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Abstract A nanoencapsulation strategy was developed to addresses the limitations of
molten salts as phase change materials (PCMs), including leakage and high
hygroscopicity, which hinder their practical application in thermal energy storage. An
eutectic molten salt LiNO3-NaNOs-KCI (LNK) was first prepared via aqueous solution
evaporation, followed by SiO> nanoencapsulation using a sol-gel process with
methyltriethoxysilane (MTES) and tetraethyl orthosilicate (TEOS) as co-precursors,
resulting in nanoencapsulated LNK (NELNK). Characterization results revealed a
phase change temperature of 174.7 °C, a supercooling degree of approximately 0 °C,
a latent heat of 128.8 kJ/kg, and an encapsulation ratio of 66.2%. NELNK also
exhibited excellent thermal cycling stability, retaining 98.3% of its energy storage
efficiency after thermal cycles. Moisture absorption tests demonstrated significantly
improved moisture resistance compared to the pristine LNK. This work successfully
enhances the performance of LNK through modification of the SiO> shell, offering a
promising solution for medium-temperature thermal energy storage applications.
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1. Introduction

With the continuous growth of global energy demand and the rapid development
of renewable energy technologies, thermal energy storage (TES) has received
widespread attention due to its unique advantage in effectively addressing the mismatch
between energy supply and demand [1, 2]. Among various TES methods, latent heat
storage stands out for its high energy storage density and relatively stable phase change
temperature during the phase change process. As the medium enabling this technology,
phase change materials (PCMs) have demonstrated broad application prospects across
diverse fields such as solar energy utilization, industrial waste heat recovery, and
building energy efficiency improvement [3-6].

Inorganic PCMs, particularly molten salts, have drawn increasing interest owing to
their high latent heat, non-flammability, low vapor pressure, and cost-effectiveness [7].
The advantages make them especially suitable for concentrating solar power systems
[8, 9]. However, single-component molten salts often suffer from drawbacks including
high melting points, poor thermal stability, and high corrosivity, which limit their
practical applicability. To address these issues, eutectic molten salts composed of
controlled multi-component ratios have emerged as an effective strategy for optimizing
thermophysical properties.

Extensive studies have been conducted on nitrate-based eutectic molten salts.
Kenisarin [10] summarized the thermophysical parameters of hundreds of mixed salt
systems, highlighting the suitability of nitrate-based PCMs for medium-temperature
thermal storage applications. Literature also suggests that the addition of KCI can
effectively lower the melting point and expand the operational temperature range of
molten salts [11]. For instance, Sang et al [12] developed NaNO3-KNOs3-KCl ternary
molten salts with a melting point of 206.12 °C and a latent heat of 110.48 kJk/g. Li et
al [13] prepared a novel LNK ternary eutectic salt (50 wt% LiNO3-45 wt% NaNO3-5
wt% KCIl) via static fusion, achieving melting and freezing temperatures of 172.4 °C
and 141.6 °C, respectively, with a significant supercooling degree of 30.8 °C.

Despite their favorable thermal performance, molten salts face two major practical



challenges: leakage during solid-liquid phase changes and hygroscopicity-induced
degradation and corrosion. To mitigate these issues, encapsulation strategies,
particularly microencapsulation, have been proposed. Microencapsulation isolates the
PCM core from the external environment using a protective shell [14], thereby
preventing leakage, enhancing thermal stability, and improving heat transfer efficiency
through increased surface area [15].

Considerable research has focused on the thermal properties of phase change
microcapsules. Park et al. [16] developed a surfactant-free encapsulation method to
synthesize KNO3@TiO> microcapsules, which achieved an encapsulation ratio of
approximately 69.4% while maintaining structural stability. Lee et al. [17] employed a
sol—gel technique to encapsulate NaNOs within a SiO» shell, attaining an encapsulation
efficiency of 85.8%. Zhang et al. [15] applied a limited-water sol-gel process to
fabricate KNO3@SiO2 microcapsules, achieving a high encapsulation ratio of 95.2%
along with good cyclic thermal stability. Ji et al. [18] synthesized Solar Salt (60 wt%
NaNO3-40 wt% KNO3)@SiO2 microcapsules via sol-gel reaction, resulting in an
encapsulation ratio of 60.32%. Pehurajan et al. [19] produced Solar Salt@SiO:
microcapsules with an encapsulation efficiency of 80.94%, which retained 97.18% of
their thermal conductivity after 100 cycles. Wang et al. [20] modified Solar Salt@SiO:
with CNT-Fe3O4 functional materials to develop a novel magnetic microcapsule
composite, which exhibited excellent high-temperature stability and cycling
performance. Guo et al. [21] demonstrated that Solar Salt@SiO> microcapsules are
highly compatible with drilling fluids and can be recycled at temperatures up to 220
°C. In summary, although considerable progress has been made in understanding the
thermal properties of molten salt microcapsules, their moisture resistance, a critical
factor for real-world applications, remains largely unexplored. Addressing this gap is
therefore a primary objective of this study.

Moisture absorption poses a significant challenge in the storage and operation of
molten salt phase change materials. Exposure to high humidity environments can
severely compromise both thermal performance and structural integrity, undermining

long-term reliability. Lu et al. [22] reported that a Na,CO3/K>CO3 composite lost nearly



40% of its thermal capacity after being stored at 80% relative humidity (RH) for 72 h.
Similarly, Cabeza et al. [23] reported that NaOH reached a moisture absorption of 20.37%
after 8 h of exposure to 70% RH at 19 °C. In another study, Deng et al. [24] observed
anotable decline in thermal conductivity under 50 - 80% RH conditions. These findings
underscore the urgent need to enhance the moisture resistance of molten salt PCMs.
While some efforts have been made, such as Mo et al.’s preparation of
LiNO3/NaCl@SiO> nanocapsules [25], the hygroscopicity remains problematic.
Encapsulation offers a promising solution, but more effective strategies are required.

Silica (S107), a widely used shell material, is commonly synthesized via the
hydrolysis and condensation of precursors such as tetraethyl orthosilicate (TEOS) [20,
26]. However, TEOS-derived SiO; often exhibits brittleness [27], which are unsuitable
for highly hygroscopic molten salts [28]. In contrast, methyltriethoxysilane (MTES), a
silane coupling agent, has demonstrated significant potential for enhancing the
hydrophobicity of silica-based materials. Several studies have employed MTES as a
co-precursor to tailor the surface properties of silica gels and coatings. For instance, Liu
et al. [29] fabricated hydrophobic silica aerogels via a sol-gel process using TEOS and
MTES as co-precursors, emphasizing that a sufficient amount of MTES is essential to
achieve effective hydrophobicity. Dudas et al. [30] synthesized silica aerogels with
varying MTES/TEOS molar ratios and demonstrated that increasing the MTES content
reduces the number of surface silanol groups, and the reduction in —OH groups
decreased surface hydrophilicity. Similarly, Darmawan et al. [28] developed a
hydrophobic silica coating from MTES to improve the water resistance of ceramic tiles.
In a follow-up study, they established that the hydrophobicity of silica layers is
proportional to the number of Si—~CH3 groups and inversely proportional to the number
of Si—OH groups [31]. These findings collectively demonstrate that incorporating
MTES as a co-precursor enables tunable control over material hydrophobicity, a key
attribute that positions MTES as a highly promising candidate for enhancing the
moisture resistance of molten salt microcapsules.

Beyond hydrophobicity, MTES has also been explored as a silica precursor to

improve shell integrity, particularly in mitigating leakage and enhancing mechanical



robustness. For instance, Fei et al. [32] employed MTES as a modifier in Pn@SiO»
microcapsules, achieving a 20.53% reduction in leakage rate, which was attributed to
the elasticity imparted by methyl groups integrated into the silica network. Similarly,
Lin et al. [33] fabricated stearic acid microcapsules via co-hydrolysis of MTES and
TEOS, and found that leakage was effectively prevented when the MTES content
exceeded that of PCM, while maintaining a high enthalpy of 179.29 kJ/kg. Despite its
considerable promise as a precursor, the potential of MTES for encapsulating highly
hygroscopic molten salts remains unexplored. To address this gap, the present study
introduces MTES as a co-precursor alongside TEOS to encapsulate hygroscopic molten
salts, offering a novel strategy to significantly enhance moisture resistance.

This work presents a pioneering approach to overcoming the inherent limitations
of hygroscopic molten salts by developing nanoencapsulated molten salts with
simultaneously improved thermal and environmental resilience. The eutectic salt LNK
was first synthesized via an aqueous solution method followed by controlled
evaporation, yielding a homogeneous eutectic with markedly suppressed supercooling
and thermophysical properties surpassing those of conventional Solar Salt. MTES and
TEOS were then co-utilized as silica precursors to fabricate the nanoencapsulated LNK
(termed NELNK). The resulting nanocapsules were comprehensively characterized
with respect to microstructure, crystal structure, chemical composition, mechanical
properties, phase change behavior, thermal and cycling stability, surface hydrophobicity
and moisture resistance performance. Collectively, this study establishes a pathway to
enhance the durability and real-world applicability of hygroscopic molten salts,

particularly in high-humidity environments.
2 Materials and methods

2.1 Materials

All chemicals used in the synthesis of nanocapsules were of high purity and
analytical grade, as listed in Table 1. These reagents were employed without further

purification. They are commonly utilized in chemical synthesis and analytical testing.



Table 1 Experimental chemicals.

Chemical Purity Manufacturer
) Shanghai Aladdin Biochemical
LiNO; 99%
Technology Co., Ltd.
Shanghai Aladdin Biochemical
NaNO3 99%
Technology Co., Ltd.
Shanghai Aladdin Biochemical
KCl 99%
Technology Co., Ltd.
NH;-H20 25% Guangzhou Chemical Reagent Company
) Analytic Shanghai Aladdin Biochemical
Soybean oil (SBO)
reagent Technology Co., Ltd.
) Chemically ) )
Sorbitan oleate (Span80) P Sigma-Aldrich Reagent Co., Ltd.
ure
Cetyltrimethylammonium bromide 99, Shanghai Macklin Biochemical
(CTAB) ° Co., Ltd.
Analytic o
TEOS Tianjin Damao Reagent Co., Ltd.
reagent
Shanghai Aladdin Biochemical
MTES 98%
Technology Co., Ltd.
Analytic Tianjin Zhiyuan Chemical
N-hexane
reagent Reagent Co., Ltd.

2.2 Preparation of LNK eutectic salt

To minimize moisture, LiNO3, NaNOs, and KCI1 were pre-dried at 120 °C for 2 h
before use. A total of 10g of LNK eutectic salt was prepared by dissolving the
respective salts in 50 mL of deionized water under magnetic stirring at 600 rpm for 1
h. The solution was then transferred to an oil bath at 120 °C to evaporate the water
completely. Subsequently, the residue was heated on a hot plate at 300 °C for 4 h to
ensure full melting and homogenization. The melt was rapidly cooled, solidified, and
ground into fine powder. Finally, the sample was dried at 120 °C for 3 h and stored in
a sealed container for subsequent use. The recrystallization process effectively reduced
the particle size of the molten salt, which is critical for obtaining nanocapsules with

small and uniform particle size.



2.3 Synthesis of LNK nanocapsules

NELNK were synthesized using a water-in-oil (W/O) inverse emulsion sol—gel
method. First, the oil phase was prepared by dissolving 0.6 g of Span 80 in SBO,
followed by continuous stirring at 60 °C for 30 min. For the aqueous phase, 10 g of
the LNK eutectic salt was dissolved in a minimal amount of deionized water and stirred
at room temperature for 15 min until fully dissolved. Then, 0.15 g of CTAB surfactant
was added to ensure uniform mixing. Ammonia was introduced to create an alkaline
environment favorable for the sol-gel reaction.

Next, the aqueous phase was slowly added dropwise into the oil phase under
vigorous stirring to form a stable W/O inverse emulsion. MTES and TEOS were used
as silica precursors. The precursor mixture was injected into the emulsion at a rate of
350 pL/min using a syringe pump, and the reaction was carried out at 60 °C for 8 h.
After the reaction, the resulting solid-liquid mixture was washed multiple times with
hexane, and the white precipitate was collected via centrifugation. Finally, the product
was freeze-dried for 24 h to obtain the NELNK. The detailed compositions of the
precursors are summarized in Table 2.

Table 2 Formulations used to prepare NELNK

Sample Precursors TEOS(ml) Precursors MTES(ml)
NELNK-1 9 5
NELNK-2 9 4
NELNK-3 9 3
NELNK-4 9 2
NELNK-5 8 2
NELNK-6 10 2
NELNK-7 11 2

2.4 Characterization of NELNK

The morphology and microstructure of the samples were examined using scanning
electron microscopy (SEM). To enhance conductivity and prevent charge accumulation,
each sample was coated with a thin layer of gold prior to imaging.

Particle size distribution was measured using a particle size analyzer (DelsaNano

C, Beckman Coulter, USA).



The structure and shell thickness of the nanocapsules were determined using
transmission electron microscopy (TEM; FEI, Tecnai G2 F30 S-Twin).

X-ray diffraction (XRD, D/max-Ultima, Rigaku, Japan) was employed to
characterize the crystalline structures of LNK and NELNK over a 26 range of 10°-90°,
with a scanning speed of 10 °/min.

Fourier transform infrared spectroscopy (FT-IR, Nicolet 6700, Thermo Fisher
Scientific, USA) was conducted to investigate chemical structure and functional group
changes in the range of 4004000 cm''.

The shell flexibility of the nanocapsules was evaluated using atomic force
microscopy (AFM, Bruker, Germany). Prior to measurement, samples were dispersed
in deionized water, and a droplet was deposited onto freshly cleaved mica and air-dried
under ambient conditions. All measurements were performed using a RTESPA-300
probe, with the spring constant and deflection sensitivity calibrated prior to testing. The
nanocapsules were positioned on the AFM stage, aligned with the optical axis, and
subjected to nanoindentation at a feed rate of 100 nm/s. Force—displacement (F-S)
curves were collected from multiple locations across the capsule surface, with a
maximum applied load of 30 nN, enabling quantitative assessment of shell flexibility.

Thermal properties of the nanocapsules were evaluated by differential scanning
calorimetry (DSC, DSC3 STAR, Mettler Toledo, Switzerland). Samples were heated
from 100 °C to 250 °C at arate of 10 °C/min under a nitrogen atmosphere (flow rate:
50 mL/min). Prior to measurement, thermal history was removed by heating the
samples to 250 °C at 50 °C/min and holding for 5 min. Key thermal parameters were
extracted from the DSC thermogrames.

Thermogravimetric analysis (TGA) was performed to assess thermal stability over
a temperature range of 50—-800 °C at a heating rate of 10 °C/min under nitrogen purge
(20 mL/min).

Thermal reliability was tested using a muffle furnace. Dried NELNK samples were
subjected to repeated heating and cooling cycles between 30 °C and 190 °C at a rate
of 10 °C/min, with a 5-min hold at 190 °C. Phase change behavior was analyzed after

every ten cycles.



The hydrophobicity of the nanocapsules was determined by a contact angle tester
(DSA100, KRUSS, Germany), in which the nanocapsules were first adhered to a slide,
and then a drop of water was added to the surface of the sample to determine the contact
angle within one minute. To ensure the accuracy of the data, three measurements were

taken on the same sample and the average value was taken as the experimental result.
3 Results and discussions

3.1 Reaction process and mechanism of NELNK

The synthesis mechanism of NELNK is illustrated in Fig. 1. The process primarily
involves the formation of a W/O emulsion system, followed by the hydrolysis and

condensation of silica precursors at the oil-water interface.
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Fig. 1. Synthesis mechanism of NELNK
First, LNK salt and the hydrophilic surfactant CTAB were dissolved in deionized
water and magnetically stirred to form a homogeneous aqueous phase. This solution
was then dispersed into an oil phase composed of SBO and the lipophilic surfactant
Span 80. Under high-speed shear mixing, the surfactant molecules self-assembled at
the droplet interface: the hydrophilic head oriented toward the aqueous droplet
containing LNK, while the hydrophobic tail extended into the continuous oil phase,

effectively stabilizing the LNK droplets and forming a uniform W/O emulsion.



Subsequently, a pre-mixed silica precursor solution consisting of MTES and TEOS
was added dropwise into the emulsion under constant stirring at 60 °C. Ammonia was
introduced earlier to establish an alkaline environment (pH ~9—10), which significantly
influences the reaction kinetics. Initially, TEOS undergoes rapid hydrolysis under acidic
conditions to produce silanol (Si—OH) and methylsilanol (Si—-OCH3) monomers [34].
However, as the pH increases due to ammonia addition, the hydrolysis rate decreases
while the condensation rate increases, allowing the silanol groups to polymerize and
form a three-dimensional Si—O—-Si network around the LNK droplets [35].

Silanol monomers are enriched at the oil-water interface via hydrogen bonding
with the hydrophilic segments of CTAB. As the condensation progresses, these
monomers assemble around the LNK droplets, eventually forming a dense and
continuous SiOz shell. This in situ encapsulation successfully constructs the core—shell

structure of NELNK.

3.2 Microscopic morphology and particle size distribution of NELNK

3.2.1 Microscopic morphology
Fig. 2 presents SEM images of NELNK samples synthesized under varying
MTES/TEQOS ratios. The effects of precursor composition on nanocapsule morphology

and structural integrity were systematically investigated.
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Fig. 2 SEM images of nanocapsules: (a) NELNK-1, (b) NELNK-2, (c) NELNK-3, (d)

NELNK-4, (¢) NELNK-5, (f) NELNK-6, (g) NELNK-7. The annotated particle sizes
represent typical dimensions.

Fig. 2(a—d) shows SEM images of NELNK-1 to NELNK-4, prepared with a
constant TEOS amount but decreasing MTES content (from 5 mL to 2 mL). At higher
MTES concentrations (e.g., 5 mL), the samples exhibit rough surfaces and irregular
morphologies. As previously reported by Zhang [36], Alva [34] and others, excess
MTES results in rough silica surfaces, which can be attributed to steric hindrance effects
that reduce the condensation efficiency of silica precursors [37]. As the MTES content
decreased, the surface morphology became smoother. Notably, at the lowest MTES
volume tested (2 mL; Fig. 2d), the nanocapsules display a regular, well-defined
morphology, smooth surfaces, and minimal agglomeration. A narrow particle size
distribution is observed, with typical diameters ranging from approximately 108 to 128
nm (corresponding to the particles marked in green in the image). This suggests that
reducing the MTES content enhances shell densification and improves structural
integrity. Therefore, an MTES dosage of 2 mL yields microcapsules with optimal
morphological characteristics.

To further optimize the formulation, samples NELNK-5 to NELNK-7 were
synthesized using a fixed MTES dosage of 2 mL and varying TEOS volumes of 8 mL,
10 mL, and 11 mL, respectively (Figs. 2(e)-2(g)). Together with NELNK-4, these
samples formed a controlled series designed to systematically evaluate the influence of
TEOS content on nanocapsule morphology and particle size. All four samples exhibited
well-defined spherical structures with smooth surfaces. For quantitative size analysis,
particle diameters were measured from SEM images using ImageJ software; results are

annotated in Fig. 2. Notably, samples NELNK-1 to NELNK-3 were excluded from size



measurements due to the absence of clearly discernible spherical morphologies.

As shown in Fig. 2, a clear trend toward improved size uniformity emerges as
TEOS volume increases from 8 mL to 11 mL: NELNK-5 (8 mL TEOS) displays
irregular particle sizes, whereas NELNK-6 (10 mL) and NELNK-7 (11 mL) exhibit
highly uniform spherical morphologies. However, increasing TEOS beyond an optimal
threshold does not enhance overall performance, in fact, excess TEOS negatively
impacts the encapsulation ratio, as discussed in Section 3.5.

Collectively, this analysis reveals that MTES governs nanocapsule formation:
excessive MTES (3—5 mL) introduces steric hindrance that disrupts SiO» shell assembly,
while 2 mL promotes smooth, uniformly sized spheres. In contrast, TEOS primarily
modulates particle shape: insufficient TEOS yields irregular morphologies, while
surplus TEOS compromises encapsulation ratio.

Based on comprehensive morphological and dimensional assessments, NELNK-4,
NELNK-6, and NELNK-7, which all exhibit uniform spherical morphology and narrow
size distributions, were selected for subsequent DSC analysis to evaluate their TES
performance.

3.2.2 Particle size distribution

Although some aggregation was observed in SEM images, this is likely due to
capillary forces during freeze-drying rather than true interparticle adhesion. The particle
size of NELNK-6 was further characterized using a particle size analyzer. Prior to
measurement, the nanocapsules were diluted with deionized water and subjected to 30
min of ultrasonication to prevent aggregation. As shown in Fig. 3(a), 99.3% of NELNK
was distributed below 400 nm, and Fig. 3(b) reveals that the particle size distribution
of NELNK-6 was centered at 167 nm. The particle size of the nanocapsules obtained
by the particle size distribution test matched the results showed by SEM (Fig. 2), which

indicated that they had good monodispersity.
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3.2.3 Shell thickness

To elucidate the core—shell structure and quantify shell thickness, the representative
sample NELNK-6 was further analyzed by TEM. As shown in Fig. 4(a), NELNK-6
displays a well-defined core—shell morphology with an overall diameter of
approximately 150 nm. The dark core corresponds to the LNK phase, while the
surrounding lighter contrast ring represents the silica shell. The contrast interface
between core and shell confirms successful and complete encapsulation. A higher-
magnification image (Fig. 4(b)) reveals a uniform shell thickness of about 20 nm,

underscoring the success of the encapsulation process.

Fig. 4 TEM images of NELNK-6



3.3 Crystal structure analysis of NELNK

Fig. 5 presents the XRD patterns of pure LNK, SiO», and three representative
NELNK samples. Pure SiO> exhibited no distinct diffraction peaks, confirming its
amorphous nature. In contrast, LNK showed multiple sharp diffraction peaks
corresponding to NaNO3 (JCPDS No. 85-0850), LiNO3 (JCPDS No. 80-0203), and KCI
(JCPDS No. 78-0656), with no impurity phases detected. This confirms the high purity
and chemical compatibility of the ternary eutectic salt prepared via the evaporation

method.
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Fig. 5 XRD plots of LNK and NELNKSs

Importantly, all characteristic diffraction peaks of LNK were retained in the
NELNK samples, with no peak shifts observed, indicating that the crystalline structure
of the core material remained intact after encapsulation. The slight reduction in peak
intensity can be attributed to the scattering effect of the amorphous SiO: shell and
possible spatial confinement eftects within the nanocapsule structure.

These results demonstrate that the nanoencapsulation process does not induce
chemical reactions or structural distortions in the LNK core, preserving its

thermophysical properties for subsequent applications.



3.4 Chemical Composition Analysis of NELNK

Fig. 6 presents the FTIR spectra of pure SiO,, LNK eutectic salt, and three NELNK
samples with intact shells. All spectra exhibit a broad absorption band around 3450 cm’
!, attributed to the O—H stretching vibration of adsorbed water molecules [38]. This
feature arises from two sources: (1) the high hygroscopicity of the LNK salt, which
readily absorbs moisture from the ambient environment, and (2) the presence of residual
silanol groups (Si—OH) on the surface of the SiO» shell, which are also prone to water
adsorption under humid conditions [39]. These combined effects contribute to the

enhanced intensity of the O—H stretching peak.
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Fig. 6 FTIR plots of SiO,, LNK molten salt and NELNKs

The FTIR spectra of both LNK and NELNK display characteristic absorption
bands at 825 cm™, 1051 cm™, 1384 cm™, which correspond to the out-of-plane
deformation, symmetric stretching, and asymmetric stretching modes of nitrate ions,
respectively [40, 41]. Two strong absorption peaks at 2973 cm™ and 2890 cm™! represent
the symmetric stretching vibration of —CHjs group [30, 38]. These results indicate that
the core components of LNK remain chemically unchanged after encapsulation.

For the SiO, sample, the sharp peak at 470 cm’! is due to the Si-O-Si bending
vibration vibrations. The two distinct peaks at 960 cm™ and 1078 cm™! are associated
with the symmetric and antisymmetric stretching vibrations of Si—O-Si bonds,

respectively [42]. Additionally, the peak at 1631 cm™ corresponds to the bending



vibration of surface silanol groups (Si—OH) [43].

Importantly, the FTIR spectra of the NELNK retain all the characteristic peaks of
both LNK and SiO», without any new absorption bands appearing. This confirms that
the nanocapsules consist solely of LNK and SiO;, with no evidence of chemical
reactions occurring between the core material and the shell during the encapsulation
process. The interaction between the two components is therefore physical in nature.
These findings further validate that LNK was successfully encapsulated within the SiO»

shell without structural or chemical degradation.

3.5 Mechanical properties analysis

The Young’s modulus of the shell material is a key parameter governing the
mechanical behavior of nanocapsules, as it quantifies material stiffness: a lower
Young’s modulus corresponds to a more flexible structure. Fig. 7(a) presents a
schematic of the nanoindentation tests performed on the nanocapsules. To ensure
reliability and minimize random errors, 20 force—displacement (F—J) curves were
collected for each sample. The loading segments of these curves were analyzed using
the Hertz contact model [44], which describes the indentation force (F) applied to an

elastic material:

T E
- - 1
2(1_172)tana: (1)

where J, v, a, and E represent the indentation depth, Poisson’s ratio, opening angle of

— 82

the AFM probe tip, and the Young’s modulus, respectively. The experimental F—o
curves were well fitted by a parabolic function, with high correlation coefficients
(*>0.99) consistently observed. Only datasets with 7> =0.98 were included in the

analysis.
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Fig. 7 (a) Representative AFM force—distance curve; (b) Schematic illustration of
nanoindentation test

Figure 7(b) displays representative force—displacement curves obtained from
probe retraction for both MTES-modified NELNK-6 and TEOS-only nanocapsules. For
clarity, “TEOS-only” refers to LNK@Si0, nanocapsules synthesized using 10 mL of
TEOS as the sole silica precursor, without any MTES; this sample serves as the
benchmark for comparison. The significantly reduced slope in the contact region of the
NELNK-6 sample indicates a marked decrease in Young’s modulus, reflecting
enhanced elastic deformability. This observation is further confirmed by quantitative
results: the average Young’s modulus of the TEOS-only nanocapsules is 18.430 GPa,
whereas MTES-modified NELNK-6 exhibits a dramatically lower value of 1.750 GPa.
This ~90% reduction underscores the profound softening effect of MTES incorporation,
demonstrating that MTES modification effectively enhances flexibility of the silica
shell.

This improvement is primarily attributed to the incorporation of non-hydrolyzable
methyl (~CH3) groups from MTES into the silica network. In contrast to TEOS, which
fully hydrolyzes to form cross-linked, rigid Si—O-Si frameworks, the presence of

methyl groups results in a more flexible organic—inorganic hybrid structure.



This enhanced flexibility implies that NELNK nanocapsules are far less
susceptible to cracking under repeated thermal cycling. Consequently, their long-term
structural integrity is significantly improved, contributing to extended service life and
demonstrating strong potential for deployment in demanding real-world applications,

particularly within concentrating solar power and other advanced TES systems.

3.6 Phase change characterization

3.6.1 Phase change behavior of LNK

Fig. 8 presents the DSC curves of the LNK eutectic salt during melting and freezing
processes. The DSC profiles exhibit a single dominant peak in both heating and cooling
scans, indicating that all components fully participate in the eutectic crystallization,

with no phase separation.
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Fig. 8 DSC thermogram of LNK
Li et al [11] previously synthesized a molten salt with the same composition using
the static melting method. Their results showed a melting point of 172.4 °C and a
freezing point of 141.6 °C, accompanied by a large degree of supercooling (~30 °C).
In contrast, the LNK prepared in this study via aqueous solution evaporation followed
by drying exhibits negligible supercooling. Supercooling represents a metastable state
where latent heat is not released until crystallization occurs, which is undesirable in

practical TES applications due to its unpredictability and potential performance



degradation [45]. The DSC curves of the LNK obtained in this study show sharper
melting and solidification peaks compared to those reported by Li et al [11], suggesting
a more uniform phase change within a narrower temperature range. This indicates
enhanced thermal homogeneity and crystallization behavior.

Yang et al [46] observed similar effects when adding NaCl in different forms (solid
pellets vs. aqueous solution) to n-octadecane as a PCM. They found that the use of NaCl
solution resulted in sharper DSC peaks and reduced supercooling. A dynamic Monte
Carlo simulation [47] further revealed that during cooling, the dissolved ions can
precipitate first, acting as nucleation sites that promote earlier crystallization and reduce
supercooling. In analogy, the preparation methods used in this study, i.e., aqueous
evaporation, can be considered as introducing KCl as a solution into the LiNO3-NaNO3
mixture. During cooling, the presence of dissolved species likely facilitates early
nucleation, thereby improving crystallization kinetics and reducing supercooling.

3.6.2 Phase change behavior of NELNK

MTES plays a critical role in modulating the structure of the SiO> shell during
nanocapsule synthesis. By adjusting the precursor ratio, MTES improves the flexibility
and permeability of the silica network, the interfacial compatibility between the core
and shell, and the encapsulation ratio [36]. To evaluate the phase change properties of
both the pristine LNK and the NELNK, DSC was performed, and the resulting
thermograms are shown in Fig. 9. In the DSC analysis, 7c and 7w represent the
crystallization and melting temperatures, respectively. These values were determined
by identifying the intersection of the extrapolated baseline with the tangent line drawn
at the inflection point of the leading edge of each heat flow peak [48].

Since SiOz is thermally inert and does not undergo phase changes itself, the latent
heat response of NELNK originates from the encapsulated LNK core material. Based
on the measured enthalpies, the encapsulation ratio and encapsulation efficiency were
calculated using the following equations:

R = (AHpm Nepem/AHpm 1nk) X 100% ()

E = (AHpnepem + AHsnepem)/(AHmink + AHsink) X 100%  (3)



where AHp, ngpcm and AHg ngpem denote the melting and solidification enthalpies of

the nanoencapsulated PCM, and AHy, ;ng and AHg Nk refer to those of the pure LNK,

respectively.
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phase change temperature, (d) encapsulation ratio and encapsulation efficiency for
LNK and NELNK

Analysis of the DSC curves (Fig. 9(a, b)) reveals that NELNK exhibits phase
change peaks similar to those of LNK, with a single peak per cycle. This confirms that
the encapsulation process is purely physical, without any chemical interaction between
the core and the shell, which consistent with the FTIR and XRD analyses.

Further analysis (Fig. 9(c, d)) shows that the sample NELNK-6 achieves the
highest phase change performance, with a melting enthalpy of 128.8 kJ/kg and an
encapsulation ratio of 66.2%. This result highlights the importance of optimizing the
precursor composition.

Notably, the melting and crystallization temperatures of NELNK are slightly lower
than those of bulk LNK. This shift is attributed to the nanoscale confinement effect and
weakened interfacial interactions between the core and shell materials. Similar findings

have been reported in the literature: Mo et al. [25] observed a 2.9 °C reduction in



melting point for LiNO3/NaCl@SiO> compared to the unencapsulated salt; Fang et al
[49] also reported a decrease of 0.89—1.58 °C for paraffin microcapsules coated with
Si0; shells. These phenomena suggest that the silica shell accelerates heat transfer to
the core, initiating melting at a lower temperature, while simultaneously restricting
molecular mobility, which delays crystallization.

To provide context for these findings, Table 3 summarizes studies on
microencapsulated molten salts with SiO» shell, including their phase change
temperatures, latent heats, encapsulation ratios, supercooling and particle sizes. Fig. 10
offers a three-dimensional visualization of the comparative data.

Table 3 Properties of NELNKs compared to previous studies

Melting  Latent  Particle

Sample point heat size EncaPsulation AT('C)  Ref.
(') (kJ/kg) (nm) ratio (%)

LiNO3;+NaCl@SiO» 222.4 228.7 741 66.20 8.0 [25]

Solar salt@SiO» 2259 66.9 886 60.19 8.8 [18]

Solar salt@GO/SiO» 224.0 67.0 1363 60.32 8.9 [18]

Solar salt@SiO, 2253 107.8 41560 80.94 6.8 [19]

Solar salt@SiO» 225.0 63.5 423 50.60 Na [50]

Solar salt@SiO» 2249 88.5 614 61.60 9.8 [20]

LiCO3+tNa,COs@SiO,  498.0 220.7 5100 61.20 Na [51]

NaNO;@SiO; 305.8 170.0 5000 89.00 Na [52]
LNK@SiO» 174.7 128.8 167 66.2 -2.7  Present

Note: “Na” represents that the data was not provided in the reference.
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Fig. 10 Comparison between the present study and previous studies

Current microencapsulated molten salts commonly suffer from two major
limitations: micrometer-scale particle sizes, and high phase change temperatures
(>200 °C). Multicomponent eutectic salts face particular challenges, as their
compositional balance is easily disrupted during encapsulation, often resulting in
abnormal solidification behaviors such as bimodal phase change peaks. Single-
component salts, by contrast, are easier to encapsulate, achieving encapsulation ratios
exceeding 72% [41, 52]. Binary systems like Solar Salt typically exhibit poor eutectic
stability, with encapsulation ratios rarely exceeding 60% [18, 20, 53]. Even with
optimized techniques, the latent heat of binary salts remains around 107 kJ/kg [19]. For
ternary molten salts, only a few studies report successful microencapsulation, with the
highest encapsulation ratio reaching 63.7% [54]. These limitations restrict their
applicability in medium-temperature solar TES systems. Moreover, larger particle sizes
tend to reduce overall thermal storage capacity [55].

In contrast, this study demonstrates that by introducing MTES as a co-precursor
and optimizing the precursor ratio, it is possible to achieve nanoscale particle size while
maintaining eutectic composition and avoiding bimodal solidification. As a result, the

encapsulation ratio of the ternary LNK reaches 66.2% , surpassing previously reported



values. The corresponding phase change enthalpy is 128.8 kJ/kg , which is 1.2 times
higher than that of Solar Salt, and the melting point is reduced by 50 °C, making it the
lowest among current molten salt nanocapsules.

The degree of supercooling is defined as the temperature difference between the
melting point and the crystallization (solidification) point and can be expressed by the
following equation:

AT=T,,-Ts 4)
where AT denotes the degree of supercooling, Ty, is the melting temperature, and Ty
is the solidification (crystallization) temperature. In this study, the degree of
supercooling is calculated using Equation (4). Notably, LNK@SiO; exhibits a negative
degree of supercooling. This occurs because both the melting and solidification
temperatures are defined as the onset temperatures, i.e., the points where the baseline
intersects the melting or solidification peak in the heat flow curve [56] (see Fig. 8). The
onset temperature was selected as the phase change temperature because it is less
sensitive to variations in sample mass and heating/cooling rates. Negative supercooling
values have also been reported in the literature [45, 57]. The SiO2 shell functions as a
nucleating agent [19], providing heterogeneous nucleation sites that significantly
suppress supercooling in LNK@SiO». This reduction in supercooling enhances the
material’s suitability for TES applications.

As evident from Table 3, previously reported molten salt phase change
microcapsules typically exhibit significant supercooling, a persistent challenge that
compromises TES performance. In contrast, the suppression of supercooling achieved
in this study represents a substantial advancement, offering distinct advantages for real-
world TES applications where consistent and predictable phase change behavior is
critical. This breakthrough highlighting its potential for medium-temperature
applications (100200 °C), particularly in medium-temperature solar TES.

Based on the combined morphological and thermal property analyses, NELNK-6
demonstrates superior structural integrity and thermal performance. Therefore,

subsequent experimental investigations and discussions will focus on this sample.



3.7 Thermal reliability analysis of NELNK

In practical TES applications, microencapsulated PCMs must maintain good
thermal performance over repeated heating—cooling cycles. Fig. 11 compares the
macroscopic morphologies of LNK and NELNK after undergoing phase changes. The
pure LNK sample exhibits strong adhesion during melting and solidifies into a waxy
mass that firmly adheres to the container walls, making it difficult to remove. In contrast,
the NELNK remain in a loose powder form after the same process, indicating that the
Si0; shell effectively isolates the LNK core from the external environment, preventing

leakage and significantly enhancing both stability and practical applicability.

Container
Fig. 11 Appearance of LNK and NELNK after DSC test

To evaluate the long-term thermal cycling stability of NELNK-6, 100 consecutive
heating—cooling cycles were conducted. Each cycle consisted of heating the sample
from 30 °C to 190 °C at a rate of 10 °C/min, holding at 190 °C for 5 min to ensure
complete melting, followed by natural cooling to room temperature. After every 20
thermal cycles, samples were randomly selected for post-cycling characterization.

As shown in Fig. 12(a), SEM analysis confirmed that the NELNK nanocapsules
retained their well-defined spherical morphology throughout cycling, with no
observable rupture, aggregation, or structural deformation. Furthermore, FTIR spectra
recorded before and after 100 cycles (Fig. 12(b)) exhibited no discernible peak shifts or
intensity variations in characteristic absorption bands, indicating the absence of
chemical interaction between the core and shell materials and confirming chemical

stability over repeated thermal stress.
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Fig. 12 (a) SEM and (b) FTIR plots of NELNK after 100 thermal cycles
Collectively, these results demonstrate that the silica shell effectively encapsulates
and confines the molten salt core, preserving structural, morphological, and chemical
integrity across extended thermal cycling.
The resulting DSC thermograms are shown in Fig. 13, with corresponding data
summarized in Table 4. To quantitatively assess thermal reliability, the energy storage

efficiency (Esk) was introduced as an evaluation index, calculated using the following

equation:

ESE = (AHm + AHs)after cycling/(AHm + AHs)before cycling (5)

where AHyefore cycling and AHafter cycling denote the latent heat of phase change before and

after cycling. The results are also listed in Table 4.

Heat flow(w/g)

Fig. 13 DSC thermograms of NELNK acquired after thermal cycles



Table 4 DSC data of NELNK after thermal cycles

niﬁzr T (°C) T, (°C) AHn(KVkg)  AHy(klkg)  Est (%)
1 174.6 177.3 128.8 130.0 100.0
20 179.6 173.6 130.6 128.7 100.2
40 179.0 172.7 1313 129.6 100.8
60 177.3 172.4 127.3 127.0 98.3
80 177.6 171.9 129.2 129.0 99.8
100 178.2 172.1 126.8 128.0 98.5

Fig. 13 presents the DSC curves and trends in phase change temperature and latent
heat of NELNK-6 after different numbers of thermal cycles. The melting peak position
and height remain nearly unchanged after 100 cycles, indicating excellent
reproducibility in phase change behavior. As shown in Table 4, the phase change
temperature exhibits only minor fluctuations, likely due to cumulative structural
distortions in the eutectic salt during repeated melting and solidification [42].

As summarized in Table 4, the latent heat of phase change exhibits exceptional
stability, with only minimal variation observed during the first 40 thermal cycles. The
Esg remained high at 98.3% after 60 cycles and even slightly increased to 99.8% after
80 cycles. This minor fluctuation is negligible and can be attributed to experimental
uncertainty inherent in DSC measurements, a phenomenon also reported in other
studies [58]. Critically, FTIR analysis revealed no evidence of chemical degradation in
the PCM throughout the cycling tests, confirming that the observed enthalpy variations
are of physical rather than chemical origin. Consequently, these small changes in latent
heat are deemed insignificant and well within the acceptable range for practical TES
applications. After 100 cycles, the Esg showed a value of 98.5% which is close to that
after 60 cycles, confirming the great long-term reliability of NELNK.

Specifically, the latent heats of melting and solidification decrease by only 2.0
kJ/kg, less than 2.0%. This indicates that the phase change properties remain largely
unaffected, maintaining high energy storage capacity. This superior performance is
primarily attributed to the dense encapsulation provided by the Si—O-Si three-

dimensional network in the SiO» shell, which effectively prevents core leakage.



Additionally, the introduction of alkyl groups via MTES enhances the mechanical
toughness of the shell, improving resistance to breakage during thermal cycling and
reducing performance degradation. Some minor fluctuations in enthalpy may also arise
from measurement uncertainty.

In summary, the NELNK demonstrate great thermal reliability after repeated phase
changes. To further contextualize this result, Table 5 compares the energy storage
efficiency of NELNK-6 with previously reported silica-coated microcapsules. Notably,
NELNK-6 outperforms existing results, especially within the ternary molten salt
category, demonstrating superior thermal cycling stability and energy storage efficiency.

Table 5 Thermal reliability of NELNK compared to previous studies

Micro/nanocapsules Number of cycles Esk (%) Ref
D-mannitol@SiO; 50 68.8 [42]
GA@SiO» 50 97.4 [59]
Erythritol@SiO, 60 82.2 [60]
NaxS04' 10H0@Si0; 100 79.9 [61]
LiNO;@SiO; 10 96.5° [41]
NaNOs;+MXene@SiO: 50 94.6 [62]
NapHPO4-12H20+ MXene@SiO: 50 83.6° [63]
K>CO5+Li2CO3@Si02 100 97.4 [64]
K>CO3/Li,CO3/Na;CO3@SiO> 50 80.7 [54]
LiNO3+ NaNO3+KCl@SiO: 100 98.5 Present

Note: ? Value calculated from data in the literature

3.8 Thermal stability analysis of NELNK

Thermal stability is a critical parameter for evaluating the durability of
microencapsulated PCMs under working-temperature conditions. In this study, the
thermal decomposition behavior of both pristine LNK and NELNK-6 was analyzed
using TGA, with the resulting curves presented in Fig. 14. Key thermal events are
annotated directly on the curves. The decomposition onset temperature was determined
using the extrapolated initial mass loss method, defined as the point where significant

weight loss begins on the TGA curve [65], and is indicated in blue on the figure.
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Fig. 14 TGA curves of LNK and NELNK, highlighting decomposition temperatures
and degradation stages
The TGA profile of pristine LNK exhibits a single-step weight loss, with the
material remaining stable between room temperature and approximately 535 °C.
Significant decomposition begins above this temperature and is primarily attributed to
the thermal degradation of LiINO3; and NaNOj, resulting in a mass loss of approximately

84.8%. This decomposition is consistent with the following reactions:

4LiNO;3 — 2Li,0 + 4NO, + O, (6)
2NaNO; — 2NaNO, + O, (7)
4NaNO, — 2Na,0 + 4NO + O, (8)

In contrast, NELNK exhibits a more complex, three-stage weight loss profile,
reflecting the influence of the SiO; shell on heat transfer and thermal degradation
dynamics:

First Stage (room temperature—113 °C): A minor weight loss of approximately 4.9%
occurs, primarily due to the evaporation of residual physically adsorbed moisture on
the surface of the nanocapsules, which was absorbed from ambient air during handling
and storage.

Second Stage (113-540 °C): A moderate weight loss of ~12.2% is observed,

mainly caused by the dehydration and condensation of residual silanol groups (Si—OH)



in the SiO» shell formed during synthesis [66]. Additionally, decomposition of residual
surfactants used in the encapsulation process likely contributes to mass loss in this
temperature range. This interpretation is supported by prior studies showing that
surfactant-free microcapsules exhibit significantly reduced weight loss during this stage
[67].

Third Stage (>540 °C): This stage corresponds to the main decomposition event,
involving the thermal breakdown of LiNO3 and NaNOj into metal oxides and gaseous
byproducts, resulting in a cumulative mass loss of 42.3%. Notably, the decomposition
rate of NELNK is considerably slower than that of unencapsulated LNK. This
retardation is attributed to the protective barrier by the dense SiO shell at high
temperatures, which inhibits gas diffusion and retards the decomposition of the core
material. This behavior further confirms the structural integrity and effective
encapsulation achieved in NELNK.

In summary, NELNK exhibits a typical three-stage thermal decomposition profile
commonly observed in silica-coated microcapsules [33, 55, 68, 69]. Importantly, no
significant mass loss occurs below 540 °C except for trace contributions from
unreacted silica precursors, indicating high thermal stability across the operational
temperature range (room temperature to 540 °C). Moreover, previous studies have
demonstrated that SiO; shells prepared with MTES maintain good hydrophobicity up
to 420 °C [31], further enhancing the moisture resistance and long-term reliability of

NELNK in high-temperature environments.

3.9 Moisture resistance performance analysis of NELNK

To systematically evaluate the moisture resistance of both the pristine LNK eutectic
salt and NELNK, samples were exposed to environments with varying RH, and their
hygroscopic behaviors were quantitatively analyzed by monitoring mass changes over
time. This analysis provides insight into the material’s long-term stability under real-
world storage and operational conditions.

The moisture absorption rate was calculated using the following equation:

M, = (m, — mg)/my X 100% (9)



where my is the initial mass of the sample, and m; is the mass after exposure to a specific
RH environment for a given time ¢. During the experiment, samples were placed in
controlled humidity chambers at 40%, 60%, and 80% RH for a duration of 24 h. Mass
measurements were taken at regular intervals, and the results were plotted as moisture

absorption rate versus time, as shown in Fig. 15.
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Fig. 15 Variation of moisture absorption of LNK and NELNK with time

The experimental results indicate that both LNK and NELNK exhibit increased
moisture absorption with rising ambient humidity; however, their sensitivity to
environmental moisture differs significantly. Notably, the moisture absorption rate of
NELNK is substantially lower than that of pure LNK, demonstrating superior moisture
resistance.

This enhanced performance can be attributed to the presence of a dense SiO; shell,
which acts as an effective physical barrier that prevents moisture from penetrating and
contacting with the hygroscopic LNK core. This mechanism aligns with findings
reported by Mo et al. [25].

To further elucidate the relationship between moisture resistance and surface
wettability, contact angle measurements were conducted on MTES-modified SiO»
surface in accordance with ASTM D7334, using a water droplet volume of 2 pL. The

contact angle was recorded immediately after water droplet deposition, with the



reported value representing the average of three independent measurements. As
illustrated in Fig. 16, the measured contact angle of 98° confirms the hydrophobic
nature of the surface, demonstrating that MTES incorporation effectively enhances the
water repellency of the silica shell.

This hydrophobic behavior arises from the integration of methyl (—CHz3) groups
into the Si—O-Si network during hydrolysis and condensation of MTES. These
hydrophobic moieties partially substitute hydrophilic surface silanol (—Si—OH) groups,
thereby imparting hydrophobicity and enhanced moisture resistance to the

nanocapsules.

CA=98"

Fig. 16 Contact angle of NELNK

Although moisture resistance is critical to the long-term performance and real-
world applicability of molten salt PCMs, studies quantifying moisture absorption
remain relatively scarce. Prolonged exposure to humid conditions can severely
compromise material performance through moisture-induced degradation. To provide
a broader context, Table 6 summarizes available data on the moisture resistance of
various PCMs reported in the literature.

Table 6. Reduction in moisture absorption rate of molten salt composites after

exposure to varying humidity conditions.

Reduction in moisture
PCM composites RH (%) Ref
absorption rate (%)P

Na,CO3-K>CO3/MgO/glass 80 11.15° [22]
LiNO3;+NaCl@SiO» 46-51 0.6 [25]
LiNO3;+NaCl@SiO: 67-72 82 [25]

LiNO;+NaCl@SiO» 84-87 9.6* [25]




NELNK 40 21.58 This study
NELNK 60 22.19 This study

NELNK 80 33.67 This study

Note: * Value calculated from data in the literature.
b “Reduction in moisture absorption (%) represents a decrease in absolute
moisture absorption rate.

Notably, the hygroscopic behavior of molten salts varies considerably across
different PCMs. For instance, Lu et al. [22] reduced the moisture absorption of a
hygroscopic Na;CO3—K>CO3/MgO composite from 15.25% to 4.10% by incorporating
silicate glass. In comparison, the NELNK developed in this study demonstrate
significantly improved moisture resistance. Mo et al. [25] reported that
LiNO3/NaCl@SiO2 microcapsules synthesized using TEOS as the sole silica precursor
exhibited moisture absorption reductions of 0.6%, 8%, and 9.6% under RH levels of
46-51%, 67-72%, and 84—87%, respectively. Remarkably, NELNK outperforms these
results, achieving reductions of 21.58%, 22.19%, and 33.67% under comparable
humidity conditions, underscoring its exceptional environmental resilience.

The superior moisture resistance of NELNK stems from two synergistic effects
enabled by MTES modification:

(1) The silica shell, as confirmed by TEM and SEM analyses, forms a continuous,
dense physical barrier that effectively impedes water molecule penetration.

(2) Hydrophobic methyl (—CH3) groups, incorporated into the silica network via
hydrolysis and condensation of MTES during shell formation, significantly reduce
surface hydrophilicity. This observation is consistent with the work of Dudas et al. [30],
who demonstrated that MTES incorporation can tune surface wettability, even inducing
a transition from hydrophilic to hydrophobic behavior.

In summary, the NELNK nanocapsules synthesized in this study exhibit
dramatically enhanced moisture resistance. The MTES-mediated modification strategy
not only retards moisture absorption but also substantially improves long-term

durability under humid conditions. As such, this approach represents a robust pathway



to mitigate moisture-induced degradation in highly hygroscopic molten salt systems.

4 Conclusions

This study aimed to address challenges faced by molten salt PCMs, including
leakage, poor thermal stability, and hygroscopicity. A novel strategy was developed to
overcome these limitations by incorporating MTES to form a flexible, moisture-
resistant silica shell for encapsulating hygroscopic molten salts. The resulting NELNK
nanocapsules exhibited excellent phase change performance, with a melting
temperature of 174.7 °C, a latent heat of 128.8 klJ/kg, along with an encapsulation ratio
of 66.2%.The NELNK nanocapsules demonstrated outstanding thermal reliability,
retaining 98.3% of their initial energy storage efficiency after 50 thermal cycles.
Moreover, the incorporation of MTES significantly enhanced moisture resistance,
reducing the moisture absorption rate by 21.58-33.67% under various humidity levels
from 40% to 80% RH compared to the unencapsulated LNK. By introducing MTES
and optimizing the composition of the precursors, this work effectively improved the
encapsulation ratio and overall performance of ternary molten salts. The improvements
increase the application potential of molten salts in medium-temperature TES systems
and the feasibility of application in humid environments.

Building on these findings, we outline key future research directions to advance
this technology toward practical deployment. First, from a manufacturing standpoint,
replacing the current emulsification system with more cost-effective alternatives will
be essential to improve process economics, without compromising encapsulation ratio
or shell integrity. Second, to bridge the gap between material innovation and system-
level integration, future work will prioritize the quantitative assessment of nanocapsule
packing density. This critical parameter will enable accurate calculation of volumetric
energy density, a decisive metric for evaluating performance in real-world TES systems.
Third, dynamic thermal-humidity cycling would provide a more operationally relevant
simulation of concentrating solar power system environments. Such testing is critical

for validating real-world performance, and future studies must incorporate dynamic



thermal-humidity cycling to rigorously assess long-term durability under conditions

that accurately replicate operational stresses in CSP systems.
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