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latent heat of solid–liquid PCMs via a solid–solid
PCM as a supporting skeleton

Zhubin Yao,a Xiaoqing Yang, *a Xiaodong Lin,a Guoqing Zhanga

and Jingwen Weng *b

Insufficient thermal stability of phase change materials (PCMs) remains a fundamental limitation for next-

generation battery thermal management. Here, we present a low-temperature skeleton-engineering

strategy to construct a three-dimensional solid–solid phase change polymer (SSPCM) that immobilizes

a solid–liquid PCM, yielding a composite PCM (CPCM) with exceptional thermal stability and application

versatility. The SSPCM was formed by in situ free-radical copolymerization of stearyl acrylate (SA) and

hexamethylene diacrylate (HA) as monomers within a paraffin matrix, using a redox initiation system. This

process proceeds under mild conditions (as low as 40 °C), without requiring high temperature, pressure,

or sealed environments, enabling a scalable and energy-efficient fabrication route. The resulting CPCM

exhibits remarkable thermal stability, with a mass loss of only 0.35 wt% after 120 h at 55 °C (above its

phase transition temperature), and retains structural integrity up to 250 °C. It also delivers a high latent

heat of 112.02 J g−1 and a thermal conductivity of 2.36 W m−1 K−1. When applied in lithium-ion battery

modules, it significantly suppresses temperature rise, limiting the peak temperature to 49.1 °C and the

temperature gradient to 1.82 °C under 2C discharge. This work offers a scalable, low-energy fabrication

route to structurally stabilized PCMs, enabling multifunctional thermal management solutions in both

energy storage and broader thermal control applications.
1 Introduction

The popularization and promotion of new energy vehicles
(NEVs) is one of the effective ways to address the global chal-
lenges of energy depletion and environmental pollution.1 With
the continuous deepening of technological development, the
market has put forward higher requirements for the perfor-
mance of NEVs, such as higher range, superior power perfor-
mance, and more reliable safety performance.2 Notably, the
achievement of these goals ultimately focuses on the core
component of NEVs—the battery module.3 At present, the
battery modules used in NEVs are mainly lithium-ion batteries
(LIBs),4,5 and there is an inevitable problem with LIBs, which is
that their performance is seriously affected by the working
temperature.6 It is generally believed that the safe working
temperature range of LIBs is 25–50 °C, and the temperature
difference between LIBs should not exceed 5 °C.7 When the
working temperature is excessively low, the mobility of lithium
ions in the electrolyte is signicantly retarded, manifesting as
slower charging/discharging rates and reduced capacity.8
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However, when the working temperature is excessively high, the
situation becomes even worse. Prolonged operation of LIBs in
excessively high-temperature environments not only accelerates
electrolyte decomposition, but also induces collapse of elec-
trode material structures, loss of active materials, and perma-
nent capacity reduction.9 Over time, this will escalate internal
side reactions, ultimately culminating in thermal runaway of
the battery module. In response to the thermal safety hazards
faced by LIB modules in NEVs, an efficient cooling system is
recognized as a necessary conguration to ensure their safe
operation.10 In the early development stage of NEVs, air cooling
was frequently adopted in battery thermal management
systems (BTMs) for heat dissipation. Its simple structure, low
cost, and easy maintenance make it suitable for small NEVs
with low heat dissipation requirements or models with short
range.11 With the continuous development of NEVs, air cooling
gradually cannot meet the heat dissipation needs due to its low
heat dissipation efficiency.12 Currently, automotive manufac-
turers such as BYD and Tesla have adopted liquid cooling BTM
technology. Compared with air cooling BTM technology, liquid
cooling BTM technology offers signicantly higher heat dissi-
pation efficiency.13 However, liquid cooling systems inherently
feature greater complexity and carry the risk of coolant
leakage.14 More critically, constrained by the overall design of
the battery module, the liquid-cooled plates are typically
This journal is © The Royal Society of Chemistry 2025
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positioned at the module's bottom, which tends to exacerbate
the internal temperature gradient within individual cells.15

In recent years, phase change material (PCM) BTM tech-
nology has received widespread attention.16 As a passive heat
dissipation technology, it combines the advantages of air cool-
ing and liquid cooling BTM technology. While maintaining
high heat dissipation efficiency and high temperature unifor-
mity, it also has the characteristics of simple installation and
maintenance. The PCMs mainly used in BTM technology are
organic solid–liquid phase change materials (SLPCMs), such as
paraffin, fatty acids, and fatty alcohols, which have high latent
heat (170–250 J g−1) and suitable phase change temperature
(30–60 °C).17 However, the inherent drawbacks of organic
SLPCMs, primarily low thermal conductivity and weak thermal
stability, are the main issues limiting their further develop-
ment.18,19 Specically, the low thermal conductivity of SLPCMs
induces signicant thermal lag, thereby hindering their ability
to efficiently dissipate heat from thermal sources. The primary
strategy to mitigate this issue is to composite carbonmaterials20

(e.g., graphene, carbon nanotubes, and expanded graphite),
metal particles21 (e.g., nano copper and nano silver), or ceramic
materials22 (e.g., boron nitride and silicon carbide) as thermal
conductivity additives with SLPCMs to improve their thermal
conductivity. More critically, the weak thermal stability of
SLPCMs presents more formidable challenges compared to
their low thermal conductivity. SLPCMs experience a solid-to-
liquid phase transition when heated, and the volume of PCMs
exhibits signicant expansion.23 In some severe cases, leaked
phase change ingredients can contaminate and corrode
equipment, and they can also cause equipment short circuits,
posing greater safety risks.24,25 In the reported strategies for
improving the thermal stability of SLPCMs, there are mainly two
types. One is to incorporate polymer materials26–29 (e.g., epoxy
resin, styrene–ethylene–butylene–styrene (SEBS), and low-
density polyethylene (LDPE)), porous carbon materials, or
other porous materials30–32 (e.g., diatomite and metal–organic
frameworks (MOFs)) into SLPCMs, improving the thermal
stability of SLPCMs through the coating and capillary conden-
sation adsorption effect of supporting materials. Although this
strategy is relatively simple and can generally be achieved
through melt blending or vacuum impregnation adsorption, it
can also lead to a new problem. When aiming to signicantly
improve PCM thermal stability, the required content of
Table 1 Preparation conditions required for partially reported SSPCMs

CPCM Reaction temperature (oC)

MHPCM 80
PPCM 80
PM 80
PEG-HDI-T 85
GO-g-PHDA 65
PAA-g-FA PCM 110
PEG/GO/h-BN 85
PU-SSPCM 60
PUPCM 70
PESH–CPCM 40

This journal is © The Royal Society of Chemistry 2025
supporting materials is usually above 40 wt%, which will seri-
ously reduce the energy storage efficiency of PCMs.33,34 Another
approach is to prepare SSPCMs based on chemical reactions,
fundamentally solving the problem of weak thermal stability of
PCMs through intermolecular forces. However, SSPCMs repre-
sented by polyurethane (obtained by crosslinking through –OH
and –CNO groups) still have the drawback of low latent heat35,36

(most SSPCMs have a latent heat of 50–80 J g−1). In addition, as
shown in Table 1, the reaction conditions for preparing SSPCMs
are relatively complex, oen requiring solvents, sealing, or
oxygen-free conditions, and these requirements do not meet the
conditions for large-scale preparation. Consequently, a lot of
effort is still needed for the practical application of SSPCMs.

In summary, when using polymers or porousmaterials as the
support skeleton for PCMs, there is a contradiction between
improving thermal stability and reducing energy storage effi-
ciency. Meanwhile, preparing SSPCMs through molecular
synthesis also has the problems of low energy storage efficiency
and overly complex preparation methods that are not suitable
for batch production. To address the aforementioned issue, this
work proposes a new strategy for balancing the thermal stability
and energy density of PCMs. Specically, expanded graphite
(EG) serves as the thermal conductivity enhancer; paraffin (PA)
serves as a phase change ingredient and reaction solvent; stearyl
acrylate (SA) is used as the reactive monomer; hexamethylene
diacrylate (HA) is used as the crosslinking agent, and benzoyl
peroxide–N,N-dimethyl-p-toluene (BPO–DMPT) is used as the
redox initiator system. SA and HA undergo in situ polymeriza-
tion of C]C bonds in PA under the initiation of BPO-DMPT,
constructing a 3D phase change polymer (corresponding to
the SH-skeleton in the following manuscript) that simulta-
neously encapsulates PA and enhances thermal stability. The
SH-skeleton not only has an adsorption function but also has
a phase change function, which can effectively solve the
problem of decreased energy density caused by the skeleton
content. The latent heat of SH-skeleton is 99.55 J g−1, and the
latent heat of the composite PCM (corresponding to PESH–

CPCM in the following manuscript) prepared with SH-skeleton,
PA, and EG in mass fractions of 64 wt%, 30 wt% and 6 wt% is
112.02 J g−1. As expected, the high skeleton content also endows
PESH–CPCM with high thermal stability. For example, PESH–

CPCM canmaintain shape integrity at 250 °C, and themass loss
rate is only 0.35 wt% aer heating at 55 °C for 120 h. In
Gas atmosphere Solvent Ref.

N2 Yes 37
N2 No 38
N2 Yes 39
N2 Yes 40
N2 Yes 41
N2 Yes 42
N2 Yes 43
N2 Yes 44
N2 Yes 45
— No This work
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addition, the SH-skeleton can be obtained at a reaction
temperature of only 40 °C and does not require additional
reaction conditions, such as oxygen free, water free or high-
pressure environments, which creates conditions for its batch
preparation. This study performed detailed chemical structure
characterization and thermal property characterization of the
prepared materials, and studied their applications in various
elds, including thermal management in lithium-ion batteries
and electronic device thermal management, solar cell thermal
management, and photothermal conversion, conrming the
enormous potential of PESH–CPCM.
2 Experimental section
2.1 Materials

SA (95%, Guangzhou Hongcheng Biochem Tech Co., Ltd); HA
(80%, Shanghai McLean Biochem Tech Co., Ltd); BPO (AR,
Shanghai McLean Biochem Tech Co., Ltd); DMPT (AR, Shanghai
Fig. 1 Schematic diagram of PESH–CPCM preparation.

41392 | J. Mater. Chem. A, 2025, 13, 41390–41402
McLean Biochem Tech Co., Ltd); EG (50 mesh, Shanghai
McLean Biochem Tec Co., Ltd); PA (AR, Guangzhou Zhongjia
New Materials Tech Co., Ltd); epoxy resin (ER) (two-component
type, epoxy value: 0.44 mol$(100 g)−1, Shenzhen Mingde New
Materials Co., Ltd). No further purication was performed on
the reagents before use.

2.2 Preparation of PESH–CPCM and PEER–CPCM

A simple “one-pot method” was used to prepare PESH–CPCM.
As shown in Fig. 1, rst, 122.5 g SA and 60.0 g PA were weighed
in a beaker and heated at 50 °C for 1 h to form a homogeneous
solution. Subsequently, 12.0 g EG was slowly added to the mixed
solution in batches, gradually increasing the speed of the stirrer
(200–1000 r$min−1). Aer all EG was added, the mixture was
stirred at 1000 r$min−1 for 1 h until a uniform slurry was
formed. Following this, 2.5 g HA and 2.9 g BPO were added
sequentially and stirred for 30 min to facilitate complete
dissolution of BPO. Finally, 0.5 g DMPT was added and stirred
This journal is © The Royal Society of Chemistry 2025
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for 1 min until uniform, and the slurry was rapidly transferred
into different customized molds and placed in an oven at 40 °C
for 1 h to obtain PESH–CPCM. A cylindrical sample with
dimensions of 30 mm (D) × 10 mm (H) was used for thermal
stability testing. A rectangular sample with dimensions of 50 ×

50 × 3 mm was used for thermal management of solar cells and
electronic devices. The optimal ratio of SH-skeleton, PA, and EG
was determined through preliminary experiments, and details
can be found in the SI.

Only using BPO as the initiator for the C]C bond poly-
merization process typically requires a reaction temperature of
80–100 °C. In this work, DMPT was used as a reducing agent to
undergo a redox electron transfer reaction with BPO, which
could signicantly reduce the decomposition activation energy
of BPO and efficiently generate active free radicals (PhCOOc) at
temperatures as low as 40 °C, triggering the polymerization of
C]C bonds.

To enable a direct performance comparison, ER without
phase change capability was selected as the supporting skeleton
to prepare the control group. Epoxy resin-based CPCM,
comprising 55 wt% PA, 39 wt% ER, and 6 wt% EG, was prepared
following our previous work,46 which had a similar latent heat to
PESH–CPCM. Specically, 55 g PA and 19.5 g ER-part A were
weighted in a beaker, and the mixture was heated at 60 °C for
1 h to form a uniform solution. Then, 6 g EG was slowly added
in batches, and mechanically stirred for 1 h to obtain a uniform
mixture. Finally, 19.5 g ER-part B was added, stirred for 3 min
before pouring into the mold, and cured at room temperature
for 24 h to obtain the CPCM, labeled as PEER–CPCM. The
specic proportions of different samples are shown in Table 2.
2.3 Characterization

2.3.1 Chemical structure and microstructure characteriza-
tion. A Fourier Transform Infrared Spectrometer (FTIR, Bruker
Tensor II) was used to analyze the FTIR spectra of different
materials, with spectra scanned in the wavenumber range of
500–4000 cm−1. An X-ray diffractometer (XRD, Rigaku Ultima
III) was used to analyze the XRD spectra of different materials,
with a scanning angle range of 0–70° and a scanning rate of 10°$
min−1. Scanning electron microscopy (SEM, Hitachi TM3030)
was used to test the microstructure of materials, with a 15 kV
accelerating voltage.

2.3.2 Thermal property characterization. A thermal
constant analyzer (Hotdisk 500) was used to analyse the thermal
conductivity of different materials. Differential Scanning Calo-
rimetry (DSC, METTLER DSC3) was employed to characterize
the latent heat and phase change temperature of diverse
Table 2 Specific composition of different samples

Sample SSPCM-based cross-linked skeleton (wt%)

PESH–CPCM 64
SH-skeleton/PA 70
SH-skeleton 100
PEER–CPCM —

This journal is © The Royal Society of Chemistry 2025
materials, with a temperature range of 10–80 °C and a heating
rate of 10 K min−1, and 200 DSC cycles were performed under
identical testing conditions. Simultaneous thermal analysis (TA
Instruments-Waters LLC) was used to obtain the thermogravi-
metric (TG) curves of materials, within a temperature range of
50–800 °C and at a heating rate of 10 K min−1. The thermal
stability of PESH–CPCM and PEER–CPCM was analyzed
through the following two sets of tests:

Group1: PESH–CPCM and PEER–CPCM were placed on
a heating platform at 55 °C and heated for 120 h. The mass of
the samples was measured every 12 h, and their mass loss rate
was calculated using Formula (1):

Mloss ¼
�
Mi

Mh

OMi

�
� 100% (1)

In the formula, Mloss represents the mass loss rate of
samples; Mi represents the initial mass of the samples; Mh

represents the mass of the sample aer heating.
Group2: PESH–CPCM and PEER–CPCM were placed on

a heating platform and gradually heated from 30 °C to 250 °C.
And their deformation and leakage performance at different
temperatures were recorded by taking photographs.

2.3.3 Thermal management capability test
2.3.3.1 Thermal management testing of lithium-ion batteries.

Initially, 18 650 ternary lithium-ion batteries were chosen as the
research subjects (specic parameters are shown in Table 3),
and the batteries and PESH–CPCM were assembled into battery
modules. As shown in Fig. S3a, PESH–CPCM was cast into
a rectangular module measuring 66 × 66 × 65 mm, with nine
evenly spaced cylindrical holes (V 18mm) embedded within the
structure. Then, K-type thermocouples were attached to the
surfaces of the batteries, and the batteries were then inserted
into the corresponding holes of the PESH–CPCM module.
Finally, nickel sheets were welded in a 3 series × 3 parallel
conguration to form the battery module (15 Ah/10.8 V) for
subsequent temperature control performance testing of the
CPCM. The module assembled with PESH–CPCM and batteries
was labeled as the PESH-module. In addition, the PEER-module
with PEER–CPCM and the air-module without PCM were
prepared in the same way.

Subsequently, as shown in Fig. S3b, a self-made experi-
mental platform was used to analyze the temperature variations
of the battery modules during charging–discharging cycles.
Specically, the battery module was equilibrated in a 25 °C
constant temperature chamber before undergoing charging–
discharging cycling. Aer that, the battery module was charged
at 1C in constant current–constant voltage mode (CC–CV) and
ER-based skeleton (wt%) PA (wt%) EG (wt%)

— 30 6
— 30 —
— — —
39 55 6

J. Mater. Chem. A, 2025, 13, 41390–41402 | 41393
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Table 3 Specific parameters of the 26 650 cylindrical batteries used
for testing

Parameters Value or material

Cathode Li(Ni5Co2Mn3)O2

Anode Graphite
Electrolyte LiPF6
Rated capacity 5 Ah
Rated voltage 3.6 V
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then discharged at 1C in constant current mode (CC). The
interval between charging and discharging was 1 h, and the
entire process was labeled as the 1C–1C single cycle test. In
addition, the same charging–discharging mode was used to test
the 1–2C and 1–3C single cycle tests, and 15 cycles of charging–
discharging tests were conducted at 1–1.5C. During the testing
process, an Agilent temperature date logger was used to record
the temperature changes of the batteries.

2.3.3.2 Thermal management testing of solar cells. The CPCM
was tightly attached to the back of the solar cell, and the solar
cell was irradiated with a xenon lamp at a light intensity of 1.5
sun. At the same time, an Agilent temperature date logger and
a direct-current electronic load were used to monitor the
working temperature changes and output power of the solar cell
during the irradiation process.

2.3.3.3 Thermal management testing of electronic devices. A
ceramic heating element (CHE, 50 × 50 × 2 mm) was used to
simulate the heating of electronic devices during operation. The
Fig. 2 (a) Dissolution experiments of SA and PESH–CPCM in toluene. (b)
(f) Comparison of thermal conductivity between this work and some repo
CPCM7;52 S3;53 ss-cSA/PSC;54 PCPU/mCNT;55 FCPCM;56 LA/SEBS/CNTs-

41394 | J. Mater. Chem. A, 2025, 13, 41390–41402
CPCM was tightly attached to the back of the CHE, and a direct-
current power supply was used to provide 4.5 W to the CHE. An
Agilent temperature date logger and infrared thermal imaging
devices were used to record the temperature changes of the
CHE.

2.3.3.4 Thermal conversion ability testing. The PESH–CPCM
was embedded in rubber insulation cotton, leaving only the
front side exposed to receive light. Similarly, a xenon lamp was
used to irradiate PESH–CPCM with a light intensity of 1.5 sun.
The temperature change of the PESH–CPCM during the illu-
mination process was recorded using an Agilent temperature
date logger, and the photothermal conversion efficiency of
PESH–CPCM was calculated using Formula (2):47

h ¼ mDH

ISðti � t0Þ (2)

In the formula, m represents the sample mass; DH repre-
sents the melting latent heat of CPCM; I represents the light
intensity; S represents the irradiation area; t0 and ti represent
the start time and end time of the phase change process,
respectively.
3 Results and discussion

First, the prepared PESH–CPCM and SA were placed in toluene,
as shown in Fig. 2a. It can be observed that SA completely di-
ssolved in toluene aer 24 h, while PESH–CPCM experienced
FTIR, (c) XRD, (d) DSC, and (e) thermal conductivity of different samples.
rted studies: LCB-CPCMs;48 CB550-70;49 BPTIM;50 4 wt% Al2O3/PEG;51

COOH.19

This journal is © The Royal Society of Chemistry 2025
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only swelling. This macroscopically conrms the successful
aggregation of PESH–CPCM. To further demonstrate the
successful synthesis of PESH–CPCM, the raw materials and
PESH–CPCM were characterized by FTIR and XRD. In the FTIR
curves of SA and HA (as shown in Fig. 2b), the characteristic
peak at 1727 cm−1 is associated with the –C]O stretching
vibration of the ester group, and the characteristic peaks at
∼1276 and ∼1195 cm−1 are associated with the –C–O– stretch-
ing vibration of the ester group. The characteristic peaks at the
same position are also observed in the SH-skeleton, indicating
the presence of ester groups in the SH-skeleton. In addition, the
characteristic peak at 1467 cm−1 in the SH-skeleton is associ-
ated with the bending vibration of –CH2

−, while the character-
istic peak observed at 721 cm−1 is attributed to the bending
vibration of –(CH2)n

− (n $ 4). More importantly, in the FTIR
curves of SA and HA, the characteristic peak at around
1631 cm−1 is associated with the stretching vibration of C]C,
while the characteristic peak at around 985 cm−1 is attributed to
the bending vibration of C]C. These peaks are not observed in
the SH-skeleton, which proves that SA and HA successfully
underwent a polymerization reaction. Furthermore, the same
C]C characteristic peak is not observed in PESH–CPCM, which
further conrms that the addition of PA and EG does not affect
the polymerization of the SH-skeleton. In the XRD curves shown
in Fig. 2c, the characteristic diffraction peaks of PA at 25.3°, EG
at 26.6°, and the SH-skeleton at 21.6° can all be observed in
PESH–CPCM, which proves the uniform recombination
between the SH-skeleton, EG, and PA. In addition, no additional
characteristic diffraction peaks are observed in PESH–CPCM,
which also proves that no chemical reaction occurs between the
SH-skeleton, PA, and EG. The supporting skeleton in PESH–

CPCM is also characterized. The SEM image of PESH–CPCM,
labeled as PESH–CPCM (PA removed) aer removing PA with
dimethylbenzene, is shown in Fig. S4. It can be observed that
aer PA is removed, pore structures of 20–100 mm are distrib-
uted on the surface of PESH–CPCM, which can provide
adsorption force for PA when PA transforms into the liquid
phase.

The thermal management performance of PCMs is critically
dependent on their thermophysical properties. Latent heat and
thermal conductivity enable PCMs to absorb thermal energy
more rapidly and efficiently, thereby improving their heat
storage capacity and temperature regulation effectiveness. First,
DSC was utilized to characterize the phase change behavior of
PESH–CPCM, encompassing latent heat and phase transition
temperature. As shown in Fig. 2d and Table 4, the measured
Table 4 Thermal characteristics of various samples

Samples Phase change temperature (°C)

PA 51.3
SH-skeleton 49.3
SH-skeleton/PA 46.9
PESH–CPCM 46.6
PEER–CPCM 56.3

This journal is © The Royal Society of Chemistry 2025
latent heat of the SH-skeleton is only 99.55 J g−1. However, the
measured latent heat of PESH–CPCM can reach 112.02 J g−1,
which is approximately 12% higher than that of the SH-
skeleton. And PESH–CPCM exhibits a suitable phase change
temperature range of 40.5–48.9 °C, making it applicable for
diverse thermal management scenarios. The thermal conduc-
tivity of various CPCMs is presented in Fig. 2e. When 6 wt% EG
is incorporated, the thermal conductivity of PESH–CPCM rea-
ches 2.36 W m−1 K−1, which is 1080% greater than that of SH-
skeleton/PA. This remarkable enhancement is primarily attrib-
uted to the continuous heat transfer skeleton formed by the
uniform dispersion of EG within the SH-skeleton/PA matrix.
Specically, EG features a highly ordered graphite crystal
structure with micron-scale lamellar morphology, which
enables efficient phonon propagation with minimal scattering
within its layers. This characteristic allows EG to serve as
a “high-speed channel” for heat transfer, far outperforming the
phonon propagation efficiency in the SH-skeleton/PA. As illus-
trated in Fig. 2f, the thermal conductivity of PESH–CPCM also
remains comparatively high compared with most previously
reported studies. Surprisingly, despite such a signicant rise in
thermal conductivity, the latent heat of PESH–CPCM is only
reduced by 11% compared to SH-skeleton/PA. It is worth
mentioning that compared to PEER–CPCM with the same EG
content, PESH–CPCM has a higher thermal conductivity, which
should be associated with the better compatibility between EG
and SA, and the more dispersed EG forms a more continuous
conductive skeleton. The addition of EG has signicantly
improved the thermal conductivity of PESH–CPCM, but it also
introduces more defects that may lead to a decrease in the
mechanical properties of PESH–CPCM. Regarding this, the
strength of PESH–CPCM was evaluated through bending and
compression mechanical performance tests, as shown in Fig.
S5a and b. The calculated bending strength and compression
strength of PESH–CPCM are 0.11 MPa and 10.98 MPa, respec-
tively. In addition, a weighing experiment was conducted on
PESH–CPCM, as shown in Fig. S5c. PESH–CPCMwith a width of
13 mm and a thickness of 2.5 mm can carry a 200 g weight,
while PESH–CPCM with a thickness of 4 mm can carry a 500 g
weight. The twisting experiment of PESH–CPCM aer heating at
40 °C is shown in Fig. S5d. When PESH–CPCM is heated, it
exhibits better exibility. This proves that when PESH–CPCM is
applied to NEVs, it can more effectively mitigate vibrations
generated during driving aer absorbing the heat produced by
the battery module during operation.
Latent heat (J g−1) Thermal conductivity (W m−1 K−1)

241.95 0.27
99.55 0.28

120.63 0.20
112.02 2.36
116.83 1.17
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The thermal stability of PCM, including shape stability and
anti-leakage performance, is also a critical metric for measuring
whether PCM has practical application potential. First, 200 DSC
cycles of PESH–CPCM were tested at 10–80 °C, and the test
results are displayed in Fig. 3a and b. And the latent heat of
PESH–CPCM decreased from 112.7 to 112.1 J g−1 aer 200
cycles, a decrease of only about 1%, which can be basically
ignored. The cycle stability of PESH–CPCM is mainly attributed
to the following aspects. Part of the latent heat in PESH–CPCM
is provided by the SH-skeleton. Since the phase change
segments (C18) in the SH-skeleton are chemically bonded to the
cross-linked skeleton, this fundamentally eliminates the
problem of leakage for the SH-skeleton. For the part of the
latent heat provided by PA in PESH–CPCM, on one hand, during
the preparation process, the polymerization of SA and HA to
form the SH-skeleton occurs directly in PA, enabling the SH-
skeleton to effectively encapsulate PA. On the other hand,
according to reported studies, EG can also provide partial
adsorption for PA.57,58 Furthermore, microscopically, the phase
change segments (C18) of the SH-skeleton and the alkane
segments composing PA are entangled with each other, and the
van der Waals forces between the segments further enhance the
cycle stability of PESH–CPCM. The TG curves of PA, SH-
skeleton, and PESH–CPCM are shown in Fig. S6. The decom-
position temperature of PA in PESH–CPCM is about 200 °C.
Compared with pure PA, PA in PESH–CPCM has a slower
decomposition rate. This is one of the pieces of evidence that
the supporting skeleton constructed by the SH-skeleton and EG
provides adsorption force for liquid-phase PA.
Fig. 3 (a) 200 DSC cycles of PESH–CPCM and (b) calculated latent heat.
at 55 °C for 120 h. (d) Leakage performance and shape changes of PESH

41396 | J. Mater. Chem. A, 2025, 13, 41390–41402
To better evaluate the thermal stability of PESH–CPCM,
continuous heating and high-temperature impact experiments
were conducted on PESH–CPCM and PEER–CPCM. First, PESH–

CPCM and PEER–CPCMwere placed on a heating platform at 55
°C for 120 h. The test results are presented in Fig. 3c. Aer long-
term heating, the Mloss of PESH–CPCM is only 0.35 wt%, while
the Mloss of PEER–CPCM is as high as 8.02 wt%. In the high-
temperature impact experiment, as shown in Fig. 3d, PESH–

CPCM and PEER–CPCM were positioned on a heating platform
and heated from 30 °C to 250 °C. By observing the leakage
behavior and shape change of PESH–CPCM and PEER–CPCM at
different temperatures, it was found that PEER–CPCM exhibited
leakage performance when the temperature rose to 70 °C. As the
temperature increased, the leakage performance continued to
worsen. In contrast, PESH–CPCM showed no detectable leakage
until approximately 200 °C. The reason why PESH–CPCM has
better thermal stability than PEER–CPCM is twofold: on the one
hand, there are molecular dispersion forces between the alkane
side chains (C18) in the SH-skeleton and the straight chain
alkanes in PA. On the other hand, the 3D network structure of
the SH-skeleton could restrict the molecular chains of PA
effectively.

In order to better understand the phase change crystalliza-
tion behavior of the SH-skeleton and PESH-CPCM, as well as
their effects on thermal stability and other properties, a polar-
izing optical microscope (POM) was used to characterize the
crystal morphology of the SH-skeleton and PESH–CPCM and
DSC was used to analyze their crystallization kinetics. As shown
in Fig. S7a and b, the POM images of the SH-skeleton and
PESH–CPCM reveal a fragmented distribution of their
(c) The mass loss rate of PESH–CPCM and PEER–CPCM during heating
–CPCM and PEER–CPCM during the heating process at 30–250 °C.

This journal is © The Royal Society of Chemistry 2025
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crystalline regions, potentially attributed to the side-chain
crystallization behavior of the SH-skeleton. The molecular
chain of the SH-skeleton is composed of a rigid amorphous
main chain and exible crystallizable side chains (C18), and its
crystallization process is independently completed by C18.59

C18 folds into a lamellar structure through intermolecular van
der Waals forces, forming small crystalline aggregates, which
correspond to bright regions in POM; while the main chain
skeleton forms amorphous regions due to its rigid network
structure, corresponding to dark regions in POM. This further
provides evidence for why the SH-skeleton has latent heat.

Next, the non-isothermal crystallization kinetics of the SH-
skeleton and PESH–CPCM were analyzed, and the activation
energy (Ea) of the energy barrier during the crystallization
process was calculated based on the Kissinger equation:60–62

ln
4

Tp
2
¼ �Ea

R
� 1

Tp

þ ln

�
A� R

Ea

�
(3)

In the formula, 4 represents the cooling rate; Tp is the peak
temperature during the crystallization process; Ea is the acti-
vation energy used to characterize the energy barrier that needs
to be overcome during the crystallization process; A is the
frequency factor, which is a parameter that characterizes the
crystallization rate; R is the gas constant, with a value of 8.314
J$(kg K)−1.

The non-isothermal DSC curves of the SH-skeleton and
PESH–CPCM are shown in Fig. S7c and d, and the parameters
obtained based on Tp are recorded in Table S3. Linear tting
was performed on the obtained 1/Tp and ln (1/Tp

2) to obtain Ea
from the slope. As shown in Fig. S7e and f, the Ea values of the
SH-skeleton and PESH–CPCM are 151.28 kJ mol−1 and 204.19 kJ
mol−1, respectively. Compared to the SH-skeleton, PESH–CPCM
requires a larger Ea during the crystallization process. This is
presumably due to EG being dispersed as a rigid ller in the SH-
skeleton matrix, forming a physical barrier that hinders the
diffusion of the side chains (C18) of the SH-skeleton and the
molecular chains of PA. Additionally, the steric hindrance
signicantly increases, leading to an increase in Ea of PESH–

CPCM. The magnitude of Ea directly reects the rate of crys-
tallization kinetics. Specically, a higher Ea means that PESH–

CPCM requires more energy to overcome spatial hindrance and
form regular chain segment arrangements, which slows down
crystal nucleation and manifests as lower crystallinity. And
lower crystallinity implies weaker intermolecular forces—
a factor that also contributes to PESH–CPCM having a lower
phase change temperature than the SH-skeleton. This also
indirectly reects that the thermal stability of PESH–CPCM is
lower than that of the SH-skeleton.

Overall, owing to its high latent heat (112.02 J g−1), favorable
phase change temperature span (40.5–48.9 °C), high thermal
conductivity (2.36 W m−1 K−1), and exceptional thermal
stability, PESH–CPCM exhibits notable potential for practical
applications. To validate its feasibility in lithium-ion battery
thermal management, as shown in Fig. 4a–f and Table 5, three
battery modules (PESH-module, PEER-module, and air-module)
were prepared and tested at varying charging–discharging rates.
This journal is © The Royal Society of Chemistry 2025
The maximum temperature (Tmax) of the entire battery module
was represented by the temperature of the central battery, while
the maximum temperature difference (DTmax) was calculated by
the difference between the central battery and the edge battery.
As shown in Fig. 4a, the three different battery modules have
similar maximum temperatures at a 1C–1C rate. Owing to the
low heat generation at a discharge rate of 1C, the temperature of
the battery has not yet entered the phase change temperature
range of the CPCMs. In this instance, natural air cooling still
plays a role in heat dissipation. In addition, Fig. 4b shows the
DTmax corresponding to the three modules. It can be found that
the DTmax of the air-module reaches 3.64 °C, while the DTmax of
the PESH-module and the PEER-module is only 0.74 °C and 2.03
°C respectively, indicating that the CPCM not only provides
temperature control, but also has good temperature equaliza-
tion performance. It is worth mentioning that the higher
thermal conductivity of the PESH-module compared to the
PEER-module accelerates heat transfer, resulting in lower DTmax

in the PESH-module. When the discharge rate is 2C, as shown in
Fig. 4c and d, the Tmax and DT of the three modules increase to
varying degrees compared to the 1C discharge rate. The Tmax

and DTmax of the PESH-module, PEER-module, and air-module
are 49.1 & 1.82 °C, 51.9 & 3.27 °C, and 61.6 & 6.45 °C, respec-
tively. Furthermore, as shown in Fig. 4e and f, when the
discharge rate is increased to 3C, it is found that the Tmax and
DTmax of the air-module reach up to 77.6 °C and 9.03 °C aer the
discharge is completed. The Tmax and DTmax far exceed the safe
operating range of the battery, which means that the risk of
thermal runaway in the battery module is greatly increased.
However, owing to the instantaneous thermal regulation of
CPCM, both the PESH-module and PEER-module exhibit
controlled Tmax values of 54.7 °C and 57.8 °C respectively, with
corresponding DTmax maintained at 4.34 °C and 5.39 °C, which
are much lower than those of the air-module. In addition, as
shown in Fig. 4g and h, to further verify the temperature control
stability of PESH–CPCM, cycle testing at 1C–1.5C was conducted
for 15 cycles. The Tmax and DTmax of the PESH-module during
the 15 charging–discharging cycles are 52.3 and 4.23 °C, which
are lower than those of the PEER-module (55.1 & 4.61 °C). The
results of the cycle test are consistent with those of the single
charging–discharging test.

Thermal effects pose signicant challenges not only to
battery performance but also to electronic systems, where heat
accumulation critically impacts operational stability and device
longevity. Using PCMs to dissipate heat from electronic devices
is one of the effective methods. In this work, PESH–CPCM was
tightly attached to the ceramic heating element (CHE) through
thermal conductive silicone grease, labeled as PESH-CHE.
Similarly, CHE with PEER–CPCM is labeled as PEER-CHE,
while CHE without phase change materials was labeled as Air-
CHE. Fig. 5a and b show the infrared thermal images and
temperature variation curves of different samples at a heating
power of 4.2 W. For Air-CHE, aer heating for 15 min, the
temperature rises to 74.7 °C. Conversely, the temperature curves
of PESH-CHE and PEER-CHE show a clear temperature plateau,
corresponding to the latent heat absorption of CPCM. The
highest temperatures of PESH-CHE and PEER-CHE decrease to
J. Mater. Chem. A, 2025, 13, 41390–41402 | 41397
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Fig. 4 Temperature variation curves (a) and temperature difference variation curves (b) of different battery modules at a 1C discharge rate.
Temperature variation curves (c) and temperature difference variation curves (d) of different battery modules at a 2C discharge rate. Temperature
variation curves (e) and temperature difference variation curves (f) of different battery modules at a 3C discharge rate. (g) Temperature and DT
curves of PESH–CPCM at a 1.5C discharge rate for 15 cycles. (h) Temperature andDT curves of PEER–CPCM at a 1.5C discharge rate for 15 cycles.
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varying degrees compared to Air-CHE, with PESH-CHE showing
a more signicant decrease in temperature. Specically, the
highest temperature of PESH-CHE is 57.0 °C, which decreases
by 17 °C compared to Air-CHE. This is also attributed to the
higher thermal conductivity of PESH–CPCM.

The in-depth study of PCM is also of great signicance for
the utilization of solar energy. Reported research shows that the
Table 5 Tmax and DTmax at various charging–discharging rates

1C–1C 1C–2C

Tm (oC) DTmax (
oC) Tm (oC) DTm

PESH-module 41.6 0.74 49.1 1.82
PEER-module 41.6 2.03 51.9 3.27
Air-module 42.4 3.64 61.6 6.45

41398 | J. Mater. Chem. A, 2025, 13, 41390–41402
output power of solar cells decreases 0.4–0.5% for every 1 °C
increase in temperature,63 and it is necessary to carry out
thermal management of solar cells to improve their power
generation. In the simulation test of solar cell thermal
management, PESH–CPCM and PEER–CPCM were tightly
attached to the back of the solar cell, and xenon lamps were
used to simulate solar radiation at an intensity of 1.5 sun. At the
1C–3C 15 cycles of 1C–1.5C

ax (
oC) Tm (oC) DTmax (

oC) Tm (oC) DTmax (
oC)

54.7 4.34 52.3 4.23
57.8 5.39 55.1 4.61
77.6 9.03 — —

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 The infrared thermal images (a) and temperature variation curves (b) of different samples at a heating power of 4.2 W. The temperature
variation curve (c) and output power variation (d) of SH-skeleton-solar cells and SLPCM-solar cells under 1.5 sun. (e) The temperature variation
curve of PESH–CPCM under 1.5 sun.
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same time, an Agilent temperature date logger and direct-
current electronic load were used to record the temperature
changes and output power changes of the solar cell during the
irradiation process. The groups used for testing were labeled as
PESH-solar cell, PEER-solar cell, and blank group (without
CPCM). Fig. 5c and d show the temperature variation curves and
output power changes during the irradiation process. Aer
900 s of irradiation, the temperature of the blank group
increases to 57.1 °C, and the corresponding output power of
solar energy decreases from 0.27 W to 0.16 W. However, the
highest temperatures of PESH-solar cells and PEER-solar cells
show a signicant decrease compared to the blank group,
reaching 45.2 and 46.4 °C, respectively. Correspondingly, their
output power also has a higher retention rate aer irradiation,
decreasing from 0.27 W to 0.21 W. This simulation experiment
proves that PESH–CPCM can signicantly improve the power
This journal is © The Royal Society of Chemistry 2025
generation of solar cells by reducing the temperature during
irradiation.

Finally, the photothermal conversion efficiency of PESH–

CPCM was evaluated. The UV-visible absorption spectra of
PESH–CPCM were tested rst, as shown in Fig. 5e. Within the
UV-visible wavelength range of 200–800 nm, PESH–CPCM
exhibits high absorption rates. Fig. 5e also shows the temper-
ature change of PESH–CPCM under 1.5 sun. It can be observed
that the temperature continuously rises and a plateau of slow
temperature increase appears, corresponding to the phase
change endothermic process. Aer the illumination ends, the
temperature begins to decrease and a plateau of slow temper-
ature decrease also appears, corresponding to the crystalliza-
tion exothermic process of PESH–CPCM. Using the
photothermal conversion efficiency Formula (2), the photo-
thermal conversion efficiency of PESH–CPCM is calculated to be
J. Mater. Chem. A, 2025, 13, 41390–41402 | 41399
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81.2%, indicating that PESH–CPCM not only has excellent heat
dissipation ability, but also has considerable photothermal
conversion ability.
4 Economic and energy investment
evaluation of large-scale preparation
of PESH–CPCM

The evaluation of raw material costs and energy input for large-
scale preparation of PESH-CPCM is one of the necessary
conditions for industrialization. First, the costs of various
industrial-grade rawmaterials used in the preparation of PESH–

CPCM were investigated, as shown in Table S4. The cost of
PESH–CPCM, formulated with 61.15 wt% SA, 30.00 wt% PA, and
6.00 wt% EG, 1.25 wt% HA, 1.45 wt% BPO, and 0.15 wt% DMPT,
is approximately 6.06 USD$kg−1, which demonstrates the
economic viability of PESH–CPCM in terms of raw material
costs. And if the production of PESH–CPCM can become
a complete and mature industrial chain, we believe that its raw
material costs can be further reduced.

For the energy input in the preparation process of PESH-
CPCM, we calculated the energy required for preparing 1 kg
PESH–CPCM under laboratory conditions. As shown in Fig.
S8a–c, the equipment used in the preparation process includes
an oil bath (Shanghai Lichen Technology Instrument Co., Ltd;
input power: 0.6 kW), a mechanical stirrer (Changzhou Surui
Instrument Co., Ltd; input power: 0.12 kW), and an incubator
(Shanghai Yiheng Scientic Instrument Co., Ltd; input power:
1.45 kW). In this preparation process, the working time of the
oil bath is approximately 2.5 h; the working time of the stirrer is
approximately 1 h, and the working time of the incubator is
approximately 1 h. The calculated energy input for preparing 1
kg PESH–CPCM in the laboratory is approximately 3.07 kWh
kg−1. On this basis, we also investigated the commonly used
mixing and heating equipment and incubators in industrial
production, such as the dual planetary mixer (Wuxi Baowoleke
Technology Co., Ltd, 100 L, input power: 20 kW) and the
industrial grade incubator (Guangdong Jianda Intelligent
Equipment Co., Ltd, 408 L, input power: 7.5 kW), as shown in
Fig. S8d and S8e. A dual planetary mixer can prepare approxi-
mately 100 kg PESH–CPCM each time, with an energy input of
approximately 0.58 kWh kg−1. It can be observed that the energy
input in the preparation process of PESH–CPCM signicantly
decreases with increasing preparation scale. We believe that
with the further expansion of the preparation scale, the energy
input will further decrease. In summary, we believe that PESH–

CPCM has economic feasibility in terms of raw materials and
energy input for large-scale preparation through calculation
and analysis, and PESH–CPCM has potential for industrial
production.
5 Conclusion

This work proposes a new solution to overcome the long-
standing trade-off between thermal stability and energy
storage density in composite phase change materials (CPCMs).
41400 | J. Mater. Chem. A, 2025, 13, 41390–41402
By introducing a redox initiation system with this novel
approach, SA and HA were successfully polymerized in situ
within PA at just 40 °C, forming a dual-functional SH-skeleton.
This dual-functional SH-skeleton not only serves as a robust
structural framework for PA but also contributes 99.55 J g−1 of
latent heat, synergistically enhancing energy storage capacity.
The obtained PESH–CPCM composite exhibits outstanding
energy storage characteristics with a latent heat of 112.02 J g−1

and a thermal conductivity of 2.36 W m−1 K−1, demonstrating
exceptional applicability in thermal regulation systems for
lithium-ion batteries, solar cells, and electronic devices. Further
leveraging EG's superior light absorption properties, PESH–

CPCM achieves a photothermal conversion efficiency of 81.2%,
positioning it as a promising candidate for solar energy har-
vesting systems. Notebly, PESH–CPCM can maintain shape
integrity at 250 °C without detectable deformation, and aer
120 h of thermal aging at 55 °C, the quality loss remains below
0.35%, demonstrating excellent thermal stability. In summary,
this work establishes a paradigm-shiing methodology for
developing high-stability CPCMs through in situ low-
temperature polymerization. The successful integration of
energy storage, thermal regulation, and photothermal conver-
sion functionalities not only addresses current limitations in
thermal energy systems but also opens new pathways for
sustainable energy utilization.
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