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ZnO functionalized paraffin/diatomite phase
change material and its thermal management
mechanism in PDMS coatings

Xinye Liu,i Xueyan Hou, Longxin Yan, Yuqi Zhang@* and Ji-Jiang Wang

The functionalization of conventional diatomite/paraffin phase change materials is of great significance to
expand its application in thermal management. Herein, a nano-ZnO functionalized paraffin/diatomite phase
change material (PA/F-DE/ZnO) with enhanced thermal conductivity, anti-leakage and UV-adsorption was
prepared by simple melt blending and adsorption. The results indicated that when nano-ZnO was
introduced to PA;/F-DE (mass ratio is 1:1) system, the obtained PA/F-DE/ZnO not only possessed
enhanced thermal conductivity and reduced leakage but also presented excellent UV absorption
performance and retained the heat storage performance well. The thermal conductivity of PA;/F-DE/
ZnOqp (with 10 wt% of ZnO) is enhanced by 87.73% compared with that of PA/F-DE and exhibit high
enthalpy of 76 J kg~ Finally, a thermal management PDMS-PA,/F-DE/ZnO, film was constructed by
combined 5 wt% PA;/F-DE/ZnO,q with Polydimethylsiloxane (PDMS). The surface temperature of PDMS-
PA;/F-DE/ZnOy, film was 5-6 °C lower than that of PDMS film in the heating temperature range from
room temperature to 60 °C, indicating a cooling performance and good thermal stability. The PDMS-
PA;/F-DE/ZnO4o showed an outstanding cooling for the exothermic computer and phone and usability
of the phone in cold conditions. The multiple heat weakening transfer mechanisms such as thermal
absorption of PA and thermal reflection of F-DE/ZnO were proposed.

Introduction

Facing severe energy crisis and environmental problems during
the rapid development process of social economy, energy
conversion and conservation has become a global issue."® To
address these issues, phase change energy storage technology
has attracted much attention. Phase change materials (PCMs)
can absorb and release heat through the phase transition at
a specific temperature, and have been widely used in many
fields such as solar heat collection,* electronic device heat
dissipation,™® building insulation,” cold chain transportation,®
and air conditioning cold storage.’ The development of efficient
functionalized thermal management PCMs is an urgent
demand for their practical applications.

As a typical organic PCM, paraffin (PA) has been widely
applied due to its high heat storage density, excellent thermo-
chemical stability and high phase change latent heat.>** The
present research is the focus on the improvement of the anti-
leakage of PA. PA encapsulated by inorganic porous materials
is an effective and simple method to solve the problems of
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leakage and instability of PCMs. Porous materials such as
diatomite (DE) and other mineral clays,">'* graphite and its
derivatives,'” and metal foam,'*° can be employed as carriers
for PCMs.”"** Among these porous materials,” DE has been
widely used attributed to its wide range of sources,* low cost,
rich pore structure, excellent thermal and chemical stability.*>*
For example, Zhang et al. reported a hydrophobically modified
DE using 1H,1H,2H,2H-perfluorodecyl trethoxysilane.” The
encapsulation rate of the modified PA/DE composite was 84.5%,
and the PA/DE composite still had good thermal stability after
50 cycles of thawing and freezing. Guo et al. prepared PA/DE/
wood powder/high-density polyethylene composite PCMs
using wood powder/high-density polyethylene as the secondary
packaging material to reduce leakage.** The composite mate-
rials showed good heat storage capacity and temperature
regulation ability.

It is desirable to improve the thermal conductivity and
multifunction for PA/DE composite PCMs in practical applica-
tion. Zinc oxide (ZnO) is a metal oxide with a wide conductive
band gap of 3.37 eV, showing the advantages of UV absorption,
anti-bacteria, non-toxic, low price and environmental friendli-
ness.** It is a commonly used functional enhancement
material for composite materials, and has important applica-
tions in solar cells,*® photocatalysis,® and anti-ultraviolet
functional coatings or paints.***® The thermal conductivity of
nano-ZnO is up to 1.160 W m ™' K. Hence, it can be used to
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improve the thermal conductivity of organic PCMs. For
example, Sahan et al. prepared PA-ZnO nanotube composites,
whose phase transition temperature was basically consistent
with that of PA, but the heat storage capacity was slightly
reduced.”” Tong et al. prepared Zn-ZnO/PA composite PCMs
through a two-step method to improve the thermal conduc-
tivity, specific heat capacity, and the photothermal properties of
the composites.*® Presently, most of the porous materials are
mainly developed to reduce the leakage of PCMs. It is suggested
that ZnO and phase change composites have potential appli-
cations in thermal conductivity enhancement and ultraviolet
(UV) absorption. The combination of thermal management and
UV absorption property of PCMs will expand its application
prospects in anti-aging coatings, such as functional textile
coatings or building paints that are exposed to the sun require
UV absorption to endow the materials with UV-shielding prop-
erty and favour its resistance to light aging.** Zhou et al.*®
prepared a bifunctional nano encapsulated PCMs for thermal
energy storage and UV absorption, showing a good promise in
the applications of intelligent thermoregulation fabrics.
However, there are few reports on paraffin/diatomite PCMs
combined anti-leakage, thermal conductivity and UV absorp-
tion by a simple method.

In this work, we used ZnO as a functional additive to enhance
the thermal conductivity, anti-leakage and UV-absorption of
paraffin/diatomite PCMs by a simple melt blending and adsorp-
tion method. PA was used as the phase change material, cheap
and readily available DE acted as carrier, and nano-ZnO contrib-
uted the thermal conductivity and UV absorption characteristic.
The prepared composite PCMs not only showed enhanced
thermal conductivity and low leakage, but also realized the double
function of heat storage and UV absorption. A thermal manage-
ment PDMS-PA,/F-DE/ZnO;, film was fabricated by blending the
PA,/F-DE/Zn0O,, and PDMS, achieving a cooling effect of 5 ~ 6 °C
in the range of 60 °C. The prepared PDMS-PA,/F-DE/Zn0O,, film
was used on the computers and phones, demonstrating good
endothermic and exothermic performance, achieving the cooling
for the exothermic devices and usability of the devices in cold
conditions. The multiple thermal management mechanism of
PA,/F-DE/Zn0O,, in PDMS coatings were proposed.

Experimental section
Materials

Paraffin (PA, RT35) was purchased from Guangzhou Zhongjia
New Material Technology Co., Ltd. Diatomite (DE) was obtained
from Hefei Bomei Biotechnology Co., Ltd. 1H,1H,2H,2H-per-
fluorodecyl trimethoxy-silane (FAS-17) was provided by
Shanghai Maclin Biochemical Technology Co., Ltd. Nano-ZnO
(20 nm, 99.9%) was bought from Bosworth Nanotechnology
Co., Ltd. Polydimethylsiloxane (PDMS, including prepolymer A
and curing agent B) was supplied by Suzhou Haidei Electronic
Technology Co., Ltd. Hydrochloric acid (37 wt%) was bought
from Sinopod Group Chemical Reagent Co., Ltd. Anhydrous
ethanol (AR) came from Tianjin Zhiyuan Chemical Reagent Co.,
Ltd.
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Preparation of PA/F-DE/ZnO

Pretreatment of DE. DE was first calcined in Muffle furnace
at 400 °C for 3 h, then soaked in 10 wt% HCI solution at 60 °C
for 48 h, followed by rinsing several times with distilled water
and drying at 60 °C for 24 h. The dried DE was soaked in ethanol
solution containing 1 wt% FAS-17 for 48 h companying with
stirring, and then dried at 45 °C. Subsequently, the dried DE
was placed in an oven at 220 °C for 5 min, in which FAS-17
completely reacted with DE to obtain hydrophobic modified
DE (F-DE).

The PA/F-DE/ZnO composite PCMs were prepared by melt
blending and adsorption method. PA was melted at 85 °C in an
oven, followed by adding F-DE and melt blending for 4 h.
Various PA/F-DE composites were obtained by changing the
mass ratios of PA to F-DE (0.5:1, 1:1, 2:1 and 3:1). The cor-
responding samples were labeled as PA, 5/F-DE, PA,/F-DE, PA,/
F-DE and PA;/F-DE, respectively. Then, different contents of
nano-ZnoO (1 wt%, 5 wt% and 10 wt% based on the total mass of
PA and F-DE) were mixed with PA and F-DE (mass ratio 1: 1) and
melt blending in an oven at 85 °C for 2 h to prepare composite
PCMs containing nano-ZnO. The resulting samples were
denoted as PA,/F-DE/Zn0O,, PA,/F-DE/ZnOs; and PA,/F-DE/
ZnOy,, respectively.

Application of PA,/F-DE/Zn0O;,

The PDMS prepolymer A (8.0 g) and PA,/F-DE/Zn0O;, (1.6 g) were
mechanically stirred to mix well. Then 0.8 g of curing agent B
was added and uniformly mixed and heated to 35 °C for 10 min
with stirring. The mixture was poured into a Petri dish and
ultrasounded for 20 min at room temperature. The PDMS-PA,/
F-DE/Zn0O,, composite film was obtained after curing at room
temperature for 48 h. A PDMS film without PA,/F-DE/ZnO;, was
prepared by the same method.

The PDMS-PA,/F-DE/ZnO,, composite film and the PDMS
film were placed on a hot computer or phone and a thermal
infrared imager was used to record the temperature change. The
heat dissipation performance of PDMS-PA,/F-DE/Zn0O;,
composite film was investigated.

Characterization and methods

The morphologies of PA/F-DE/ZnO were measured by scanning
electron microscope (SEM, Germany ZEISS Sigma 300), and the
distribution of ZnO in PCMs was analyzed by energy dispersion
spectrometer (EDS). The adsorption-desorption curve and BET
specific surface area of DE and F-DE were tested by automatic
specific surface and porosity analyzer (America Micromeritics
3Flex). Degassing was performed at 200 °C for 6 h, and N, was
used as the adsorption-desorption test. The chemical compo-
sition of the composite PCMs was characterized by Fourier
infrared spectrometer (FTIR, Thermo Scientific Nicolet iN10) in
the range of 500-4000 cm " through a resolution of 10 cm™* by
KBr tablet method. X-ray diffractometer (XRD, Japanese Rigaku
SmartLab SE type) was used to analyze the structural phase and
the crystal lattices of phase change composites. The diffraction
forms were noted within the diffraction angle (26) from 10 to
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80°. Differential scanning calorimeter (DSC, Germany
DSC200F3) was used to test the phase change performance
parameters of PCMs. All samples were heated from 0 to 70 °C
with N, gas flow rate at 5 °C min~" and then cooled down to 0 °C
again. The composite PCMs samples were tested by using
a thermogravimetric analyzer (TG, NETZSCH STA 449 F5) to
characterize the thermal stability.

Step cooling curve. The sample was put into a test tube and
placed in water bath at 70 °C. After the sample temperature
stabilized, the tube with sample was transferred to water bath at
25 °C for cooling. The temperature change of the sample during
heating and cooling process was recorded.

Leakage rate. Diffusion-permeation ring method was used
to test the leakage rate of the composite PCMs. The composite
PCMs sample (m,) was pressed into a disc with a diameter of
18 mm and placed on a circular filter paper (the quality of filter
paper was m,) with a diameter of 110 mm. Then the filter paper
with sample was placed in an oven at 50 °C for different time,
followed by removal of the sample and weighing the quality of
the filter paper (m,). The leakage rate was calculated according
to formula (1). Three parallel samples were used in the
measurements for each leakage rate.

M 100% (1)

Leakage rate =
mo

Thermal infrared imaging. 0.5 g composite PCMs was
pressed into a round sheet and heated on a platform at 50 °C,
and the temperature was recorded with a thermal infrared
imager at an interval of 120 s. PDMS film and PDMS-PA,/F-DE/
ZnO;, composite film were heated on a platform at 60 °C and
then cooled down at room temperature. The thermal infrared
imager was used to take photos, and the temperature of the
film surface was recorded with a temperature recorder. The
PDMS film and PDMS-PA,/F-DE/Zn0O;, composite film were
placed on the back of a computer or a phone, and the thermal
infrared photos were taken during the heat dissipation
process.

Thermal infrared imaging. 0.5 g composite PCMs was
pressed into a round sheet and heated on a platform at 50 °C,
and the temperature was recorded with a thermal infrared
imager at an interval of 60 s. PDMS film and PDMS-PA,/F-DE/
Zn0,, composite film were heated on a platform at 50 °C and
then cooled down at room temperature. The thermal infrared
imager was used to take photos, and the temperature of the
film surface was recorded with a temperature recorder. As
control, the temperature of films in the dark condition was
recorded.

The PDMS film and PDMS-PA,/F-DE/Zn0O,, composite film
were placed on the back of a computer or a phone, and the
thermal infrared images were taken during the heat dissipation
process. To verify the temperature-regulating performance of
the PDMS-PA,/F-DE/Zn0O,, on phones under cold conditions,
the phone was placed in 0 °C refrigerator and frozen for 5 min.
Then, a PDMS film and PDMS-PA,/F-DE/Zn0O,, composite film
at 30 °C were placed on the back surface of the phone, and
infrared thermal imaging was used to take pictures.
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Results and discussion
Pretreatment of DE and characterization

Natural DE is a kind of superhydrophilic porous material, which
is not compatible with hydrophobic PA well. In order to improve
the affinity between DE and PA, DE was modified by FAS-17 to
improve its hydrophobicity. Fig. 1a and b show the water
contact angle (CA) photos of DE and FAS-17 modified F-DE,
respectively. Water droplet quickly permeate on the surface of
DE with a CA of 0°, while the CA of F-DE is 136.5°, indicating the
successfully hydrophobic treatment for DE. The hydrophobicity
of F-DE can provide interfacial action for the absorbing and
binding of F-DE and PA. The XRD patterns (Fig. 1c) show the
same characteristic peaks at 26 of 21.87° and 36.05° for DE and
F-DE, indicated that the structure of DE has not been changed
after pretreatment by FAS-17.

Nitrogen adsorption test was used to investigate the pore
structure of DE before and after pretreatment. Fig. 1d shows the
N, adsorption/desorption isotherms of DE and F-DE. According
to the IUPAC adsorption isotherm system, the adsorption curve
of DE conformed to type-IV isotherm and type-H3 hysteresis
loop occurs, demonstrating a loose hierarchical porous struc-
ture with mesoporous structure (2 ~ 50 nm) before and after
modification of FAS-17.** When relative pressure (p/p,) ranges
from 0.2 to 0.9, the isotherm increased rapidly, indicating that
there were mesoporous in DE. When p/p, was greater than 0.9,
the isotherms did not appear platform regardless of DE and F-
DE. The result indicated that the DE also contained large pore
structures (greater than 50 nm), which may be irregular pores
formed after the aggregation of DE particles.*” The pore size of
DE and F-DE (Fig. 1e) was distributed in the range of 0 ~ 50 nm.
Table 1 shows that the BET surface area, total pore volume and
average pore diameter of DE were 0.8499 m”® g~ *, 0.001185 cm?
¢~ and 6.5018 nm, respectively. For F-DE, BET surface area,
total pore volume and average pore diameter of F-DE increased
t0 1.3554 m> g~ ', 0.001787 cm® g~ " and 8.9058 nm, respectively.
The increased specific surface area and pore diameter of F-DE
will provide space for PA adsorption and are conducive to the
composite of PA and F-DE.
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Fig.1 CA photos of DE (a) and F-DE (b), XRD spectra (c), N, adsorp-
tion/desorption isotherms (d) and pore width distribution curves (e).
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Table 1 The porosity parameters of the DE and F-DE

BET surface Total pore volume Mean aperture

Samples area (m> g™ ") (em® g™ (nm)
DE 0.8499 0.001185 6.5018
F-DE 1.3554 0.001787 8.9058

Preparation and characterization of PA/F-DE/ZnO composite
PCMs

The preparation process of PA/F-DE/ZnO composite PCMs is
shown in Fig. 2. First, DE was hydrophobically treated with FAS-
17 to improve its compatibility with PA. Then, different
amounts of nano-ZnO were introduced into the system with 1: 1
mass ratio of PA to F-DE by melt blending and adsorption
method. The abundant pores of F-DE were conducive to the
adsorption of PA and nano-ZnO on F-DE. The microstructure of
F-DE and ZnO was engineered like a 3D network, which was
more beneficial for the entrance of PA chains. The melted PA
was absorbed into the pores and network by the capillary
force.”® Part of nano-ZnO particles were also adhered to the
surface and pores of F-DE together with PA, forming the PA/F-
DE/ZnO composite PCMs. The encapsulation of PA in F-DE
pore and stabilized by nano-ZnO particles was beneficial to
preventing PA leakage during the phase transition process,
giving PA efficient heat storage performance. The excellent
thermal conductivity and UV absorption properties of nano-
ZnO were utilized to enhance and enrich the properties of
composite PCMs. In addition, ZnO nanoparticles can limit the
fluidity of PA in the phase change melting process at a certain
extent, which is helpful to reduce the leakage of PA.

To prepare the optimal PA/F-DE/ZnO composite PCMs, the
effect of mass ratio between PA and F-DE on the properties of
PA/F-DE were investigated. The structure and phase transition
temperature-control properties of PA/F-DE were characterized
by XRD spectra (Fig. S1t), DSC (Fig. S27), step cooling (Fig. S37)
and leakage rate (Fig. S41). The results indicated that when the
mass ratio of PA to F-DE was 1: 1, the leakage rate of PA;/F-DE
was obviously reduced and the phase transition enthalpy was
higher.

Then, different contents of nano-ZnO were introduced into
the PA;/F-DE system. XRD was performed on PA, PA,/F-DE and
PA,/F-DE/ZnO composites, as shown in Fig. 3a.** It can be seen
that two sharp diffraction peaks at 26 of 21.4° and 24.0° of PA
can be observed in PA and PA,/F-DE. The characteristic peaks at
31.76°, 34.41°, 36.24° of ZnO can be found in PA,/F-DE/ZnO
composites,*” and the intensity increased with increasing ZnO

o l)r_\‘ cEzee ) Dry '.'::':.':i."

DE soaked in FAS-17 F-DE
ethanol solution

Melt compounding ~ PAF-DE ZnO

DE inoven at 80°C

> DE % F-DE 4% PAF-DE ZnO PA ® Zn0

Fig. 2 Schematic illustration of the preparation for PA/F-DE/ZnO
composite PCMs.
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contents.** The FTIR spectra of PA, PA,/F-DE and PA,/F-DE/ZnO
in Fig. 3b show that PA,/F-DE and PA,/F-DE/ZnO had the
characteristic peaks of PA. Comparing PA1/F-DE and PA,/F-DE/
ZnO, we can find that a broad absorption peak at 3440 cm™'
appeared, which can be attributed to the -OH vibration of
Zn0.* The band between the 430 and 550 cm ™" was associated
to Zn-O bonds. Furthermore, the intensity of these two peaks
enhanced with the increasing ZnO contents. Furthermore, no
new peaks appeared in the XRD and FT-IR were found for PA,/F-
DE/ZnO, indicating no chemical reaction occurred. PA, F-DE
and ZnO were combined successfully by physical interaction.

To intuitively illustrate the microstructure, SEM of F-DE, PA,/
F-DE and PA,/F-DE/ZnO composite PCMs was performed and
shown in Fig. 3c-g. The clear pore structure of F-DE (Fig. 3c)
indicated that the impurities in DE had been removed cleanly
after successive high-temperature calcination, HCI treatment
and FAS-17 modification. The porous F-DE can provide more
space to adsorb and package PA. Compared with F-DE, the
surface and pores of PA,/F-DE (Fig. 3d) were covered by or
partially filled with PA, and resulted in reduced pore size,
indicating that PA has been successfully adsorbed.** After
introducing nano-ZnO into PA,/F-DE, solid particles (circled in
the SEM image) appeared on the surface of PA,/F-DE/ZnO
(Fig. 3e-g). The number of particles increased with increasing
ZnO contents, especially for PA;/F-DE/ZnO,, with 10 wt% of
ZnO (Fig. 3g). To further verify the composition of these parti-
cles, the distribution of Zn and O elements on PA,/F-DE/Zn0O,
surface was performed by EDS (Fig. 3h). The results demon-
strate that Zn and O elements were uniformly distributed on the
surface of PA,/F-DE/Zn0O,,, which was consistent with the
position of solid particles. Therefore, nano-ZnO was well
dispersed in PA;/F-DE/ZnO, testifying successful combination
of ZnO and PA/F-DE.

Thermal properties of PA,/F-DE/ZnO composite PCMs

Thermal storage properties of PA,/F-DE/ZnO. Fig. 4(a and b)
provide the DSC curves of PA, PA,/F-DE and PA,/F-DE/ZnO
composite PCMs during endothermic (Fig. 4a) and exothermic

RSC Adv, 2025, 15, 6032-6042 | 6035
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Fig. 4 DSC curves of PA, PA;/F-DE and PA;/F-DE/ZnO during endo-
thermic (a) and exothermic (b) processes, and their melting (T,,) and
crystallization temperature (T.) (c), phase change enthalpy (d),
encapsulation rate (E.,), encapsulation efficiency Ees (€) and thermal
storage efficiency Ces (f), and DSC curves of PA;/F-DE/ZnO4q after
experiencing 20 heating—cooling cycles (g and h).

(Fig. 4b) processes. PA had strong endothermic and exothermic
peaks, and the similar peaks can be observed for PA;/F-DE and
PA,/F-DE/ZnO. This indicates that the thermal behavior of the
PA1/F-DE and PA1/F-DE/ZnO PCMs was similar to that of PA,
which can store heat or control temperature by absorbing and
releasing heat to phase transition. As shown in Fig. 4c, the
melting (T,,) and crystallization temperature (7..) of PA,/F-DE
and PA,/F-DE/ZnO were close to those of PA. The phase
change temperature of PA has not been affected after shaped by
F-DE and ZnO. This may be due to the fact that PA was adsorbed
on F-DE only by physical interaction without chemical effects,
which can be supported by the data from FTIR and XRD. The
AH,, and AH, of PA,/F-DE (Fig. 4d) were 98.2 J kg™ " and 95.4 ]
kg, which were about 50% of the PA (197.7 ] kg™ of AH,, and
186.1 J kg~ of AH,). This was close to the theoretical mass
fraction of PA in PA,/F-DE (the mass ratio of PA to F-DE was 1:
1), indicating that PA in PA,/F-DE still maintained the similar
phase transition performance as pure PA. The thermal perfor-
mance of PA has not been reduced after encapsulated by F-DE.
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The AH,, and AH. of PA,/F-DE/ZnO decreased slightly with
increasing ZnO contents. This is because the presence of the
ZnO reduced the weight fraction of PA in the PA;/F-DE/ZnO
composite system, and the corresponding phase transition
enthalpy decreased with increasing ZnO contents. The encap-
sulation rate (E.,), encapsulation efficiency (E.s) and thermal
storage efficiency (C.s) of the composite PCMs were calculated
by eqn (2)—(4), and the results are shown in Fig. 4e and f.*” Both
Een and E.¢ were close to the theoretically calculated contents of
PA in the composite PCMs, indicating the phase change heat
storage capacity of PA has been well preserved after encapsu-
lation of F-DE and ZnO. This can be attributed to the abundant
pore structure and hydrophobic surface treatment of F-DE. The
hydrophobic surface improves the compatibility between PA
and F-DE, and the porous structure provides enough porous
space for the adsorption of PA. Fig. 4f shows that the Ce of all
PA,/F-DE/ZnO composite PCMs were greater than 97%, showing
good phase change thermal storage performance. The latent
heat of prepared PA,/F-DE/ZnO is superior to that of similar
materials with paraffin and diatomite in existing literature
(Table S17).>>** Moreover, due to the introduction of ZnO, its
thermal conductivity was enhanced and UV absorption property
was imparted. Thus, it has more advantages in the application
of anti-ultraviolet requirements thermal management.

AH,
Eun(%) = AHm‘i x 100% (2)
A}Im M+ AHC M
9 )) — - 0, )
Ee() = & oo+ Ao 100% (3)
EES
Ces(%) = == x 100% (4)

en

where AHp, v and AH .y represent the enthalpies of melting
and crystallization of the composite PCMs, and AHp, pa and
AH_ ps are the enthalpies of melting and crystallization of PA.
The DSC curves of PA,/F-DE/ZnO,, after experiencing 20
heating-cooling cycles are shown in Fig. 4g and h. The thermal
property of PA,/F-DE/ZnO,, after experiencing 20 heating-
cooling cycles are listed in Table 2. The results indicated that
the phase change temperature did not change obviously. AH,,
and AH, of the PA,/F-DE/ZnO,, after experiencing 20 heating—
cooling cycles did not decrease. This illustrated that PA;/F-DE/
Zn0,, has a highly stable phase change property during the
continuous cyclic processes of heat storage and release.

Table 2 Thermal property of PA;/F-DE/ZnO,q after experiencing 20
heating—cooling cycles

Endothermic process Exothermic process

Samples Tm (°C) AH, (Jg ) T. (°C) AH.(Jg ™"
Cycle 1 38.76 78.99 35.59 77.43
Cycle 5 38.68 76.45 35.63 76.45
Cycle 10 38.71 76.69 35.67 76.34
Cycle 15 38.59 76.62 35.70 76.26
Cycle 20 38.62 76.32 35.73 76.43

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The thermal storage and thermal regulation performance of
PA,/F-DE/ZnO composite PCMs was measured by step-cooling
curves, shown in Fig. 5a. The step-cooling curve of F-DE shows
that there was no temperature platform during both heating
and cooling. The heating process of PA and composite PCMs
can be distinguished into three visible stages. Stage 1: the PA
was heated to approximately 34 °C and the heating rate of the
PA,/F-DE/ZnO composite PCMs was gradually faster than the PA
due to the thermal conductivity of the former was higher than
the latter, and the PA,/F-DE/ZnO was in the endothermic state
before the solid-liquid phase transition. Therefore, the heating
process of PA,/F-DE/ZnO was relatively faster than PA. Stage 2:
the temperature ranges from 34 °C to 39 °C (Fig. 5b), which is
the phase change temperature of PA. In this stage, both the pure
PA and the encapsulated PA undergo the phase transition and
maintained the temperature change small and kept for some
time forming a temperature platform in this temperature range.
The temperature platform held time of the PA,/F-DE/ZnO
decreased with an increase in ZnO content. This can be attrib-
uted to the good thermal conductivity of ZnO, leading to a fast
heat transfer and temperature change of PA,/F-DE/ZnO. The
temperature holding time of the PA was greater than that of PA,/
F-DE/ZnO composite PCMs due to phase change enthalpy. Stage
3: the temperature ranges from 40 °C to 70 °C, the temperature
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Fig. 5 The step-cooling curves (a) and the corresponding tempera-
ture platform in heating (b) and cooling (c), thermal conductivity (d),
thermal infrared images in the heating and cooling process (e) of PA, F-
DE, PA{/F-DE/ZnO composite PCMs.
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rose rapidly because melted PA no longer absorbed and stored
heat, and the heat absorbed by PA and PA,/F-DE/ZnO was
shown as an increase in temperature. As for cooling process, the
temperature changes of PA and PA,/F-DE/ZnO composite PCMs
also experienced three stages as 70-39 °C, 39 °C to 33 °C and
33 °C to room temperature. The stage from 70 °C to 39 °C
showed a rapid drop in temperature in the exothermic state
before the liquid-solid phase transition. The stage from 39 °C to
33 °C is the liquid-solid phase transition of PA. In this stage
(Fig. 5¢), the melted PA released the heat that stored during the
heating process and undergoing a liquid-solid phase transition,
maintaining an unchanged temperature. The temperatures of
PA,/F-DE/ZnO composite PCMs were higher than that of PA and
PA,/F-DE, which can be attributed to the enhanced thermal
conductivity of ZnO. The stage from 33 °C to room temperature
was the process of natural cooling of solid PA with the ambient
temperature. Thus, PA;/F-DE/ZnO PCMs retained the phase
change temperature-control performance of PA, and the
thermal conductivity was improved. The thermal conductivity of
PA, F-DE, ZnO and the composite PCMs are shown in Fig. 5d.
The thermal conductivity of PA was 0.0519 W m ™ *-K*. The
thermal conductivity of F-DE and ZnO were 0.0819 W m™*-K "
and 0.1256 Wm ™ '-K ™, respectively. After introducing ZnO, the
thermal conductivity of PA;/F-DE/ZnO composites were
improved and the thermal conductivity PA;/F-DE/ZnO,, was
increased by 87.73% compared with that of PA/F-DE. This
should be attributed to the contribution of ZnO and F-DE to the
PA,/F-DE/ZnO composite, among which ZnO played a leading
role in enhancing thermal conductivity. On the other hand, the
bridge effect formed by F-DE and ZnO is conducive to heat
transfer in the PA;/F-DE/ZnO composites.

Fig. 5e presents the thermal infrared images of PA, F-DE,
PA,/F-DE and PA,/F-DE/ZnO composite PCMs during heating
and cooling. During heating and cooling, PA exhibited the
slowest heating and cooling rates. This is because the phase
transition latent heat of pure PA is the largest, and it can absorb
and release the most heat through phase transformation under
the same condition. However, F-DE showed the fastest
temperature changes because it cannot store heat by phase
transition to control the temperature. The temperature of PA,/F-
DE changed slowly with the extension of heating and cooling
time. When the ambient temperature changed, PA in PA;/F-DE
composite PCMs underwent phase transformation through the
absorption and release of heat, resulting in the slow change of
temperature and indicating the temperature-control perfor-
mance. The temperature changes of PA;/F-DE/ZnO composite
PCMs were faster than that of PA,/F-DE due to the good thermal
conductivity of ZnO during heating process. Furthermore, the
temperature rise rate was accelerated by increasing ZnO
content. Compared with the heating process, the temperature
variation caused by different ZnO contents was not obvious
during cooling process. This is because the heating process is
active when samples were put on the constant temperature
platform (~50 °C), and the sample temperature changed
rapidly. The good thermal conductivity of ZnO promoted the
rapid transfer of heat and the temperature change was highly
dependent on the ZnO contents. Differently, the cooling process
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is natural under room temperature condition. There was little
difference in the contribution of ZnO contents to the natural
cooling of PCMs. Therefore, the thermal conductivity of ZnO
plays a dominant role in the heating process of PA,/F-DE/ZnO
PCMs, while it was not obvious for the cooling process. The
results demonstrate that the introduction of ZnO was beneficial
to the thermal response of PA;/F-DE/ZnO.

Thermal stability of PA,/F-DE/ZnO. The leakage rate of PA,/
F-DE/ZnO was an important factor to evaluate its stability and
application durability. Fig. 6a shows the leakage rate of PA,/F-
DE/ZnO composite PCMs obtained by the leakage experiment
at 50 °C for different time. The leakage rate of PA,/F-DE, PA,/F-
DE/ZnO; PA,/F-DE/ZnO;5 and PA,/F-DE/Zn0O,, at 60 min were
4.03, 4.0, 3.92, 3.74%, respectively. It can be seen that when ZnO
was introduced, the leakage rates of PA;/F-DE/ZnO were
reduced with the increasing of ZnO contents. Compared with
PA,/F-DE, the leakage rate of PA;/F-DE/ZnO,, reduced by 7.2%.
It also can be observed intuitively from the diffusion-
permeation ring of the samples on the filter paper (Fig. 6b)
after heating at 50 °C for 60 min. PA melted and diffused to
form the largest seepage ring. The diffusion-permeation rings
of PA{/F-DE and PA,/F-DE/ZnO were smaller and PA,/F-DE/
Zn0,, formed the smallest ring, which was consistent with the
leakage rate.*” The reduction of leakage rate should be attrib-
uted to the porous structure of F-DE and the barrier of ZnO
nanoparticles. The preventing leakage mechanism of PA;/F-DE/
ZnO is shown in Fig. 6c. While PA melting in PA/F-DE/ZnO
composites, melted PA was tightly confined in the F-DE
framework due to surface tension and capillary force.*® As
solid nanoparticles with high specific surface area, ZnO also
adsorb PA and play a barrier role to limit the fluidity of melted
PA. The hybrid composites carrier composed of F-DE and ZnO
nanoparticles possess approving shape stability. Microstructure
of F-DE and ZnO is engineered like a 3D network, which is more
beneficial for the entrance of PA chains compared to single F-DE
pores. The microstructure is significantly influential on the
movement of PA molecular chains. It should be highlighted that
the synergistic effect of F-DE and ZnO makes an important
contribution to the preventing leakage of PA,/F-DE/ZnO
composites. The thermal stability of the material can also be
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Fig. 6 The leakage rate (a), the photos of diffusion—permeation ring
on the filter paper for 60 min (b) and the preventing leakage mecha-
nism (c) of PA;/F-DE/ZnO composite PCMs.
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proved by TG in Fig. S5.1 Compared with PA, the decomposition
temperature of the PA;/F-DE/ZnO composite PCMs was higher,
indicating that the stability was improved by F-DE and ZnO.

In addition to the outstanding heat storage and thermal
conductivity, the introduction of ZnO makes PA;/F-DE/ZnO
have a certain UV resistance.”>* Fig. S61 indicated that PA,/F-
DE/ZnO present a UV absorption property and the absorption
intensity increased with the increasing ZnO contents. The UV
adsorption of PA;/F-DE/ZnO PCMs will provide a good appli-
cation prospect in anti-aging coatings, such as functional textile
coatings or building paints that are exposed to the sun and
require UV absorption properties to improve their aging
resistance.”

Application of PA/F-DE/ZnO in the cooling of PDMS film.
PA,/F-DE/Zn0O,, was blended with PDMS and the resultant film
(PDMS-PA,/F-DE/Zn0,,) was used to investigate the thermal
management in electronic products.*** Fig. 7a shows the
photographs of PDMS (sample 1) and PDMS-PA;/F-DE/Zn0O;,
(sample 2) films and their coatings on glass substrates. The
PDMS-PA,/F-DE/Zn0O;, still formed good film. PDMS and
PDMS-PA,/F-DE/Zn0O;, films were heated on a 60 °C heating
platform and then naturally cooled at room temperature. Their
temperature changes were monitored, as shown in Fig. 7b. In
the range from room temperature to 60 °C, the surface
temperature of PDMS-PA,/F-DE/ZnO;, was lower 5 ~ 6 °C than
that of PDMS during the whole heating process (0 ~ 260 s) and
the initial cooling stage (260 ~ 380 s). This can be attributed to
the phase change and temperature-control performance of PA,/
F-DE/Zn0O,,. The temperature of PDMS-PA,/F-DE/Zn0O,, film
was controlled to slowly rise by absorbing heat based on the
phase transformation of PA. To compare the influence of light
on temperature of PDMS-PA,/F-DE/Zn0O,,, the temperature of
films under dark condition was also tested (Fig. S71). The
results demonstrate that light has little effect on the surface
temperature of the PDMS-PA,/F-DE/Zn0O,,. The temperature
change of PDMS-PA,/F-DE/Zn0O;, film mainly depends on the
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Fig. 7 Photographs of PDMS and PDMS-PA;/F-DE/ZnQOy films and
coatings on glass substrates (a), the temperature changes of film
surface during heating and cooling with time (b) and thermal infrared
images (c).
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properties of PA;/F-DE/Zn0O;,. On the other hand, we found that
the appearance of PDMS-PA,/F-DE/Zn0,, film did not change in
the heating process, and there was no leakage of melting PA.
This is because the encapsulation of PA by F-DE and ZnO
limited the flow of molten PA in the composite PCMs,
improving the stability of PA. Therefore, the PDMS-PA,/F-DE/
ZnO;, had good thermal stability.

The infrared thermal images in Fig. 7c visually present the
temperature of PDMS film rised rapidly after heating for 40 s
and reached above 50 °C at 80 s. On the contrary, the temper-
ature of PDMS-PA,/F-DE/Zn0,, increased slowly. The tempera-
ture was around 27 °C at 40 s and was below 50 °C at 80 s in
most areas. During the natural cooling process, both the surface
temperature of PDMS and PDMS-PA,/F-DE/ZnO,, films changed
slowly and the temperature of PDMS-PA,/F-DE/Zn0O;, decreased
more slowly than that of PDMS. The results revealed that PDMS-
PA,/F-DE/Zn0O,, had good temperature-control performance. To
further demonstrate the stability of PA,/F-DE/ZnO,, in the
application in PDMS-PA,/F-DE/ZnO,, thermal management
performance, 10 cycles of heating and cooling of PDMS-PA,/F-
DE/ZnO,, were carried out, shown in Fig. 8. It can be seen that
the temperature change of the PDMS-PA,/F-DE/Zn0O,, films was
slower than that of PDMS both in heating and cooling process,
indicating good and stable temperature-control thermal
management performance. This can be contributed to the
thermal stability of PA,/F-DE/Zn0O,,.This can be attributed to
the shaping effect of F-DE and ZnO on PA, which made PA,/F-
DE/Zn0O;, maintain good performance stability in thermal
cycles.

In addition, the heat dissipation and cooling effect of PDMS-
PA,/F-DE/Zn0O;, composite film on thermal electronic devices
such as computer and phone were studied. PDMS (sample 1)
and PDMS-PA,/F-DE/Zn0O,, (sample 2) were placed on a hot
computer (Fig. 9a) and a phone (Fig. 9b), and the temperature
changes were observed by thermal infrared imaging. It can be
found that the temperature of PDMS-PA,/F-DE/Zn0O,, film on
computer and phone were lower than that of PDMS. This can be
attributed to the solid-liquid phase transition of PA in the PA,/
F-DE/Zn0O,,, which can absorb the heat emitted by the
computer or phone, resulting in a cooling effect for PDMS-PA,/
F-DE/ZnO,, film on computer and phone. The composite film or
coatings containing PA;/F-DE/ZnO;, would be expected to
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Fig. 8 Temperature changes of PDMS-PA;/F-DE/ZnO;, for 10 cycles
heating and cooling.
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PDMS-PA,/F-DE/ZnO coating (d).

alleviate the heat problem of computer and phone during use or
charging. In order to verify the heat storage and release
performance of PDMS-PA,/F-DE/Zn0O,, used in cold conditions
of phone, we investigated the application of PDMS-PA,/F-DE/
ZnO;, on a cold phone under simulated cold conditions
(Fig. 9c). When the phone was moved from room to cold
conditions, the thermal management PDMS-PA,/F-DE/Zn0O;,
coating can keep the phone temperature from falling rapidly
with the ambient temperature, indicating the heat release
performance of PDMS-PA,/F-DE/Zn0O,, for phone under cold
condition. In this process, we mainly focused on the thermal
management performance of our PCMs.

The thermal management mechanism of PDMS-PA,/F-DE/
ZnO film is illustrated in Fig. 9d. The composite film is
composed of PDMS matrix and PA,/F-DE/Zn0O;,. When PDMS-
PA,/F-DE/ZnO sample is used on heating electronic devices
such as phone or computer, the incident thermal radiation
produced by phone or computer begins to transfer, conduct and
radiate through the composite film. The thermal conduction
can be weakened due to the PDMS polymer matrix and PA,/F-
DE/ZnO. Most of the heat flow can be absorbed and stored by
PA in PA,/F-DE/ZnO as latent heat with a solid-liquid phase
transition when the temperature is higher than the melting
temperature of PA. The rest heat continues to transfer through
the composite film. The thermal transfer and radiation to the
external environment can be enhanced by ZnO particles thanks
to the good thermal conductivity. In addition, a small part of the
heat is reduced by reflection during the conduction process in
PDMS, F-DE and ZnO. Compared with PMDS, PDMS-PA,/F-DE/
ZnO film presents a comprehensive cooling ability because of
the multiple heat weakening transfer, such as thermal absorp-
tion of PA phase change transition and thermal transfer,
reflection radiation by F-DE and ZnO. Similarly, when the film is
used in cold conditions, the PDMS-PA,/F-DE/ZnO composite
can release its stored heat, so that the temperature of the phone
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does not plummet as the ambient temperature decreases. In
this case, F-DE and ZnO also promote the heat transfer from the
PDMS-PA,/F-DE/ZnO composite to the phone.

Conclusions

We developed a nano-ZnO functionalized paraffin/diatomite
phase change material (PA/F-DE/ZnO) with enhanced thermal
conductivity by simple melt blending and adsorption method.
The phase change material PA was encapsulated by hydro-
phobic treated diatomite and nano-ZnO was used as functional
additive to obtained the PA,/F-DE/ZnO PCMs with low leakage
rate, good thermal stability and thermal conductivity, and UV
absorption function. The results indicated that when nano-ZnO
was introduced to PA;/F-DE(mass ratio is 1: 1) system, the ob-
tained PA/F-DE/ZnO not only possessed enhanced thermal
conductivity and reduced leakage but also presented excellent
UV absorption performance and retained the heat storage
performance well. Compared with PA/F-DE, PA,/F-DE/ZnO,
(with 10 wt% of ZnO) exhibit high enthalpy of 76 J kg™ ", the
thermal conductivity was enhanced by 87.73%, leakage rate was
reduced by 7.2%. With the best comprehensive performance,
PA,/F-DE/Zn0O,, was blended with PDMS film to obtain a PDMS-
PA,/F-DE/Zn0O,, composite temperature-control film for the
thermal management of electronic products. In the tempera-
ture range of 60 °C, the PDMS-PA,/F-DE/Zn0O;, composite film
had a cooling effect of 5 ~ 6 °C lower than that of PDMS film,
indicating a cooling performance and good thermal stability.
The PDMS-PA,/F-DE/Zn0O,, showed an outstanding cooling for
the exothermic computer and phone and usability of the phone
in cold conditions. The multiple heat weakening transfer
mechanisms such as thermal absorption of PA and thermal
reflection of F-DE/ZnO were proposed. The prepared PA;/F-DE/
ZnO composite PCMs was expected to be used in thermal
management coatings of electronic products, other phase
change heat storage and temperature control fields.
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