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A B S T R A C T

To realize the efficient storage and conversion of solar energy by phase change materials (PCMs), low photo-
thermal conversion efficiency and poor heat transfer performance remain great challenges. Herein, polyethylene 
glycol (PEG)-based composite PCMs with excellent photothermal conversion performance and exceptional 
thermal management capability were obtained by using boron nitride/copper oxide@multi-walled carbon 
nanotubes (BN/CuO@MWCNTs) as the thermal conductive and photothermal conversion enhancement fillers. 
The results indicate that owing to the bridging effect, the introduction of CuO and MWCNTs on the BN surface 
can construct additional heat transfer paths, resulting in a high thermal conductivity of up to 2.35 W/(m⋅K) for 
the as-prepared PEG/BN/CuO@MWCNTs composite, which is about 9-folds enhancement than pristine PEG. 
Simultaneously, the supercooling degree of PEG in PEG/BN/CuO@MWCNTs is effectively suppressed due to the 
synergistic nucleation effect of BN, CuO and MWCNTs. Additionally, the PEG/BN/CuO@MWCNTs composites 
not only exhibit a high latent-heat capacity of 154.5 J/g and a high photothermal conversion efficiency of 92.2 
%, but also show favorable shape stability and durable reliability. This work offers a workable solution for the 
synergistic enhancement of photothermal conversion and thermal management, which can effectively promote 
the practical application in solar energy conversion and storage.

1. Introduction

The collection and utilization of solar energy play vital in the 
development and application of renewable energy (Liu et al., 2024; Xu 
et al., 2023; Li et al., 2024). Solar photothermal energy-storage tech-
nology based on phase change materials (PCMs) is considered to be a 
promising way to utilize solar energy (Pan et al., 2023; Albdour et al., 
2022; Zheng et al., 2022). Nevertheless, the low thermal conductivity 
(TC) and inferior light absorption capacity of conventional PCMs (such 
as paraffin wax, fatty acids, hydrates, sugar alcohols and salt hydrate.) 
severely limit their photothermal conversion efficiency (η) and endo-
thermic/exothermic rate (Zhang et al., 2024; Jiang et al., 2024; Huang 
et al., 2024). This long-standing bottleneck has emerged as a critical 
challenge for their applications, gradually evolving into a prominent 
scientific issue in this field (Liu et al., 2021). Therefore, simultaneously 
improving the TC and η of PCMs to enhance the comprehensive 

efficiency of solar energy utilization is still a very challenging bottleneck 
problem.

Introducing highly thermally conductive fillers (e.g., ceramics (Chen 
et al., 2022), metals (Zhu et al., 2024); metallic oxide (Chen et al., 2022); 
MXene (Chen et al., 2023) and carbon-based materials (Yang et al., 
2023) into PCMs to prepare composite PCMs has been regarded as an 
effective approach to solve the low TC problem. Among various candi-
date fillers, hexagonal boron nitride (h-BN) holds significant potential 
for development due to extraordinary TC, outstanding electrical insu-
lation performance and superior stability, particularly for applications 
under extreme conditions such as high temperatures, strong acids and 
alkaline environments (Wang et al., 2024). Unfortunately, the TC 
enhancement is far from satisfactory due to poor compatibility and 
unexpected aggregation of BN filler (Zhou et al., 2024). Although sur-
face modification of BN filler could reduce the interfacial thermal 
resistance (ITR) in the interfacial regions, the obtained TC enhancement 
effect did not meet expectations due to inadequate functionalization 
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(Jiang et al., 2020). In addition, adding a large amount of BN filler can 
greatly increase the TC value of composite PCMs, but their energy 
storage density will be significantly reduced. Numerous studies have 
demonstrated that metal nanoparticles (Cu (Wang et al., 2020); Ag (Ma 
et al., 2023) and Zn (Xu et al., 2023) and carbon-based materials 
(MWCNTs (Shi et al., 2023) and GO (Bashir et al., 2023) loaded on the 
BN surface can act as functional bridges that create additional contacts 
between adjacent BN, facilitating the formation of 3D heat flowpath. For 
instance, Shi et al. reported EP/BNNS@AgNPs composites in which 
AgNPs functioned as a “bridge” to connect the neighbouring BNNS, ul-
timately achieving significant enhancement of heat transfer perfor-
mance (Chen et al., 2019). The TC of the EP/BNNS@Ag composite with 
the addition of 20 wt% BNNS@AgNPs was 1.13 W/(m⋅K), which was 
1.14 times higher than that of the EP/BNNS composite without AgNPs. 
These findings have provided a series of effective strategies for the 
development of PCM-based composites with an enhanced TC for accel-
erating the endothermic/exothermic rate.

In practical applications, besides the requirement for further 
enhancement of TC, it is also essential to consider the η of PCMs. The 
introduction of light-absorbing media (such as carbon-based materials 
(Yang et al., 2024); precious metal NPs (Zhang et al., 2022) and metallic 
oxide (Wang et al., 2024) and so on) with excellent photothermal con-
version capabilities into PCMs been considered as a potentially effective 
method to enhance the η of the PCMs for solar energy utilization. Among 
them, 1D carbon nanotubes (CNTs) not only have high TC, but also 
strong light absorption ability, and can convert light energy into heat 
through lattice vibration (Sun et al., 2022). For example, Kong et al. 
prepared MWCNT/MF/PW composites using multi-walled CNTs 
(MWCNTs), melamine foam (MF) and paraffin wax (PW) as the photo-
thermal conversion material, supporting skeleton and PCMs, respec-
tively (Dai et al., 2024). The obtained composite has a high η (85.16 %). 
Previous researches have provided evidence that there is a strong cor-
relation between the structure of CNTs and their photothermal proper-
ties. For example, 3D CNTs networks, CNTs arrays and CNTs aerogels 
can reduce the reflection of light and achieve efficient light absorption 
(Chen et al., 2023; Zhou et al., 2022). Copper oxide (CuO) is a typical p- 
type semiconductor nanomaterial with a narrow band gap of 1.2–1.9 eV 
(Pang et al., 2024). Due to its small size and surface effect, good light 
absorption and excellent TC, it has a wide range of applications in the 
fields of solar absorbers, optoelectronic devices and catalysis (Yang 
et al., 2022). Adjusting the size, morphology or structure of CuO could 
provide another feasible ways for regulating their spectral absorption 
capabilities, which can also avoid the complex process of loading metal 
nanoparticles (Zhang et al., 2020). However, CuO has poor stability and 
are prone to aggregation after prolonged light irradiation in the PCMs 
matrix, which weakens the light absorption performance and leads to 
poor η. The photothermal hybrid material obtained by loading CuO and 
CNTs onto the surface of BN can combine the advantages of each 

material and enhance the photothermal effect through synergistic and 
complementary effects (Yang et al., 2022). The loading of CuO and CNTs 
on the BN surface effectively prevents their agglomeration and increases 
the surface roughness, which not only increases the area of absorbed 
light, but also attenuates the reflection of light, thus contributing to the 
enhancement of light trapping. In addition, due to the bridging effect, 
the introduction of CNTs can construct additional heat transfer paths to 
further improve the phonon transmission density (Deng et al., 2023). 
CuO anchored on BN reduce the ITR between BN and CNTs, suppress 
phonon scattering and accelerate phonon transport (Ma et al., 2023). 
Thus, it is expected that the introduction of hybrid materials constructed 
from BN, CNTs, and CuO into PCMs will not only improve the η well, but 
also enhance the heat transfer performance.

Guided by this design concept, we proposed a synergistic strategy to 
enhance the heat transfer performance and photothermal conversion 
capability of PEG-based composite PCMs using BN/CuO@MWCNTs 
hybrid. The as-obtained PEG/BN/CuO@MWCNTs composite PCMs 
exhibit a high TC of 2.35 W/(m⋅K) at 10 wt% filler loading, about 904 % 
higher than that of pure PEG, which may be attributed to the con-
struction of continuous thermal conduction paths by the combination of 
BN, CuO and MWCNTs. The CuO and MWCNTs endow the composite 
PCMs with outstanding photothermal conversion performance, and the 
corresponding η is increased to 92.2 %. Meanwhile, the PEG/BN/ 
CuO@MWCNTs composite PCMs display favorable shape-stability, low 
supercooling degree and high thermal storage performance, suggesting 
their potential to be used as thermal storage materials for the design of 
the next generation of solar energy harvesting systems.

2. Experimental section

2.1. Materials

Boric acid (H3BO3, purity ≥ 99.5 %), melamine (C3H6N6, purity ≥
99.0 %), copper sulfate (CuSO4, purity ≥ 99.0 %), polyethylene glycol 
(PEG, Mn = 6000 w, purity ≥ 99.0 %), aqueous ammonia (NH3⋅H2O, AR, 
28–30 %), sodium hydroxide (NaOH, purity ≥ 96.0 %) and poly-
vinylpyrrolidone (PVP, Mn = 10 000 w, purity ≥ 99.0 %) were pur-
chased from Sigma-Aldrich. Multi-walled carbon nanotubes (MWCNTs, 
outer diameter: 5–10 nm, length: 10–30 μm, purity >95 %) were ac-
quired from Jiangsu Cnano Technology Co., Ltd.

2.2. Preparation of BN microrods

The preparation of BN microrods was based on our previous report 
with minor modifications (Han et al., 2023). In detail, 6.18 g H3BO3 and 
6.31 g C3N6H6 were dissolved in 150 mL deionized (DI) water and 
stirred at 90 ◦C for 4 h. Subsequently, H3BO3⋅2C3N6H6 (B⋅2M) pre-
cursors were obtained by washing, filtering, and drying. Finally, the 

Nomenclature

PCMs phase change materials
PEG polyethylene glycol
BN boron nitride
CuO copper oxide
MWCNTs multi-walled carbon nanotubes
PW paraffin wax
GO graphene oxide
PVA poly(vinyl alcohol)
Fe3O4 ferroferric oxide
H3BO3 Boric acid
C3H6N6 melamine
CuSO4 copper sulfate

NH3⋅H2O aqueous ammonia
EP epoxy resin
NaOH sodium hydroxide
BNNS boron nitride nanosheets
PVP polyvinylpyrrolidone
TC thermal conductivity
η photothermal conversion efficiency
ITR interfacial thermal resistance
δ TC improvement per 1 wt% filler loading
Tm melting temperature
Tc crystallization temperature
ΔHm melting enthalpy
ΔHc crystallization enthalpy
ΔT supercooling degree
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precursors were heated under N2 atmosphere at 1100 ◦C with a 
temperate ramp of 5 ◦C/min for 2 h to obtain the targeted BN microrods.

2.3. Fabrication of BN/CuO hybrids

Firstly, 6.18 g H3BO3, 6.31 g C3N6H6, and predetermined amounts of 
CuSO4 were introduced into 150 mL DI water, then NH3⋅H2O was 
dropwise added until until pH = 10. The blue mixture was vigorously 
stirred at 90 ◦C for 4 h. After that, the resulting mixture was washed, 
filtered, and dried to gain M⋅2B/Cu(OH)2 precursors. Finally, the pre-
cursors were calcined in N2 atmosphere at 1100 ◦C for 2 h to obtain BN/ 
CuO hybrids. The raw material amounts used to prepare BN/CuO hy-
brids were detailed in Table S1.

2.4. Preparation of BN/CuO@MWCNTs composites

A schematic illustrating the fabrication of the BN/CuO@MWCNTs 
composites is demonstrated in Fig. 1. 6.18 g H3BO3, 6.31 g C3N6H6, 3.20 
g CuSO4 and 1.0 g PVP were dissolved in 150 mL DI water at 90 ◦C, and 
predetermined amounts of MWCNTs were then introduced with 
continuous stirring for an additional 4 h. Subsequently, NH3⋅H2O was 
slowly added until pH = 10. After that, the M⋅2B/Cu(OH)2@MWCNTs 
precursors were gained after washing and drying. Eventually, the pre-
cursors were heated under N2 at 1100 ◦C for 2 h to obtain BN/ 
CuO@MWCNTs composite. The raw material amounts used to prepare 
BN/CuO@MWCNTs composites with different contents of MWCNTs 
were detailed in Table S2.

2.5. Preparation of PEG/BN/CuO@MWCNTs composite PCMs

PEG/BN/CuO@MWCNTs with different amounts of BN/ 
CuO@MWCNTs were synthesized via a melt-blending process. Firstly, 
10 g of dehydrated PEG powder was stirred at 80 ◦C to form a homo-
geneous solution. Then, predetermined amounts of BN/CuO@MWCNTs 
were slowly added into the PEG solution. After stirring at 80 ◦C for 4 h, 
the mixed slurries were poured into a Teflon-coated mold. Finally, the 
PEG/BN/CuO@MWCNTs composite PCMs were obtained by cooling at 
room temperature.

2.6. Characterization

The morphological and compositional evolution were observed by 
scanning electron microscopy-energy dispersive X-ray spectroscopy 
(SEM-EDX, Zeiss MERLIN Compact, Germany). The structural charac-
teristics were investigated through a Fourier Transform Infrared spec-
trometer (FTIR, Bruker Tensor-27, Germany) and an X-ray diffraction 
diffractometer (XRD, Rigaku, SmartLab, Japan). The elemental compo-
sition and surface chemical state were measured by an X-ray 

photoelectron spectroscopy (XPS, Thermo Fisher Scientific K-Alpha, 
USA). Accordingly, the differential scanning calorimetry (DSC, TA In-
struments Q20, USA) analysis was employed to measure the endo-
thermic/exothermic curves. The ability of absorption light was 
measured by an ultraviolet–visible–near–infrared diffuse reflectometer 
(UV–vis–NIR, Shimadzu UV-3600i Plus, Japan) equipped with an inte-
grating sphere. The TC of composites was measured by a thermal con-
stant analyzer (Netzsch LFA 457, Germany). Thermal transfer 
performance was photographed with an IR camera (Fotric 626C, China). 
Solar simulator with a temperature recorder (Yili Technology Co., Ltd., 
China) for continuous and uninterrupted surface temperature.

3. Results and discussion

Fig. 2a-c show the SEM images of the BN, BN/CuO hybrid and BN/ 
CuO@MWCNTs composite. The as-synthesized BN displays a one- 
dimensional rod-like structure with a smooth surface, a length of 
5–10 μm and a diameter of 2–4 μm (Fig. 2a). The growth of CuO on the 
surface of BN can be optimized by controlling the additive molar ratio of 
H3BO3 to CuSO4 (RB/Cu), and the corresponding morphologies are pro-
vided in Fig. 2b and Fig. S1. When the RB/Cu is 5.0, a mass of CuO 
(10–50 nm) is evenly anchored on the surface of BN microrods with 
almost no aggregation or stacking (Fig. 2b). In addition, CuO can bridge 
neighbouring BN microrods, which is beneficial for reducing the ITR 
between adjacent BN (Wang et al., 2020). The elemental composition 
and distribution of the BN/CuO hybrid are further characterized by XPS 
spectrum and elemental mapping analysis, and the results are shown in 
Fig S2 and Fig S3. The analyses reveal that the BN/CuO hybrid contains 
B, N, Cu, and O elements, which are uniformly distributed across the 
entire area. Overall, the following studies are conducted using BN/CuO 
hybrid prepared with RB/Cu of 5. The microstructures of the BN/ 
CuO@MWCNTs composites with different MWCNTs contents were 
observed by SEM (Fig. 2c and Fig. S4). The BN/CuO@MWCNTs com-
posites are composed of rod-like structured BN, tubular MWCNTs and 
granular CuO. When an appropriate amount of MWCNTs is added 
(Fig. 2c), the surface of the BN/CuO@MWCNTs composite has dense 
and uniform MWCNTs, which are tightly intertwined to form a core–-
shell structure. The entangled and well-dispersed MWCNTs form an 
interlaced network, which effectively fill the gaps between the BN/CuO 
hybrids. Additionally, related results of element mapping analysis of 
BN/CuO@MWCNTs composite are displayed in Fig. 2d-h. B, N, C, Cu, 
and O elements are homogeneously distributed on the surface of 
microrods, indicating that the BN/CuO@MWCNTs composite is suc-
cessfully prepared.

The chemical and phase structures of the samples were investigated 
by FTIR spectroscopy and XRD patterns (Fig. 3). The FTIR spectrum of 
BN microrod, BN/CuO hybrid and BN/CuO@MWCNTs composite are 
shown in Fig. 3a. BN microrod shows two intense peaks at 1380 and 803 

Fig. 1. Schematic of the preparation procedure of BN/CuO@MWCNTs composites.
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cm− 1, which are caused by the stretching and bending vibrations of B-N, 
respectively (Han et al., 2022). In addition, an additional characteristic 
signal located at ~3423 cm− 1 corresponds to the –OH group, reflecting 
the high activity of the synthesised BN microrod (Han et al., 2024). 
When CuO NPs are introduced, a typical absorption peak appears at 525 
cm− 1, which is associated with Cu–O (Pang et al., 2024). Moreover, 
B–N–B vibration in the BN/CuO hybrid moves in a low-wavenumber 
direction, implying a weak interaction between BN and CuO. For the 
BN/CuO@MWCNTs composite, the peaks observed at 1112.1 and 1268 
cm− 1 are assigned to the B–O–C and C–N, indicating the formation of 
covalent bonds between BN and MWCNTs (Bashir et al., 2023).

The XRD patterns of the BN microrod, BN/CuO hybrid and BN/ 
CuO@MWCNTs composite are shown in Fig. 3b. BN sample possesses 
four reflections at 2θ of 26.9◦, 42.3◦, 55.6◦, and 76.2◦, which is associ-
ated with the (002), (100), (102), and (004) crystal planes of h-BN 
structure (JCPDS card no. 34-0421), respectively (Han et al., 2023). For 
BN/CuO hybrid and BN/CuO@MWCNTs composite, the peaks at 2θ =
32.5◦, 35.4◦, 38.7◦, 48.7◦, 58.4◦, 61.7◦, 66.4◦, 68.3◦, 72.7◦ and 75.3◦can 
be indexed to the (110), (11 − 1), (111), (20 − 2), (202), (11 − 3), 
(31 − 1), (220), (311) and (22 − 2) planes of the monoclinic crystalline 
phase of CuO (JCPDS card no. 48-1548) (Fig. S5) (Yan and Li, 2023). 
Compared with the BN/CuO hybrid, the BN/CuO@MWCNTs composite 
exhibits a broad peak at 25.8◦, which may be due to the (002) plane of 
BN overlapping with that of MWCNTs. In addition, some of the char-
acteristic peaks of CuO disappear in BN/CuO@MWCNTs composite, 

presumably because CuO is covered by MWCNTs.
The elemental composition and valence states of the BN/ 

CuO@MWCNTs composite were determined by XPS spectra (Fig. 4). 
Five characteristic peaks are detected in the XPS survey spectrum 
(Fig. 4a), corresponding to B, C, N, O and Cu signals, respectively. 
Fig. 4b-f show the high-resolution B 1s, N 1s, Cu 2p, C 1s and O 1s XPS 
energy spectrum, respectively. The B1s spectrum (Fig. 4b) could be 
fitted with three peaks at 191.0, 192.4 and 193.9 eV, representing the 
B–N, B–O and B–C bonds, respectively (Zare and Moradi, 2022). As 
shown in Fig. 4c, the N 1s peak can be fitted into two peaks, which result 
from the N–B (399.7 eV) and N–C bonds (398.5 eV). For Cu 2p spectra 
(Fig. 4d), two characteristic peaks at 934.4 and 954.4 eV correspond to 
the binding energies of Cu 2p3/2 and Cu 2p1/2, respectively, and the 
difference in their binding energies is 20 eV, implying the formation of 
Cu2+ species. Moreover, two strong satellite peaks are observed, further 
manifesting the presence of Cu2+ species (Maity et al., 2022). The 
deconvoluted C 1s spectra can be fitted into three peaks (Fig. 4e). The 
main peak at 284.7 eV is associated with the C–C/C––C bands. The 
peaks at the binding energy of 285.1 and 285.7 eV correspond to the 
C–N and C–O–B bonds (Sekar et al., 2021). As depicted in Fig. 4f, the 
O 1s spectra can be divided into three fitted peaks at 531.6, 532.7 and 
533.9 eV, which are related to Cu–O–Cu, C–O–B and Cu–O–B 
bonds, respectively (Zare and Moradi, 2022; Li et al., 2023). Taken 
together, the abovementioned results suggest that BN, CuO and 
MWCNTs are successfully combined to form BN/CuO@MWCNTs 

Fig. 2. SEM images of (a) BN, (b) BN/CuO hybrid, (c) BN/CuO@MWCNTs composite, and corresponding elemental mapping images of BN/CuO@MWCNTs com-
posite: (d) B, (e) N, (f) C, (g) Cu and (h) O elements.

Fig. 3. (a) FTIR spectrum and (b) XRD patterns of BN microrod, BN/CuO hybrid and BN/CuO@MWCNTs composite.
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composite.
In general, the TC value is one of the important indexes for evalu-

ating the endothermic/exothermic rate of composite PCMs. Fig. 5a 
shows the effect of the mass fraction of filler on the TC values of PEG- 
based composites. Pure PEG is a poor thermal conductor with a low 
TC of 0.26 W/(m⋅K), which is mainly due to the severe phonon 

scattering of the molecular chain (Guo et al., 2020). For the PEG/BN 
composite, the TC values are slightly enhanced with the increase of BN 
addition. By contrast, the TC values of PEG/BN/CuO composites are 
dramatically higher than PEG/BN composites. The reason is that CuO 
can act as a “solder joint” to ensure good contact with the BN to create 
thermally conductive paths in the composite, which significantly 

Fig. 4. (a) Survey XPS spectrum, the high-resolution spectrum of (b) B 1s, (c) N 1s, (d) Cu 2p (e) C 1s and (f) O 1s of BN/CuO@MWCNTs composite.

Fig. 5. (a) TC and (b) TC enhancement (c) infrared thermal images of PEG/BN, PEG/BN/CuO and PEG/BN/CuO@MWCNTs composites, (d) cross-sectional SEM 
image and (e-g) corresponding element distribution, (h) the possible thermal conduction manners of PEG/BN/CuO@MWCNTs composite.
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reduces the ITR (Wang et al., 2020; Xu et al., 2023). Moreover, when 
BN/CuO@MWCNTs are introduced, the TC values of PEG/BN/ 
CuO@MWCNTs composites show a significant upward trend. Overall, 
the TC values present the result that PEG/BN/CuO@MWCNTs > PEG/ 
BN/CuO > PEG/BN at the same filler addition. For instance, the TC 
value of PEG/BN/CuO@MWCNTs composite achieves 2.35 W/(m⋅K) 
with 10 wt% filler contents, about 9.0, 5.6 and 1.7 times higher than that 
of pure PEG, PEG/BN and PEG/BN/CuO. Additionally, the factor (δ) is 
introduced to further evaluate the TC improvement per 1 wt% filler 
loading on the composites by using the following Eq. (1) (Han et al., 
2023). 

δ =
TCCOM − TCPEG

100wf TCPEG
× 100% (1) 

where wf is the mass fraction of filler; TCPEG and TCCOM are the TC values 
of pure PEG and PEG-based composite PCMs, respectively. As demon-
strated in Fig. 5b, the δ of PEG/BN/CuO@MWCNTs reaches the 
maximum value of 88 % at only 8 wt% filler loading, which is much 
higher than that of PEG/BN and PEG/BN/CuO. This is attributed to the 
formation of a dense thermally conductive BN/CuO@MWCNTs network 
in the PEG matrix.

To investigate the thermal response rate, the samples with the same 
size are placed on a graphite heating plate at 50 ◦C for 80 s, and the 
evolutions of the surface temperatures are monitored using an infrared 
camera (Fig. 5c and Fig. S6). As shown in Fig. 5c, the infrared heat 
images of PEG/BN/CuO@MWCNTs present the fastest color change 
from blue to orange compared to the pure PEG, PEG/BN, PEG/BN/CuO 
samples during the heating process, suggesting that the PEG/BN/ 
CuO@MWCNTs has rapid thermal response rate, which could facilitate 
thermal energy transfer.

The cross-sectional SEM image, element distribution and the possible 
TC enhancement mechanism of the PEG/BN/CuO@MWCNTs composite 
are shown in Fig. 5d-h. Firstly, CuO adhered to BN surface can reduce 
the ITR between BN and MWCNTs, which accelerates phonon transport 
and suppresses phonon scattering (Xu et al., 2023). Secondly, due to the 
bridging effect, the introduction of MWCNTs can construct additional 

heat transfer paths to further improve the phonon transmission density 
(Xia et al., 2020). Therefore, the heat flow can be quickly transferred to 
the interior of the PEG/BN/CuO@MWCNTs composite PCMs through 
the thermally conductive network, which strongly supports the 
improvement of the thermal storage rate.

The phase-change enthalpy and phase transition temperature are 
critical parameters for evaluating the performance of PCMs. Thus, the 
endothermic/exothermic curves of samples were investigated by DSC 
(Fig. 6ab). The detailed thermophysical data obtained from the DSC 
curves, such as the melting/crystallization temperature (Tm/Tc) and the 
melting/crystallization enthalpy (ΔHm/ΔHc), are listed in Table S3. The 
PEG/BN, PEG/BN/CuO and PEG/BN/CuO@MWCNTs composite PCMs 
display similar DSC curves with pure PEG, suggesting the absence of 
chemical reactions between the substrate and fillers. Compared to the 
pure PEG, the ΔHm and ΔHc of composite PCMs slightly decrease, pri-
marily because BN, CuO, and MWCNTs in the composite do not undergo 
a phase transition process. In addition, the Tm of PEG, PEG/BN, PEG/ 
BN/CuO and PEG/BN/CuO@MWCNTs in the heating process are 58.6, 
58.1, 57.5 and 56.4 ◦C, respectively. The lowest Tm of the PEG/BN/ 
CuO@MWCNTs composite PCMs may be due to the efficient heat 
pathways formed by BN/CuO@MWCNTs inside the composite PCMs, 
which promotes the thermal movement of PEG molecular chains. In the 
cooling process, The Tc of the PEG/BN/CuO@MWCNTs is 43.8 ◦C, 5.4, 
3.8, and 2.1 ◦C higher than that of PEG, PEG/BN and PEG/BN/CuO, 
respectively, which can be attributed to the fact that the BN/ 
CuO@MWCNTs with a high specific surface area provides a large 
number of nucleation sites for PEG and reduces nucleation activation 
energy (Lei et al., 2019).

Evaluation of the supercooling degree (ΔT) of PCMs is important for 
practical applications, which can be obtained through the formula ΔT =
Tm – Tc. The ΔT of PEG, PEG/BN, PEG/BN/CuO and PEG/BN/ 
CuO@MWCNTs are 20.2, 18.1, 15.8 and 12.6 ◦C, respectively (Fig. 6c). 
The PEG/BN/CuO@MWCNTs composite has the lowest ΔT, because the 
BN/CuO@MWCNTs as nucleation agent promotes PEG crystallization. 
On the one hand, the BN/CuO@MWCNT with a high specific surface 
area and large roughness provides the heterogeneous nucleation sites for 

Fig. 6. (a, b) DSC curves, (c) supercooling degree and (d) shape-stability of PEG, PEG/BN, PEG/BN/CuO and PEG/BN/CuO@MWCNTs composites, (e) DSC curves (f) 
and FTIR spectra of BN/CuO@MWCNTs composite before and after 100 thermal cycles.
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PEG crystal growth (Fig. S7) (Li et al., 2023). On the other hand, BN/ 
CuO@MWCNT has good surface wettability with PEG due to the pres-
ence of oxygen-containing groups, which reduces the nucleation acti-
vation energy of PEG (Chen et al., 2023).

In practical applications, the leakage of PCMs decreases the energy 
storage density and contaminates the contact equipment. To examine 
the shape-stability, the samples are heated from 30 to 75 ◦C, and the 
process is captured with a digital camera (Fig. 6d). At 30 ◦C, all samples 
are in a solid-state and maintain their original circular shape. The pure 
PEG melts and displays obvious liquid leakage as the temperature rises 
to 55 ◦C, while slight leakage is also observed in the PEG/BN. The PEG/ 
BN/CuO and PEG/BN/CuO@MWCNTs composite PCMs exhibit excel-
lent shape-stability with no signs of liquid leakage. With further heating 
up to 65 ◦C, the leakage of the pure PEG and PEG/BN samples becomes 
more visible, whereas the PEG/BN/CuO begins to showcase slight 
leakage. Furthermore, the PEG/BN/CuO@MWCNTs composite still 
could retain its original shape at 75 ◦C (~16 ◦C above the melting point 
of pure PEG) without significant PEG leakage, whereas the other sam-
ples show significant melt leakage, indicating that it has excellent shape- 
stability. The PEG/BN/CuO@MWCNTs composite PCMs have a denser 
inner interconnected network due to the attachment of MWCNTs to the 
BN/CuO surface, which can effectively encapsulate PEG (Deng et al., 
2023). Meanwhile, the hydrogen bonds between –OH on the PEG and O 
electronegative atom on the surface of BN/CuO@MWCNTs restrict the 
movement of the PEG molecular chain. This enables PEG/BN/ 
CuO@MWCNTs composite PCMs to remain shape-stable even at a 
melting temperature much higher than that of pure PEG.

Furthermore, the stable reversibility of the PEG/BN/CuO@MWCNTs 
composite PCMs is explored by the DSC cycling test and FTIR spectra 
(Fig. 6e-f). As displayed in Fig. 6e, the ΔHm and ΔHc of composite PCMs 
remain constant after 101 heating cycles. After thermal cycling, the peak 
shapes and wavenumbers in the FTIR spectra are also unchanged 
(Fig. 6f). These results demonstrate that PEG/BN/CuO@MWCNTs 
composite PCMs have excellent reliability and long-term stability.

To realize the energy harvesting, conversion and storage of com-
posite PCMs with the same surface area and weight by photo-thermal 
routes, an experimental setup was designed to conduct the light- 
thermal conversion test (Fig. 7a). The temperature variations were 
recorded as a function of time using a thermocouple recorder under 100 
mW/cm2 simulated solar irradiation (Fig. 7b). Under simulated solar 
irradiation, the saturation surface temperatures of PEG and PEG/BN 
reach 39 and 43 ◦C at 300 s without inflection points or platforms, 
indicating that the phase transition behaviour did not occur, which can 
be explained by the poor light absorption properties of PEG and BN. For 
PEG/BN/CuO and PEG/BN/CuO@MWCNTs composites, the surface 
temperatures rapidly increase in the initial stage and then reach a stable 

plateau, suggesting that solar energy is converted into thermal energy 
and stored through phase transition. After the completion of the phase 
change process, the secondary warming process occurs until the satu-
rated temperature is achieved. Impressively, the saturated temperature 
of PEG/BN/CuO@MWCNTs is 84 ◦C, which is superior to that of the 
PEG/BN/CuO (68 ◦C), showcasing outstanding light-absorbing ability 
and photothermal conversion performance. Upon the turn-off light 
source irradiation, the PEG/BN/CuO@MWCNTs composite shows a 
significant liquid–solid phase change plateau that lasts for more than 
100 s, which represents the heat-releasing process. These results reveal 
that PEG/BN/CuO@MWCNTs composite PCMs can rapidly transform 
the absorbed light into thermal energy, and spontaneously store thermal 
energy through a phase transition, thereby remarkably increasing the 
efficiency of solar thermal utilization.

To further verify the superiority of PEG/BN/CuO@MWCNTs com-
posite PCMs, the η is estimated using the following Eq. (2) (Liu et al., 
2024): 

η =
mΔHm

ps(t2 − t1)
(2) 

where m, ΔHm and s are respectively the weight (g), fusion enthalpy (J) 
and surface area (cm2) of the samples. P is the power of the simulated 
solar irradiation (mW/cm2). t1 and t2 are the onset and end times of 
light-driven phase transition taking place in the samples, respectively, 
which are obtained by the tangential method (Fig. 7b) (Chen et al., 
2023). The data required for calculating the η of the sample is listed in 
Table S4. Based on Eq. (2), the η values of the PEG/BN/CuO and PEG/ 
BN/CuO@MWCNTs are approximately 75.8 % and 92.2 %, respectively. 
The improvement in the photothermal storage efficiency of PEG/BN/ 
CuO@MWCNTs is attributed to the introduction of BN/CuO@MWCNTs 
to enhance the absorption enhancement in the UV–Vis–NIR regions 
(Fig. S8). In addition, the heat transfer and photothermal conversion 
properties of PEG/BN/CuO@MWCNTs were compared to those of other 
PEG-based PCMs, as shown in Table S5. Compared with other studies, 
the comprehensive performance of PEG/BN/CuO@MWCNTs demon-
strates highlight advantages.

4. Conclusion

In summary, PEG/BN/CuO@MWCNTs composite PCMs for photo-
thermal conversion and storage were fabricated by the combination of 
BN with CuO and MWCNTs via the high-temperature solid-state method 
and incorporating BN/CuO@MWCNTs into PEG. The limitations in 
terms of low η and TC have been effectively overcome through the 
rational design of the structure. In particular, the PEG/BN/ 
CuO@MWCNTs composite PCMs possess a remarkable TC of 2.35 W/ 

Fig. 7. (a) The diagram of setup for light-thermal conversion experiment, (b) time–temperature curves of PEG, PEG/BN, PEG/BN/CuO and PEG/BN/ 
CuO@MWCNTs composites.
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(m⋅K) with 10 wt% filler additions, which is about 803.8 % higher than 
the pure PEG. Meanwhile, the composite PCMs not only display high 
latent heat of 154.5 J/g and a high η of 92.2 %, but also show 
outstanding shape-stability after heating at 50 ◦C and maintain a high 
thermal cycle stability after thermally cycled for 100 times. Meanwhile, 
due to the synergetic nucleating effect of BN, CuO and MWCNTs, the 
supercooling of PEG/BN/CuO@MWCNTs was effectively suppressed 
from 20.2 ◦C to 12.6 ◦C. Consequently, PEG/BN/CuO@MWCNTs com-
posite PCMs with excellent comprehensive performance have great po-
tential in the collection, conversion and storage of solar energy.
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