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Enhancement of Thermal and Optical Properties
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This study investigates the enhancement of the thermal, structural, and optical properties of elastomeric
polyolefin (POE)/phase change material (PCM(Ca5Hs2)) composite polymers through the incorpora-
tion of zinc oxide (ZnO) nanoparticles, targeting applications in thermal energy storage, photovoltaics,
and encapsulation. Composites were prepared with varying ZnO doping levels (0%, 10%, and 30%)
and characterized using differential scanning calorimetry, thermogravimetric analysis, X-ray diffrac-
tion, scanning electron microscopy, Fourier transform infrared spectroscopy, and photoluminescence
spectroscopy. The results demonstrate that the addition of ZnO nanoparticles significantly improves
thermal stability, energy storage capacity, and heat transfer efficiency. The 30% ZnO-doped compos-
ite exhibited the highest melting temperature (90.5°C), no mass loss up to 180°C, and the greatest
thermal conductivity, making it a promising candidate for thermal energy storage and encapsulation.
X-ray diffraction analysis confirmed the successful incorporation of ZnO nanoparticles and an increase
in crystallinity with doping, while photoluminescence spectra revealed enhanced optical properties due
to defect passivation. The POE/PCM(Ca25Hs2) matrix provides a stable environment that preserves the
intrinsic properties of ZnO nanoparticles, enabling their effective integration into the composite. These
findings highlight the potential of ZnO-doped POE/PCM(C25Hs2) composites for advanced applica-
tions in thermal energy storage, heat management, optoelectronics, and encapsulation — particularly
in photovoltaic systems, where uniform dispersion of ZnO nanoparticles can enhance light absorption,
charge transport, and device durability.

topics: polymer composites, ZnO nanoparticles, phase change materials (PCM(C25Hs2)), thermal con-
ductivity

1. Introduction

(2026)

As global energy demands rise, the development
of efficient and sustainable thermal energy stor-
age (TES) systems has become increasingly criti-
cal. Latent heat thermal energy storage (LHTES)
using phase change materials (PCMs) offers high
energy density and operational efficiency due to
the process of absorbing and releasing heat at
nearly constant temperatures during phase transi-
tions [1-3]. Paraffin-based PCMs, in particular, are
attractive due to their chemical inertness, thermal
reliability, and affordability [4-6]. However, their
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inherent low thermal conductivity and leakage dur-
ing melting limit their standalone application in
practical systems [7-9]. To address these drawbacks,
researchers have focused on form-stable composite
PCMs, which incorporate PCMs into supporting
matrices. These include: polyethylene, poly(methyl
methacrylate) (commonly abbreviated as PMMA),
and other polymers [10-12]. These matrices enhance
structural stability and prevent leakage. For exam-
ple, Li et al. [10] developed a paraffin/high-density
polyethylene /wood flour composite with improved
thermal storage stability, while Alkan and Sari [11]
demonstrated that PMMA-fatty acid blends ex-
hibited reliable latent heat storage performance.
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Fig. 1. Schematic

representation
POE/PCM(C25Hs2) preparation: (a) pristine POE/PCM(CazsHs2), (b) POE/PCM(C25Hs2)-10% at. ZnO,
and (c) POE/PCM(C25Hs2)-30% at. ZnO.

Recent studies have shown that polymer matrices
not only prevent leakage but can also improve shape
stability and reusability [12, 13].
Nanoparticle-enhanced PCMs have emerged as
a promising solution for improving thermal con-
ductivity and overall performance. Metal oxide
nanoparticles such as ZnO, TiOs, and AlyO3 have
been incorporated into PCMs to improve both
heat transfer and structural integrity [7, 14, 15].
Wang et al. [15] reported significant thermal en-
hancement of paraffin wax upon doping with TiO4
nanoparticles. Similarly, polymer-based nanocom-
posites with metal oxides such as ZnO exhibit
improved thermal stability, photostability, and op-
tical response, which are essential in photovoltaic
and optoelectronic applications [16-18]. In partic-
ular, ZnO has shown great potential for enhanc-
ing the thermal conductivity and ultraviolet (UV)
blocking capacity of polymer composites [19-21].
Additionally, recent advances in encapsulation tech-
nologies such as spray drying, microencapsulation,
and solvent casting have facilitated better inte-
gration and dispersion of PCMs within polymer
matrices [13, 22], improving long-term durability
and phase stability in repeated heating—cooling cy-
cles [9, 23-27]. Our objective is to study the dura-
bility of the POE/PCM(Cy5Hs2) composite for
cooling photovoltaic panels and optimizing their
optical and thermal efficiency. Our study focuses
on preventing the transformation of PCM(CgsHsz)

of POE/PCM(CQ5H52)
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into a liquid state by using POE polymer as
a structural support and encapsulant due to its
adhesive and transparent properties. Specifically,
we investigate the characteristics of both pure and
ZnO-doped POE/PCM(Ca5Hs2) composites. We fo-
cus on the effect of ZnO doping on the thermal
conductivity, optical, and thermal stability of the
composite material.

2. Experimental section

The zinc oxide (ZnO) nanoparticles were first
synthesized via a sol-gel method following the pro-
cedure established in our previous work, Benmam-
mar et al. [28], which confirmed the optimal prop-
erties of ZnO. Zinc acetate dihydrate (20 g) was
dissolved in 100 mL of deionized water under
constant magnetic stirring at 25°C for 30 min,
while a separate solution of citric acid dihydrate
(2 g) in 200 mL of absolute ethanol was pre-
pared. These solutions were then gradually com-
bined, yielding a stable sol that was aged at
80°C for 24 h to form a gel. Subsequent cal-
cination at 450°C for 2 h (at a heating rate
of 5°C/min) produced a white crystallized ZnO
nanopowder. For the polymer composite prepara-
tion, equimass quantities (2 g each) of phase change
material (PCM(Cy5Hs2)) and polyolefin elastomer
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(POE) were separately dissolved in chloroform
using ultrasonic assistance (40 kHz, 40°C, 1 h) to
ensure complete dissolution. The solutions were
combined and magnetically stirred (500 rpm)
at 55°C while incorporating the pre-synthesized
ZnO nanoparticles at two doping levels (10% and
30%, equivalent to 1.15 wt% and 3.45 wt%, re-
spectively), as shown in Table I. The homoge-
neous mixture was solution-cast into Petri dishes
and dried under ambient conditions for 24 h to
produce three distinct composite films: pristine
POE/PCM(C25H52), POE/PCM(CQ5H52)-10% at.
ZHO, and POE/PCM(CQ5H52)—30% at. ZnQO. The
experimental procedure and resulting composite
samples are presented in the panels of Fig. 1,
where (a) shows pristine POE/PCM(Ca5Hsz),
(b) POE/PCM(CQ5H52)—10% at. ZHO, and (C)
POE/PCM(Cg5H352)-30% at. ZnO; this demon-
strates the homogeneous dispersion of ZnO
nanoparticles within the polymer matrix.

The structural properties of synthesized sam-
ples were analyzed using X-ray diffraction (XRD;
Bruker D8 ADVANCE diffractometer with Bragg—
Brentano geometry). XRD patterns were collected
across a 26 range from 27° to 80° with a step
size of 0.2°. Morphological characterization was
performed using high-resolution scanning electron
microscopy (SEM; JEOL JSM-7610FPlus). Op-
tical properties were investigated through pho-
toluminescence (PL) spectroscopy at room tem-
perature using a fluorescence spectrophotometer
(Agilent Cary Eclipse). Fourier-transform infrared
(FTIR) spectroscopy was conducted with an Ag-
ilent Cary 680 spectrometer, covering the spec-
tral range of 400-8000 cm™! at a resolution
of 0.1 em™'. Thermal properties, including phase
change temperature, latent heat, and mass loss,
were evaluated using simultaneous differential scan-
ning calorimetry and thermogravimetric analysis
(DSC/TGA; METTLER TOLEDO) under nitrogen
atmosphere (50 mL/min flow rate) with a heating
rate of 10°C/min.

3. Results and discussion

Figure 2 presents the XRD patterns of the
POE/PCM(Cg5Hs2) polymer composite, pure ZnO
nanoparticles, and ZnO-doped POE/PCM(Cz5Hsz)
composites with two different ZnO concentrations
(i.e., 10% and 30%). The XRD pattern of the
POE/PCM(Cg5Hs2) composite exhibits a broad
halo, characteristic of the amorphous segments
within the polymer matrix. In contrast, the pure
ZnO nanoparticles display distinct diffraction peaks
at 20 = 31.6°, 34.4o, 36.2°, 47.5°, 56.6°, 62.76°,
66.4°, and 77.0°, corresponding to the crystallo-
graphic planes (100), (002), (101), (102), (110),
(103), (200), and (201), respectively. By compar-
ing these peaks with a reference database [29],
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Fig. 2. X-ray diffraction patterns of
POE/PCM(C25Hs2) polymer composite, pure
ZnO, POE/PCM(C25Hs2)-10% at. ZnO, and

POE/PCM(CQ5H52)—30% at. ZnO.

the crystal structure of pure ZnO was identified
as a polycrystalline phase consistent with the
hexagonal wurtzite structure. In the ZnO-doped
POE/PCM(Ca5Hs2) composites (i.e., with 10% and
30% at. ZnQO), the XRD patterns reveal significant
changes. The most intense peaks of ZnQO are no-
tably reduced or absent, leaving a textured phase
with three prominent peaks at 47°, 62°, and 77°.
Instead of the initial sharp peaks, a low-intensity
bump appears in the region corresponding to the
first three peaks, suggesting a decrease in ZnO
crystallinity within the POE/PCM(CgsHs2) ma-
trix. This observation indicates either a reduction
in ZnO crystallization or a partial amorphization of
ZnO due to its interaction with the polymer com-
posite. Despite these changes, the presence of resid-
ual ZnO peaks confirms the successful incorporation
of ZnO nanoparticles into the POE/PCM(Cq5Hsz)
composite. The XRD data were used to calculate
the average crystallite size of ZnO nanoparticles
embedded in a POE/PCM(Cqo5Hs2) polymer. The
crystallite size D was calculated using Scherrer’s
formula [30]
_ ﬁ0:9/\ ’ (1)
sin(6)
where A is the wavelength of the incident Cu K,
radiation (A = 1.5406 A), @ is the diffraction an-
gle, and B is the full width at half maximum
Table II presents the results regarding the av-
erage crystal size of ZnO nanoparticles embed-
ded in a POE/PCM(Cy5Hs2) polymer composite.
The results indicate that the crystal size of the
ZnO nanoparticles remains unchanged upon incor-
poration into the POE/PCM(Cg5Hs2) matrix. This
observation suggests that the polymer composite
does not significantly alter the structural proper-
ties of the ZnO nanoparticles during the embedding
process.
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Mass quantities and atomic percent used in the experimental procedure. TABLE I
Sample composition Mass [g] Mole number [mol] Molar mass [g/mol] Samples

POE 2 — — —
PCM(CasHss) 2 0.0056 352 -
POE/PCM(C25Hsz) 4 — — A
ZnO 0.46 0.0056 81.38 -
10% at. ZnO / 1.15 at.% 0.046 0.00056 - B
30% at. ZnO / 3.45 at.% 0.138 0.00168 — C

TABLE II

Full width at half maximum (FWHM) and average crystal size (D) of ZnO nanoparticles embedded in a

POE/PCM(C25Hs2) polymer composite.

Samples 20 (hkl) plane FWHM D [nm]
31.78 (100) 0.26462
34.43 (002) 0.31385

Pure ZuO 36.26 (101) 0.33383 10.48
47.55 (102) 0.44456
62.90 (103) 0.48554
77.01 (202) 0.58862
47.51 (102) 0.28566

POE/PCM(C25Hs2)-10% at. ZnO 63.00 (103) 0.30993 20.32
77.22 (202) 0.46138
47.42 (102) 0.35237

POE/PCM(Ca2sHs2)-30% at. ZnO 62.93 (103) 0.30669 18.40
77.14 (202) 0.50617

The stability of the ZnO crystal size in  of aggregation. This uniform distribution suggests

the POE/PCM(Cy5Hs2) composite can be at-
tributed to the nature of the interaction between
the nanoparticles and the polymer matrix. The
POE/PCM(CqsHss) composite likely provides a
stable environment that preserves the intrinsic
properties of the ZnO nanoparticles, including their
crystal structure and size. This is an important find-
ing, as it demonstrates that the functional prop-
erties of ZnO nanoparticles, such as their optical,
electrical, or photocatalytic characteristics, may re-
main intact when integrated into the polymer com-
posite [16, 31, 32]. The POE/PCM(Cqy5Hs2) poly-
mer composite enables the dispersion of ZnO in the
form of layers for photovoltaic applications.

The morphology of the synthesized ZnO pow-
der is relatively uniform, characterized by spherical
grains. The morphological analysis reveals particles
that appear as agglomerated species with varying
geometries. The average size of the ZnO particles
is &~ 32 nm, as shown in Fig. 3a. The distribu-
tion of the ZnO particles and their influence on
the morphology of the POE/PCM(Cy5Hsz2) poly-
mer composite were also investigated. As depicted
in Fig. 3b, a homogeneous dispersion of the ZnO
nanoparticles within the POE/PCM(Cqy5Hsz) poly-
mer matrix was observed, with no significant signs
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effective integration of the nanoparticles into the
polymer matrix, which is critical for optimizing the
composite’s properties.

The photoluminescence (PL) spectra obtained
for the POE/PCM(CQ5H52), POE/PCM(CQ5H52)—
10% at. ZnO, and POE/PCM(C25H52)-30% at.
ZnO polymer composites are shown in Fig. 4. The
PL spectrum of the pure POE/PCM(Cy5Hs2) com-
posite reveals a broad emission band in the range
of 430-600 nm, which is likely attributed to defect-
related transitions or impurity states within the
polymer matrix. These defects could arise from
structural disorder, oxidation during processing, or
the presence of additives in the material. The broad
nature of the emission suggests a distribution of en-
ergy states rather than a single discrete transition,
which is typical for amorphous or semi-crystalline
polymers such as POE and PCM(Cay5Hso).

With the addition of ZnO nanoparticles, the PL
spectra of the POE/PCM(CgsHs2)-10% at. ZnO
and POE/PCM(C25H52)-30% at. ZnO composites
show significant changes. Notably, the intensity of
the PL emission increases with the concentration of
Zn0O, indicating that the ZnO nanoparticles play a
key role in enhancing the radiative recombination
processes in the composite.
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Fig. 3. SEM micrographs of (a) pure ZnO and (b)
POE/PCM(C25Hs2)-10% at. ZnO composite.

In the UV-visible
POE/PCM(Ca5Hs2)-10% at. ZnO and
POE/PCM(Cg5H352)-30% at. ZnO composites
exhibit two distinct shoulders in the range
of 350-420 nm. The first shoulder, observed
at 377 nm in POE/PCM(Cg5H52)-10% at. ZnO
and at 365 nm in POE/PCM(C25Hs2)-30% at. ZnO,
is likely due to defect states in ZnO, such as zinc
interstitials (Zn;) or oxygen vacancies (Vo). These
defects create energy levels within the bandgap of
ZnO and contribute to higher-energy emissions.
However, as reported in [33], the embedding
process can lead to a decrease in deep-level emis-
sion (defect-related emission) and an increase in
near-band-edge (NBE) emission. This suggests
that the polymer matrix may passivate some of the
surface defects in ZnO, reducing the contribution
of deep-level emission and enhancing the NBE
emission.

The second shoulder, observed at higher wave-
lengths (~ 380-420 nm), corresponds to the near-
band-edge (NBE) emission of ZnO, which arises
from the radiative recombination of excitons
(electron—hole pairs) in the ZnO nanoparticles [34].
This NBE emission is characteristic of ZnO. In our
samples, it is observed at ~ 395 nm (~ 3.14 €V) in
POE/PCM(Ca5Hj52)-10%at. ZnO and at ~ 382 nm
(~ 3.25 V) in POE/PCM(C35H52)-30% at. ZnO.
The typical reference value for bulk ZnO is

range, the
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Fig. 4. (a) PL spectra of all considered
composites: pure ZnO, POE/PCM(Cs5Hs2),
POE/PCM(C25Hs2)-10% at. ZnO, and

POE/PCM(C25Hs2)-30% at. ZnO. (b, c¢) Bandgap
properties shown for ZnO-doped POE/PCM
composites, extracted from the spectra results in

panel (a).

near ~ 368 nm (3.36 €V). The shift in the emission
wavelength can be attributed to quantum confine-
ment effects or interactions with the polymer ma-
trix, which modify the electronic structure of the
7ZnO nanoparticles.

The FTIR spectral analysis (Fig. 5) reveals dis-
tinct molecular interactions within the ZnO-doped
POE/PCM(Cg5Hs2) composites. A characteristic
new peak appears around ~ 500 cm ™! in the doped
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Fig. 5. FTIR spectra of pure and ZnO-doped
POE/PCM(C25Hs2) composites.

samples, which can be attributed to Zn—O stretch-
ing vibrations [15, 20], the intensity of which grad-
ually increases from 10% to 30% ZnO loading,
confirming the successful incorporation of ZnO
nanoparticles. At higher ZnO concentrations, this
Zn-0 band exhibits slight broadening, which may
be attributed to interfacial phonon scattering and
localized interactions at the nanoparticle-polymer
interface [1, 16, 35]. In the high-frequency region
(30002500 cm 1), characteristic C-H stretching
vibrations of methyl (CH3) and methylene (CHy)
groups are observed at 2870 and 2930 cm™!,
respectively [6, 12]. These bands progressively
broaden and decrease in intensity with increas-
ing ZnO content, suggesting enhanced interfacial
bonding and restricted chain mobility in the poly-
mer matrix [36]. In the mid-infrared range, absorp-
tion bands related to C = C (around 2200 cm~!)
and C = C (1600-1900 cm~!) remain present, in-
dicating that the fundamental carbon framework
of POE is preserved. New absorption bands be-
low 1100 cm™!, corresponding to C—-O and Zn-O
interactions, become more defined with ZnO in-
corporation, suggesting potential covalent or coor-
dination bonding between ZnO nanoparticles and
oxygen-containing moieties in the PCM(Ca5Hso)
or polymer backbone [18, 35]. Additionally, broad
O-H stretching bands above 3400 cm™! may in-
dicate hydrogen bonding between hydroxyl groups
on the ZnO surface and C-H bonds of the poly-
mer [3, 7]. These observations align with reported
interactions in polymer-based nanocomposites con-
taining metal oxides [14, 36, 37]. Overall, the
FTIR spectra confirm that ZnO nanoparticles not
only integrate physically but also chemically with
the POE/PCM(CgsHs2) matrix through hydrogen
bonding, coordination, and surface interactions,
without compromising the integrity of the polymer
structure.

~
~
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The latent heat was evaluated through both ex-
perimental measurements and theoretical calcula-
tions. In Fig. 6a, we present the evolution of latent
heat values versus ZnO doping concentration. It
should be noted that there is a slight divergence be-
tween experimental and theoretical values. This dis-
crepancy grows progressively with increasing ZnO
content, which we attribute to the theoretical com-
posite method employed [38].

The theoretical model allows us to calculate the
doped material’s latent heat L,,,,, i.e.,

AH’I’LTI’L
N (2)

The weight percentage of POE/PCM(Cg5Hjs2) in
the composite is determined by

AH,m, 3)
AH,,’

where Ly, [J/g] represents the latent heat of pure
POE/PCM, L,, [J/g] denotes the latent heat of the
ZnO-doped (Ca5Hs2) composite, ¢ [%] is the ZnO
doping concentration, AH,,, [J/g] is the enthalpy
of pure POE/PCM(Ca5Hs2), and AH,, [J/g] is the
enthalpy of the ZnO-doped composite.

For higher mass percentages of nanoparticles
in the POE/PCM(Cy5Hs2) composite, the dis-
crepancy between experimental and theoretical
values becomes more pronounced. Similar varia-
tions have been reported by Sari et al. [39, 40],
Sharma et al. [41], Chen et al. [42], and Wu et
al. [43]. This observed deviation in latent heat val-
ues arises primarily from the theoretical compos-
ite method used for calculations and from mor-
phological factors, including surface characteristics
of the PCM(Cy5Hs2), POE polymer structure, and
nanoparticle dispersion efficiency within the PCMs
matrix [39].

Solar cell encapsulation employs phase change
materials (PCMs) designed for solid-liquid transi-
tions at near-ambient temperatures (10-50°C above
operational environments), leveraging latent heat
accumulation at a defined phase transition temper-
ature (T [°C]). These materials must be character-
ized for two critical properties, namely latent heat of
fusion and melting temperature range [41]. Differen-
tial scanning calorimetry (DSC) precisely measures
these parameters, using temperature gradient as a
function of time (Fig. 6b), while thermogravimet-
ric analysis (TGA) assesses thermal stability — a
key for ensuring long-term performance under solar
irradiance [41].

The DSC thermograms of POE/PCM(Cq5Hsz)
composite polymers and ZnO-doped composites at
varying atomic fractions are presented in Fig. 6c.
The melting point was identified as the endothermic
peak maximum, while the glass transition temper-
ature was determined through tangent analysis at
the inflexion point of curve. Latent heat values were
calculated by integrating the melting peak area fol-
lowing established protocols [6].

Lypm = Ly, — 100

POE/PCM (CasHsy) = 100
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TABLE III

Thermal properties of PCM, POE/PCM(Ca25Hs2), and POE/PCM(CasHs2) doped with 10% at. and 30% at. ZnO.

Experimental | Calculated . Glass Phase
(POE/PCM) | Melting .
Sample latent latent .o transition | change
[%] point [°C] o .
heat [J/g] heat [J/g] point [°C] | time [s]
PCM 154.56 - - 55.30 46.83 38.4
POE/PCM 181.63 181.63 100 72.10 68.61 21.6
POE/PCM(C25Hs52)-10 at.% ZnO 190.65 191.42 95.26 78.57 75.08 23.4
POE/PCM(C25Hs2)-30 at.% ZnO 210.63 213.21 86.23 90.52 88.53 25.2
220 T T T T T T 15 T T T T T T T
(a) 14 [(b)
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Fig. 6. Thermal characterization of the samples: (a) experimental and theoretical values of latent heat;

(b) temperature gradient as a function of time used in DSC thermograms; (c) DSC thermograms of pure
PCM, POE/PCM(C25Hs2) composite polymers, and ZnO-doped composites, and (d) TGA curves of the same

samples.

From the curves, the melting point and
latent heat of POE/PCM(Cy5Hs) are pre-
sented in Table III. The weight percentage
of POE/PCM(Cy5Hs2) in  the ZnO-doped
POE/PCM(Cqo5Hs52) material was  calculated

using (3) [6], and the results are summarized in
Table ITI. The data show that the melting points
of PCM(CQ5H52), POE/PCM(C25H52), and ZnO-
doped POE/PCM(Cqy5Hs) differ, with a measured
variation of 25%, confirming that the addition of
ZnO nanoparticles modifies the melting behavior
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of both PCM(Ca5Hs2) and POE/PCM(CasHso).
This observation is consistent with previous studies
that showed that the addition of nanoparticles,
including metal oxides, can influence phase tran-
sition temperatures and improve thermal response
in PCM(Cq5H52) composites [15, 37].

The latent heat increases steadily with the atomic
percentage of ZnO nanoparticles (see Table III and
Fig. 6). This trend is attributed to differences in
the heat capacity of the constituents. The heat
capacity of nanoparticles is higher than that of
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both PCM(CQsHsg) and the POE/PCM(CQ5H52)
composite. When ZnO nanoparticles are incorpo-
rated into POE/PCM, the resulting ZnO-doped
POE/PCM(CgsHs2) composite exhibits enhanced
latent heat, which aligns with findings from other
studies that reported improvements in energy stor-
age capacity upon nanoparticle doping [6, 7, 15].
For example, Wang et al. [15] demonstrated that
adding TiO5 nanoparticles to paraffin significantly
enhanced its thermal conductivity and latent heat,
while Pielichowska and Pielichowski [7] reviewed
similar enhancements with various nanomaterials.
Sharma et al. [2] also observed that modifying PCM
systems with nano-additives can enhance their la-
tent heat and thermal performance.

The phase change duration of ZnO-doped
POE/PCM(CgsHs2) composites is longer than
in their pure counterparts. Increasing the ZnO
nanoparticle content in the POE/PCM(Cay5Hsz)
composite has two effects — it prolongs the phase
change process and increases the latent heat.

The addition of more than 10% atomic nanopar-
ticles is advisable because the melting temperature
exceeds 80°C, reducing the risk of sedimentation
when POE/PCM(Cq5Hs2) is in the liquid state [38].
At 30% atomic nanoparticle loading, the maxi-
mum POE/PCM(Csy5Hss) loading reaches 86.23%,
indicating a lower leakage risk compared to pure
PCM(Ca5Hs2). This is another advantage of ZnO-
enhanced POE/PCM(Cqy5Hs2) over conventional
PCM(Ca5Hsz) [38]. However, exceeding 30% atomic
nanoparticles is not recommended due to the in-
creased sedimentation risk in the liquid phase [39].
Therefore, an optimal nanoparticle fraction should
be maintained between 10 and 30%.

The transition temperature of pure POE is be-
tween 100 and 120°C. Therefore, it is not recom-
mended to exceed a ZnO nanoparticle concentration
of 30 at.%, where the melting temperature reaches
90.52°C — close to the POE transition range —
which could pose a risk of ZnO leakage. It is thus
necessary to ensure an optimal atomic fraction of
nanoparticles between 10 and 30%.

POE serves as an effective support to pre-
vent PCM(Cq5Hss) leakage during the solid-liquid
transition and in the liquid phase, while main-
taining the material’s homogeneity and ensuring
uniform dispersion of nanoparticles within the

composite.

The impact of mass loss in Zn-doped
POE/PCM(Cqo5Hs52) on thermal stability was
investigated using thermogravimetric analysis

(TGA). Figure 6d shows the TGA curves of
POE/PCM(CgsHs2) containing 10 to 30% at.
ZnO after the initial heating cycles. While
POE/PCM(Cq5Hj2) liquefies at 50°C, its mass loss
is negligible at temperatures below 120°C and is at-
tributed to the evaporation of water in the material.
It increases drastically at temperatures between
120 and 180°C, reaching 3% at 180°C. This mass
loss can be interpreted as a complete breakdown
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of the POE and PCM(Cg5Hs2) polymer chains
into monomers starting at 120°C. For the 10% at.
and 30% at. ZnO-doped POE/PCM(Cq5Hjs2)
composites, there is practically no mass loss up
to 180°C, which is beneficial for photovoltaic appli-
cations [2]. Furthermore, it appears that the more
the atomic percentage of nanoparticles increases
in the POE/PCM(Cy5Hsz), the more the thermal
stability of the material is improved.

The incorporated ZnO nanoparticles func-
tion as effective thermal stabilizers by rais-
ing the liquefaction onset temperature of the
POE/PCM(CgsHs2) matrix. This retardation ef-
fect stems from the nanoparticles’ ability to re-
strict polymer chain mobility and provide thermal
energy dissipation pathways. Crucially, the ZnO-
doped POE/PCM(Cs5H52) composites maintain
structural integrity up to 180°C without detectable
decomposition, as confirmed by thermogravimet-
ric analysis. This thermal stability profile renders
these materials particularly suitable for building-
integrated solar energy storage systems and photo-
voltaic encapsulation applications [42]. The demon-
strated temperature resistance, combined with the
previously established phase change properties, po-
sitions these nanocomposites as promising candi-
dates for renewable energy applications requiring
durable thermal management solutions.

The phase change material (PCM), consisting
of low-melting-point alkanes, forms an eutectic-like
mixture with polyolefin elastomer (POE), resulting
in a composite with depressed melting temperature
relative to pure components. This binary system
exhibits a reduced melting enthalpy compared to
POE/PCM(Co5Hj52) mixtures of equivalent mass,
as the constituent alkanes possess inherently higher
latent heat capacity than the PCM(Cg5Hsz) for-
mulation. Notably, ZnO-doped composites (10 and
30 at.%) demonstrate enhanced thermal perfor-
mance [43].

Based on the energy equation solution and the
DSC data, numerous thermal conductivity calcu-
lation models have been developed to predict con-
ductivity estimates for nanomaterials composed of
highly regular elements, such as spherical nanopar-
ticles. These models serve as valuable tools for un-
derstanding heat transfer in such materials.

An alternative expression for thermal conductiv-
ity calculation was introduced by Yu and Choi [44].
They proposed an advanced formulation that con-
ceptualizes nanomaterials as a three-component
system: (i) the base matrix material, (ii) solid
nanoparticles, and (iii) an interfacial nanolayer act-
ing as a thermal bridge between the constituent
phases. This model takes into account the critical
role of interfacial thermal resistance and particle-
matrix interactions in determining the overall com-
posite conductivity, i.e.,

0T 0Q

an —~ o — P a7
0.2~ "ot

(4)
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(Qn—Qn-1)

% T
€ Zn:O (Tn_Tnfl) ,

K, =
Kn  Kn42K, — (Kn—K,) (1-8)°¢

where K, [W/(m K)] represents the thermal con-
ductivity of pure POE/PCM, K, [W/(m K)] de-
notes the thermal conductivity of the ZnO-doped
POE/PCM composite, ¢ [%] is the ZnO doping
concentration, AH,,, [J/g] is the enthalpy of pure
POE/PCM and AH,, [J/g] is the enthalpy of the
ZnO-doped composite, e [m] is the thickness, x [m)]
is the direction, m,, [g/s] is the mass flow rate, m [g]
is the mass, p |kg/m3| is the density, T' [°C, K] is
the temperature, ¢ [s] is time, and ¢, [J/(kg K)] is
the specific heat.

Figure 7 presents the thermal conductivity val-
ues for PCM(CQ5H52), POE/PCM(C25H52), and
their ZnO nanocomposites (10% and 30% at.). In
the solid phase below the melting temperature,
all samples exhibit relatively high thermal conduc-
tivity, ranging from 0.2 to 0.7 W/(m K). This
enhanced conductive behavior stems from the mate-
rial’s dense, ordered crystalline structure that facil-
itates efficient phonon-mediated heat transfer. The
phase transition region shows characteristic thermal
conductivity fluctuations, where the onset of molec-
ular disorganization during melting causes a tempo-
rary conductivity reduction. This occurs while the
system maintains a theoretically constant tempera-
ture due to latent heat absorption.

Upon complete liquefaction, the thermal conduc-
tivity decreases significantly to ~ 0.1 W/(m K),
reflecting the transition to a disordered liquid
state. While molecular mobility increases in the
liquid phase, the breakdown of the regular crys-
talline structure and weaker intermolecular forces
substantially reduce heat transfer efficiency. The
nanocomposite systems demonstrate particular in-
terest as the incorporated ZnO nanoparticles
appear to mitigate this conductivity reduction,
with the 30% ZnO formulation maintaining the
highest conductivity values throughout all phase
states.

(6)

The thermal conductivity increases significantly
from 0.400 to 1.393 W/(m K) as the atomic per-
centage of ZnO rises from 0% to 30%, demon-
strating a direct relationship between ZnO content
and thermal performance enhancement. The ad-
dition of even small mass fractions of ZnO im-
proves thermal conductivity in both solid and solid—
liquid phases, with values increasing from 0.9456
to 1.393 W/(m K) when the ZnO doping level
increases from 10% to 30%. This improvement is
attributed to ZnQO’s ability to reconstruct efficient
thermal pathways through Van der Waals inter-
actions [45] while also providing phonon conduc-
tion channels within the composite [46]. Notably,
the liquid phase exhibits only minimal conductiv-
ity gains [46, 47], as confirmed by prior studies
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Fig. 7. Thermal conductivity of PCM(CasHs2),
POE/PCM(C25Hsz2), and ZnO-doped
POE/PCM(C25Hs2) composites in solid and
solid-liquid phases as a function of ZnO atomic
percentage.

(Chen et al. [47]; Kim et al. [31]). The integration of
high-thermal-conductivity ZnO nanoparticles into
POE/PCM(Cg5Hs2) polymers represents a major
advancement for thermal energy management sys-
tems [48-50], particularly given that the base ma-
terials (POE polymer and paraffin PCM(Cy5Hsz))
typically exhibit inherently low thermal conductiv-
ity (below 0.2 W/(m K)). The substantial conduc-
tivity enhancement achieved through ZnO doping
thus addresses a critical limitation in these mate-
rials while expanding their potential for practical
thermal applications.

4. Conclusions

The samples of PCM(Cqo5Hso),
POE/PCM(Cg5Hs2), and their ZnO nanocompos-
ites (10% and 30% atomic) have been successfully
prepared. The XRD and FTIR results confirm the
successful incorporation of ZnO nanoparticles into
the polymer matrix and reveal an increase in crys-
tallinity with higher doping levels. Additionally, a
homogeneous dispersion of the ZnO nanoparticles
within the POE/PCM(Cg;Hs2) polymer matrix
was confirmed by SEM imaging. The PL spectra
show improved optical properties, which can be
attributed to the passivation of defect states in the
ZnO nanoparticles. This opens up interesting appli-
cation possibilities in the field of water depollution,
gas detection, and optoelectronics.

This study demonstrates that the incorpo-
ration of ZnO nanoparticles significantly en-
hances the thermal, structural, and optical prop-
erties of POE/PCM(Cq5Hs2) composites. The 30%
ZnO-doped composite exhibits the highest melting
temperature (90.52°C), negligible mass loss, and the
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greatest thermal conductivity, making it a highly
promising candidate for thermal energy storage ap-
plications.

The POE/PCM(Cqo5Hs2) composite provides a
stable environment that preserves the intrinsic
properties of the ZnO nanoparticles, such as their
structural parameter (D) and optical and photo-
catalytic characteristics (Fy), even when integrated
into the polymer matrix. This stability is crucial
for maintaining the functional performance of the
nanoparticles in applications such as photovoltaics,
where the uniform dispersion of ZnO in the form
of layers can enhance light absorption and charge
transport.

These findings highlight the potential of
nanoparticle-doped composites to improve the
performance of phase change materials in a wide
range of applications, including thermal energy
storage, heat management, and optoelectronics.
The 30% ZnO-doped composite, in particular,
stands out as a versatile material with enhanced
thermal stability and optical properties, making it
suitable for advanced energy-related technologies.
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