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The objective of this study is to develop, characterise, and analyse thermal energy storage (TES) properties
of n-eicosane/poly(stearylmethacrylate-co-butylacrylate) [ESE/P(SMA-co-BA)l, a novel nanoencapsulated
phase change material (NPCM). The NPCMs were produced via mini-emulsion polymerisation of a
polymer shell, poly(stearylmethacrylate-co-butylacrylate) [P(SMA-co-BA)l, around n-eicosane [ESE],
which served as the core material. The thermal behaviour and thermal stability of ESE/P(SMA-co-BA) were
determined using differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA).
According to DSC results, ESE/P(SMA-co-BA) has melting and crystallisation temperatures of 37.4 °C and
25.1 °C and latent heat values of 224.6 J g~ and 191.7 J g, respectively. The ESE/P(SMA-co-BA) nano-
capsules exhibited an effective encapsulation efficiency (87.2%), encapsulation ratio (93.6%), and excellent
thermal storage capacity (93.1%). The TGA study revealed the exceptionally good thermal stability of ESE/
P(SMA-co-BA), with degradation in two stages. The chemical structure and crystallinity of the prepared
ESE/P(SMA-co-BA) were verified using Fourier transform infrared (FTIR) spectroscopy and powder X-ray
diffraction (PXRD) analysis. The results obtained from field emission scanning electron microscopy
(FE-SEM), transmission electron microscopy (TEM), and polarized optical microscopy (POM) indicated that
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the synthesized ESE/P(SMA-co-BA) had a spherical morphology with a mean particle diameter of
195.3 nm, as determined by particle size distribution (PSD) analysis. This research highlighted a novel
technique for fabricating phase transition materials for TES, which can be used in a variety of applications,

rsc.li/nanoscale including food storage containers, smart textiles, and building, medical and electronic materials.

century, numerous thermal energy storage (TES) technologies
have been developed to enhance utilisation efficiency and

1. Introduction

Energy from various renewable sources, including solar,
biomass, geothermal and tidal power, has garnered immense
attention in recent years as a means of curbing environmental
pollution and promoting sustainable development."* Thermal
energy accounts for about 60%-70% of global energy con-
sumption, though it is quite challenging to convert it into
mechanical work or electricity due to high entropy and signifi-
cant losses. Excessive waste and intermittent thermal energy
supply typically result in low energy utilisation efficiency and
create a mismatch between supply and demand. Since the last
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accomplish the requisite regulation of thermal energy.’*
Latent heat storage based on phase change materials (PCMs)
is one of the most actively explored TES technologies, owing to
its operational simplicity as well as substantial energy storage
density at constant temperature. PCMs are substances capable
of storing and releasing thermal energy during the phase tran-
sition process within a specific temperature range. PCMs are
becoming more prevalent in a variety of applications, includ-
ing automotive battery energy management systems,’ thermal-
regulated textiles,® solar energy storage systems,” industrial
waste heat utilization® and energy-efficient buildings.® PCMs
are divided into three categories based on their state aggrega-
tions: solid-solid, solid-liquid, and liquid-gas. Among these
three categories, solid-liquid PCMs are the most promising for
TES and thermal management due to their high energy
storage capacity, isothermal behaviour, and minimal volume
variation during phase transitions.*®

The direct use of PCMs with solid-to-liquid phase tran-
sitions in TES systems is undesirable because of their
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flow/leakage issues during phase transitions and their poor
thermal conductivity, which limits their utility for many
applications.">'* Leakage can lead to negative consequences,
such as packing contamination or electronic device failure due
to phase change. On the other hand, low thermal conductivity
means that PCMs can store and release energy at a very low
rate, making them unsuitable for a variety of applications.
These constraints impede the commercial use of PCMs to
meet energy demands and other thermal applications for a
growing population. To address these concerns, PCMs should
be encapsulated in an appropriate polymer shell.'?
Encapsulated PCMs have significant advantages over bulk
counterparts, including increased thermal stability, compat-
ibility with various matrices, and ease of handling. Several
encapsulation methods have been investigated, including sus-
pension polymerisation,'* spray drying,'®> and interfacial poly-
merisation.'® Each approach has benefits and drawbacks,
based on the desired shell material, capsule size and encapsu-
lation efficiency.

Zhang et al.'” employed an in situ polymerisation technique
to produce nanoencapsulated PCM (NPCM) with a paraffin
wax core and melamine formaldehyde resin shell. Their NPCM
had melting and freezing temperatures of around 49 °C and
54 °C, with latent heats of 107.4-135.3 ] ¢”' and 109.8-133.1 ]
g~', respectively. NPCM achieved a maximum encapsulation
efficiency (Egs) of 75%. Ghulam et al.'® synthesized an NPCM
based on an n-eicosane (ESE) core and inorganic shell via the
sol-gel method. Sodium silicate and tetraethyl-orthosilicate
were used as inorganic silica precursors under different con-
ditions to enhance thermal stability and phase change pro-
perties. The obtained nanocapsules exhibited good properties
with high encapsulation rates and thermal stability when pre-
pared at pH 2.90-3.00, but showed very poor Egg and enthal-
pies when prepared under pH 2.9. Sari et al'® aimed to
prepare micro/nano-encapsulated paraffin eutectic mixtures
(PEMs) with a poly(methylmethacrylate) (PMMA) shell. Using
emulsion polymerisation, four new PMMA-based micro/nano-
capsules were prepared: PMMA/(C19-C18), PMMA/(C17-C24),
PMMA/(C19-C24), and PMMA/(ESE-C24). The DSC results
showed that the encapsulated PEMs with the highest PEM had
a high latent heat storage capacity of 86-169 J g™' and a
melting temperature range of 20 °C-36 °C. Zhou et al.>® used
the surfactant-free emulsion polymerisation approach to
nanoencapsulate butyl stearate and C18 binary cores within a
nano-TiO,-modified polyacrylate hybrid shell. The derived
nanocapsules demonstrated a remarkable latent heat storage
performance, with an Egg of 61.5%. Rezvanpour et al.”" devel-
oped micro-nanocapsules with PMMA as the shell and ESE as
the core in a weight ratio of 1: 1 using the mini-emulsion poly-
merisation process. The ESE/PMMA micro-nanocapsules have
melting and freezing temperatures of 34.7 °C and 32.9 °C, as
well as latent heats of 124.7 J g ' and -119.1 J g .
Furthermore, the encapsulation ratio (Eg) was determined to
be 62%. Nikoonahad et al.>* applied the “sol-gel” method to
fabricate unique core-shell nanostructures with a capric acid
core and a highly stable TiO, shell. Their findings indicated
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that the synthesized nanocapsules had a nearly spherical
shape, with a mean diameter of 100-500 nm. The synthesized
nanocapsules melt at 31.1 °C with a latent heat of 88.8 J g™*
and solidify at 28.9 °C with a latent heat of 84.2 J g~'. The
optimal Er of 56.67% was achieved using a CA/TNBT mass
ratio of 8.1 and a pH of 2.6. Lan et al.** adopted a mini-emul-
sion polymerisation approach to prepare nanocapsules com-
posed of octadecane and SiO,/BN shell. Their approach
resulted in an increase in thermal conductivity to 0.9 W m™*
K™, yielding an Ey, greater than 50%.

From the literature data, it is evident that the nanoencapsu-
lation of ESE PCMs with a P(SMA-co-BA) shell has not been
explored to date. This study employs mini-emulsion polymeris-
ation to synthesise ESE/P(SMA-co-BA) nanocapsules with ESE
as the core material. ESE was selected as the encapsulating
PCM due to its ideal melting point of 35.5 °C, high latent heat
capacity, and relevance for applications, such as thermo-regu-
lated foams, thermal insulation, textiles, fibres and building
materials. To achieve optimal encapsulation, P(SMA-co-BA) was
selected as the shell material, with polystearylmethacrylate
(PSMA) serving as the main polymer shell and polybutyl-
acrylate (PBA) as a copolymer. The current study expands on
our earlier research on microencapsulation with a polystyrene
shell by investigating nanoencapsulation with a PSMA shell to
improve PCM thermal stability.>* The rigid aromatic structure
of the polystyrene shell resulted in significantly lower thermal
stability, while the long alkyl polymer chain shell optimises
both thermal stability and interfacial compatibility.
Furthermore, a reduced particle size in nanoencapsulation
raises the surface area-to-volume ratio, improving heat transfer
rates and resolving the problem of low thermal conductivity.
Nanoencapsulation enhances the dispersion of PCMs, reduces
leakage, and offers superior protection against environmental
factors. Additionally, the structural alterations caused by long
alkyl polymer chains promote phase change behaviour,
augment durability, and extend operational efficiency, render-
ing nanoencapsulation a more effective and reliable solution
for advanced TES applications.

A key innovation of this study is the inclusion of PSMA,
which incorporates long alkyl polymer chains into the shell
structure, substantially enhancing the compatibility, stability,
and thermal regulation qualities of the nanocapsules. These
long alkyl chains facilitate the formation of crystalline regions
within the polymer matrix, which affects the thermal tran-
sitions of NPCMs. Furthermore, the highly hydrophobic nature
of these long chains reduces moisture absorption, resulting in
enhanced thermal stability and extended endurance across a
variety of environmental conditions. In addition to the struc-
tural benefits of PSMA, PBA serves as a copolymer, boosting
mechanical flexibility and toughness and diminishing the
chances of nanocapsule rupture during the heating cycle. Its
elastomeric nature reinforces the polymer shell, resulting in
high Egs and long-term durability. The amalgamation of
PSMA'’s crystalline long alkyl chains and PBA’s flexibility yields
a strong, versatile encapsulation system with superior thermal
stability, mechanical resilience, and controlled release pro-

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d5nr04183j

Published on 28 October 2025. Downloaded on 4/4/2026 4:47:10 PM.

Nanoscale

View Article Online

Paper

P(SMA-
co-BA)
Shell

Polymerization

ESE/P(SMA-co-BA)

nanocapsules

SMA :Stearylmethacrylate; BA:Butylacrylate; AIBN: a.a’-Azoisobutyronitrile; DDM:N-Dodecyl mercaptan: ESE:n-Eicosane: SLS:Sodium lauryl sulphate

Fig. 1 Anillustration of the experimental approach for ESE/P(SMA-co-BA) synthesis.

perties. The thermal and chemical properties, overall thermal
stability, surface morphology and particle size distribution of
the synthesised ESE/P(SMA-co-BA) nanocapsules were also
investigated. The combination of long alkyl polymer chains
and an elastomeric copolymer shell results in a novel, highly
efficient encapsulation strategy, making these nanocapsules
suitable for a wide range of applications, including energy-
efficient building materials, electronic cooling systems and
textiles.

2. Material and methodology
2.1. Materials

The monomer, stearyl methacrylate (SMA, 98%, Sigma
Aldrich), was rinsed three times with an aqueous solution con-
taining 10% sodium hydroxide, followed by Milli-Q water. The
hydrophobic co-monomer, butyl acrylate (BA, 99%, Central
Drug House), was used without purification. n-Eicosane (ESE,
99%, TCI Chemicals) was used as the core material. Sodium
lauryl sulphate (SLS, Sisco Research Laboratories) and Tween-
80 (Thomas Baker Chemicals) were used as emulsifiers. a,o'-
Azoisobutyronitrile (AIBN, Spectrochemicals) was employed as
an initiator. N-Dodecyl mercaptan (DDM, 98%, Loba Chemie)
was used as the chain transfer agent (CTA). All reactions were
carried out using Milli-Q water.

2.2. Methodology

ESE/P(SMA-co-BA) nanocapsules were produced using the
mini-emulsion polymerisation process. Typically, an oily
mixture is formed by combining 12 mL ESE, 12 mL SMA,
0.2 mL BA, 0.1 ml DDM and 0.1 g AIBN. An aqueous medium

This journal is © The Royal Society of Chemistry 2025

was prepared by the addition of 144 mL Milli-Q water with
0.2 g SLS and 0.2 mL Tween-80 composite surfactants.
Afterwards, the oil phase was steadily mixed into the aqueous
phase and stirred at 5000 rpm for 30 min. Miniemulsification
was performed for 10 min by sonifying the emulsion at 75%
amplitude with a sonifier (Model UP400St, Hielscher,
Germany). To prevent thermal polymerisation during sonifi-
cation, the emulsion was immersed in an ice bath. Afterwards,
the emulsion was transferred to a 500 ml two-neck round-
bottom flask fitted with a stirrer and condenser. To eliminate
the oxygen, nitrogen purging was done for 30 min. The reac-
tion was conducted for 12 h under the same reaction con-
ditions, with the flask submerged in a water bath at 85 °C.
Following the reaction, the latex temperature was gradually
brought down to room temperature. Fig. 1 displays a schematic
illustration of the proposed experimental approach for produ-
cing ESE/P(SMA-co-BA) nanocapsules.

3. Characterization of ESE/P(SMA-
co-BA)

Differential scanning calorimetry (DSC8000, PerkinElmer) was
used to analyse thermal characteristics, including melting
point, crystallisation point, and enthalpies related to heating
and cooling processes. Each sample, weighing approximately
5.0 mg, was placed into an aluminium crucible. Each sample
underwent three heating/cooling cycles at temperatures
ranging from —10 °C to 70 °C. The furnace temperature was
consistently ramped at 10 °C min~" with a constant N, flow
rate. The ESE/P(SMA-co-BA) samples were investigated thrice,
and their average Egs and TES characteristics were recorded.

Nanoscale, 2025, 17, 26923-26934 | 26925
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The synthesised ESE/P(SMA-co-BA) was subjected to thermo-
gravimetric analysis (TGA) using a thermogravimetric analyser
(Pyris Diamond TGA, PerkinElmer). The sample was placed in
a platinum crucible and heated from 30 °C to 800 °C in a
furnace under an inert environment of N, at a steady rate of
10 °C min~". As the temperature rises, the sample shows mass
loss, primarily due to the evaporation of volatile components
and subsequently (at very high temperatures) thermal break-
down. The change in sample mass was measured in relation to
temperature. To assess the thermal reliability of ESE/P(SMA-co-
BA), an accelerated thermal cycling test (100 melting/crystalliz-
ing cycles) was performed."**"*’

A Spectrum Two, PerkinElmer Fourier-transform infrared
spectrometer (FT-IR) equipped with a KBr disk was utilized to
investigate the interactions of functional groups and chemical
bonds in the prepared ESE/P(SMA-co-BA) within the range of
500-4000 cm™". A powder X-ray diffractometer (PXRD) with Cu
Ko radiation (Smart Lab 3 kW, Rigaku) was used for crystallo-
graphic investigation of the synthesised NPCM. The XRD pat-
terns were recorded at 298 K within the 20 range of 10° to 80°
with step size of 0.02°, and a scanning rate of 1.0 s per step.
The surface morphology and shape of ESE/P(SMA-co-BA)
were explored with the help of field emission scanning elec-
tron microscopy (FE-SEM, Thermoscientific Apreo 2S) and
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transmission electron microscopy (TEM, Morgagni 268D).
Using the dynamic light scattering method (DLS, Malvern
Zetasizer Nano ZS, UK), particle size distribution (PSD) and
the average diameter of the prepared nanocapsules were
assessed. Three scans were performed for each observation to
record the PSD and average particle size of the nanocapsules.

4. Results and discussion

4.1. Thermal performance of ESE/P(SMA-co-BA)
nanocapsules

Fig. 2(a-d) depicts the DSC thermogram for the ESE and ESE/P
(SMA-co-BA) samples throughout a temperature range of 5 °C
to 100 °C, with a scanning rate of 10 °C min~". The DSC was
used to assess the fundamental thermal properties, including
melting and crystallisation temperatures, along with their
associated latent heat values. It also describes the thermal
behaviour of the material during phase transitions. Tables 1
and 2 display the experimental outcomes derived from the
DSC analysis. The DSC plots of ESE and ESE/P(SMA-co-BA)
exhibit both exothermic and endothermic peaks, and the
shaded region shows the prominent peaks of the materials.
The melting and crystallisation temperatures of ESE were
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Fig. 2 DSC thermograms of the (a and b) pristine ESE and (c and d) synthesized ESE/P(SMA-co-BA) nanocapsules.
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Table 1 DSC analysis results of the endothermic process in pure ESE and ESE/P(SMA-co-BA) nanocapsules

Onset temperature Peak temperature Endset temperature Latent heat of melting
ESE 35.5°C 38.9 °C 40.1 °C 239.9] gf1 Ref. 24
ESE/P(SMA-co-BA) 32.6 °C 37.4°C 38.6 °C 224.6)g" Present study

Table 2 DSC analysis results of the exothermic process in pure ESE and ESE/P(SMA-co-BA) nanocapsules

Onset temperature Peak temperature

Endset temperature

Latent heat of crystallization

ESE 30.9 °C
ESE/P(SMA-co-BA) 27.9 °C

30.5 °C
25.1 °C

determined from DSC thermograms and were found to be
38.9 °C and 30.5 °C, respectively. The observed latent heat of
fusion was 239.9 J g7, while the latent heat of crystallisation
was 237.7 ] g~ (Fig. 2(a) and (b)). The ESE/P(SMA-co-BA) nano-
capsules exhibit a melting temperature of 37.4 ©°C,
accompanied by a latent heat of 224.6 ] g~ and a crystalliza-
tion temperature of 25.1 °C, with a latent heat of crystallization
of 191.7 J ¢~' (Fig. 2(c) and (d)). The observed decrease in
latent heat is attributed to the presence of the P(SMA-co-BA)
polymer shell.?® The findings confirm that the synthesized
ESE/P(SMA-co-BA) has remarkable heat storage capabilities
and substantial potential for use in TES applications, includ-
ing waste heat recovery, solar energy systems, building
materials, smart textiles and thermo-responsive coatings.

4.1.1. Effect of long-alkyl SMA polymer shell crystallinity
on the thermal behaviour of NPCMs. From Fig. 2, it was found
that the DSC thermogram of pristine ESE shows a single sharp
endothermic peak at 38.9 °C and two sharp exothermic peaks at
30.5 °C and 32.3 °C, respectively. On the contrary, the DSC thermo-
gram of NPCMs shows dual endothermic peaks at 30 °C and
37.4 °C and a single exothermic peak at 25.1 °C. This drastic
change is due to the dominant nature of the long alkyl side chains
of methacrylate towards thermal transitions to a great extent.>®

At a lower temperature, the first endothermic peak of the
NPCMs is observed, which is associated with the melting of

29.6 °C
20.0 °C

Ref. 24
Present Study

237.7J g "
191.7)g "

the crystalline stearyl side chains of PSMA from the polymer
shell P(SMA-co-BA) (Fig. 3).>°** The long alkyl side chains in
PSMA, a semi-crystalline polymer, can crystallise indepen-
dently to form ordered domains within the polymer matrix. It
is important to note that the primary methacrylate backbone
remains intact when these side chains melt. Instead, this tran-
sition represents the thermal softening or reorganisation of
the crystalline side-chain regions, which can occur without jeo-
pardising the structural integrity of the enclosing shell.

The melting of ESE is represented by the second endother-
mic peak. This peak appears broader and slightly shifted com-
pared to bulk ESE; this behaviour is ascribed to restricted
molecular mobility, confinement effects, and interfacial inter-
actions between the core and the shell.** These parameters
alter the melting dynamics of PCM, resulting in a less abrupt
transition.

In contrast to the two distinct crystallisation peaks observed
in pure ESE, the NPCM displayed a single broad exothermic
peak throughout the cooling cycle. The overlapping crystallisa-
tion events of the PSMA shell and the paraffin core, which
occur in comparable temperature ranges, are most likely the
cause of this combined peak.?* The broad exothermic response
is facilitated by the independent crystallisation of PSMA,
which is stimulated by the reorganisation of its side chains,
whereas the multi-step crystallisation of paraffin that is usually
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Fig. 3 Endothermic and exothermic DSC thermograms of the ESE, P(SMA-co-BA) and the prepared ESE/P(SMA-co-BA).
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Table 3 Comparative study of the prepared NPCMs with the shorter and longer alkyl methacrylate polymer shells
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Shell PCM PCM : shell AHpepem (J €Y AHegpom J €71) Er/Egs (%) Ref.
PMMA Paraffin 1:1 64.9 66.4 Egs=52.9 38
AH:122.4)g"  3:4 62.3 63.9 50.9
AH:125.7]¢"  3:5 62.2 64.4 50.0
1:2 60.3 61.7 48.1
PMMA/SiO, Paraffin — 39
AHn:121.0Jg " 10.5:3 70.0 71.0 Eps=57.4
AH:1245]¢"  11.5:2 57.5 57.5 46.9
12.5:1 53.5 53.5 43.6
13.5:0 62.1 62.4 50.7
PMMA Nonadecane 2:1 43.6 49.4 — 40
AH,:230.7J g 1:1 61.9 63.7 —
AH:223.8]g " 1:2 139.2 142.4 Eg =60.3
PMMA ESE 1:1 124.7 119.1 Ep =62 21
AH,:202.5] g7*
AH:193.4]g"
PBMA-co-DVB Octadecane (Cig)1:1 87.9 90.5 Eps=41.2 41
(Cis) (BS)1:1 37.4 37.6 35.3
AH,:216.0J g7 (Cyg:BS=1:1)
AH:2164]g" 1:1 40.3 42.1 33.7
Butyl stearate (Cig:BS=1:1)
(BS) 2:1 93.1 91.9 71.3
AH,,:104.0] g7*
AH.:108.1J g
(i) P(BMA-co-BA) Octadecane 1:1 Egs = 42
AH,:223.1] ¢! (i) 116.4 (i) 125.5 (i) 53.7
(ii) P(BMA-co-BA-co-MAA) AH.:227.1]g" (i) 136.3 (ii) 130.0 (ii) 59.2
(iii) P(BMA-co-MAA) (iii) 144.3 (iii) 152.9 (iii) 66.0
(iv) P(BMA-co-AA) (iv) 141.5 (iv) 143.0 (iv) 63.2
(i) PBMA (with DVB) Octadecane 1:1 Egs= 43
AHp:2231)g7" (i) 107.1 (i) 109.4 (i) 48.1
(ii) PBMA (with PETA) AH.:227.1] ¢! (i) 126.4 (ii) 123.7 (ii) 55.6
PU/PBMA Paraffin 1:1 Eps = 44
(i) with Diethylenetriamine AHp:166.0] g7* (i) 106.0 (i) 95.7 (i) 61.3
(ii) with Diethylenetriamine and Glycerol (1:1) AH,: 163.1Jg™" (ii) 145.2 (ii) 126.7 (ii) 82.6
PLMA-co-DVB Octadecane (Cy5) (Cyg) 1:1 67.7 67.2 Egs=31.2 41
AHyn:216.0)Jg " (BS)1:1 34.3 30.7 30.6
AH.:216.4]g "  (Cig:BS=1:1)
Butyl stearate (BS) 1:1 36.4 27.6 24.7
AH.,:104.0J g (Cyg:BS=1:1) 80.3 81.1 62.2
AH.:108.1]g™"
PLMA Octadecane 1:1 118.0 108.9 Egs =504 45
AHp:2231)g7" 76.7 73.0 45.5
AH.:227.1]g"
Paraffin
AHp:166.0] g7*
AH.:163.1]g™"
(i) PU/PLMA Paraffin 1:1 Egs = 46
AHp:192.2)g7" (i) 102.7 (i) 99.3 (i) 52.6
(ii) PU/PLMA (with TMP) AH.:191.5] g (i) 127.6 (ii) 124.7 (ii) 65.8
(iii) PU/PLMA (with PETA) (iii) 132.3 (iii) 127.8 (iii) 67.8
(i) PSMA (with PETA) Octadecane 1:1 Egs = 34
AHp:2231)g7" (i) 82.6 (i) 80.7 (i) 36.3
(ii) PSMA (with DVB) AH.:227.1]¢g" (ii) 87.9 (ii)94.8 (ii) 40.6
PSMA-co-DVB Octadecane (Cig) 1:1 85.9 99.1 Eps =42.8 41
(Cyg) (BS)1:1 36.0 38.7 35.2
AH,:216.0Jg™"  (Cyg:BS=1:1)
AH:2164]g"  1:1 60.3 59.4 46.1
Butyl stearate (Cig:BS=1:1)
(BS) 2:1 86.3 90.1 68.0
AH,,:104.0] g7*
AH.:108.1]g "
P(SMA-co-BA) ESE 1:1 224.6 191.7 Ep=93.6 This study
AHp:239.9]g7" Egps =87.2

AH:237.7]g7"

PMMA: polymethylmethacrylate; PBMA: polybutylmethacrylate; PLMA: polylaurylmethacrylate and PSMA: polystearylmethacrylate.
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observed in its bulk form is limited by nano-confinement
within the shell.**?” The produced NPCMs are compared with
other encapsulated PCMs featuring shorter and longer alkyl
polymer shells in Table 3.

4.1.2. Phase change performance. The phase-change
temperatures and enthalpies of pristine ESE and ESE/P(SMA-
co-BA) are obtained using DSC thermograms. The pristine
ESE exhibits significantly elevated phase change enthalpies,
as shown in Tables 1 and 2. This signifies that the ESE PCM
possesses a substantial capacity for latent heat storage and
can nearly discharge it as it changes phase. The encapsula-
tion of ESE within the P(SMA-co-BA) shell significantly
decreased the absolute phase change enthalpies of the nano-
capsules. Due to the inert P(SMA-co-BA) shell, the latent heat
may solely be stored by the phase-changeable ESE core.
Consequently, the phase change enthalpies of the syn-
thesized nanocapsules are significantly dependent on the
loading of ESE within the nanocapsule. Two vital factors,
namely the Er and Egs, are employed to describe the phase-
change performance of NPCMs and can be derived from
DSC data using eqn (1) and (2):*"*

AH (1) [ESE/P(SMA-co-BA)]

Ep =
B AH (mesE

x 100% (1)

AH(m)[ese/p(sMA-co-BA)] T AH (¢)[ESE/P(SMA-co-BA)]
AH(m)ese + AH(c)ese

AHmese and  AH(m)Eese/psma-co-sa)] denote the melting
enthalpies of pristine ESE and NPCM, respectively; AH(¢gsk
and AH(gse/p(sma-co-Ba)] Tepresent the crystallization enthal-
pies of pristine ESE and NPCM, respectively. Er indicates the
ESE encapsulation within the nanocapsules, whereas the
loading content refers to the dry weight percentage of the core
material. It is comprehensible that not all nanocapsules can
serve as PCMs, as phase transitions often do not transpire
within small-sized nanocapsules due to the confinement of
molecular motion. On the contrary, Egs represents the effective
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performance of ESE inside the ESE/P(SMA-co-BA) nanocap-
sules for heat energy storage and thermal regulation.
Furthermore, Egs is inferred from the enthalpies associated
with melting and crystallization.

The synthesized nanocapsules achieved an Ey of 93.6% and
an Egs of 87.2% at an ESE/PSMA mass ratio of 1:1.
Furthermore, the thermal storage capacity (Ces) of the nanoen-
capsulated ESE may be ascertained using the findings

obtained from DSC measurements by employing eqn (3):*°
E
Ces = —= % 100% (3)
Er

The nanocapsules were prepared at an ESE/P(SMA-co-BA)
mass ratio of 1:1 and have a C.s of 93.1%, suggesting that
nearly all encapsulated ESE may efficiently store latent heat
during the phase transition. The ESE has been configured to
an appropriate shape and size, resulting in enhancing the
capability of the material to store and release energy even at or
beyond the phase transition temperature without undergoing
any material deformation.

4.2. Thermal stability of ESE/P(SMA-co-BA) nanocapsules

The thermal stability and degradation pattern of ESE, P(SMA-
co-BA) and NPCMs were analyzed using TGA and DTG. The
thermograms are presented in Fig. 4. The pure ESE undergoes
degradation in a singular phase, initiating mass loss at around
75 °C and completely losing its weight at 265 °C. This weight
loss may be ascribed to the degradation of linear alkane
chains. Due to ESE being a long-chain n-alkane with a com-
paratively low degradation temperature, the mass of pure ESE
decreases significantly as the temperature increases.**
Conversely, ESE/P(SMA-co-BA) demonstrated a two-phase
deterioration pattern. The initial weight-loss stage (165.6 °C)
likely results from the diffusion of n-alkane from the polymer
shell, P(SMA-co-BA), which may evaporate or degrade as the
temperature increases. The second weight-loss phase occurred
at 299.4 °C due to the disintegration of the P(SMA-co-BA) shell.

120 ESE
— ESE/P(SMA-co-BA)
. - P(SMA-co-BA)
80 -

100 200 300 400 500 600
Temperature ("C)

0.0
-0.5+
o
§ -1.0 4
2
a -1.5
-2.0
—— ESE
2.5 —— ESE/P(SMA-co-BA)
. —— P(SMA-co-BA)
T T T T T
100 200 300 400 500 600
Temperature (°C)

Fig. 4 TGA and DTG curves of ESE, P(SMA-co-BA) and ESE/P(SMA-co-BA) nanocapsules.
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Table 4 Thermal properties of ESE/P(SMA-co-BA) with 100 heating and cooling cycles

No. of

thermal Onset Peak Endset Latent heat Onset Peak Endset Latent heat of
cycling temperature temperature  temperature of melting  temperature temperature  temperature crystallization
0 32.6 °C 37.4°C 38.6 °C 224.6] g71 27.9 °C 25.1 °C 20.0 °C 191.7 ] g’1
100 32.6 °C 37.6 °C 38.8°C 222.9] g_1 27.7 °C 25.2 °C 20.0 °C 189.5] g_l

The remaining synthetic NPCM entirely dissipates at
600 °C.>***! The TGA data for ESE, P(SMA-co-BA) and NPCMs
were confirmed by the DTG curves. Furthermore, it is apparent
that the initial weight-loss temperature of ESE/P(SMA-co-BA)
was significantly elevated by 90.6 °C in comparison to the pure
PCM. This outcome demonstrated that the P(SMA-co-BA) shell

effectively protects the core material and inhibits ESE leakage
from the nanocapsules.
4.3. Thermal reliability of ESE/P(SMA-co-BA) nanocapsules

A thermal cycling test was conducted to examine the irreversi-
bility of energy storage and the chemical stability of NPCMs

50 4 uncycled
—— 100th cycle

'S
=
1

w
S
1

Heat Flow (mW)
Endothermic

w
S
1

10

T
10 15 20 25 30 35 40 45 50
Temperature (°C)

04 e S
=
g
3
=]
S
-
S
uncycled
—— 100th cycle|
'40 T T T T T T T
10 15 20 25 30 35 40 45 50

Temperature (°C)

Fig. 5 DSC thermograms of ESE/P(SMA-co-BA) before and after 100 cycles.

Fig. 6 Photographic images of ESE and ESE/P(SMA-co-BA) from the diffusion-oozing circle test.
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after numerous cycles of heating and cooling. ESE/P (SMA-co-
BA) was subjected to 100 thermal cycling tests. The thermal
properties are listed in Table 4, and the DSC thermograms
before and after thermal cycling are shown in Fig. 5. The

(e) ESE/P(SMA-co-BA) 1
2914 g |2848 1732 || 1#%9°  q4a7 =
(d) P(SMA-co-BA)
8 8
2915 || 12849 1728 I 147

Heat Flow (mW)

T T T T T
3000 2500 2000 1500 1000 500
Temperature (°C)

Fig. 7 FTIR spectra of ESE, SMA, BA, P(SMA-co-BA) and ESE/P(SMA-co-
BA).
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melting and crystallisation temperatures of the nanocapsules
did not alter significantly after 100 cycles, as shown in Fig. 5
and Table 4. On the other hand, the latent heat value of
melting and crystallization decreased by 1.7 and 2.2 J g/,
respectively. The results demonstrate that the DSC curves
before and after the thermal cycles are nearly identical, with
only a minor divergence, demonstrating that the NPCMs are
extremely thermally stable.

4.4. Diffusion-oozing circle test of the synthesized ESE/P
(SMA-co-BA) nanocapsules

The diffusion-oozing circle test was utilized to evaluate the
stability of the nanocapsules.***° The nanocapsules were posi-
tioned on filter paper and maintained in an oven at 60 °C for
3 h. Subsequent to this interval, the magnitude of sample
leakage was quantified as a percentage of the test area. Fig. 6
depicts the initial conditions of ESE and ESE/P(SMA-co-BA).
Following 3 h of heating at 60 °C, the ESE became liquefied,
whereas ESE/P(SMA-co-BA) maintained its structural integrity,
with no leakage detected on the associated filter paper. The
results demonstrate that the nanocapsules possess exceptional
thermal stability.
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Fig. 8 PXRD pattern of (a) ESE, (b) deconvoluted ESE, (c) ESE/P(SMA-co-BA) and (d) deconvoluted ESE/P(SMA-co-BA).
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4.5. FT-IR analysis of ESE/P(SMA-co-BA) nanocapsules

Fig. 7 presents the FTIR spectra of ESE, SMA, BA, P(SMA-co-BA)
and ESE/P(SMA-co-BA) nanocapsules. Fig. 7(a) illustrates the
ESE spectrum, which exhibits prominent peaks corresponding
to the stretching vibration bands of C-H bonds in methyl and
methylene groups at 2958 cm™', 2916 cm™ ', and 2847 cm™*,
respectively. The C-H bending vibration is observed at
1468 cm™', whereas the in-plane rocking vibration of the
methylene group is associated with the peak at 716 em™".**
Fig. 7(b) depicts the FTIR spectrum of SMA, which is domi-
nated by symmetric and asymmetric stretching vibrations of
the long ester side groups. The bands at 2922 cm™" and
2852 cm™' correspond to the asymmetric and symmetric
stretching vibrations of -CH; and —-CH,, respectively. The pro-
minent band at 1723 em™" is attributed to the C=0 stretching
vibration, whereas the peak at 1460 cm™' is associated with
the bending vibration of -CH, groups. Additionally, the peak
at 1159 cm ™" indicates C-O-C bond vibrations inside the ester
group. The characteristic absorption peak at 719 cm™" is
ascribed to the extended carbon chain alkyl group [-(CH,)n-, n
> 4] in SMA.>*>*>*! The FTIR spectrum of BA, seen in Fig. 7(c),
exhibits absorption peaks at 2961 cm™, 2936 cm™', and
2876 cm™ ' corresponding to C-H stretching vibrations. The
peak at 1722 cm™' is attributed to C=0O stretching, whereas
the peaks at 1635 cm™" and 1617 cm™" are associated with
C=C stretching. Furthermore, the peak at 1186 cm ' rep-
resents C-O stretching vibrations, characteristic of the BA
molecule.’*>* Fig. 7(d) presents the FTIR spectrum of the
polymer shell and shows the absence of a C=C absorption
peak, which is observed in SMA and BA, confirming that both
SMA and BA participated in the polymerization process. The
spectrum of the synthesized nanocapsules [Fig. 7(e)] includes
overlapping C-H stretching peaks of P(SMA-co-BA) and ESE,
along with predominant peaks of SMA and BA, such as the
1732 cm™' (C=O0 stretching) and 1147 cm™" (C-O stretching)
peaks. Additionally, the absence of the C=C absorption peak
confirms that SMA and BA have successfully participated in
the formation of ESE/P(SMA-co-BA).>”

4.6. PXRD analysis of ESE/P(SMA-co-BA) nanocapsules

The PXRD patterns of ESE and ESE/P(SMA-co-BA) are displayed
in Fig. 8(a) and (c). According to Varshney et al,>* the XRD
analysis of ESE shows significant diffraction peaks with
various 20 values that precisely coincide with those listed in
the 45-1543 standard PDF card No. This demonstrates that in
the solid state, pure ESE has a distinct triclinic crystal
structure.

The pristine ESE was enclosed within a polymer shell of
SMA and a co-polymer shell of BA. The XRD pattern of ESE/P
(SMA-co-BA) nanocapsules exhibits all the prevalent peaks
corresponding to the highly ordered triclinic phase of ESE, as
shown in Fig. 8(c). A notable peak at 21.6°, associated with a
d-spacing of 0.4 nm in the crystal lattice, was observed. This
peak is ascribed to the crystalline configuration of the
elongated alkyl chain produced by the SMA polymer shell.>*>®
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The appearance of this pronounced peak indicates the pres-
ence of a metastable face-centered orthorhombic rotator
phase, linked to surface freezing phenomena often observed
in n-alkanes within nanoscale structures.”>®® The literature
confirmed that the co-polymer BA shell exhibits a diffraction
hump, indicating that the sample is amorphous.®>® In this
study, a similar diffraction hump was observed in the range of
13-28°, thus confirming the presence of BA in the shell.

For a quantitative analysis, the deconvolution of the X-ray
spectra for ESE and ESE/P(SMA-co-BA) is illustrated in Fig. 8(b)
and (d). The deconvolution was executed by fitting a superposi-
tion of Gaussian functions to determine the integrated peak
areas and refine the peak positions. In the deconvoluted ESE
spectra, three sharp peaks were observed at 26 values of 19.8,
20.8 and 22.4°, whereas in the deconvoluted ESE/P(SMA-co-BA)
spectra, these three peaks were overlapped by the single crys-
talline peak at 21.6°, covering the area within the range of
19.5-23.9°. This may be attributed to chemical interactions
between the core and the shell.

500nm

Intensity (%)

200 300 400 500 600 700 800

Size !d.nm)

Fig. 9 (a) & (b) SEM micrographs, (c) TEM micrograph, (d) POM image
and (e) PSD of the synthesized ESE/P(SMA-co-BA).
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4.7. Morphological and PSD analysis of the synthesized
NPCMs

The morphology and particle size of the produced ESE/P(SMA-
co-BA) nanocapsules were examined using SEM, TEM, POM,
and PSD analytical techniques. The acquired SEM/TEM micro-
graphs and POM pictures are displayed in Fig. 9(a-d). The
micrographs reveal that the nanocapsules have a spherical
morphology with a slightly rough and non-uniform exterior
surface. The SEM images indicate that certain regions of the
capsules exhibit clustered formations. Conversely, similar
structural types were not observed in TEM and POM images,
as the particles were dispersed in an aqueous medium before
the investigation. Furthermore, based on the scales shown on
the SEM, TEM, and POM micrographs, it is clear that the syn-
thesized NPCM was primarily composed of nano-spheres.
Consequently, this nano-structured configuration can provide
an increased surface area, thereby enhancing the heat transfer
rate in latent heat TES systems.**%?

The PSD analysis results (Fig. 9e) indicate that the syn-
thesized nanocapsules exhibit multimodal particle size distri-
butions ranging from 0.4 to 825 nm. Furthermore, the average
particle size was determined to be 195.3 nm. The particle size
was also determined using Image] software, and the results
were consistent with the PSD data.

5. Conclusions

The ESE/P(SMA-co-BA) nanocapsules, consisting of ESE as the
core encapsulated within a P(SMA-co-BA) shell, have been
developed using the mini-emulsion polymerization technique.
The prepared ESE/P(SMA-co-BA) nanocapsules were examined
utilizing various characterisation techniques. The fabricated
ESE/P(SMA-co-BA) may serve as a latent heat TES material, as
proven by the DSC results, with 87.2% FEgs, 93.6% Er and
93.1% Ces. The melting and crystallisation temperatures of the
synthesized nanocapsules are 37.4 °C and 25.1 °C, respectively,
and the corresponding latent heat is 224.6 ] g~ and 191.7 ]
27!, According to the TGA study, the synthesized ESE/P(SMA-
co-BA) nanocapsules have good thermal stability and degrade
in two steps. FTIR results have confirmed that the prepared
ESE/P(SMA-co-BA) nanocapsules contain all the characteristic
peaks of ESE and P(SMA-co-BA). The PXRD patterns of the syn-
thesized NPCMs exhibit all characteristic crystalline peaks of
ESE. Additionally, the distinct peak at 21.6° signifies the crys-
talline structure of the long alkyl SMA polymer shell, while the
diffraction hump reflects the amorphous nature of the co-
polymer shell. The SEM/TEM and POM analyses demonstrated
that the produced nanocapsules have a fully spherical mor-
phology, with some clustered formations featuring a rough
exterior surface. The PSD study indicated that the diameters of
the produced nanocapsules ranged from 0.4 to 825 nm, with a
mean diameter of 195.3 nm. The synthesized ESE/P(SMA-co-
BA) may be efficiently utilized for TES by incorporating it into
various sectors, including electronic cooling, the food and
textile industries, HVAC systems, cold-chain management,

This journal is © The Royal Society of Chemistry 2025
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medicinal applications, and greenhouses to provide optimal
conditions for plant development.
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