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To extend the applications of phase-change materials to multiple scenarios, Fe3O4 nanoparticles were

deposited on the surface of mica with a layer-like structure using a simple method, and composite

phase-change materials (CPCMs) with dual-driven energy conversion performance were subsequently

obtained via vacuum impregnation. The addition of boron nitride (BN) and cellulose nanofibers (CNFs)

endowed the CPCMs with higher thermal conductivity (0.85 W m−1 K−1) and lower specific heat capacity

(1.42 MJ m−2 K−1), thereby constructing an effective heat transfer channel. The photothermal conversion

efficiency of the CPCMs reached up to 88.36%. The magnetic Fe3O4 nanoparticles endowed the CPCMs

with magnetic responsiveness, enabling the phase transition process to complete within just 112 s under

a magnetic field. With a high phase-change material loading (82.65%), the CPCMs maintained excellent

thermal stability during the energy conversion process. These results provide guidance for the

preparation of CPCMs with multiple types of efficient energy conversion.
1. Introduction

With the depletion of fossil fuels and increasing atmospheric
pollution, new energy sources are gradually entering the
public's eld of vision while also continuously promoting the
development and progress of energy storage technologies.1,2 In
recent years, thermal energy storage (TES) has achieved large-
scale market applications both economically and technologi-
cally, and it is also one of the important methods for energy
storage.3 TES has been widely applied in areas, such as energy-
saving buildings,4 industrial waste heat utilization,5 and
medical supplies.6 The key challenge in advancing heat storage
technology lies in the selection of suitable materials.7,8 Phase-
change materials (PCMs), such as paraffin,9 polyethylene
glycol (PEG),10 and hydrated salts, have received increasing
attention due to their high latent heat capacity, high energy
density, and low cost.11 However, there are still some problems
to be solved in the practical application of phase-change
materials. The primary issue is the leakage during the solid–
liquid phase transition process; therefore, carrier materials are
introduced to encapsulate and stabilize the PCMs.

A simple solution is to load the PCM into an effective carrier,
such as expanded graphite (EG),12 kaolin, or zeolite,13 which can
effectively prevent leakage during the phase-change process and
en Materials for Light Industry, Hubei
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also provide reliable support for the PCM during the conversion
process. Natural mineral-based materials are oen used as
support materials for PCMs due to their diverse forms, stable
structure, good thermal stability, easy availability, and cost-
effectiveness.14,15 Mica is a layered silicate mineral that
possesses high insulation properties, chemical stability, and
a unique sheet-like structure as a natural mineral-based mate-
rial.16 However, the introduction of a carrier material can lead to
a decrease in the thermal properties of the entire composite
phase-change material, such as thermal conductivity and
thermal energy storage enthalpy.

To improve the thermal energy storage performance of
composite phase-change materials, the addition of functional
llers is particularly important.17,18 For solar energy-absorbing
materials, the optical and thermal properties of the llers
must be carefully considered to achieve effective photothermal
energy conversion. Fe3O4 magnetic particles, with excellent
light-absorbing properties and efficient magnetic response,
were uniformly attached to the surface of mica carriers to solve
the nanoparticle agglomeration problem and produce ther-
mally conductive CPCMs with magneto-thermal conversion
properties.19 In addition to the light-absorbing and magneto-
thermal conversion capabilities, the addition of functional
llers has had a positive impact on the energy conversion effi-
ciency of CPCMs.20–22 During photothermal or magnetothermal
conversion, the converted thermal energy is transferred within
the CPCMs along the thermal conduction path. The synergistic
effect of functional llers can effectively improve thermal
conductivity and enhance energy conversion efficiency.23–25 To
RSC Adv., 2025, 15, 12713–12722 | 12713
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realize the uniform distribution of magnetic particles, three-
dimensional magnetic heat-conducting structural materials
are constructed through the directional arrangement of
carriers.

Herein, we proposed a simple chemical deposition strategy
to design CPCMs that integrated multifunctional photothermal
and magnetothermal conversion and storage. Orientationally
aligned mica-based composite phase-change materials were
prepared by depositing magnetic Fe3O4 on the surface of mica
carriers, followed by the vacuum impregnation method. The
synergistic effect of functional llers, such as BN and CNF,
affected the thermal conductivity and heat transfer efficiency of
CPCMs. In addition, the introduction of magnetic particles
endowed the composite materials with magneto-thermal
conversion performance. The dual-drive energy conversion
efficiency of CPCMs was further studied, and the conversion
mechanism was claried, providing insights for the rational
design and functional optimization of multi-drive composite
materials.

2. Experimental
2.1 Materials

Oxalic acid (OA, 99.5% purity), ferric chloride hexahydrate,
boron nitride (BN), and paraffin (PA) were supplied by Sino-
pharm Chemical Reagent Co., Ltd. (Shanghai, China). Cellulose
nanobers (CNFs) with a carboxyl content of 0.07% were ob-
tained from Aladdin (Shanghai, China).

2.2 Preparation of mica-Fe3O4/CNF

To solve the problem of metal oxide particle agglomeration, the
particles were anchored onto the surface of ake mica using
a precise chemical hydrolysis method, resulting in the forma-
tion of mica-Fe3O4.

According to previous studies,26 and as shown in Fig. 1, 1 g of
mica and 3 g of OA were added to 3 g of a CNF aqueous solution
(2% w/w) and stirred for 5 h at 90 °C. The resulting mixture was
Fig. 1 Schematic of the preparation procedure for mica-Fe3O4/CNF/BN

12714 | RSC Adv., 2025, 15, 12713–12722
then washed and dried at 80 °C for 48 h, and the nal product
was labelled as mica-Fe3O4/CNF.
2.3 Preparation of CPCMs

The well-mixed solid powder (mica-Fe3O4/CNF and BN) was
added to melted paraffin wax, stirred at 80 °C for 1 h, and then
placed under vacuum for maceration to achieve adequate mix-
ing. Subsequently, the mixture was quickly poured into a mold
to form stable cylindrical CPCMs, labelled as mica-Fe3O4/CNF/
BN/PA.

Furthermore, CPCMs were prepared by the same method
using unmodied mica and CNF-modied mica as carriers and
were labelled as mica/PA, mica/BN/PA, and mica/CNF/BN/PA.
2.4 Characterization

Scanning electron microscopy (SEM) and Fourier transform
infrared spectroscopy (FT-IR) were used to analyze the micro-
structure and chemical structure of the CPCMs. X-ray diffrac-
tion (XRD) was used to determine their crystal structures. A
thermogravimetric simultaneous thermal analyzer (TA) was
used to evaluate the thermal and shape stability of the CPCMs
under a nitrogen atmosphere from room temperature to 600 °C.
The thermal properties of the CPCMs were evaluated by differ-
ential scanning calorimetry (DSC) under a nitrogen atmosphere
from room temperature to 110 °C, with a heating/cooling rate of
5 °C min−1. The thermal conductivity, specic heat capacity,
and thermal diffusion coefficient of the CPCMs were measured
using a transient planar heat source thermal conductivity
meter. The temperature changes of the CPCMs during heating/
cooling were recorded using an infrared thermal imaging
instrument. An optical/magnetic-thermal conversion simula-
tion device, consisting of a computer, xenon lamp light source
or magnetic eld generator, K-type thermocouple, and data
acquisition system, was used to measure the photothermal and
magnetothermal conversion performance of the CPCMs.
/PA.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3. Results and discussion
3.1 Morphology and crystal structure of CPCMs

The functional groups in the CPCMs—mica/PA, mica/BN/PA,
mica/CNF/BN/PA, and mica-Fe3O4/CNF/BN/PA—were analyzed
using FT-IR spectroscopy, as shown in Fig. 2a. The character-
istic peaks at 3430 cm−1 and 1590 cm−1 corresponded to the
symmetric stretching vibration and bending vibration of the –

OH group, respectively. The intensity of the absorption peak at
3430 cm−1 in mica-Fe3O4/CNF/BN/PA reduced ignicantly,
primarily due to the replacement of –OH groups on the mica
surface by Fe3+. Two strong absorption peaks at 2920 cm−1 and
2850 cm−1 were attributed to –CH2 and –CH3 groups in the
material introduced by PA and CNF,27 corresponding to C–H
telescoping vibration. Additionally, two characteristic peaks at
814 cm−1 and 723 cm−1 indicated the formation of hydrogen
bonds between mica and CNF during the recombination
process. By comparing the infrared spectra of several sets of
composite phase-change materials, no additional peaks were
observed, indicating that no new substances were produced
during the process. Meanwhile, XPS spectral analysis (Fig. 2c)
clearly showed that the peaks at 288 eV, 530 eV, and 733 eV
corresponded to the elements C, O and Fe, respectively.

In addition, the crystal structure of the CPCMs was analyzed
using XRD. As shown in Fig. 2b, due to the addition of PA in
Fig. 2 FT-IR, (a) XRD, (b) and XPS (c) analysis of CPCMs (I: mica/PA, II: m

© 2025 The Author(s). Published by the Royal Society of Chemistry
CPCMs, two intense diffraction peaks at 21.8° and 23.8° can be
clearly seen, with no shi observed. This indicated that PA
achieved stability in the CPCMs through simple physical mix-
ing.28 Strong diffraction peaks of mica were observed at 26.7°
and 45.4°.29 Meanwhile, the characteristic peak of Fe3O4 was
observed in mica-Fe3O4/CNF/BN/PA at 30.1°.30

The planar and cross-sectional images of the CPCMs were
observed using a scanning electron microscope (SEM), as
shown in Fig. 3. The CPCMs exhibited a clear hierarchical three-
dimensional stacked spatial structure, with many pores and
cracks on the surface of the mica, which was loaded with a large
amount of PA. The structure and morphology were stable and
effectively prevented the leakage of the PCM. The results
conrmed that the PCM had been successfully loaded onto the
mica surface.
3.2 Thermal management behaviors of CPCMs

Thermal stability is an important index for the working range
and application scenarios of CPCMs.31,32 As shown in the TG
curves (Fig. 4a), the PCM loadings of mica/PA, mica/BN/PA,
mica/CNF/BN/PA, and mica-Fe3O4/CNF/BN/PA were 58.25%,
65.53%, 62.84%, and 82.65%, respectively. From the DTG curve
(Fig. 4b), it can be seen that the maximum loss rates of mica/PA,
mica/BN/PA, mica/CNF/BN/PA, and mica-Fe3O4/CNF/BN/PA
ica/BN/PA, III: mica/CNF/BN/PA, IV: mica-Fe3O4/CNF/BN/PA).

RSC Adv., 2025, 15, 12713–12722 | 12715
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Fig. 3 Top views (a and b) and cross-sectional images (c and d) of CPCMs.

Fig. 4 TG (a), DTG (b), and stability testing (c) of CPCMs.

12716 | RSC Adv., 2025, 15, 12713–12722 © 2025 The Author(s). Published by the Royal Society of Chemistry
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were 0.91%/°C at 342.28 °C, 0.87%/°C at 332.91 °C, 0.90%/°C at
328.57 °C, and 1.02%/°C at 311.92 °C, respectively. These losses
mainly originated from the thermal decomposition of PA. The
phase transition temperature of the CPCMs ranged between
50 °C and 70 °C, and the temperature during the energy
conversion process did not exceed 100 °C. The working condi-
tions of the composite phase-change material will not exceed
the pyrolysis temperature of the phase-change material (around
300 °C).

In addition, the prepared cylindrical material was heated to
visually verify that the CPCM maintained a relatively stable
morphology even at low to medium temperatures. As shown in
Fig. 4c, paraffin was used as a blank control, and the top and
side views of the samples were taken. During the heating
process, pure paraffin began to melt at 70 °C and was almost
completely melted at 80 °C. In contrast, no obvious PCM
leakage was observed in case of the prepared CPCMs
throughout entire testing process, which indicated that the
mica-based composites had reliable thermal stability in
different temperature environments.
Fig. 5 (a) and (b) DSC of CPCMs, (c) melting enthalpy, (d) crystallization e
(h) melting and crystallization enthalpy after 50 thermal cycling tests.

© 2025 The Author(s). Published by the Royal Society of Chemistry
DSC analysis was used to investigate the thermal energy
storage properties of the CPCMs. Fig. 5a and b shows the DSC
curves of mica/PA, mica/BN/PA, mica/CNF/BN/PA, and mica-
Fe3O4/CNF/BN/PA. No new peaks were observed, except for the
displacement of the melting and crystallization peaks that
appeared during the phase transition. These results indicated
that the addition of llers, such as CNF and BN, did not alter the
chemical structure of the CPCMs. Meanwhile, the heat storage
capacity of the materials was visually evaluated by observing the
latent heat of CPCMs. As observed in Fig. 5c and d, it was found
that mica-Fe3O4/CNF/BN/PA possessed the highest latent heat
of melting (DHf) (96.86 J g−1) and crystallization (DHc) (101.60 J
g−1). CNF, BN, and Fe3O4 had a synergistic effect during the
absorption and release of energy, which together improved the
heat storage capacity of the CPCMs.

Thermal reliability, which was closely related to the long-
term use of the material, was characterized by 50 DSC thermal
cycling tests. As shown in Fig. 5e and f, the melting and crys-
tallization peaks of the four CPCMs only shied le and right,
with no new peaks appearing. The results conrmed the
nthalpy, (e) and (f) DSC of CPCMs after 50 thermal cycling tests, (g) and

RSC Adv., 2025, 15, 12713–12722 | 12717
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chemical stability of the materials over 50 thermal cycles. In
addition, the latent heat of melting and crystallization of the
CPCMs did not show a signicant decrease and remained
within a reasonable range of variation. This further proves that
CPCMs have broad application potential in energy-saving
buildings and industrial waste heat utilization.

The energy storage and release ability of the CPCMs are
affected by thermal conductivity.33 Compared to mica/PA
(0.64 W m−1 K−1), the thermal conductivity of mica/BN/PA
(0.98 W m−1 K−1), mica/CNF/BN/PA (0.91 W m−1 K−1), and
mica-Fe3O4/CNF/BN/PA (0.85 W m−1 K−1) was enhanced by
53.13%, 42.19%, and 32.81%, respectively (Fig. 6a). In contrast,
a high loading of PA decreased the thermal conductivity of
mica-Fe3O4/CNF/BN/PA. The results indicated that the addition
of CNF, BN, and Fe3O4 enhanced the thermal conductivity of the
CPCMs. The heat diffusion coefficient of the CPCMs was
inversely proportional to their specic heat capacity. Among
them, the heat diffusion coefficient of mica/CNF/BN/PA was the
largest (Fig. 6b). The phase transition behavior of the CPCMs
was related to their specic heat capacity, which was also an
important parameter affecting heat storage. The specic heat
capacity of mica/PA was the highest, being 2.4 times greater
Fig. 6 The thermal conductivity (a), thermal diffusivity (b), specific heat c
(e) of CPCMs.

12718 | RSC Adv., 2025, 15, 12713–12722
than that of mica/CNF/BN/PA and mica-Fe3O4/CNF/BN/PA
(Fig. 6c). The incorporation of CNF made the crystal structure
of the CPCMs more orderly, thereby reducing their specic heat
capacity. The addition of functional materials also led to
a decrease in the latent heat capacity of the CPCMs. Through TG
and DSC analysis, it was found that the Fe3O4-modied mica
carrier was loaded with more phase-change materials, which
resulted in an increase in the latent heat energy of the CPCMs.
This, in turn, led to a relative decrease in thermal conductivity,
though it remained much higher than that of the pure phase-
change material. At the same time, the introduction of CNF
and BN provided CPCMs with a good heat transfer channel,
positively contributing to heat transfer during the energy
conversion process.

Infrared thermography was used to demonstrate the heat
absorption, exothermic, and temperature change processes of
the CPCMs, with pure paraffin used as a comparison reference.
As shown in Fig. 6d, the color of mica-Fe3O4/CNF/BN/PA
changed to red more quickly compared to mica/PA. This was
mainly attributed to the high thermal conductivity of BN, Fe3O4,
and CNF, along with their synergistic effect. In addition, during
the cooling process, the time–temperature curve (Fig. 6e)
apacity (c), infrared thermal imaging (d), and time–temperature curves

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Schematic of the experiments for photothermal conversion (a), magnetothermal conversion (b), thermal curve (c) of CPCMs (I: mica/PA, II:
mica/BN/PA, III: mica/CNF/BN/PA, IV: mica-Fe3O4/CNF/BN/PA), and magnetic curve (d) of mica-Fe3O4/CNF/BN/PA under different conditions
(0.8 A, 1.0 A, 1.2 A and 1.4 A).
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showed distinct steps, indicating the release of thermal energy
from the CPCMs.

The energy conversion performance of CPCMs is a key
property of interest in practical applications. A xenon lamp light
source was used to simulate sunlight for photothermal
conversion, a constant-voltage power supply generated
a magnetic eld through an inductive coil for magnetothermal
conversion, and the temperature change of the CPCMs was
recorded using a thermocouple (Fig. 7a and b). As the xenon
lamp light source was turned on, the temperature of the CPCMs
increased. When the light source was turned off, the tempera-
ture decreased gradually. As shown in Fig. 7c, the performance
of the CPCMs improved progressively with the addition of
functional components. The incorporation of CNF improved
the heat transfer pathways of the material, allowing it to reach
higher temperatures in a shorter period of time. The highest
temperature of mica-Fe3O4/CNF/BN/PA under the same light
conditions reached 85.9 °C. The photothermal conversion effi-
ciency (h) of the CPCMs was calculated using the equation h=m
× DH/(I × S × Dt), where m and DH are the mass of the sample
and the enthalpy of phase change during melting, respectively; I
and S are the light intensity and illuminated area, respectively;
© 2025 The Author(s). Published by the Royal Society of Chemistry
and Dt is the duration of the phase-change process.34 Compared
to mica/PA (66.33%), mica/BN/PA (58.17%), and mica/CNF/BN/
PA (62.53%), the photothermal conversion efficiency of mica-
Fe3O4/CNF/BN/PA reached 88.36%, indicating that the
composite materials have great potential for improving solar
energy utilization efficiency. In addition, when compared with
previously reported CPCMs, such as RGRCM-6 (78.7%), PW-
CNTS (60.0%), CNT-silica (82.0%),35–37 mica-Fe3O4/CNF/BN/PA
exhibited higher photothermal conversion performance,
further highlighting its promising potential in the eld of solar
energy utilization.

To broaden the application range of CPCMs in different
environments, the magnetothermal transition properties of the
CPCMs were further investigated to ensure proper functionality
even under lightless conditions, such as cloudy or rainy days. To
simulate the melting and crystallization processes of the PCM
under different magnetic eld strengths, the current was varied
while the voltage was kept constant, allowing observation of the
heating and cooling behaviors of mica-Fe3O4/CNF/BN/PA. From
the temperature–time curves (Fig. 7d), a similar trend to the
photothermal conversion process could be observed. The
magnetothermal conversion efficiency of the CPCMs increased
RSC Adv., 2025, 15, 12713–12722 | 12719
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Fig. 8 Schematic of photothermal conversion and magnetothermal
conversion.
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progressively with increasing current. Accordingly, it took 112,
174, 245, and 277 s for mica-Fe3O4/CNF/BN/PA to complete the
phase transition process under currents of 1.4 A, 1.2 A, 1.0 A and
0.8 A, respectively, with corresponding maximum temperatures
reaching 86.1 °C, 82.9 °C, 63.6 °C, and 50.4 °C. The time
required for phase transition directly reected the magneto-
thermal conversion efficiency of the CPCMs. The above results
indicate that mica-Fe3O4/CNF/BN/PA exhibits excellent magne-
tothermal conversion performance.

As shown in Fig. 8, the laminated structure of mica xed the
PCM on its surface and within its interstitial spaces. The addi-
tion of BN, metal oxide particles, and CNF improved the
thermal conductivity and heat transfer pathways of the
composite material. When light was irradiated onto the surface
of mica, the CPCMs began to absorb light energy. The energy of
photons was converted into thermal motion of PCM molecules,
increasing their internal energy. As the temperature increased,
the PCM underwent a phase change from solid to liquid. Once
the phase change was complete, the additional absorbed
thermal energy was stored in the PCM, completing the photo-
thermal conversion process.

The surface-loaded Fe3O4 of layered mica caused the CPCM
to exhibit magnetothermal transition properties. In the pres-
ence of an applied magnetic eld, the magnetic moments or
domains in the magnetic material underwent reorientation,
transitioning from one ordered magnetic state to another. This
process usually requires the rotation of magnetic moments or
the movement of the walls of the magnetic domains, which
consumes energy. The CPCMs absorbed magnetic energy,
resulting in an increase in temperature. This heat absorption
continued until an equilibrium state was reached. Aerward,
the PCM underwent a phase change, completing the magneto-
thermal transition process.
4. Conclusions

In summary, dual-driven CPCMs were obtained by lling a PCM
onto the laminated structure of mica using the vacuum
impregnation method. FTIR, XRD, and XPS results conrmed
that Fe3O4 was deposited on the surface of mica, and the
12720 | RSC Adv., 2025, 15, 12713–12722
preparation process did not change the chemical structure of
the CPCMs. The introduction of BN and CNF improved the
thermal conductivity of the CPCMs and formed heat transfer
channels, enhancing the composite material's thermal perfor-
mance and shape stability. Fe3O4 deposited on the surface of
mica endowed the CPCMs with excellent dual-drive energy
conversion performance. The mica-based CPCMs, withmultiple
types of energy conversion performance, have broad application
prospects in multiple elds. The simple surface deposition of
metal particles to modify the carrier provides valuable insights
for the development of multifunctional energy conversion
composites.
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