) spectra were acquired with a spectrophotometer (3600-
Plus, Japan). The chemical compositions of BG aerogel were
analyzed using X-ray photoelectron spectroscopy (XPS, Thermo
Fisher Scientific K-Alpha, USA).

All PCM samples were polished with fine sandpaper before
testing. X-ray diffraction (XRD, Bruker D8 Advance, Germany)
patterns were recorded at a scanning speed of 5° min~" over the
diffraction angles of 10-60° (26). Thermogravimetric analysis
(TGA, 550, USA) was performed with temperature increasing at
10 °C min~' from 30 to 800 °C in nitrogen atmosphere.
Differential scanning calorimetry (DSC, Q2000, USA) was con-
ducted at the heating and cooling rate of 10 °C min~" in the
range of 0-100 °C under nitrogen atmosphere to examine the
phase change behavior. A series of infrared images were taken
to record the thermal response of the composite PCMs by an
infrared thermal imager (TA-60, Shenzhen Dianyang Tech-
nology Co., Ltd). The thermal diffusivities of the composite
PCMs were determined by laser flash apparatus (LFA 467,
Netzsch, Germany) after spraying both surfaces with a thin layer
of graphite. The thermal conductivities (k) were calculated by
the equation: k = & x p x Cp, where «, Cp, and p are the thermal
diffusivity, specific heat capacity, and the density of the sample,
respectively.

3. Results and discussion

Fig. 1a illustrates the preparation of BG aerogels and BGP
composite PCMs. Firstly, the two-dimensional (2D) BNNSs were
obtained by ball milling method. A certain amount of IPA
solution was introduced for both dispersion and exfoliation.**
The rigid and thick bulk h-BN powders were transformed into
flexible and thin BNNSs with a lateral size of about 800 nm and
few layers (Fig. S11 and 1b). The GO nanosheets with a lateral
size of 5-8 um were used as initiators to assemble BNNSs
(Fig. S21). BNNSs and GO dispersions were uniformly mixed,
and then self-assembled into BG hydrogels during hydro-
thermal process. After freeze-drying, the BG aerogels were

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1
the corresponding SEM image; (d) SEM image of BGP composite.

obtained even at high BNNSs content of 95 wt%. As shown in
Fig. 1c, the BG-95 aerogel is lightweight that can stand freely on
a green leaf due to its high porosity and low density. The typical
morphology and structure of the BG-95 aerogel was character-
ized by SEM, the BNNSs are overlapped to form 3D continuous
networks, both the surface and interlayers of which are covered
by a thin layer of rGO nanosheets that acts as bridges (yellow
labels in Fig. 1c). Finally, the fully filled BGP-95 composite
PCMs can be prepared by vacuum-assisted impregnation
method (Fig. 1d).

Fig. 2 compares the morphologies and structures of the BG-
80, 85, 90 and 95 aerogels. As can be seen from the macroscopic
pictures, the macro volume size of the BG aerogels gradually
grows as the mass of BNNSs increases. From the microscopic
SEM image of BG-80 aerogel in Fig. 2a, BNNSs are dispersed and

View Article Online
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(a) Scheme illustrating the preparation of BGP; (b) TEM image of BNNS; (c) digital picture of lightweight BG aerogel (95 wt% for BNNS) and

tightly wrapped in the rGO network skeleton with macropores
of ~100 pm. However, the 80 wt% BNNSs content for BG-80
aerogel does not allow for the formation of continuous sheet-
to-sheet overlaps (see yellow circles in Fig. 2a), which leads to
a large interfacial thermal resistance, resulting in a limited
increase in thermal conductivity.”® As the BNNS mass ratio
increased to 85 wt%, BNNSs can be interconnected layer by layer
and fully adhered to the skeleton, forming a continuous
network structure with interlaced macro- and micro-pores
(Fig. 2b). Although the porous skeletal structure remains for
BG-90 aerogel, the partly stacked and collapsed BNNSs are
found (seen in yellow circles of Fig. 2c). In addition, only
microporous structures and totally collapsed macropores are
observed in Fig. 2d for BG-95 aerogel due to the small amount of
only 5 wt% GO in it. Nevertheless, BNNSs can still be bridged by

Fig. 2 Macroscopic picture, schematic diagram, and SEM image of (a) BG-80, (b) BG-85, (c) BG-90, and (d) BG-95 aerogel.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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rGO nanosheets and form a stable 3D porous aerogel. Thus,
a suitable BNNS content contributes to forming continuous
thermal conductivity pathways and stable skeleton structure.

FTIR spectrum in Fig. 3a shows a new vibration peak of -OH
at 3421 cm ™' and two obvious characteristic peaks located at
821 cm ' (out-of-plane B-N-B bending vibration) and
1371 ecm ™! (in-plane B-N stretching vibration) of BNNSs.2® Such
result indicates that -OH functional groups are introduced onto
BNNSs during IPA-assisted ball milling process. To investigate
the interactions existing between BNNSs and GO nanosheets,
we have characterized the UV-vis absorbance of all BG aerogels
in aqueous dispersions (Fig. 3b) and the XPS of typical BG-85
aerogel (Fig. 3c—f). As previously reported, the GO nanosheets
have an absorption peak centered at 228 nm, representing the
-7 transition to the aromatic C-C bond.”” As the mass of
BNNSs increases from 80 to 100 wt%, the characteristic
absorption peaks are blue-shifted from 215 to 209 nm, which is
attributed to the electron transfer between BNNSs and GO
nanosheets  originated strong stacking
interactions.®*®

From the XPS total spectrum in Fig. 3c, it can be clearly
observed that the B, N, C and O elements exist in BG-85 aerogel.
The deconvoluted B 1s spectra in Fig. 3d reveal a strong binding
energy peak at 190.5 eV attributed to B-N bond, since a B atom
is surrounded by three N atoms. While another binding energy
peak at 191.3 eV is assigned to B-O bond.** The N 1s spectra in
Fig. 3e show two binding energy peaks at 398.3 and 399.1 eV
corresponding to N-B and N-H bonds, respectively.* These

from T-TC

results provide evidence that no covalent bonds are formed
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between BNNS and GO nanosheets. Furthermore, the decon-
voluted C 1s spectra (Fig. 3f) exhibits two main binding energy
peaks at 284.7 and 285.8 eV referring to C-C and C-O bonds,
respectively.*? O 1s spectrum (Fig. S37) exhibits a relative strong
binding energy peak at 532.7 eV assigned to the O-B bond, and
a weak binding energy peak at 531.0 eV is assigned O-C bond.
XPS spectra have demonstrated that the successful reduction
reactions occur during the formation of BG aerogels with only
small amounts of C-O functional groups present. Moreover,
there is no covalent bonds formation between BNNSs and GO
nanosheets, while the main interactions between them are -1
stacking and van der Waals force.**

The XRD patterns were tested by selecting the cross-section
of PCMs as the test surface (as illustrated in Fig. S4t). For the
pure PEG, Fig. 4a presents two diffraction peaks at 19.4° and
23.3° corresponding to the (120) and (132) crystal planes,
respectively, which remain in the XRD patterns of the BGP
composite PCMs. Moreover, the two characteristic peaks at
approximately 27.0° and 41.8° attributed to the (002) and (100)
crystallographic planes of BNNSs, which are relative to the
parallel and perpendicular oriented BNNSs, respectively.’***
The calculated (Ipo2/I100) intensity ratios of the BGP composites
are various from 2.7 to 8.3. The lower intensity ratios indicate
that the BNNSs are arranged with a random orientation, owing
to the near-isotropic 3D thermally conductive networks.*®
Further verified by the through-plane/in-plane thermal
conductivities of the samples in Fig. 4b, the BGP composite
PCMs show simultaneous increases both in through-plane and
in-plane thermal conductivities. Especially the BGP-85 has near-
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Fig. 3 (a) FTIR of BNNSs; (b) UV-vis spectra of BG aerogels (with 80, 85, 90, and 95 wt% BNNS) and BNNS; (c) XPS total spectrum of the BG-85

aerogel; (d—f) high-resolution deconvoluted XPS spectra of B 1s, N 1s and C 1s of BG-85 aerogel.
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Fig. 4 Properties of the PEG and BGP composite PCMs. (a) XRD patterns; (b) through-plane/in-plane thermal conductivities; (c) DSC curves at
10 °C min~%; (d) melting temperatures and crystallization temperatures; (e) specific parameters of latent heat; (f) latent heat retention.

isotropic thermal conductivity with a through-plane thermal
conductivity of 1.12 W m~' K ' and an in-plane thermal
conductivity of 0.96 W m ™' K™ !, which are almost 5 times
higher than those of pure PEG. As the BNNS content increases
to 90 wt%, the through-plane thermal conductivity goes up to
1.21 Wm~ ' K" The in-plane thermal conductivity of BGP-90 is
reduced to 0.82 W m~' K ?, which is the result of nanosheets
stacking due to partial collapse caused by excessive filling of
BNNSs (Fig. 2c). The accumulation of BNNSs weakens its
intrinsic thermal conductivity, resulting in a further reduction
in the thermal conductivity of BGP-95. Moreover, the through-
plane thermal conductivity (1.02 W m~* K ') for the BGP-95 is
much higher than its in-plane thermal conductivity (0.66 W m™"
K1) due to the collapsed macropore structure of BG-95 aerogel
(Fig. 2d).

DSC tests were carried out to determine the latent heat of the
composite PCMs. As shown in Fig. 4c, both PEG and BGP
composite PCMs exhibit obviously endothermic and exothermic
peaks due to the melting and cooling. Typically, the melting and
crystallization temperature ranges of pure PEG are 49.7-75.7 °C
and 47.5-27.3 °C, respectively (specific parameters in Table
S17). The binding effect of the BG skeleton in BGP composites
on the PEG molecular chain slightly increases the melting and
crystallization temperature and rate. Thus, the endothermic
and exothermic peaks of BGP composites are sharper than
those of pure PEG, where the melting and crystallization
temperature ranges of BGP composite PCMs are 51.6-76.6 °C
and 50.5-30.2 °C, respectively. The corresponding phase change
temperatures summarized in Fig. 4d also demonstrates the
slight increase in both melting and crystallization temperature.
The latent heat of the composite PCMs may decrease to a certain

© 2023 The Author(s). Published by the Royal Society of Chemistry

degree, as shown in Fig. 4e. The BG content was estimated by
TG results (Fig. S51). Specifically, the BGP-85 composite PCM
with 7.5 wt% BG nanosheets has a high latent heat capacities of
187.2 and 172.0 ] g~ ', when the BGP-85 was changed from solid
to liquid, and from liquid to solid. The reduction of the latent
heat capacity of the composite PCMs is possibly attributed to
the presence of the BG support frameworks, which reduces the
PEG content and restricts the motion of PEG chains."**’

The latent heat retention (A, %) was calculated by the
following equation® and shown in Fig. 4f.

_ AHy@mop)

A=
AH .y pEG)

x 100%
where AH,,BPG) and AH,,(PEG, represent the latent heat of
fusion of BPG composite PCMs and pure PEG, respectively.

The calculated latent heat retentions of BGP-80, 85, 90, and
95 are 88.2%, 97.3%, 91.8%, and 94.4%, respectively. Results
demonstrate that the BGP-85 composite PCM possesses excel-
lent heat storage capacity and high latent heat retention, which
is due to the intricate porous structure and continuous thermal
pathways formed by the BG-85 aerogel with an appropriate
BNNS loading, allowing the corresponding BGP-85 to be used as
a promising PCM for the needs of waste heat recovery.

The crucial challenge in the practical use of organic PCMs is
to avoid the leakage of the melted PEG during phase change.*>*°
The shape-stability of pure PEG and BGP composite PCMs is
directly demonstrated by a leakage test using an oven under 90 °©
C, as shown in Fig. 5a. The pure PEG is destroyed in shape and
completely melted into flowing liquid. The BGP composite
PCMs remain good shape stability and only a small amount of
liquid leakage is present at the edge of the BGP-95 sample. The

RSC Adv, 2023, 13, 34291-34298 | 34295
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(a) Digital pictures for the leaking tests of pure PEG and BGP composite PCMs; (b) recorded morphological variations by the infrared

thermal imager; (c) temperature—time curves of the composite PCMs; (d) thermal conductivity—latent heat retention in h-BN systems of PCMs

based on previous works.

excellent encapsulation stability of the BGP-80, 85, and 90
composite PCMs is attributed to the multi-network structure
that is interwoven with macro- and micro-pores. This also
indicates that 3D frameworks prepared by BNNS aerogels with
small amount of GO sheets show favorable interaction with PEG
and significantly improve the shape stability of the composite
PCMs.

To evaluate whether the composite PCMs have enough
ability for thermal storage and fast heat transfer, their thermal
responses were measured directly with an infrared thermal
imager. The four composite PCMs (BGP-80, 85, 90 and 95) were
heated on hot plate with a constant temperature (90 °C) to
accelerate the simulated sunlight conditions. Meanwhile, the
temperature evolution with time at the center position of the
composite PCMs were recorded precisely. The infrared images
in Fig. 5b show that the surface temperature of the composite
PCMs is almost uniform during the solid-liquid phase change
process when being heated for 180 s. After all PEG crystallites
are completely melted, the surface temperature of the
composite PCMs is further enhanced with the heating time

34296 | RSC Adv, 2023, 13, 34291-34298

increases. From the infrared images at 210 s, the color of the
composite PCMs changed at different positions and to different
degrees. After being heated for 300 s, the surface temperature of
the composite PCMs increases up to 90 °C, which still hold the
shape well without leaking liquid (Fig. 5a). Specifically analyzed
through the temperature-time curves in Fig. 5c, the BGP-90
composite has a faster heating rate due to its high through-
plane thermal conductivity. And when the surface tempera-
ture of all the composite PCMs quickly increases to above 55 °C,
a phase change has already occurred at this temperature.™
Further increasing the heating time leads to a slight enhance-
ment of the surface temperature for a long time and a plateau is
present in the temperature evolution curve, representing the
solid-liquid phase change process. That is, the heat energy is
stored through the melting of PEG crystallites. It is worth noting
that the BGP-85 composite shows a broader plateau, indicating
that it has the best thermal storage ability that can absorb more
heat for long time due to its intricate 3D network structure. After
being irradiated for 10 min, the hot plate was switched off and
the composite PCMs were naturally cooled down to room

© 2023 The Author(s). Published by the Royal Society of Chemistry
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temperature. Similarly, a plateau representing the liquid-solid
phase change process is observed in the cooling curves. The
surface temperature is maintained at a relatively high level
(about 44-47 °C) for a long time, and the stored heat energy is
released through the crystallization of PEG crystallites.

With regard to the assembly of 3D support frameworks for
PCMs, our near-isotropic BNNS aerogel designed with inter-
laced macro-/micro-pores exhibits good thermal conductivity,
high latent heat retention and excellent encapsulation ability.
We compared the thermal conductivity and latent heat reten-
tion with previous works in the area of PCMs using h-BNs/
BNNSs as fillers.”*** As shown in Fig. 5d, although the
thermal conductivity is slightly less than that in some reports,
the superior latent heat of fusion retention, which benefit from
the impressive 3D interconnected network assembled with
small amounts of fillers that can support enough PEG matrix.
Thus, our prepared composite PCMs provide highly efficient
thermal energy storage.

4. Conclusions

In summary, with the aid of small amount of GO nanosheets,
the BNNSs have been successfully self-assembled into BG aer-
ogels by hydrothermal and freeze-drying processes. The con-
structed BG aerogels with interlaced macro-/micro-pores are
ideal for use as support frameworks to encapsulate PEG, and
the corresponding BGP composite PCMs exhibit enhanced
thermal conductivity, high latent heat retention, and good
encapsulation ability. Especially for BGP-85 composite PCM,
which has been proved to have superior integrated perfor-
mance. The BGP-85 composite PCM shows high thermal
conductivity of 1.12 W m~" K™, high latent heat (187.2J g™
with a retention of 97.3% of the pure PEG, and excellent shape
ability without any leakage even under 90 °C for 10 min. With its
structural advantages and outstanding performances, the
composite PCM can be further used in applications such as
energy storage systems and thermal management of electronic
devices.
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