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Abstract: Thermally conductive phase-change materials (PCMs) were produced using the crosslinked
Poly (Styrene-block-Ethylene Glycol Di Methyl Methacrylate) (PS-PEG DM) copolymer by employing
boron nitride (BN)/lead oxide (PbO) nanoparticles. Differential Scanning Calorimetry (DSC) and
Thermogravimetric Analysis (TGA) methods were used to research the phase transition temperatures,
the phase-change enthalpies (melting enthalpy (∆Hm), and crystallization enthalpies (∆Hc)). The
thermal conductivities (λ) of the PS-PEG/BN/PbO PCM nanocomposites were investigated. The
λ value of PS-PEG/BN/PbO PCM nanocomposite containing BN 13 wt%, PbO 60.90 wt%, and
PS-PEG 26.10 wt% was determined to be 18.874 W/(mK). The crystallization fraction (Fc) values
of PS-PEG (1000), PS-PEG (1500), and PS-PEG (10,000) copolymers were 0.032, 0.034, and 0.063,
respectively. XRD results of the PCM nanocomposites showed that the sharp diffraction peaks at
17.00 and 25.28 ◦C of the PS-PEG copolymer belonged to the PEG part. Since the PS-PEG/PbO and
the PS-PEG/PbO/BN nanocomposites show remarkable thermal conductivity performance, they
can be used as conductive polymer nanocomposites for effective heat dissipation in heat exchangers,
power electronics, electric motors, generators, communication, and lighting equipment. At the same
time, according to our results, PCM nanocomposites can be considered as heat storage materials in
energy storage systems.

Keywords: thermal conductivity; phase-change materials; boron nitride–lead oxide polymer nanocomposite;
polystyrene–polyethyleneglycol block copolymer; nanocomposite

1. Introduction

Water and phase-change materials have been extensively studied in the literature as
potential thermal energy storage media in construction applications. Water-based and
PCM-based glass systems have been found to have much greater temperature-damping
qualities than standard air-based glass systems [1]. By using the right cavity thickness,
the storage system can be tailored for a certain climate zone [2]. Experimental studies
found temperature damping to be promising in water-based systems [3]. Thermal energy
storage (TES) is critical for the conservation of fossil fuels. New technologies, such as solar
energy storage systems, are being introduced and studied in order to lower the energy
demand of buildings [4]. In addition to batteries, Akr et al. investigated mechanical energy
storage, thermal energy storage, magnetic energy storage, fuel cells, and energy storage
technologies. A preliminary study and cost analysis, as well as appropriate building
storage methods, will boost the efficiency of storage technology [5]. TES is a cutting-edge
energy technology that is gaining traction in applications such as air and water heating,
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refrigeration, and air conditioning. TES appears to be the most appropriate mechanism for
correcting imbalances between energy supply and demand [6]. Microencapsulated PCMs
typically have a wall construction, whereas macroencapsulated PCMs can be embedded
in floors and ceilings. Different researchers employ different approaches to studying the
thermo-physical properties of new phase-change materials [7].

Phase-change Materials (PCMs) have a high capacity to store thermal energy. How-
ever, they have low thermal conductivity and poor heat transfer properties [8,9]. There-
fore, heat transfer improvement techniques such as fins [10–12], metal foams [13–15],
nano-additives [16–18] and encapsulation [19] are used to improve the heat transfer ca-
pabilities of PCMs. Khedher et al. investigated the effect of heat transfer on the thermal
behavior of a closed environment filled with a neopentyl glycol/CuO solid–solid PCM
nanocomposite and demonstrated that increasing the heat transfer rate using a fixed amount
of material is an important task to improve fine performance [20]. In general, the addition
of CNT nanoparticles, which have greater conductivity than Al2O3, to PCMs increases the
effective thermal conductivity and surface area for heat conduction [21]. Meng et al. studied
PCMs based on sodium sulfate decahydrate (Na2SO4·10H2O, SSD) as a thermal energy
storage material. Alginate/SSD composite PCMs have been prepared by mixing SSD with
different concentrations of alginate polymer [22]. Microcapsules have the ability to increase
the thermal and mechanical performance of PCMs used in thermal energy storage, as they
increase the heat transfer area and prevent leakage of melted materials [23]. Mohaddes et al.
used a melamine formaldehyde (MF) resin as the shell material to encapsulate n-eicosane
and showed that the latent heats of melting and crystallization of MF-based microcapsules
were 166.6 J/g and 162.4 J/g, respectively [24]. They found that fabrics doped with such
microcapsules exhibited a lower thermal lag efficiency and a higher thermoregulation
capacity. PCMs are recognized as promising candidates for thermal energy storage that
can improve energy efficiency in building systems. Li et al. designed and developed
a new salt hydrate-based PCM composite with high energy storage capacity, relatively
higher thermal conductivity, and excellent thermal cycling stability. The composite’s en-
ergy storage capacity and thermal conductivity are enhanced by the addition of various
graphitic materials along with the Borax nucleator [18]. The use of PCMs provides higher
heat storage capacity and more isothermal behavior during the charging and discharging
state compared with sensible heat storage [25–27]. PCMs are chosen because of their use
in various energy storage areas such as solar panels, waste heat recovery, and other heat
energy storage systems [28]. Because the low thermal conductivity of PEG is undesirable
in energy storage processes, many different studies have been carried out to overcome this
disadvantageous situation [28–30]. These properties are fascinating for thermal interface
materials [31,32]. Because PCMs are functional materials that can store and release large
amounts of latent heat energy within a slight temperature change [33,34], they have been
frequently used in solar energy storage [35], smart textiles [36–39], thermal protection of
electronic devices [40], waste heat recovery [41] and smart housing [42–44].

This study used DSC and TGA to examine the thermal changes in the phase transi-
tions of PS-PEG copolymers and PS-PEG/BN/PbO PCM nanocomposites. The ∆Hm, ∆Hc,
Tm, Tc, and the decomposition temperatures of the PCM nanocomposites were investi-
gated. ∆Hm and ∆Hc enthalpies of the PCM nanocomposites were investigated between
−20–250 ◦C. The addition of PbO nanoparticles and BN nanoparticles to the copolymers
increased the degradation temperature and residual amount of the polymers. For example,
the PS-PEG (1000) polymer, which remained at 30.3 wt% at the 380 ◦C decomposition
temperature, increased the decomposition temperature of the PCM nanocomposite to
402.9 ◦C, and that of the remaining composite amount to 51.820 wt%, as a result of 90%
PbO nanoparticle addition. As a result of interactions between PbO nanoparticles and BN
nanoparticles in PCM nanocomposites, Fc values were calculated to see how the crystalliza-
tion rate changed [45–47]. The value of β in the equation is the mass fraction of the PS-PEG
block copolymer [48]. Sun et al. [49] found that, as the ratio of additive materials in the
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PEG/CMPs composite increased, the Fc values were greater than the Fc value of PEG and
were in the range of 102–105%.

Thermally conductive composite materials are produced using polymer materials
with good machinability, low cost, and light weight [50–52]. Alizadeh et al. synthesized
graft semi-interpenetrating polymer networks out of polyethylene glycol PEG 8000-based
polyurethane and acrylic copolymers, and these graft-IPN samples can be used for thermal
energy storage due to their high thermal properties [53]. Commercial grade polyethylene
glycol (PEG) with a molecular weight of 6000 was tested by Sharma et al., and reliabil-
ity tests of the PEG 6000 combined with techno-economic analysis have shown that this
PCM can be used as a thermal energy storage system [54]. By creating nanodispersion
polyethylene glycol (PEG)/PMMA/GnPs composites, Zhang et al. investigated the thermal
and electrical properties of FSPCMs as well as their effects on morphology, structure, and
form-stable performance [55]. The sol–gel coating method by Mo et al. obtained ternary
lithium, sodium, and potassium carbonate/silica microcomposites as phase-change materi-
als. It was concluded that microcomposites have an important place in high-temperature
thermal energy storage [56]. Increased thermal conductivity of the PCMs was achieved
by adding expanded graphite carbon nanotubes, graphene nanomaterials, activated car-
bon, carbon fiber, and metallic/oxide nanoparticles. BN is a universally accepted ceramic
filler, especially for thermally conductive composites, due to its thermal conductivity and
electrical insulator properties [57–67]. Qi and coworkers [61] increased the λ value of the
PEG/graphene oxide (GO)/graphene nanoplatelet (GNP) PCM composite to 1.72 W/(mK)
when they filled PEG using GO 2 wt% and GNP 4 wt% filler. Jia et al. added polyethylene
glycol (PEG) to BN@CS scaffolds and showed that this increased the thermal conductivity
value up to 2.77 W/(mK) [68]. While the thermal conductivity of pure PEG was measured
at the level of 0.285 W/(mK), the thermal conductivity value for PEG@MXene was in-
creased up to 2.052 W/(mK), with a 7.2-fold increase determined by Lu et al. [69]. The
thermal conductivity of pure PCM and EHS/BNF composite PCMs containing 4 wt% were
compared by Han et al., and the conductivity value of the EHS/BNF composite was deter-
mined to be 10.37 times higher than that of pure PCMs [26]. The thermal conductivities of
pure PEG, PVA, PPVA, and the composite of GA/PEG as noted by Shen et al. [62] were
0.493, 0.152, 0.112 and 0.687 W/(mK). Polymers are flexible, light, durable, cheap, and
resistant to abrasion and heat energy, and their usage has been increasing in every field
from clothing to buildings and vehicles. In terms of developing the needed properties
in structures, these characteristics highlight the important role of polymers in multidis-
ciplinary scientific research [70–72]. The ability of a material to transfer heat energy is
defined as thermal conductivity. We performed thermal conductivity calculations accord-
ing to Equation (2) [73]. The thermal conductivity and the thermal properties of Portland
Cement-HB (PAE-b-PCL)-PU plaster and HB (PAE-b-PCL)-PU/PbO-BN nanocomposites
have been investigated by Cinan et al. [74]. When HB (PAE-b-PCL)-PU plaster, PbO, and
AsO were added to Portland Cement, we found that they increased the properties of the
cement, based on the thermal conductivity values. The thermal conductivity values of
these PCMs were between 3.22 W/(mK) and 3.90 W/(mK) [72].

We have shown that PS-PEG copolymers doped with BN nanoparticles and PbO
nanoparticles (i.e., PS-PEG PCM nanocomposites) are promising in terms of improving λ

values and energy use efficiency. This article presents the preparation and thermal/physical
characterizations of nano-enhanced PCMs with BN, a PbO nano blend, or single BN and
PbO using crosslinked PS-PEG copolymers that we have previously synthesized and
characterized [75–77]. The particle sizes of block copolymers and PCM nanocomposites
were investigated using SEM and TEM analyses. At the same time, the XRD technique was
used to determine the crystallographic structure of PCM nanocomposites.

Because of PCMs’ low thermal conductivity, their practical usage in latent heat stor-
age units is limited. PS-PEG copolymers, PbO, and BN nanoparticles were utilized in
this study, not only to boost thermal conductivity but also to develop PCMs with op-
timal compositions that can reduce latent heat. This study provides an outline of how
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phase-transition materials can be used in melting and solidification. The melting tem-
peratures of the examined PCM nanocomposites ranged from 55.5 ◦C to 200 ◦C. As a
result, the PCM nanocomposites can be used in high-temperature-operated absorption
applications, cooling, waste energy production, and heat recovery operations. The re-
sults demonstrated strong intermolecular interactions between the PS-PEG copolymer,
the BN, and the PbO nanoparticles and demonstrated that nanoparticle dispersion inside
the PCM had no effect. The chemical structure of the nanoparticles was altered, but their
thermal and chemical stability was improved. PCM nanocomposites were discovered to
be more stable and to perform better thermally than PS-PEG copolymers. PS-PEGs have
low thermal conductivity, which limits heat storage and release rates and limits their appli-
cability. Greater thermal conductivity in PCMs reduces melting and solidification times
and speeds heat transfer throughout these processes. The NCPSPB3 PCM nanocomposite
has Hm, Tm, Hc, and Tc values of 67.6 J g−1, 81.8 ◦C, 5.12 J g−1, and 188.4 ◦C, respec-
tively. The ∆Hm, Tm, ∆Hc and Tc values of PEG/CNF [1], PEG/90CNF + 10rGONP [77],
PEG1000 (45 wt%)/HNT-Ag−1 [1], PEG1000 (45 wt%)/HNT-Ag−3 [31] nanocomposites
are 84.3 J g−1, 25.8 ◦C, 79.3 J g−1, 23.2 ◦C; 69.5 J g−1, 24.3 ◦C, 62.2 J g−1, 22.3 ◦C; 72.5 J g−1,
35.2 ◦C, 28.1 ◦C; 71.3 J g−1, 33.6 ◦C, and 25.7 ◦C, respectively. The enthalpy values of the
NCPSPB3 PCM nanocomposite obtained in the study, PEG/CNF, PEG/90CNF + 10rGONP,
the PEG1000 (45% wt%)/HNT-Ag−1 nanocomposites investigated by Zeighampour et al. [78],
and the PEG1000 (45% wt%)/HNT-Ag−3 composite investigated by Song et al. [31] are
near these values. PEG/CNF, PEG/90CNF + 10rGONP, PEG1000 (45 wt%)/HNT-Ag−1,
and PEG1000 (45 wt%)/HNT-Ag−3 have thermal conductivity values of 0.68 Wm−1K−1,
0.85 Wm−1K−1, 0.73 Wm−1K−1, and 0.90 Wm−1K−1, respectively. The thermal conduc-
tivity value of the NCPSPB3 PCM nanocomposite is 27.30 times, 21.84 times, 25.43 times,
and 20.63 times greater than the values of PEG/CNF, PEG/90CNF + 10rGONP, PEG1000
(45 wt%)/HNT-Ag−1, and PEG1000 (45 wt%)/HNT@Ag−3 composites, respectively. The
Hm, Tm, Hc, and Tc values of the NCPSPb8 and NCPSPbBN17 PCM nanocomposites
are 43.8 J g−1, 83.8 ◦C, 4.94 J g−1, 185.5 ◦C, and 34.6 J g−1, 83.8 ◦C, and 5.36 J g−1,
190.2 ◦C, respectively. The values of PEG/50CNF + 50rGONP nanocomposite are 55.1 J g−1,
17.3 ◦C, 48.8 J g−1, 16.8 ◦C, which are comparable to those of the PEG/50CNF/50rGONP
nanocomposite. The NCPSPb8 PCM nanocomposite, NCPSPbBN17 PCM nanocompos-
ite, and PEG/50CNF + 50rGONP nanocomposite have thermal conductivity values of
17.14 Wm−1K−1, 15.71 Wm−1K−1, and 2.39 Wm−1K−1, respectively. PEG/50CNF + 50rGONP
has a thermal conductivity value that is 7.17 times and 6.57 times lower than that of the
NCPSPb8 and NCPSPbBN21 PCM nanocomposites, respectively. Song et al. [31] devel-
oped the PEG/HNT-Ag−3 nanocomposite PCM as a unique kind of stable nanocomposite
PCM with a suitable phase-change temperature (33.6 ◦C), relatively significant latent heat
(71.3 J g−1), outstanding thermal reliability, and increased thermal conductivity and con-
version. Taking this into account, scientists demonstrated that it has a high potential for
thermal energy storage and can be utilized as a building material to reduce indoor tem-
perature changes, improve thermal comfort, and conserve electrical energy. According to
Zeigampour et al. [78], SSPCNs with and without rGONP loadings have advantageous
phase-transition temperatures, with latent heat values ranging from 55.1 to 84.3. They
created SSPCNs that have shown excellent high-tech applications in accurate temperature
control and quick temperature regulation [78]. The latent temperatures of various PCM
nanocomposites ranged from 34.6 to 67.6 in this investigation. As a result, as described
in the literature [31,78], these PCM composites can be used as building materials to re-
duce indoor temperature variations, increase indoor thermal comfort, conserve electrical
energy, and provide precise temperature control and fast temperature regulation under
certain conditions.
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2. Materials and Methods
2.1. Materials

PbO Merck & Co. Inch. is produced and manufactured in Kenilworth, NJ, USA.
BN particles of 1 µm size are an Aldrich product. PEG DM macrocrosslinkers were ob-
tained from PEG polymers with molecular weights of 1000 gmol−1, 1500 gmol−1, and
10,000 gmol−1 by using methacrylic acid chloride [75–77].

2.2. Polymers
2.2.1. Synthesis of the PEG DM Macrocrosslinkers and the PS-PEG Block Copolymers

The PEG DM macrocrosslinkers and the PS-PEG copolymers were synthesized accord-
ing to [75–77].

2.2.2. Preparation of the BN- and PbO-Doped PS-PEG PCM Nanocomposites

Table 1 shows the content of the PCM nanocomposites examined.

Table 1. The content of the PCM nanocomposites.

PCM ID PS-PEG PS-PEG (wt%) BN (wt%) PbO (wt%) Volume (mm3)

NCPS1 1000 100 0 0 575.3
NCPSPb2 1000 50 0 50 579.1
NCPSPb3 1000 30 0 70 523.9
NCPSPb4 1000 10 0 90 357.5
NCPSPb5 1000 46.2 0 53.8 753.8
NCPS6 1500 100 0 0 631.8
NCPSPb7 1500 50 0 50 734.5
NCPSPb8 1500 30 0 70 631.8
NCPSPb9 1500 10 0 90 463.6
NCPSPb10 1500 46.2 0 53.8 858.3
NCPS11 10,000 100 0 0 782.3
NCPSPb12 10,000 50 0 50 399.4
NCPSPb13 10,000 30 0 70 519.8
NCPSPb14 10,000 10 0 90 511.2
NCPSPb15 10,000 46.2 0 53.8 657.6
NCPSBN16 1000 50 50 0 696.5
NCPSPbBN17 1000 15 15 70 599.6
NCPSPbBN18 1000 5 5 90 551.1
NCPSPbBN19 1000 26.1 13 60.9 513.5
NCPSBN20 1500 50 50 0 591.3
NCPSPbBN21 1500 15 15 70 515.9
NCPSPbBN22 1500 5 5 90 638.3
NCPSPbBN23 1500 26.1 13 60.9 607.6
NCPSBN24 10,000 50 50 0 741.6
NCPSPbBN25 10,000 15 15 70 413.5
NCPSPbBN26 10,000 5 5 90 528.8
NCPSPbBN27 10,000 26.1 13 60.9 842.4

Known weights of PS-PEG block copolymers, PbO nanoparticles, and BN nanoparti-
cles were mixed in an agar mortar and homogenized before being compressing into tablets.
The tablets of the PCM nanocomposites were formed by hydraulic pressure at 10 MPa
stress for 20 min at 22 ◦C. The tablet’s thickness was measured by using a BTS of 12,051 µm.
The thickness of the tablets with a diameter of 12 mm ranges between 0.8–5 mm.

Figure 1 shows the chemical structure of the polymers and the interaction between the
polymers and nanoparticles.
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Figure 1. Schematic representation of the molecular formula (A) [74] of the PS-PEG block copolymer
and (B) the PCM nanocomposite tablets.

2.3. Characterizations

The characterization of the macrocrosslinker synthesized according to the literature [67–69]
was investigated by FT-IR, NMR, and GPC methods. PS-PEG block copolymers were
investigated with FT-IR, SEM, and TGA instruments. The characteristic FT-IR peaks and
properties of PEG DMs and PS-PEG block copolymers are similar to the results in the
literature [67–69].

2.3.1. Thermal Properties
TGA Method

The thermal decomposition process of the PEG-DM macrocrosslinkers, the PS-PEG
block copolymers, and the PCM nanocomposites was implemented via the Seiko II Exstar
6000 TG/DTA (Seiko Instruments Inc., Chiba, Japan) analysis instrument. TGA thermo-
grams of the macrocrosslinkers, block copolymers and PCM nanocomposites were obtained
in a nitrogen gas atmosphere (200 mL/min) between 30–500 ◦C. The heating rate was taken
as approximately 20 ◦C/min.

DSC Method

The Tm, Tc, ∆Hm, and ∆Hc values of the PS-PEG copolymers and the PCM nanocom-
posites were obtained by using DSC (Perkin-Elmer Jade model, Perkin-Elmer Inc., Waltham,
MA, USA). DSC measurements were made under nitrogen gas. The samples were exam-
ined at a heating rate of 10 degrees per minute from −20 ◦C to 300 ◦C and a cooling
rate of 10 ◦C per minute from 300 ◦C to −20 ◦C. The weight of the PCM nanocomposites
was approximately 3.0 mg. Fc values were calculated by using Equation (1) using DSC
data [45–47].

Fc =
∆HPCMS

∆Hpureβ
(1)

Here, ∆Hpcms and ∆Hpure are the latent heat of the nanocomposite and the PS ho-
mopolymer, respectively. The value of ∆Hpure is 22.5 J/g. β is the mass fraction of the
PS-PEG block copolymer in the nanocomposite.

2.4. Thermal Conductivity Method

By measuring the temperature difference between the two ends of the PCM nanocom-
posites, we calculated the thermal conductivity from Equation (2) [73]. We used a resistor
that could go up to 50 W for 12 V to energize one surface of the sample. We determined the
inlet temperature between 35−90 ◦C by applying 22.2 W of power.

λ =
q(x2 − x1)

A(T2 − T1)
(2)
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Here, λ is the thermal conductivity, and its unit is given as W/(mK). The parameter
q is the power of the resistor, given in Watts. x1 and x2 are the distance between the
beginning and ends of the sample exposed to heat and the end of the heat flow, respectively.
Equation (2), q = −λ. A. ∇T, is based on Fourier’s law. T1 > T2, since T1 is the initial
temperature value applied to the x1 point of the sample. T2 is the temperature measured
on the other end of the sample after the heat has passed through the sample. Therefore,
T2 − T1 < 0.

2.5. Morphology
2.5.1. SEM Analysis

The surface properties of the polymers and the PCM nanocomposites were elucidated
with the SEM method. The SEM photographs were pictured by the JEOL JXA-840 brand
model SEM instrument (Tokyo, Japan). The PS-PEG copolymers and the PCM nanocom-
posites were frozen with liquid nitrogen and then broken with an Edwards S 150 B model
spray-coater. Broken specimens were plated with gold (300 Angstroms). SEM photos were
taken at 10 kV, high vacuum, ESEM at 30 kV, and 3.0 nm resolution. The standard detectors
used were ETD, low vacuum SED (LVD), gas SED for ESEM mode (GSED), and IR camera.
Electron images from the cathode ray tube were recorded on a Polaroid film.

2.5.2. TEM Analysis

The structural analyses of PbO and BN nanoparticles and the PCM nanocomposites
were investigated by using the FEI-Tecnai G2F30 model TEM tool. The samples of which
TEM pictures were taken were examined by fixing on carbon-coated TEM grids. The
nanoparticles and PCM nanocomposites were imaged at 300 kV. The histogram of PbO
nanoparticle sizes was obtained by counting more than 450 particles from the TEM image
and using Image J Processing and Analysis software.

2.5.3. XRD Method

The XRD data of the PCM nanocomposites were obtained with an X-Ray Diffractome-
ter with trademark DMAX 2400 (Rigaku, Japan). The measurements were made under
Copper Kα radiation with properties of 1.541 Å, 40 kV, and 100 mA. The measurements
were taken at a scan rate of 8/min over 2 h and between 5–90 ◦C. The 2θ value and Miller
indices of the PS-PEG block copolymers and the nanocomposite PCMs were investigated.

3. Results and Discussion
3.1. TGA Measurements of the PS-PEG-PbO and -BN Nanocomposite PCMs

Table 2 shows the degradation temperatures and the remaining mass (wt%) of the
PCM nanocomposites. Figure 2 and Figure S1 show thermograms of PS-PEG (1000) PCMs
with PbO additives. Figure 2 presents TGA thermograms of NCPSPb3, NCPSPb8, NCP-
SPb13, NCPSPbBN17, NCPSPbBN21, and NCPSPbBN25. Thermograms of other PCM
nanocomposites are presented in Figures S1–S6. The thermograms demonstrate thermal
degradations of all PCMs which were investigated between 40.3–402.9 ◦C. As a result, the
thermal stability of the PCM nanocomposite with the addition of PbO nanoparticles is
higher than the value of the polymers. This situation is due to increased physical interac-
tions between PbO nanoparticles and PS-PEG polymer, such as van der Waals force and
hydrophobic–hydrophobic interactions. The initial degradation temperature of NCPSPb3
PCM nanocomposite is higher than the value of NCPS1 and NCPSPb2. When the PbO
content of the NCPSPb3 is increased and the polymer content is decreased, the moisture
evaporates and the temperature decreases to 49.0 ◦C. NCPSPb3 has more PbO nanoparti-
cles than the polymer, so its degradation temperature increases. The remaining masses of
NCPSPb3 at its first and second degradation temperature are 96,900 wt% and 83,100 wt%,
respectively. As a result, when PbO nanoparticles are doped into the PS-PEG (1000) copoly-
mer (NCPS1), this increases the thermal stability of the polymer. As seen in Figure 2,
Figures S1C, S2B, S3C, S4B, S5B and S6B, when NCPSPb4 contains PbO nanoparticles
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70 wt% and 15 wt% BN, the amount of remaining mass is higher. TGA graphs of NCPSPb4
and NCPSPb5 are shown in Figure S1D and Figure S1E, respectively. The results of the
NCPSPb5 are very different from the results of the NCPSPb2. Although the initial decay
temperature is high in NCPSPb5, the remaining mass amounts are lower than in NCPSPb2.
As a result, 53.8 wt% PbO nanoparticles in the NCPSPb5 decreased the thermal stability of
the PCM nanocomposite.

Table 2. The degradation temperatures and the remaining mass (wt%) of the PCM nanocomposites.

PCM ID First Stage of
Degradation

Second Stage of
Degradation

Third Stage of
Degradation

Fourth Stage of
Degradation

t
(◦C)

Remaining
Mass, %wt

t
(◦C)

Remaining
Mass, %wt

t
(◦C)

Remaining
Mass, %wt

t
(◦C)

Remaining
Mass, %wt

NCPS1 46.7 76.7 254.2 62.5 343.5 49.4 381.2 36.4
NCPSPb2 40.3 99.2 249.6 88.4 335.4 71.4 382.8 45.1
NCPSPb3 49.0 99.9 244.4 83.1 289.0 71.8 375.3 42.3
NCPSPb4 43.3 98.7 85.9 88.73 241.8 83.7 402.9 51.8
NCPSPb5 80.8 71.5 257.9 66.3 383.7 21.2 - -
NCPS6 53.4 93.5 322.4 82.5 417.9 0.5 - -
NCPSPb7 50.7 92.7 257.6 64.8 280.7 58.4 386.9 22.7
NCPSPb8 39.9 97.5 243.3 83.4 374.0 38.0 428.7 33.4
NCPSPb9 47.2 98.1 165.9 85.9 349.0 61.0 370.1 53.9
NCPSPb10 47.2 90.51 85.7 81.9 253.4 76.7 380.0 30.4
NCPS11 31.2 96.1 66.5 76.0 293.8 69.3 401. 8 3.0
NCPSPb12 25.3 94.3 75.2 49.7 259.9 40.4 403.3 −54.0
NCPSPb13 41.6 97.3 239.1 89.5 326.4 71.2 371.9 48.8
NCPSPb14 44.0 97.6 231.9 87.2 287.7 77.2 372.0 56.2
NCPSPb15 45.1 98.4 245.1 91.4 372.2 64.6 424.9 61.1
NCPSBN16 46.5 98.8 254.8 96.4 366.9 63.4 424.8 60.0
NCPSPbBN17 54.7 97.04 233.7 93.2 331.7 77.1 381.5 69.2
NCPSPbBN18 37.1 97.5 228.3 91.6 370.0 65.2 420.1 62.7
NCPSPbBN19 47.2 87.9 230.8 84.6 331.1 12.6 393.5 3.9
NCPSBN20 37.0 99.0 281.9 95.3 376.6 63.4 418.7 61.2
NCPSPbBN21 39.2 97.8 237.4 88.7 344.0 68.5 371.9 61.5
NCPSPbBN22 53.8 99.0 152.9 97.0 357.9 72.0 421.0 69.4
NCPSPbBN23 41.2 97.1 242.8 86.9 365.1 58.6 427.0 53.2
NCPSBN24 51.8 99.2 272.8 96.6 385.3 75.9 417.3 74.8
NCPSPbBN25 64.7 96.5 235.5 92.6 361.9 68.7 410.8 66.7
NCPSPbBN26 65.8 99.0 236.7 95.1 377.2 68.8 412.4 68.0
NCPSPbBN27 28.3 99.2 238.5 95.1 371.7 54.7 421.8 50.8

Polymers 2023, 15, x  9  of  28 
 

 

 

Figure 2. TGA thermograms of the NCPSPb3, NCPSPb8, NCPSPb13, NCPSPbBN17, NCPSPbBN21, 

and NCPSPbBN25 PCM nanocomposites. 

The  thermogram of  the NCPS6 PCM nanocomposite  is  shown  in Figure S2A. For 

NCPS6,  the  thermal stability,  initial degradation  temperature, and  the amount of mass 

remaining  after  decomposition  decreases  as  the molecular  weight  of  the  crosslinker 

increases,  while  the  final  degradation  temperature  increases.  NCPSPb7  NCPSPb8, 

NCPSPb9 and NCPSPb10 graphs are presented in Figure S2B–E. When the PbO ratio is 50 

wt% in the NCPSPb7, the initial degradation temperature is 50.7 °C, which is higher than 

the value of  the NCPSPb2. As a  result,  thermal stability  increased when  the molecular 

weight of the crosslinker PEG was increased from 1000 to 1500, when the amount of PbO 

was  the  same. The  initial decomposition  temperatures  and  the  amount of  evaporated 

water of NCPSPb8 and NCPSPb9 containing 70 wt% and 90 wt% of PbO nanoparticles 

were decreased compared with  the values of  the NCPS6. As a result,  the addition of a 

large amount of PbO for the PS-PEG-1500 polymer reduced thermal stability. The results 

for the NCPSPb10 are in agreement with the other nanocomposites. 

Thermograms  of NCPS11, NCPSPb12, NCPSPb13, NCPSPb14,  and NCPSPb15  are 

shown in Figure S3A–E. Considering the degradation temperatures and the residual mass 

obtained  for  NCPSPb11-15  PCM  nanocomposites,  thermal  stability  decreased  as  the 

molecular weight of the macrocrosslinker increased from 1000 and 1500 to 10,000. However, 

an increased amount of PbO in PEG-10,000 indicates that it increased thermal stability. 

The thermograms of NCPSBN16, NCPSPbBN17, NCPSPbBN18, and NCPSPbBN19 

are presented in Figure S4A–D. When BN was added to the NCPS1 polymer in NCPSPb16, 

the thermal stability was observed to be higher than the thermal stability of NCPS1. As 

observed  in NCPSPb17,  thermal stability appears  to be better  than  in NCPSPb16 when 

PbO is added. Increasing the PbO ratio to 90 wt% in the NCPSPb18 reduced the thermal 

stability of the composite to below the value of NCPSPb17. 

Figures S1 and 2 and show the thermal plot of PS-PEG (1500) doped with BN and 

PbO  nanoparticles.  The  thermograms  of  NCPSBN20,  NCPSBN21,  NCPSBN22,  and 

NCPSBN23 are shown in Figure S5A–D. When the TGA graphs of NCPSPb20, NCPSPb21 

and NCPSPb22 nanocomposites are examined, it is clearly seen that increasing the amount 

of PbO nanoparticles in the PEG 1500 polymer increases its thermal stability. Considering 

the composition of the NCPSPb23 nanocomposite, its thermal stability is higher than that 

of NCPSPb21, because  the  amount of polymer  is higher  in  its  structure. However,  its 

thermal stability is decreased a little due to the amount of PbO being lower than that in 

NCPSPb23. 

Figure 2. TGA thermograms of the NCPSPb3, NCPSPb8, NCPSPb13, NCPSPbBN17, NCPSPbBN21,
and NCPSPbBN25 PCM nanocomposites.



Polymers 2023, 15, 2326 9 of 27

The thermogram of the NCPS6 PCM nanocomposite is shown in Figure S2A. For
NCPS6, the thermal stability, initial degradation temperature, and the amount of mass
remaining after decomposition decreases as the molecular weight of the crosslinker in-
creases, while the final degradation temperature increases. NCPSPb7 NCPSPb8, NCPSPb9
and NCPSPb10 graphs are presented in Figure S2B–E. When the PbO ratio is 50 wt% in
the NCPSPb7, the initial degradation temperature is 50.7 ◦C, which is higher than the
value of the NCPSPb2. As a result, thermal stability increased when the molecular weight
of the crosslinker PEG was increased from 1000 to 1500, when the amount of PbO was
the same. The initial decomposition temperatures and the amount of evaporated water
of NCPSPb8 and NCPSPb9 containing 70 wt% and 90 wt% of PbO nanoparticles were
decreased compared with the values of the NCPS6. As a result, the addition of a large
amount of PbO for the PS-PEG-1500 polymer reduced thermal stability. The results for the
NCPSPb10 are in agreement with the other nanocomposites.

Thermograms of NCPS11, NCPSPb12, NCPSPb13, NCPSPb14, and NCPSPb15 are
shown in Figure S3A–E. Considering the degradation temperatures and the residual mass
obtained for NCPSPb11-15 PCM nanocomposites, thermal stability decreased as the molec-
ular weight of the macrocrosslinker increased from 1000 and 1500 to 10,000. However, an
increased amount of PbO in PEG-10,000 indicates that it increased thermal stability.

The thermograms of NCPSBN16, NCPSPbBN17, NCPSPbBN18, and NCPSPbBN19
are presented in Figure S4A–D. When BN was added to the NCPS1 polymer in NCPSPb16,
the thermal stability was observed to be higher than the thermal stability of NCPS1. As
observed in NCPSPb17, thermal stability appears to be better than in NCPSPb16 when
PbO is added. Increasing the PbO ratio to 90 wt% in the NCPSPb18 reduced the thermal
stability of the composite to below the value of NCPSPb17.

Figure S1 and Figure 2 and show the thermal plot of PS-PEG (1500) doped with BN
and PbO nanoparticles. The thermograms of NCPSBN20, NCPSBN21, NCPSBN22, and
NCPSBN23 are shown in Figure S5A–D. When the TGA graphs of NCPSPb20, NCPSPb21
and NCPSPb22 nanocomposites are examined, it is clearly seen that increasing the amount
of PbO nanoparticles in the PEG 1500 polymer increases its thermal stability. Considering
the composition of the NCPSPb23 nanocomposite, its thermal stability is higher than that of
NCPSPb21, because the amount of polymer is higher in its structure. However, its thermal
stability is decreased a little due to the amount of PbO being lower than that in NCPSPb23.

The PCM nanocomposite thermograms (containing PS-PEG (10,000) block copolymer,
and BN and PbO nanoparticles) are presented in Figure 2 and Figure S6. The graph for
NCPSBN24 is shown in Figure S6A. The thermograms of NCPSPbBN25, NCPSPbBN26,
and NCPSPbBN27 are shown in Figure S6B–D. It was observed that the addition of BN
and PbO at different rates to the NCPSP11 nanocomposite (for NCSPb25 and NCPSPb26)
increased the thermal stability. When the BN nanoparticle and PbO nanoparticle is below
15 wt% and 70 wt% (for NCPSPb27), respectively, the first decomposition temperature
of the PCM nanocomposite is decreased, but the amount of the remaining mass does not
change significantly. The remaining mass at the final decomposition temperature ranges
from 68–74% in other samples, while it is around 50% for NCPSPb27.

The TGA results were examined in detail to illustrate the degradation of PbO- and
BN-doped PS-PEG PCMs. As seen in all figures, there was little degradation when
the PCMs were heated to about 430 ◦C, indicating that the PCMs are thermally stable.
Three degradation temperatures were observed: 40 ◦C, 250 ◦C and 380 ◦C. The initial
degradation of PS-PEG (1000) PCMs started at about 40 ◦C, and the final degradation
was observed at 380 ◦C. In addition, the nanostructured BN particle additive yielded
three degradation temperatures at 40 ◦C, 230 ◦C, and 330 ◦C. The TGA curves of all the
PbO–BN-doped nanocomposite PCMs exposed thermal degradation actions parallel to
that of the PbO-doped PS-PEG (1000) PCMs. A few degradation points were between
50–380 ◦C. The initial loss began at 50 ◦C and the last degradation at 380 ◦C originated
from the degradation of the PS-PEG (1500) PCMs. In addition, the nanostructured BN
nanoparticle additive showed three degradation temperatures around 40–240 ◦C and
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420 ◦C. The first stage of degradation started at 40 ◦C and the final decomposition tem-
perature was 430 ◦C, which caused the degradation of the PS-PEG copolymer in PCMs.
Furthermore, the addition of BN nanoparticles showed several degradation temperatures
in the range of 40 ◦C to 420 ◦C. As a result, it was seen that losses between 40 ◦C and
80 ◦C in all composites were caused by the evaporation of water. In addition, PCMs with
higher PbO and BN nanoparticle ratios represent thermal stability. This is due to the large
number of nanoparticles in PCMs that prevent the degradation of polymer chains. The
present results show that the PS-PEG polymer becomes more thermally stable when the
PCM nanocomposites are incorporated with PbO and BN nanoparticles. Because of these
uses, PCM nanocomposites can exhibit excellent thermal persistence for a variety of energy
application systems.

3.2. DSC Results of the PS-PEG/BN/PbO PCM Nanocomposites

Phase-change temperatures of PS-PEG/PbO, PS-PE/BN, and PS-PEG/PbO/BN PCM
nanocomposites were measured by the DSC technique. Melting and solidification DSC
curves of PS-PEG PS-PEG/PbO, PS-PE/BN, and PS-PEG/PbO/BN PCM nanocompos-
ites are shown in Figures 3 and 4. The Tm, ∆Hm, Tc, ∆Hc values of the PS-PEG PCM
nanocomposites were determined from the endothermic and exothermic curves during
phase change. The melting/solidification temperature (Tm/Tc), endothermic/exothermic
enthalpy (∆Hm/∆Hc) and Fc values are given in Table 3. Tm-Tc, ∆Hm-∆Hc and Fc values
are the most effective ways to interpret the thermal behavior of PCM nanocomposites.
Endothermic peaks were observed between 55.5–205.8 ◦C due to melting (as seen in Table 3
and Figures 3 and 4).
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Figure 4. Thermal behavior of PS-PEG PCM nanocomposites: (A) NCPSPbBN17, (B) NCPSPbBN21,
(C) NCPSPbBN25.

Figure 3 shows the thermal behavior of NCPSPb3, NCPSPb8, and NCPSPb13 PCM
nanocomposites, while those of other PCM nanocomposites are given in Supplementary S2.
Figure S7 presents the thermal behavior of NCPS1, NCPS6 and NCPS11. Compared with
the NCPS1 (PS-PEG 1000) polymer, the Tc of the NCPSPb3 PCM nanocomposite slightly
increased. A significant increase was observed in ∆Hm values (Figure 3A and Figure S2A).
DSC curves of NCPSPb8 and NCPS6 are seen in Figure 3B and Figure S7B. As can be seen
from these figures, the addition of 70% by weight of PbO to the NCPS6 block copolymer
caused a partial increase in Tm values of NCPSPb8. It also greatly increased the ∆Hm values.
Tm and ∆Hm values of NCPSPb13 and NCPS11 are shown in Figure 3C and Figure S7C.
The average ∆Hm value corresponding to melting temperatures of the NCPS11 in the range
of 58.8–190.1 ◦C was 10.3 J g−1. The ∆Hc value at 31.5 ◦C was found to be −7.98 J g−1.
Tm-∆Hm values of NCPS13 were 62.1 ◦C–7.38 J g−1, 83.2 ◦C–27.2 J g−1, 123.2 ◦C–6.64 J g−1,
and 204.7 ◦C–21.4 J g−1. Tc-∆Hc values of NCPS13 were 186.2 ◦C, −5.18 J g−1.

Tm values of NCPSBN16 (in Figure S8A) are shown in Table 3. When the NCPS1
results are compared with those of NCPSBN16, their Tm values were found to be not much
different. As can be seen from the data in Table 3, the addition of BN nanoparticles to
the PS-PEG polymer increases the ∆Hm values. Tm-∆Hm values of NCPSPbBN17 can
be seen in Figure 4A. It is evident that the incorporation of the filler into the matrix
increases the Tm of the PCM nanocomposites. Tm values of the NCPSBN20 (in Figure S8B)
showed minor fluctuation changes compared with the NCPS6 block copolymer. DSC
thermograms of the NCPSPbBN21, NCPSBN24, and NCPSPbBN25 PCMs are shown in
Figure 4B, Figure S8C, and Figure 4C, respectively. The average ∆Hm value for the four Tm
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values corresponding to the 59.4–204.7 ◦C range of the NCPSPbBN21 is 25.0 J g−1, and the
∆Hc value corresponding to the Tc (187.4 ◦C) temperature is −5.44 J g−1. For NCPSBN24,
the mean ∆Hm value corresponding to the temperatures of 55.5−184.8 ◦C was found to be
15.2 J g−1. The ∆Hc value at the Tm of 112.1 ◦C is 0.62 J g−1. For NCPSPbBN25, the mean
∆Hm value corresponding to five melting temperatures was found to be 11.1 J g−1 and the
∆Hc value was found to be 3.04 J g−1 at Tc = 188.6 ◦C. Adding a certain amount of BN
nanoparticles to the PCM nanocomposite causes the composite to shift to lower melting
and crystallization transition temperatures. Tm and Tc values of the NCPS1, NCPS6, and
NCPS11 copolymers were found to increase with increasing molecular weight of the PEGs.
It was observed that Tc and Tm values increased with the addition of PbO nanoparticles
in NCPSPb3, NCPSPb8, and NCPSPb13. When BN particles are added to NCPS1, NCPS6,
and NCPS11 block copolymers, Tc values decrease while Tm values are almost the same.
The melting and cooling curves of the selected sample composites were formed in almost
the same regions as the DSC curves in Figure 3, Figure 4, Figures S7 and S8. In this case, it
can be concluded that PCM nanocomposites have a similar phase change.

Table 3. Thermal Properties of the PS-PEG PCM, PS-PEG/PbO PCM, and PS-PEG/BN/PbO
PCM nanocomposites.

PCM ID Tm (◦C) ∆Hm (J g−1) Tc (◦C) ∆Hc (J g−1) Fc

NCPS1 73.2
185.2

3.7
7.31

7.9
76.8

1.24
1.31

0.032
0.034

NCPSPb3
81.8

185.8
200.7

67.6
1.68
4.62

188.4 5.12 0.728

NCPS6

80.6
133.1
159.5
185.4

4.16
0.69
0.31
0.40

78 2.27 0.063

NCPSPb8
59.9
83.0

203.0

8.01
43.8
26.7

185.5 4.94 0.724

NCPS11
58.8

137.2
190.1

12.6
13.3
4.96

31.5 7.98 0.305

NCPSPb13

62.1
83.2

123.2
204.7

7.38
27.2
6.64
21.4

186.2 5.18 0.698

NCPSBN16
73.8

137.3
186.1

2.75
0.58
4.69

4.7
89.4

1.67
1.14

0.089
0.087

NCPSPbBN17

57.8
83.8

186.8
204.7

7.27
34.6
0.96
10.4

190.2 5.36 1.985

NCPSBN20 80.3
185.3

1.81
1.15

11.5
93.2

1.04
0.67

0.094
0.092

NCPSPbBN21

59.4
84.4

123.2
204.7

18.8
22.2
31.5
27.6

187.4 5.44 1.777

NCPSBN24 55.5
184.8

6.73
8.49 112.1 0.62 0.053

NCPSPbBN25

60.0
84.1

106.1
125.4
205.8

11.9
10.01
6.07
6.05
21.6

188.6 3.04 0.860
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Table 3. Cont.

PCM ID Tm (◦C) ∆Hm (J g−1) Tc (◦C) ∆Hc (J g−1) Fc

PEO-CMC [79] 58.4–62.5 52.8–140.2 35.3–41.3 5.2–138 -
PEO-CEL [79] 62.5–63.4 40.6–134.7 32.5–39.5 40.2–127.3 -
AMPD/TAM [80] 114.7–122.6 5.1–181.5 19.3–187.1 20–203.8 -
NPG/TAM/PE/AMPD [80] 171.6 14.1 169.6 17.4 -
NPG/PE [81] 160.3–169.8 18.8–26.2 - - -
PE-TAM [82] 184.6 14.2 188.6 14.3

∆Hm is important for PCMs containing PEG [41]. ∆Hm values decreased for BN/PS-PEG
nanocomposites. This decrease led to a decrease in ∆Hm as a result of steric effects that
change the structure of the polymer chains and the increase in the mobility and free volume
of the polymer matrix at temperatures above Tm. These effects are due to the decrease in Tm
of the PS-PEG/BN nanocomposite. In addition, the interactions between the nanoparticles
and the polymer matrix reduced the free volume of the polymer chain [49,72]. When
PbO and BN nanoparticles are homogeneously dispersed in the PS-PEG matrix, close
interactions such as surface tension forces, π–π interactions and capillary forces between
nanoparticles and PS-PEG will limit the mobility of the PS-PEG polymer. This causes a
decrease in the phase-change temperature. The highest phase-change enthalpy of the PCM
nanocomposite containing PbO 70 wt% and PS-PEG (1000) 30 wt% is 67.6 J g−1. In addition,
the thermal conductivity of composites can be significantly increased by the addition of
PbO and BN nanoparticles, which leads to a fast thermal response.

As a result, the Tm, ∆Hm, Tc and ∆Hc values of the PCM nanocomposites that we exam-
ined fall within the range of the PEO-CMC, PEO-CEL [79], AMPD/TAM, NPG/TAM/PE/
AMPD [80], NPG/PE [81], and PE-TAM [82] composites.

In addition, Fc values were calculated for different compounds using the crystallization
enthalpy values obtained from DSC (Table 3). It was observed that the Fc values calculated
from the DSC result increased. The Fc value of the PS-PEG copolymer increases as the ratio
of BN nanoparticles and PbO nanoparticles increases. The Fc value of NCPSPb8 increases
to 0.724 with the addition of PbO nanoparticles into NCPS6, whose Fc value is 0.063. When
BN nanoparticles are added to NCPS6, the Fc value of 0.063 increases to 0.094 and 0.092
(NCPSBN20), and when PbO is added to this composite, the ratio increases even more, with
a value of 1.777 obtained for NCPSPbBN21. We observed the same effect in all our other
samples as follows: Fc values are 0.032 and 0.034 for pure NCPS1. These values increased
with the contribution of PbO and reached 0.728. Only with the BN additive does the Fc
value rise to 0.089 and 0.087, and when pure PS-PEG is added to BN nanoparticles and PbO
nanoparticles, the Fc value reaches 1.985. The Fc value of the NCPS11 copolymer is 0.305.
With the addition of PbO nanoparticles to the NCPS11 copolymer, the Fc value increases to
0.698. At the same time, if the BN nanoparticle and PbO nanoparticle are used together, the
Fc value reaches 0.860.

The measured latent heat capacity of the 70 wt% PbO-nanoparticle-doped NCPSPb3
composite is 89.5% larger than the value of NCPS1. The latent heat capacity of NCPSPb8
doped with 70 wt% PbO nanoparticles is 92% higher than that of its polymer. This possibil-
ity is attributed to the scarcity of physical interactions between nanoparticles and PS-PEG,
such as van der Waals force and hydrophobic–hydrophobic interactions, which can restrict
the mobility of PS-PEG molecular chains during the crystallization process. As a result,
the phase-change enthalpy of NCPSPB3, NCPSPb8, and NCPSPb13 containing PS-PEG
and PbO nanoparticles increases. As the PbO and BN nanoparticle content increases in
PCM nanocomposites, the thermal conductivity increases. Also, the latent heat gradually
increases. This implies that increasing thermal conductivity using PbO and BN nanopar-
ticles will be accompanied by increased latent heat in the nanocomposites. In this study,
PbO and BN nanoparticles led to an increase of 61.9% in thermal conductivity and 93.8% in
latent heat of PS-PEG block copolymers. Therefore, it would be beneficial to add PbO and
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BN nanoparticles at a low loading rate to obtain the appropriate latent heat and to increase
the thermal conductivity of the composites.

3.3. Thermal Conductivity

λ values were investigated for nanocomposites prepared from different amounts of
PS-PEG copolymer, BN nanoparticles, and PbO nanoparticles. To determine the ther-
mal conductivity of PCM nanocomposites, 5 wt%, 13 wt%, 15 wt%, and 50 wt% of BN
nanoparticles and 10 wt%, 53.8 wt%, 70 wt%, 90 wt% of PbO nanoparticles were used.

The results of the λ values according to the additive ratios are given in Figure 5A–C.
The λ values of PS-PEG copolymers and the PCM nanocomposites were calculated accord-
ing to Equation (2). When the λ values of PS-PEG copolymers and PCM nanocomposites
are examined from Figure 5, it is seen that the λ values of PS-PEG/PbO PCM nanocom-
posites are higher than that of the PS-PEG block copolymer. The greater value of PCM
nanocomposites compared with their copolymers is due to the increase in free volume with
the addition of PbO nanoparticles. The λ value of the NCPS1 block copolymer (PS-PEG
(1000) was found to be 5.77 W/(mK)). The λ values of NCPSPb2, NCPSPb3, NCPSPb4,
and NCPSPb5 containing the PS-PEG (1000) copolymer were 234%, 222%, 210%, and 332%
higher, respectively, than the λ value of the copolymer (Figure 5A). The λ values increased
with the contribution of 50–90 weight PbO nanoparticles to the NCPS1 polymer. It was
observed that the increase in λ value of the NCPSPb5 nanocomposite was higher than that
of the polymer. The λ value of NCPS6 (PS-PEG (1500) block copolymer) was found to be
5.70 W/(mK). The λ values of NCPSPb7, NCPSPb8, NCPSPb9, and NCPSPb10 were 196%,
201%, and 286% higher than the λ value of its copolymer. Among the PbO nanoparticle-
doped PS-PEG (1500) PCM nanocomposites, NCP-SPb10 (46.2 wt% PS-PEG (1500) and
53.8 wt% PbO nanoparticles) had the highest λ value. The λ value of NCPS11 (PS-PEG
(10,000) block copolymer) was 5.65 W/(mK). The λ values of NCPSPb12, NCPSPb13, NCP-
SPb14, and NCPSPb15 (50 wt%, 70 wt%, 90 wt%, and 53.8 wt% of PbO nanoparticles) were
212%, 211%, 210% and 305% higher, respectively, than the λ value of NCPS11 (Figure 5C).
The λ value of the NCPSPb15 nanocomposite (22.91 W/mK) was much higher than that of
the NCPS11 block copolymer. The λ value of NCPSBN16 was calculated as 11.54 W/(mK).
When 50 wt% BN nanoparticles were added to the thermal conductivity of the NCPS1
copolymer, the λ value increased from 5.77 W/(mK) to 11.54 W/(mK). The λ graphs of
NCPSPbBN17, NCPSPbBN18, and NCPSPbBN19 are presented in Figure 5A, and the λ val-
ues of these PCM nanocomposites are n 15.71 W/(mK), 16.9 W/(mK) and 18.87 W/(mK),
respectively. NCPSBN16, NCPSBN20, and NCPSBN24 contain the addition of 50 wt%
BN to PS-PEG (1000), PS-PEG (1500), and PS-PEG (10,000) block copolymers. When the
λ values of these composites were compared with the λ values of the copolymers, BN
nanoparticle addition increased the thermal conductivity of the block copolymers by 100%,
61%, and 75%, respectively. It is the NCPSPbBN23 nanocomposite which has the highest
thermal conductivity (17.44 W/(mK)) among NCPSPbBN21, NCPSPbBN22, and NCP-
SPbBN23. As a result of the incorporation of PbO and BN nanoparticles into NCPSPbBN21,
NCPSPbBN22, and NCPSPbBN23 PCM nanocomposites, the λ values of the composites
increased by 163%, 193%, and 206% from the λ values of their copolymers (Figure 5B). The λ

values of the NCPSPbBN25, NCPSPbBN26, and NCPSPbBN27 PCM nanocomposites were
15.21 W/(mK), 16.74 W/(mK), 17.87 W/(mK). NCPSPbBN27 produced the highest λ value
among NCPSPbBN25, and NCPSPbBN26. The λ values of NCPSPbBN25, NCPSPbBN26,
and NCPSPbBN27 were increased by 169%, 196%, and 216%, respectively, from the ther-
mal conductivity values of their copolymers when PbO and BN nanoparticles are added
(Figure 5). As a result, the BN additive increased the thermal conductivity values of the
nanocomposites. Composites with added PS-PEG and PbO produce the best value every
time (with PS-PEG 46.2 wt% and PbO 53.8 wt%). The PCM nanocomposites prepared from
synthesized PS-PEG (1000, 1500, 10,000) copolymers can be used for thermal conductivity.
Using BN and PbO nanoparticles thermal conductive fillers, Zheng et al. produced a
new type of energy storage material with high thermal conductivity by adding different



Polymers 2023, 15, 2326 15 of 27

masses of hydroxylated multi-walled carbon nanotubes (MWCNTs) to the stable form of
the PEG1500·CaCl2 phase-change material [82]. We observed that the phase change and
thermal conductivity values of the PS-PEG copolymers that we synthesized here were as
high as in those studies.
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Figure 5. λ values of the (A) PS-PEG (1000) copolymers and PS-PEG (1000)/PbO and PS-PEG
(1000)/PbO/BN PCM nanocomposites; (B) PS-PEG (1500) copolymers, PS-PEG (1500)/PbO and
PS-PEG (1500)/BN PCM nanocomposites; and (C) PS-PEG (10,000) copolymers and PS-PEG
(10,000)/PbO and PS-PEG (10,000)/PbO/BN PCM nanocomposites.

We also used BN nanoparticles and PbO nanoparticles to solve the low heat dissipa-
tion problem of PS-PEG polymer materials. We show that PS-PEG block copolymers are
important in the thermal conductivity of PCM nanocomposites. Pure Pb metal has a high
λ value and was found as 35 W/(mK) in the temperature range of 20 ◦C–85 ◦C [83]. As a
result, since oxides are useful materials for thermal barriers and form rich structures, this
allows them to increase the thermal conductivity of the high compositions and the high
efficiency in forming composites. We obtained high conductivity values by using PbO
nanoparticles in our study. The λ value for PbO nanoparticles was 17.5 W/(mK) [84]. Based
on the work of Zhou et al., the λ value for BN was 2 W/(mK) [72].
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Since the λ value of polymers can be increased by using various materials [84–87], it
was concluded that the λ value of nanocomposites formed by adding PS-PEG copolymers
and BN and PbO nanoparticles increased, Lebedev’s study presented that the thermal
conductivity values of LLDPE and PLA-based composites increased 1.9 and 3.5 times
with 40% filler [72,88]. The thermal conductivity of materials is also important for heat
performance, which is a way to conserve energy to increase the efficiency of the systems.
Phase-change energy storage technologies are developing. Polymers with phase-change
properties are far from the desired performance due to their thermal conductivity. It is
common to use additional fillers to improve the performance of polymers. Therefore, the
composites we prepared have reached the desired level.

The λ value of the PS-PEG/BN PCM nanocomposite was found to be increased by 63%
compared with the λ value of the PS-PEG copolymer. In addition, the λ value of the PS-PEG
(1000)/PbO PCM containing PbO 53.8 wt% and PS-PEG 46.20 wt% is 24.90 W/(mK). The
λ value of the PCM nanocomposite doped with PbO nanoparticles was found to be 332%
higher than that of the PS-PEG (1000) block copolymer. The thermal conductivity of
PS-PEG/PbO PCM nanocomposites containing PbO nanoparticles 50 wt%, 70 wt%, and
90 wt% were higher than the thermal conductivity values of their copolymers. It was
found that the thermal conductivity values of PS-PEG (1000, 1500, 10,000)/PbO PCM
nanocomposites (containing PbO nanoparticles 53.8 wt%) were increased by 332%, 291%,
and 305% from their block copolymer, respectively. The results also showed that BN
nanoparticles and PbO nanoparticles significantly increased the thermal conductivity of
the PCM nanocomposites.

3.4. Morphology Results
3.4.1. SEM Images of the PCM Nanocomposites

The polymer chains were linked together. The surface of the polymer is granular
(Figure 6A) and porous (Figure S9) (magnified images from 1000 to 10,000) [46]. PS blocks
linked with the macrocrosslinker PEG are continuous, forming the polymer phase and
a branched structure. A structure was observed in which PS and PEG formed a homo-
geneous continuous matrix. The surface of NCPSPb3 has granular, rough, porous, voids
and clusters (in Figure 6B and Figure S10). The size of the PbO nanoparticles on the NCP-
SPb3 surface is 352.11–456 nm. The morphological images of the PS-PEG/BN/PbO PCM
nanocomposites are shown in Figures S3 and S9–S18. Structural (SEM, TEM) studies were
conducted to examine the morphology, distribution of the nanoparticles, and changes in
chemical structures of the PCM nanocomposites after thermal conductivity measurements.
As a result of the analysis, it was observed that there were no structural aggregates in
the nanocomposites and that the nanoparticles were homogeneously dispersed. The mor-
phologies of PS-PEG/PbO, PS-PEG/BN, and the PS-PEG/BN/PbO PCM nanocomposites
are presented using SEM images. In Figures 7–10, the PS-PEG matrix showed smooth
particles, cracks, voids, and porous surfaces, which took place in the presence of BN and
PbO nanoparticles. In contrast, PS-PEG/BN/PbO PCM nanocomposites showed a rough
and crumpled fracture structure, which was the result of local polymer deformation due to
cracking from the addition of the BN nanoparticles and PbO nanoparticles. In Figures 7
and 10, the BN nanoparticles and PbO nanoparticles were well dispersed in the PS-PEG
matrix, and the compatibility between fillers and matrix was observed to be fine. When
the content of BN nanoparticles and PbO nanoparticles was increased, the fillers formed a
well-interconnected network in the PS-PEG matrix. In addition, at higher magnifications,
the presence of cavities at the interactive interface of the BN/PbO nanoparticles and the
polymer matrix was confirmed. In addition, these properties are effective factors that
improve heat transfer in thermally conductive polymer composites.
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Figure 8. SEM images of NCPSPbBN17 (A) and NCPSPbBN21 (B). EDS mapping and analysis
indicating the element distribution on the surface of the PS-PEG-BN-PbO nanocomposite and SEM
images of NCPSPbBN21 at (C).
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Figure 9. SEM images (A,B) of the NCPSPbBN25 nanocomposite.



Polymers 2023, 15, 2326 19 of 27

Polymers 2023, 15, x  20  of  28 
 

 

 
(C) 

Figure  8.  SEM  images  of NCPSPbBN17  (A)  and NCPSPbBN21  (B). EDS mapping  and  analysis 

indicating the element distribution on the surface of the PS-PEG-BN-PbO nanocomposite and SEM 

images of NCPSPbBN21 at (C). 

SEM images of the NCPSPbBN25 nanocomposite are shown in Figures 9A,B and S15. 

   
(A)  (B) 

Figure 9. SEM images (A,B) of the NCPSPbBN25 nanocomposite. 

As seen in Figures 9A,B and S15 (magnified images from 2500 to 15,000), when the 

amount of PbO added to PS-PEG (10,000) copolymer is increased to 70 wt%, PbO particles 

on the surface appear more intense. The particles, pores, and clusters on the surface of the 

composite can be seen from the SEM photographs in Figures 9A,B and S15. The sizes of 

the BN and PbO nanoparticles on NCPSPBBN25 are 361–778 nm. 

   
(A)  (B) 

2 4 6 8 10 12 14 16
0

20

40

60

80

F
re

q
u

en
cy

Diameter (nm)

Polymers 2023, 15, x  21  of  28 
 

 

   
(C)  (D) 

   
(E)  (F) 

(G)  (H) 

   
(I)  (J) 

Figure 10.  (A) TEM  images of PbO nanoparticles and  (B)  the calculated size distribution of PbO 

nanoparticles from the TEM images. (C–J) TEM images of BN nanoparticles (C,D), NCPSPbBN17 

(E,F), NCPSPbBN21 (G,H), and NCPSPbBN25 (I,J). 

3.4.2. TEM Results 

Figure  10A,B  shows  the  TEM  images  of  PbO  and  BN  nanoparticles.  The  PbO 

nanoparticles were in the range of 2–15 nm and the size distribution was very narrow. The 

TEM images showed the regular spherical shape and confirmed both their size and the 

homogenous size distribution.  In addition, BN nanoparticles with a mean diameter as 

small as 100 nm could be obtained, as shown by TEM analysis (Figure 10C,D). The TEM 

photographs of the NCPSPbBN PCM nanomaterial are shown in Figure 10E–J. The small 

dark spots  in  the TEM  images  indicate  the presence of BN and PbO nanoparticles  that 

were bound  to  the copolymers. The TEM  images of NCPSPbBN17  in Figure 10E,F are 

similar  to  the TEM  images of NCPSPbBN21 and NCPSPbBN25, with BN nanoparticles 

and PbO nanoparticles dispersed in the interlocking spherical and rod-shaped copolymer 

structures, which appear as bright objects that are light in color. 

Figure 10. (A) TEM images of PbO nanoparticles and (B) the calculated size distribution
of PbO nanoparticles from the TEM images. (C–J) TEM images of BN nanoparticles (C,D),
NCPSPbBN17 (E,F), NCPSPbBN21 (G,H), and NCPSPbBN25 (I,J).

SEM images of the NCPSPb8 nanocomposite are presented in Figure 7A and Figure S11
(magnified images from 1000 to 14,000). As the molecular weight of the crosslinker PEG
in the PS-PEG (1500) copolymer increased, the roughness on the NCPSPb8 surface de-
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creased, and a flatter surface was formed. When SEM photographs of 70 wt% PbO-doped
nanocomposites are compared, the effect of the macrocrosslinker PEG molecular weight
increase is seen. The size of the PbO particle on the NCPSPb8 surface is 233–720.7 nm
(Figure 7A and Figure S11A–C). SEM images of NCPSPb13 have determined that pores
(Figure 7B and Figure S12, magnified images from 1000 to 5000), granulation, branching,
and agglomeration (in Figure 7B and Figure S12) are observed from the surface films of
the composite, where the percentage of PbO is higher than the percentage of polymer. The
size of the PbO particles on the surface was 9.266 nm in Figure 7B and 2.288–8.840 nm in
Figure S12C. EDS images of the NCPSPb8 nanocomposite is presented in Figure 7C. EDS
mapping and analysis of element distribution on the surface verified the presence of carbon
(C) and lead (Pb) elements throughout the surface of the PS-PEG-PbO nanocomposite. The
EDS spectra further showed the corresponding peaks of C and Pb in NCPSPb8 (Figure 7C).

SEM images of NCPSPbBN17 are shown in Figure 8A (magnified images from 5000 to
12,000). As seen in Figure 8A and Figure S13, the surfaces of the NCPSPbBN17 nanocom-
posite exhibit a morphological structure containing granular particles and metal compound
particles (Figure 8A and Figure S13), pores, branching (Figure 8A and Figure S13A,B), ag-
gregates, and cavities (in Figure 8A and Figure S13B,C). Nano-sized BN and PbO particles
appear on the surface of the NCPSPbBN17 PCM nanocomposite. The magnitude of the
BN and PbO particles is 235–409 nm. As seen from the SEM images shown in Figure 8B
and Figure S14 (magnified images from 3000 to 10,000), the NCPSPbBN21 surface also has
pores, particles, layers, branches, and voids, similar to the surface of the NCPS6 copolymer.
BN and PbO nanoparticles appear on the surface of NCPSPbBN21; these have a particle
size of 260–1400 nm (Figure 8B). EDS analysis of the NCPSPbBN21 composite shows Pb, B,
C, O, and N elements on the surface of the composite (Figure 8C).

SEM images of the NCPSPbBN25 nanocomposite are shown in Figure 9A,B and Figure S15.
As seen in Figure 9A,B and Figure S15 (magnified images from 2500 to 15,000), when

the amount of PbO added to PS-PEG (10,000) copolymer is increased to 70 wt%, PbO
particles on the surface appear more intense. The particles, pores, and clusters on the
surface of the composite can be seen from the SEM photographs in Figure 9A,B and
Figure S15. The sizes of the BN and PbO nanoparticles on NCPSPBBN25 are 361–778 nm.

3.4.2. TEM Results

Figure 10A,B shows the TEM images of PbO and BN nanoparticles. The PbO nanopar-
ticles were in the range of 2–15 nm and the size distribution was very narrow. The TEM
images showed the regular spherical shape and confirmed both their size and the ho-
mogenous size distribution. In addition, BN nanoparticles with a mean diameter as small
as 100 nm could be obtained, as shown by TEM analysis (Figure 10C,D). The TEM pho-
tographs of the NCPSPbBN PCM nanomaterial are shown in Figure 10E–J. The small dark
spots in the TEM images indicate the presence of BN and PbO nanoparticles that were
bound to the copolymers. The TEM images of NCPSPbBN17 in Figure 10E,F are similar
to the TEM images of NCPSPbBN21 and NCPSPbBN25, with BN nanoparticles and PbO
nanoparticles dispersed in the interlocking spherical and rod-shaped copolymer structures,
which appear as bright objects that are light in color.

3.4.3. XRD Patterns of the BN Nanoparticle, PbO Nanoparticle, and the PS-PEG/BN/PbO
PCM Nanocomposites

X-ray studies were taken to examine the nanoparticles and changes in chemical struc-
tures of the PCM nanocomposites after thermal conductivity measurements. It was ob-
served that there were no chemical changes.

Figure 11 shows the XRD patterns of PbO, NCPS1, NCPSPb4, NCPS6, NCPSPb9,
NCPS11, and NCPSPb14. The PbO nanoparticles were further analyzed by powder XRD.
The diffractogram shown in Figure 11A is consistent with the nanostructure of PbO. The
two strong peaks with 2θ values of 29.20◦ and 30.42◦ correspond to the (211) and (002)
planes, respectively. The distance values between the planes corresponding to these values



Polymers 2023, 15, 2326 21 of 27

were determined as 3.056 and 2.936 Å, respectively. The other peaks of the nanostructure
of PbO are 32.73◦, 37.97◦, 45.24◦, and 53.24◦, corresponding to Miller indices of (220), (003),
(222), and (213), respectively. The distance values between the planes corresponding to
2θ = 32.73◦, 37.97◦, 45.24◦, and 53.24◦ values are 2.733 Å, 2.367 Å, 2.002 Å, and 1.719 Å,
respectively. The XRD patterns obtained for PbO are compatible with the literature [88,89].
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SPb14 PCM nanocomposites. (B) XRD patterns of BN, NCPSBN16, NCPSPbBN17, NCPSBN20,
NCPSPbBN21, NCPSBN24, and NCPSPbBN25 PCM nanocomposites.

The XRD patterns coded NCPS1, NCPS6, and NCPS11 in Figure 11A belong to the
PS-PEG (1000, 1500, 10,000) block copolymer. Figure 11 shows X-ray diffraction patterns of
the PS-PEG block copolymer, revealing spectra of a broad amorphous peak that appeared
at 2θ = 20–24◦. The sharp diffraction peak of the PEG part of the PS-PEG (1000) copolymer
appeared at 17.00◦ (d = 5.211 Å) and 25.28◦ (d = 3.520 Å), which indicates a polymer with
crystallinity. Miller indices of the sharp diffraction peaks of the PEG corresponding to
17.00 Å and 25.28◦ are (001), (501), respectively. X-ray diffraction patterns corresponding to
14.04◦ (d-spacing = 6.309 Å) belong to the PS part of the PS-PEG block copolymer, and Miller
indices are (210) [90]. PEG, a semicrystalline polymer, and the PS network, an amorphous
crosslinked polymer, produce a semicrystalline mixture when the molecular weight of PEG
is changed in our experiments. For the molecular weight used in this study (PEG-1000,
-1500, and -10,000), the two-component system is expected to be composed of amorphous
blended regions, with some crystalline regions made up entirely of PEG [91]. The XRD
patterns of BN, NCPSBN16, NCPSPbBN17, NCPSBN20, NCPSPbBN21, NCPSBN24, and
NCPSPbBN25 nanocomposites are presented in Figure 11B. XRD diffraction peaks of
BN nanostructures of (010), (200), and (002) h-BN are observed at 2θ = 14.24◦, 17.02◦,
26.88◦. XRD structural analysis of the BN nanoparticles shows the highest peak at 17.02◦,
corresponding to Miller indices of (200) (Figure 11B). We determined that the 2θ value of
the 100% peak value of BN is 17.02◦, the d-spacing distance corresponding to this value is
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5.205 Å, and the hkl value is (200). In some of the other reflections at 2θ = 30.40◦, 41.86◦,
and 55.18◦, the d-spacing distances detected in the XRD pattern corresponding to these
values are 2.938 Å, 2.156 Å, and 1.663 Å, respectively, and this result correlates with the
literature [92]. Looking at the graph in Figure 11B, it is seen that BN nanoparticles have a
more crystalline structure compared with the PS-PEG polymer, and the BN nanoparticle
has peak values close to the PS-PEG polymer. The XRD diffraction peaks of the NCPSBN16
nanocomposite PCM containing 50 wt% BN and 50 wt% PS-PEG block copolymer are
2θ = 7.29◦, 14.20◦, 17.08◦, 26.44◦, 54.66◦, 75.86◦, and 82.02◦.

The XRD diffraction peaks belonging to BN nanoparticles are at 26.44◦ (d-spacing = 3.314 Å,
and (121) Miller indices) and 55.18◦d = 1.663 Å (see Figure 11B). The XRD patterns at 14.20◦

(d-spacing = 6.231 Å) and 17.08◦ (d-spacing = 5.187 Å) belong to the PEG macrocrosslinker
part of the NCPSBN16 nanocomposite PCM. NCPSPbBN17 contains 15 wt% BN, 15 wt%
PS-PEG, and 70 wt% PbO. In the XRD image of this sample, it is seen that the NCPSPbBN17
has a (100) peak value of 7.24◦, and the corresponding interplanetary distance value is
12.201 Å while the hkl value is (010). As a result, when the SEM, TEM, and XRD results of
the nanocomposites are analyzed, the size analysis and XRD patterns of the nanoparticles
in the PCM nanocomposites gave results consistent with the literature. At the same time,
Fc values varying in the range of 0.032–1.985% calculated from the DSC results of the
PEG macrocrosslinker correspond to 2θ = 17.00◦and 25.28◦peaks on XRD charts. The XRD
results show that the composites retain the crystallization structure of the PS-PEG polymer
and nanoparticles; furthermore, there are only physical rather than chemical reactions
between the PSPEG polymer and PBO and BN nanoparticles.

4. Conclusions

In the study, PCM nanocomposites containing PbO nanoparticles, BN nanoparticles,
and PS-PEG copolymers were prepared. The characteristic analysis of materials was per-
formed using DSC, TGA, SEM, and XRD methods. By examining the DSC curves, it is seen
that the phase-change temperatures and enthalpy values of each material change with the
change in the percentage contribution of the PS-PEG, BN nanoparticles, and PbO nanopar-
ticles. These differences can be explained by the fact that phase-change materials provide
new heat conduction paths, thereby changing the phase transition rate of the samples.
In this study, PCM nanocomposites with latent heats ranging from 34.6 J g−1–67.6 J g−1

can be used to reduce indoor temperature fluctuations, improve indoor thermal comfort,
and save electrical energy. At the same time, they can be used as building materials for
precise temperature control and rapid temperature regulation conditions. The roles of
particle/polymer and particle/particle interfaces on the thermal conductivity of PS-PEG
DM/BN and PbO nanocomposites are discussed in detail, as well as the relationship
between the thermal conductivity and the micro- and nano-structure of the composites.
Recently, studies to improve the thermal conductivity of polymers have been directed
toward the selective addition of nanofillers with high thermal conductivity properties. The
thermal conductivity of the PS-PEG polymers is increased by PbO nanoparticle doping. It
can be seen from the results that the thermal conductivity increases with increasing values
of 0–60.90–70–90% of the PbO ratio. Higher thermal conductivity values were obtained
for nanocomposites by adding nanoparticles such as BN and PbO to the PS-PEG polymer.
Thermal conductivity values obtained from our materials show that they can be widely
used in various engineering applications based on energy storage/release. PS-PG/PbO
and PS-PG/PbO/BN PCM nanocomposites have emerged as versatile functional materials.
PCM nanocomposites can be used for electrical and magnetic materials, EMI and Gamma
radiation shielding, and reflecting and absorbing materials. The X-ray diffraction pattern
corresponding to 2θ = 14.04◦ belongs to the PS part of the PS-PEG block copolymer and
the Miller indices are (210). Two strong peaks of PbO nanoparticles were 2θ = 29.20◦ and
2θ = 30.42◦, and the 2θ value of the 100% peak value of BN is 17.02◦.
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