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Abstract: Solid-solid phase-change materials have great potential for developing compact and low-
cost thermal storage systems. The solid-state nature of these materials enables the design of systems
analogous to those based on natural rocks but with an extraordinarily higher energy density. In this
scenario, the evaluation and improvement of the mechanical and thermophysical properties of these
solid-solid PCMs are key to exploiting their full potential. In this study, LiNaSO4-based composites,
comprising porous MgO and expanded graphite (EG) as the dispersed phases and LiNaSO4 as the
matrix, have been prepared with the aim of enhancing the thermophysical and mechanical properties
of LiNaSO4. The characteristic structure of MgO and the high degree of crystallinity of the EG600
confer on the LiNaSO4 sample mechanical stability, which leads to an increase in the Young’s modulus
(almost three times higher) compared to the pure LiNaSO4 sample. These materials are proposed
as a suitable candidate for thermal energy storage applications at high temperatures (400–550 ◦C).
The addition of 5 wt.% of MgO or 5% of EG had a minor influence on the solid-solid phase change
temperature and enthalpy; however, other thermal properties such as thermal conductivity or specific
heat capacity were increased, extending the scope of PCMs use.

Keywords: solid-solid PCMs; mechanical properties; thermal energy storage; MgO; EG600; thermal
conductivity

1. Introduction

The use of phase change materials (PCMs) as thermal energy stockpiling storage
media has been a subject of intense research in the last decades [1–3]. This research has
been focused on PCMs [4,5] with melting points at low/medium temperatures, although
anhydrous salts and metal alloys have also been studied for storage applications at high
temperatures. Compared to sensible heat storage, PCMs bring several advantages, such as
higher energy density and energy storage at almost constant temperature, whereas they lead
to less expensive storage solutions when compared to thermochemical storage [6–8]. Solid-
liquid PCMs undergoing melting/solidification processes are the most used PCMs so far
because they usually have a much higher enthalpy of phase change than PCMs undergoing
solid-state phase transitions (solid-solid PCMs). However, they suffer from leakage and
usually have low thermal conductivity, thus requiring expensive heat exchangers or macro-
encapsulation for their implementation into the storage system. In this sense, the use of
solid-solid PCMs would have the advantage of not requiring either macro-encapsulation
or heat exchangers, thus reducing considerably the cost of the thermal storage system. A
comprehensive overview of solid-solid PCMs can be found in recent reviews by Fallahi
et al. [9] and Usman et al. [10].
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A suitable solid-solid PCM must not only have a sufficiently high phase transition
enthalpy and high thermal conductivity, among others, but it also needs to be stable upon
cycling (heating/cooling cycles), preferably compatible with air, and mechanically stable.
As previously reported, the use of solid-solid transitions based on LiNaSO4 has a great
potential for thermal energy storage applications [10–12].

Although the thermal properties of this material, such as the transition enthalpy and
entropy, the specific heat capacity, the thermal conductivity [13], or the thermal expan-
sion [14], have been reported, to the best of our knowledge, the mechanical behavior of
this compound, as well as the attempts to improve the thermophysical properties, have
not been previously reported and discussed. Since thermal conductivity and mechanical
behavior, among other aspects, are key factors regarding the application of these PCMs as
thermal energy storage (TES) materials, enlightened understanding is needed.

These inorganic materials usually have low thermal conductivity (0.5–0.8 W/mK [15,16]),
which reduces their thermal energy storage performance. Therefore, an enhancement of
thermal conductivity is important for the development of efficient thermal energy storage
systems. Numerous researchers have dealt with the improvement of the thermal conductivity
of inorganic PCMs by the addition of highly conductive nanostructures [3,17]. It was found
that the improvement depends on their size, shape, or concentration, among others. Magne-
sium oxide (MgO), aluminum oxide (Al2O3), copper (Cu), copper oxide (CuO), gold (Au),
silver (Ag), titanium oxide (TiO2), zinc oxide (ZnO), or expanded graphite (EG) are the most
commonly used nanostructures employed for thermal energy storage applications [18–22].
From a mechanical point of view, the use of porous ceramics such as MgO or Al2O3, together
with an increase in thermal conductivity, also enhances the mechanical strength of the pure
PCMs [23,24]. For example, C. Li et al. [24] studied the influence of the addition of MgO with
different particle sizes to an inorganic PCM, concluding that smaller MgO particles yielded
smaller internal pores and a more rigid structure. Taking this into account, the addition of
binders at macro/microscales can provide many benefits since thermal conductivity and
mechanical strength can be enhanced simultaneously, extending the scope of PCM use.

Since the implementation of this PCM in thermal energy systems usually requires
an improvement of the thermophysical and mechanical properties of the pure material,
in this work the influence of the addition of different binders (carbon-based and ceramic-
based) was investigated. A special focus is given to the study of the mechanical and
thermophysical properties of the pure LiNaSO4 stoichiometric compound and the influence
of the addition of binders such as the synthesized nanoporous MgO and the Expanded
Graphite (EG600).

2. Materials and Methods
2.1. Theoretical Aspects

The theoretical phase diagram of Li2SO4-Na2SO4 obtained using the FactSage 8.2
software [25] is shown in Figure 1. The CALPHAD method predicts the solid-solid phase
transition at the composition Li2SO4-Na2SO4 50/50 (molar ratio).

2.2. LiNaSO4 Stoichiometric Mixture Preparation

Li2SO4 and Na2SO4 anhydrous powders were supplied by Alfa Aesar with purities of
99.7% and 99%, respectively. In order to avoid the hydration of Li2SO4, the pure materials
were placed in an Argon glove box (MBRAUN) with levels of oxygen and humidity
lower than 0.1 ppm. The pure materials (Li2SO4 and Na2SO4) were mixed in the proper
stoichiometric molar ratio (50/50) and subjected to a mechanical treatment (ball milling).
For this purpose, a Spex mixer mill (875 RPM, SpexSamplePrep, Metuchen, NJ, USA) with
stainless steel vials and balls was used. The mechanical treatment was performed for 15 min
using seven balls of one gram (ball-to-powder mass ratio 1.4) to obtain a homogeneous
mixture with a good intermixing degree. The resulting powder mixture was thus subjected
to a thermal treatment in an oven (Nabertherm) up to 550 ◦C for 15 min with a heating and
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cooling rate of 10 ◦C/min to obtain the stoichiometric compound (hereafter referred to as
LNS_50:50).
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2.3. Synthesis of Binders and LNS-Binder Composites Preparation

Four different composites were synthesized, corresponding to the LNS_50:50 sto-
ichiometric compound with expanded graphite (EG600), the LNS_50:50 stoichiometric
compound with magnesium oxide (MgO), the LNS_50:50 stoichiometric compound with
aluminum oxide (Al2O3), and the LNS_50:50 stoichiometric compound with zirconium
oxide (ZrO2). In the case of composites containing EG600, Al2O3, and ZrO2 as binders,
commercial powders were employed. Expanded graphite (EG600) was purchased from
SIGRATHERM, Madrid, Spain (Batch 347/11/16), Al2O3 was purchased from Sigma-
Aldrich, St.Louis, MA, USA (≥99%), and ZrO2 was purchased from Sigma-Aldrich (99%).
In the case of the composite containing MgO as a binder, the MgO was previously syn-
thesized to obtain a material with a controlled morphology. For this purpose, 1.28 g of
Mg(NO3)2·6H2O (Sigma Aldrich, ≥99%) was dissolved in 4 mL of deionized water. After
the addition of 4 mL of ethylene glycol, the solution was stirred continuously for 30 min.
The final product was then annealed at 600 ◦C for 2 h.

The composites were synthesized as follows: 5 wt.% of EG600, MgO, Al2O3, or
ZrO2, respectively, were added to the LNS_50:50 stoichiometric compound previously
synthesized and subsequently ball milled for 15 min using seven balls of one gram (ball to
powder mass ratio 1.4) to obtain a homogeneous mixture. The powders were then pressed
for 15 min at 3 tons in the form of pellets (1 g) using a pellet die of 13 mm and subjected to
a thermal treatment of 550 ◦C for 10 h.

2.4. Selection of Binders

The selection of the most promising binders was performed based on the enthalpy
values. Table 1 shows the values of the enthalpies of the solid-solid phase transition for all
the composites. The values for the stoichiometric compound LNS_50:50 have been added
as references.
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Table 1. Enthalpy values and temperatures for the pure LNS_50:50 and the different binders.

Sample ∆Hheating
(J/g)

∆Hcooling
(J/g)

LNS_50:50 156 158
LNS_50:50+EG600_5wt.% 152 154
LNS_50:50+MgO_5wt.% 148 150
LNS_50:50+Al2O3_5wt.% 129 140
LNS_50:50+ZrO2_5wt.% 110 138

In view of the results, the samples containing Al2O3 and ZrO2 showed a clear decrease
in the enthalpy values. Moreover, the enthalpy values corresponding to the composites
containing MgO and EG600 as binders agree with those observed for the pure LNS_50:50, as
can be observed in Table 1. Taking all these results into account, in this work, two different
binders, EG600 and MgO, were selected in order to improve the mechanical stability and
thermal conductivity of the pure material.

2.5. Structural, Morphological, Thermophysical and Mechanical Characterization

The structural characterization of the materials was performed by X-ray diffraction
analysis using a Bruker D8 Discover equipped with a LYNXEYE XE detector with monochro-
matic Cu Kα1 radiation of λ = 1.54056 Å. XRD patterns were recorded in a 2θ angular
range of 10–80◦ with a step size of 0.02◦ and a step time of 0.96 s. The measurements were
performed at room temperature. A profile-fitting procedure of the diffraction patterns
based on the Rietveld method (FullProf software [26]) was used to identify the presence of
different phases. The morphology of the materials was studied by scanning electron mi-
croscopy (SEM) using a QUANTA 200 FEG (FEI Company, Hillsboro, OR, USA) microscope
operated in high vacuum mode at 5 kV and with a backscattered electron detector (BSED).

The reactivity of the materials was studied by differential scanning calorimetry (DSC)
using a Discovery DSC Q2500 model (TAinstruments, New Castle, PA, USA) with an
accuracy of ±0.04%. This technique allows for the determination of the enthalpies of the
solid-solid phase transition, the transition temperatures, and the specific heat capacities.
Before recording the DSC signals, all the samples were subjected to a compatibility test
in an oven (inside hermetically closed DSC aluminum crucibles) in order to detect any
unwanted side reactions or evaporation of the material. Three DSC heating/cooling cycles
were performed for each sample in the temperature range of 25 ◦C to 550 ◦C using a
heating and cooling rate of 5 ◦C/min. The specific heat capacity measurements were
performed on the same equipment using a modulated heating ramp dynamic method [27].
For these measurements, the instrument was previously calibrated using sapphire as the
standard material.

The transient Hot Disk method was used to determine the thermal conductivity of
each sample as described in [28] and following Hot Disk ISO 22007-2:2022 [29]. For these
tests, two 13 mm-diameter cylindrical pellets were used for each tested sample. For each
sample, a series of 6 experiments of 20 s were performed at 30 ◦C, 50 ◦C, and 100 ◦C with a
TPS 2500 instrument (Hot Disk, Ghotenburg, Sweden) equipped with a Kapton insulated
sensor of 2 mm diameter (sensor type 7577F1).

The textural properties of MgO were characterized using an automated gas adsorption
analyzer (Micrometrics ASAP 2460, Norcross, GA, USA). The nitrogen sorption curve of the
material was measured under isothermal conditions after outgassing at 200 ◦C in a vacuum
for 5 h. The multipoint surface area was evaluated with the Brunauer–Emmet–Teller (BET)
method, and the pore size distribution was obtained using the Barret–Joyner–Halenda (BJH)
model applied to the desorption isotherm branch. The bulk density of the samples was
calculated considering the dimensions and the mass of the pellets, while the real density
was measured using a Helium pycnometer (AccuPyc II 1340, Micromeritics, Norcross,
GA, USA).
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Finally, compression tests were performed in order to determine the mechanical
behavior of the samples. For this purpose, an Instron 5697 device (Instron, Norwood,
MA, USA), provided by a load cell of 3000 N in compression mode, was employed. The
experiments were performed using a crosshead speed of 1 mm/min. All the specimens
(five pellets for each analyzed material with dimensions of 10 mm × 10 mm) were subjected
to a pressure of 3 tons for 15 min at room temperature.

3. Results and Discussion

The materials employed as binders (EG600 and MgO) were structurally and morpho-
logically characterized at first. Figure 2a shows the XRD pattern for commercial EG600
powder, while Figure 2b,c show the corresponding SEM images acquired at low and high
magnifications. Figure 2a shows four main peaks centered at 26.5◦, 44.2◦, 54.4◦, and 77.3◦

corresponding to the graphite structure (ICSD 76767), confirming the crystalline nature
of the EG600 commercial powders. Figure 2b,c show the SEM images acquired for the
pure EG600 sample. In the case of the image acquired at low magnifications (Figure 2b),
a porous surface with small voids and cracks can be observed, while the image acquired
at high magnifications (Figure 2c) shows the characteristic morphology of the expanded
graphite, composed of sheets of graphite.
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The most relevant results for MgO are shown in Figure 3. Figure 3a shows the XRD
pattern and the corresponding refinement for the MgO sample, where the diffraction peaks
corresponding to the cubic structure can be indexed (ICSD 9863). Crystal sizes of 21.1 nm
were obtained from the Rietveld refinement. The textural properties of this material were
analyzed by gas adsorption curves, obtaining a BET surface area of 63.1 m2/g, as can
be observed in Figure 3b. Moreover, the pore size distribution is shown in the inset of
Figure 3b, where the typical size of the pores is 30 nm. The surface area obtained in this
work is similar to other works in literature. It is well known that this parameter is highly
dependent on the synthesis method, precursors, and annealing conditions. For example,
S. Alai et al. [30] reported BET surface areas ranging from 69.8 m2/g to 97.8 m2/g as a
function of the ratio of the precursors, while A. L. Sadgar et al. [31] reported values from
35.09 m2/g to 116.7 m2/g as a function of the annealing conditions. The morphology of
the synthesized MgO was studied by means of SEM. Figure 3c–e, show the SEM images
acquired at different magnifications where pure MgO with a high degree of porosity can be
observed. In this case, three-dimensional networks formed by MgO can be observed. In
addition to the three-dimensional networks observed in the high-magnification images,
nanometric pores can be seen in Figure 3e, confirming the pore size obtained from the
analysis of the desorption curves.
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As already mentioned in the introduction, the mechanical properties of the LiNaSO4
stoichiometric compound have not been previously reported. Therefore, one of the aims of
this work is to study the behavior of this material under compression tests. For this purpose,
as described in the experimental section, five specimens of each sample with dimensions
of 10 mm × 10 mm were prepared. Figure 4 shows the compressive deformation vs.
compressive stress curves for the pure LNS_50:50 stoichiometric compound.
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As can be observed, the curves for the five specimens are similar and show good
reproducibility. By analyzing the slope of each of the deformation-stress curves, the
Young’s modulus can be easily calculated. The corresponding average values for the
Young’s modulus and the yield point are 494 MPa and 7.5 MPa, respectively. Since this is
the first time that the mechanical properties of this material have been reported, there is no
possible comparison with the data in the literature. However, some works regarding the
mechanical properties of nitrate thermal storage salts in the solid phase can be found in
the literature. B. D. Iverson et al. reported Young’s modulus values of three different salts
(solar salt, HITEC salt, and Na-Ca-Li-K nitrate salt) ranging from 3 GPa to 20 GPa. It should
be noted that the mechanical properties reported by B. D. Iverson were performed as a
function of temperature, while the experiments carried out in this work were performed at
room temperature; therefore, a direct comparison cannot be made. Although the Young’s
modulus values reported here are lower, a clear enhancement of the mechanical properties
has been demonstrated with the addition of binders, which confirms that there is still room
for improvement.

Taking these results into account, the implementation of this material as a phase-
change material for thermal energy storage applications usually requires an enhancement
in its mechanical properties. For this reason, the influence of the addition of the binders
selected on the structural, thermophysical, and mechanical properties of the LNS_50:50
stoichiometric compound was studied.

As a first step, in order to confirm that the addition of EG600 and MgO does not alter
the structural properties of the pure LNS_50:50 stoichiometric compound, X-ray diffraction
analysis was carried out after the synthesis of the composites (see Figure 5). The XRD of the
pure LNS_50:50 and the corresponding Rietveld refinement are also reported in Figure 5
for comparison.

The XRD analysis confirms the presence of the LiNaSO4 stoichiometric compound
(ICSD 14364) [11,32] in the three samples. Moreover, the XRD pattern of the LNS_50:50+
EG600_5wt.% sample shows the most intense peak of the graphite phase (ICSD 76767) at
26.4◦, while in the XRD pattern of the LNS_50:50+MgO_5wt.% sample, the most intense
peak of MgO (ICSD 9863) at around 43◦ is evident. The relative intensity of these peaks
is, as expected, due to the low amount of binder added, considerably lower than in the
LiNaSO4 peaks. In view of these results, it can be confirmed that the incorporation of
both binders does not cause the formation of unwanted secondary phases, suggesting the
chemical compatibility of the materials.
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5wt.%.

This is confirmed by the DSC results shown in Figure 6. As described in the exper-
imental section, the samples containing the binders were already subjected to a thermal
treatment at 550 ◦C for 30 min before the DSC measurements.

The results show that the addition of binders does not affect the stoichiometry of
the pure LNS_50:50. Moreover, all the samples are thermally stable since there are no
significant variations among the three cycles. The energy corresponding to the solid-
solid transition for the pure LNS_50:50 is 156 J/g, in agreement with the experimental
values previously reported [11,33,34]. The enthalpy values for the samples containing
the binders are, as expected, slightly lower (152 J/g for LNS_50:50+EG600 and 148 J/g
for LNS_50:50+MgO) than for the pure LNS_50:50 due to the inert additives (5 wt.%).
Furthermore, no significant differences in the transition temperature (around 518 ◦C for all
the samples) and no apparent subcooling were observed. Table 2 shows the average of the
enthalpy values (considering the three cycles) with a standard deviation lower than 2% for
all the measurements.
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Table 2. Enthalpy values from DSC heating and cooling cycles, specific heat capacities, and thermal
conductivity at 100 ◦C for all the analyzed samples.

Sample ∆Hheating (J/g) ∆Hcooling (J/g) cp (J/g·K) k (W/m·K)

Ons Temp.
(◦C)

Off Temp.
(◦C)

Peak Temp.
(◦C)

Ons Temp.
(◦C)

Off Temp.
(◦C)

Peak Temp.
(◦C)

LNS_50:50
156 158

1.60 0.47 ± 0.01
517 535 524 514 502 513

LNS_50:50+EG600_5wt.%
152 154

1.62 1.25 ± 0.04
517 536 525 514 499 511

LNS_50:50+MgO_5wt.%
148 150

1.67 0.49 ± 0.01
518 539 525 514 496 513
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In addition, the specific heat capacities for all the samples were measured in the DSC
apparatus (see experimental section), and the corresponding values are shown in Table 2.
Three repetitions were carried out for each of the samples, and the values were generally
within ±5% error, being the results within the measurement accuracy of the DSC. Table 2
shows the specific heat capacity for all three samples at 540 ◦C, where the α-LiNaSO4
cubic phase is formed. These values are lower than those measured at 500 ◦C (before the
solid-solid transition where the trigonal phase is formed), being 1.81, 1.76, and 1.68 J/g·K
for pure LNS_50:50, LNS_50:50+EG600_5wt.%, and LNS_50:50+MgO_5wt.%, respectively.
The theoretical value for the pure LiNaSO4 cubic phase is 1.50 J/g·K at 500 ◦C, according
to data from FactSage 8.2, which agrees with the experimental value measured in this work
and the experimental value reported by A. Bayon et al. [33]. However, the addition of
binders leads to an increase in the specific heat capacities, as can be observed in Table 2.
The increased values might be attributed to the large specific heat capacities of the EG600
and MgO powders. The increase of this parameter with the addition of MgO has been
previously reported [35,36]. For example, Y. Huang et al. [36] calculated that the increase in
specific heat capacity of the modified salt is not only related to the properties of nano-MgO
but also to the adsorption of nanoparticles on the salt where the solid layer is formed.

It is well known that in order to consider a PCM as a good candidate for thermal
energy storage applications, some requirements need to be covered. Apart from a high
specific heat capacity or high enthalpy of transition, as already demonstrated in this work,
a high thermal conductivity is necessary to improve heat transfer. For this reason, thermal
conductivity measurements have been performed at 100 ◦C, where the LiNaSO4 trigonal
structure is stable, and are shown in Table 2. Pure LNS_50:50 compound shows a thermal
conductivity of 0.47 W/m·K, in agreement with those reported by B. M. Suleiman et al. [13]
at this temperature. A clear increase in the thermal conductivity values with the addition of
binders can be observed, more evident in the case of the LNS_50:50+EG600_5wt.% sample.
It is well known that EG exhibits a high thermal conductivity [37–39], which is one of the
main reasons for its use as an additive in thermal energy storage applications. Y. Zhang
et al. [38] studied the influence of the different additives on the thermal conductivity of
shape-stabilized phase change materials, confirming that among all the analyzed samples,
the one with EG has the largest thermal conductivity. Similar results were reported by A.
Mills et al. [39], where the addition of EG leads to thermal conductivity values 20–130 times
higher than the thermal conductivity of pure PCM. In this work, the addition of EG600 as
binder leads to a thermal conductivity around three times higher than the pure LNS_50:50,
while the thermal conductivity value for the sample containing MgO as binder is only
slightly higher than the pure LNS_50:50. Few works in the literature report the addition
of MgO to improve the thermal conductivity of PCMs. For example, M. K. Saranprabhu
et al. [35] reported that the solid-phase thermal conductivity of MgO-solar salt was in-
creased by 17.5% with a dispersion of 0.25 wt.% MgO nanoparticles. In addition, the
authors studied the influence of the nanoparticle’s concentration on thermal conductivity,
showing that increasing the additive concentration does not always lead to a thermal
conductivity enhancement.

It is well known that some parameters, such as the incorporation of binders [40],
porosity [41], grain size [42,43], or density [44], strongly affect the mechanical behavior
of the final materials. For this reason, before the study of the mechanical properties of
the composites, the bulk and real density, together with the total porosity, were measured
for all the samples (shown in Table 3), as well as the morphology of the composites by
means of SEM. For the total porosity calculation, the theoretical value of the density of pure
stoichiometric LiNaSO4 (FactSage 8.2 software) has been taken as a reference (2.458 g/cm3).
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Table 3. Bulk density, real density, and porosity measurements for LNS samples.

Sample ρbulk (g/cm3) ρreal (g/cm3) Total Porosity (%)

LNS_50:50 2.003 ± 0.004 2.549 ± 0.005 18.5
LNS_50:50+EG600_5wt.% 1.906 ± 0.004 2.581 ± 0.013 22.4
LNS_50:50+MgO_5wt.% 2.019 ± 0.004 2.602 ± 0.005 17.8

The bulk density values of the three analyzed samples show significant differences, as
can be observed in Table 3. In particular, the sample containing MgO shows the highest
values and the lowest porosity value, as expected. Porosity has been known to have a strong
effect on the mechanical properties of materials, often leading to their weakening. Highly
porous materials, such as MgO and EG600, sometimes prove troublesome for supporting
load-based structures due to the presence of voids in the microstructure of the material.

In order to gain a deeper understanding of the values of the porosity and density
shown in Table 3 and correlate them later with the mechanical properties, the microstructure
of the three samples has been studied by means of SEM. The SEM images of the pure
LNS_50:50 have been added as references (see Figure 7). A smooth and homogeneous
surface corresponding to the presence of the LiNaSO4 stoichiometric compound can be
observed in Figure 7a. Small regions of the surface exhibit agglomerated grains of tens
of microns, as shown in Figure 7b. As expected, the pure LNS_50:50 does not show a
high porosity (which confirms the values reported in Table 3), although small voids and
cracks can be observed in specific regions through the surface. Taking all this information
into account, the SEM images for the composites containing MgO and EG600 have been
acquired. Figure 7d shows the SEM image of the LNS_50:50+MgO_5wt.% sample, where
small and agglomerated particles covering the analyzed surface can be observed. The
characteristic three-dimensional networks previously observed (Figure 3) for pure MgO
have disappeared, probably due to the ball milling process employed for the preparation of
the LNS_50:50+MgO_5wt.% sample. The presence of these small particles over the surface
confers on the sample a homogeneous morphology where the presence of pores, voids, or
cracks is not detected. SEM images for the LNS_50:50+EG600_5wt.% sample are shown in
Figure 7e,f. In this case, a more porous structure has been obtained, as shown in Figure 7f,
where the expanded graphite is mainly covering the grains of LNS_50:50, similar to those
observed in Figure 7b. These results agree with the porosity values shown in Table 3, where
the LNS_50:50+EG600_5wt.% sample is the one with the highest porosity.

As previously mentioned, one of the objectives of this work is to enhance the me-
chanical properties of the pure LNS_50:50. For this purpose, similar compression tests,
as previously described, were carried out on the samples containing EG600 and MgO.
Figure 8a shows the compressive deformation vs. compressive stress curves for the
LNS_50:50_EG600_5wt.%, while Figure 8b shows the compressive deformation vs. com-
pressive stress curves for the LNS_50:50_MgO_5wt.%. All the measurements with an error
higher than 10% were discarded. To this end, Figure 8a,b only shows the compressive
deformation vs. compressive stress curves for the experiments with the minimum error.

Following the procedure previously described, the corresponding average values for
the Young’s modulus and the yield point are shown in Table 4 (values for LNS_50:50 have
been added as references). It should be noted that the average values shown in Table 4
for the Young’s modulus of the different samples confirm the good reproducibility of
the measurements. However, a clear dispersion in the values of the yield point can be
observed; therefore, the average values are considered only for comparison with the pure
PCM. The results show a drastic increase in both Young’s modulus and yield points for the
two composites. A higher Young’s modulus value implies that the material is stiffer, and
therefore the deformations will be smaller. The enhancement of the mechanical properties
of the inorganic PCMs with the addition of EG or MgO has been previously reported by
several authors [45–47]. For example, M. Li et al. [48] reported that carbon-based materials
have a spatial network structure, which causes an increase in the contact areas with the
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PCM, which is beneficial to enhancing the mechanical properties of PCMs. On the other
hand, Q. Li et al. [47] demonstrated that the higher surface energy of nano- and porous-
MgO induced high particle rearrangement, coarsening, and composite densification, which
contributed to the improvement of the mechanical properties of PCMs.
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LNS_50:50+MgO_5wt.% 1508 24.7
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It should be noted that LNS_50:50+MgO_5wt.% is the sample with the highest Young’s
modulus and yield point and with the lowest total porosity (see Table 3). This behavior is
the expected one, considering the relationship between porosity and Young’s modulus [49].
Nevertheless, this relationship cannot be considered for the LNS_50:50+EG600_5wt.%
sample since it exhibits a higher Young’s modulus than the pure LNS_50:50 and the highest
total porosity value. Despite the high porosity of the EG [50,51], it is well known that this
material exhibits a high degree of crystallinity, as observed by XRD, which confers on the
final material greater structural stability, which could be responsible for the high Young’s
modulus observed in comparison with the pure LNS_50:50.

4. Conclusions

Summarizing different aspects should be taken into account:

• A LiNaSO4 stoichiometric compound containing MgO and EG600 as binders was
successfully synthesized following a simple and rapid ball milling process.

• The pure stoichiometric compound as well as the composites containing porous
MgO and EG600 were deeply characterized by structural, thermal, and mechanical
techniques. A clear enhancement in the thermophysical and mechanical properties of
LiNaSO4 was demonstrated by adding 5 wt.% of MgO and EG600, respectively.

• The studied composites exhibited high thermal and chemical stability since no side
reactions or decrease in storage density were observed.

• The thermal conductivity of the stoichiometric LiNaSO4 was enhanced almost three
times with the addition of EG600. This enhancement of the thermophysical properties
of the samples containing the binders was accompanied by an enhancement of the
mechanical properties.

• The Young’s modulus increased three times with the addition of MgO porous structure
in comparison to the pure stoichiometric compound, which could potentially open the
field of application of this material.

These results confirm that these composites can be considered promising candidates
for thermal energy storage applications; however, further steps need to be taken, such
as the study of their long-term stability. To this end, the cyclability of these materials
will be studied in depth in future work, investigating the thermophysical and mechanical
properties of the composites after 100 cycles.



Nanomaterials 2024, 14, 78 14 of 16

Author Contributions: Conceptualization, S.D., Á.S. and E.P.d.B.; methodology, S.D., Á.S., A.A. and
M.T.; software, S.D., Á.S., A.A., M.T., C.L., A.H., J.-L.D. and P.C.; validation S.D., Á.S., A.A., M.T., C.L.,
A.H., J.-L.D. and P.C.; formal analysis, S.D., Á.S., A.A., M.T., C.L., A.H., J.-L.D. and P.C.; investigation,
S.D., Á.S., A.A., M.T. and C.L.; resources, S.D., Á.S. and E.P.d.B.; data curation, Á.S., A.A., M.T.,
C.L., A.H., J.-L.D. and P.C.; writing—original draft preparation, S.D., Á.S., A.A., M.T., C.L., A.H.,
J.-L.D. and P.C.; writing—review and editing, S.D., Á.S., A.A., M.T., C.L., A.H., J.-L.D. and P.C.;
visualization, S.D., Á.S., A.A., M.T., C.L., A.H., J.-L.D. and P.C.; supervision, S.D., Á.S. and E.P.d.B.;
project administration, S.D., Á.S. and E.P.d.B.; funding acquisition, S.D., Á.S. and E.P.d.B. All authors
have read and agreed to the published version of the manuscript.

Funding: The research is funded by the Department of Economic Development, Sustainability, and
Environment of the Basque Government (Programa Elkartek 2023, KK-2023/00063).

Data Availability Statement: Data are contained within this article.

Acknowledgments: The authors are thankful to Imanol Martínez for his help during the sam-
ple preparation.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Pielichowska, K.; Pielichowski, K. Phase Change Materials for Thermal Energy Storage. Prog. Mater. Sci. 2014, 65, 67–123.

[CrossRef]
2. Faraj, K.; Khaled, M.; Faraj, J.; Hachem, F.; Castelain, C. A Review on Phase Change Materials for Thermal Energy Storage in

Buildings: Heating and Hybrid Applications. J. Energy Storage 2021, 33, 101913. [CrossRef]
3. Wu, S.; Yan, T.; Kuai, Z.; Pan, W. Thermal Conductivity Enhancement on Phase Change Materials for Thermal Energy Storage:

A Review. Energy Storage Mater. 2020, 25, 251–295. [CrossRef]
4. Umair, M.M.; Zhang, Y.; Iqbal, K.; Zhang, S.; Tang, B. Novel Strategies and Supporting Materials Applied to Shape-Stabilize

Organic Phase Change Materials for Thermal Energy Storage—A Review. Appl. Energy 2019, 235, 846–873. [CrossRef]
5. Magendran, S.S.; Khan, F.S.A.; Mubarak, N.M.; Vaka, M.; Walvekar, R.; Khalid, M.; Abdullah, E.C.; Nizamuddin, S.; Karri, R.R.

Synthesis of Organic Phase Change Materials (PCM) for Energy Storage Applications: A Review. Nano-Struct. Nano-Objects 2019,
20, 100399. [CrossRef]

6. Eslami, M.; Khosravi, F.; Fallah Kohan, H.R. Effects of Fin Parameters on Performance of Latent Heat Thermal Energy Storage
Systems: A Comprehensive Review. Sustain. Energy Technol. Assess. 2021, 47, 101449. [CrossRef]

7. Koçak, B.; Fernandez, A.I.; Paksoy, H. Review on Sensible Thermal Energy Storage for Industrial Solar Applications and
Sustainability Aspects. Sol. Energy 2020, 209, 135–169. [CrossRef]

8. Desai, F.; Sunku Prasad, J.; Muthukumar, P.; Rahman, M.M. Thermochemical Energy Storage System for Cooling and Process
Heating Applications: A Review. Energy Convers. Manag. 2021, 229, 113617. [CrossRef]

9. Fallahi, A.; Guldentops, G.; Tao, M.; Granados-Focil, S.; Van Dessel, S. Review on Solid-Solid Phase Change Materials for Thermal
Energy Storage: Molecular Structure and Thermal Properties. Appl. Therm. Eng. 2017, 127, 1427–1441. [CrossRef]

10. Usman, A.; Xiong, F.; Aftab, W.; Qin, M.; Zou, R. Emerging Solid-to-Solid Phase-Change Materials for Thermal-Energy Harvesting,
Storage, and Utilization. Adv. Mater. 2022, 34, 2202457. [CrossRef]

11. Doppiu, S.; Dauvergne, J.-L.; Serrano, A.; del Barrio, E. The Li2SO4–Na2SO4 System for Thermal Energy Storage. Materials 2019,
12, 3658. [CrossRef] [PubMed]

12. Sadeghi, G. Energy Storage on Demand: Thermal Energy Storage Development, Materials, Design, and Integration Challenges.
Energy Storage Mater. 2022, 46, 192–222. [CrossRef]

13. Suleiman, B.M.; Lundén, A.; Karawacki, E. Heat Transfer and Ion Migration in the System Li2SO4–Na2SO4. Solid. State Ion. 2000,
136–137, 325–330. [CrossRef]

14. Venudhar, Y.C.; Iyengar, L.; Krishna Rao, K.V. Phase Transitions in Sodium Lithium Sulphate. J. Mater. Sci. Lett. 1985, 4, 1010–1013.
[CrossRef]

15. El-Rahman, A.A.A.; El-Desoky, M.M.; El-Sharkawy, A.E.-W.A. Electrical and Thermal Properties of Polycrystalline Li2SO4 and
Ag2SO4. J. Phys. Chem. Solids 1999, 60, 119–127. [CrossRef]

16. Liu, X.; Tie, J.; Wang, Z.; Xia, Y.; Wang, C.-A.; Tie, S. Improved Thermal Conductivity and Stability of Na2SO4·10H2O PCMs
System by Incorporation of Al/C Hybrid Nanoparticles. J. Mater. Res. Technol. 2021, 12, 982–988. [CrossRef]

17. Cheng, P.; Chen, X.; Gao, H.; Zhang, X.; Tang, Z.; Li, A.; Wang, G. Different Dimensional Nanoadditives for Thermal Conductivity
Enhancement of Phase Change Materials: Fundamentals and Applications. Nano Energy 2021, 85, 105948. [CrossRef]

18. Nazir, H.; Batool, M.; Bolivar Osorio, F.J.; Isaza-Ruiz, M.; Xu, X.; Vignarooban, K.; Phelan, P.; Inamuddin; Kannan, A.M. Recent
Developments in Phase Change Materials for Energy Storage Applications: A Review. Int. J. Heat. Mass. Transf. 2019, 129, 491–523.
[CrossRef]

19. Trisaksri, V.; Wongwises, S. Critical Review of Heat Transfer Characteristics of Nanofluids. Renew. Sustain. Energy Rev. 2007, 11,
512–523. [CrossRef]

https://doi.org/10.1016/j.pmatsci.2014.03.005
https://doi.org/10.1016/j.est.2020.101913
https://doi.org/10.1016/j.ensm.2019.10.010
https://doi.org/10.1016/j.apenergy.2018.11.017
https://doi.org/10.1016/j.nanoso.2019.100399
https://doi.org/10.1016/j.seta.2021.101449
https://doi.org/10.1016/j.solener.2020.08.081
https://doi.org/10.1016/j.enconman.2020.113617
https://doi.org/10.1016/j.applthermaleng.2017.08.161
https://doi.org/10.1002/adma.202202457
https://doi.org/10.3390/ma12223658
https://www.ncbi.nlm.nih.gov/pubmed/31703253
https://doi.org/10.1016/j.ensm.2022.01.017
https://doi.org/10.1016/S0167-2738(00)00467-7
https://doi.org/10.1007/BF00721106
https://doi.org/10.1016/S0022-3697(98)00254-6
https://doi.org/10.1016/j.jmrt.2021.02.096
https://doi.org/10.1016/j.nanoen.2021.105948
https://doi.org/10.1016/j.ijheatmasstransfer.2018.09.126
https://doi.org/10.1016/j.rser.2005.01.010


Nanomaterials 2024, 14, 78 15 of 16

20. Boualou, R.; Agalit, H.; Samaouali, A.; El Youssfi, A.; El Alami, K. Doping Effect of Magnesium Oxide (MgO) on the Enhancement
of the Thermal Storage Properties of Sodium Nitrate (NaNO3). AIP Conf. Proc. 2019, 2190, 020069. [CrossRef]

21. Hu, Z.; Zou, Y.; Xiang, C.; Sun, L.; Xu, F.; Jiang, M.; Yu, S. Stabilized Multifunctional Phase Change Materials Based on Carbonized
Cu-Coated Melamine Foam/Reduced Graphene Oxide Framework for Multiple Energy Conversion and Storage. Carbon Energy
2022, 4, 1214–1227. [CrossRef]

22. Tang, Z.; Cheng, P.; Liu, P.; Gao, Y.; Chen, X.; Wang, G. Tightened 1D/3D Carbon Heterostructure Infiltrating Phase Change
Materials for Solar–Thermoelectric Energy Harvesting: Faster and Better. Carbon Energy 2023, 5, e281. [CrossRef]

23. Li, R.; Zhou, Y.; Duan, X. A Novel Composite Phase Change Material with Paraffin Wax in Tailings Porous Ceramics. Appl. Therm.
Eng. 2019, 151, 115–123. [CrossRef]

24. Li, C.; Li, Q.; Cong, L.; Jiang, F.; Zhao, Y.; Liu, C.; Xiong, Y.; Chang, C.; Ding, Y. MgO Based Composite Phase Change
Materials for Thermal Energy Storage: The Effects of MgO Particle Density and Size on Microstructural Characteristics as Well as
Thermophysical and Mechanical Properties. Appl. Energy 2019, 250, 81–91. [CrossRef]

25. Bale, C.W.; Belisle, E.; Chartrand, P.; Decterov, S.A.; Eriksson, G.; Gheribi, A.E.; Hack, K.; Jung, I.H.; Kang, Y.B.; Melancon, J.; et al.
FactSage Thermochemical Software and Databases-2010–2016; Calphad: Boston, MA, USA, 2016; pp. 33–53.

26. Rodríguez-Carvajal, J. FullProf: A Program for Rietveld, Profile Matching and Integrated Intensities Refinement of X-ray and/or Neutron
Data; Laboratoire Leon Brillouin: Paris, France, 2000.

27. Divi, S.; Chellappa, R.; Chandra, D. Heat Capacity Measurement of Organic Thermal Energy Storage Materials. J. Chem.
Thermodyn. 2006, 38, 1312–1326. [CrossRef]

28. Gustafsson, S.E. Transient Plane Source Techniques for Thermal Conductivity and Thermal Diffusivity Measurements of Solid
Materials. Rev. Sci. Instrum. 1991, 62, 797–804. [CrossRef]

29. ISO 22007-2:2015; Determination of Thermal Conductivity and Thermal Diffusivity-Part 2: Transient Plane Heat Source (Hot
Disc) Method. International Organization for Standardization: Geneva, Switzerland, 2015.

30. Alaei, S.; Haghighi, M.; Toghiani, J.; Rahmani Vahid, B. Magnetic and Reusable MgO/MgFe2O4 Nanocatalyst for Biodiesel
Production from Sunflower Oil: Influence of Fuel Ratio in Combustion Synthesis on Catalytic Properties and Performance. Ind.
Crops Prod. 2018, 117, 322–332. [CrossRef]

31. Sadgar, A.L.; Deore, T.S.; Jayaram, R.V. Pickering Interfacial Catalysis—Knoevenagel Condensation in Magnesium Oxide-
Stabilized Pickering Emulsion. ACS Omega 2020, 5, 12224–12235. [CrossRef]

32. Fedorov, P.P.; Proydakova, V.Y.; Kuznetsov, S.V.; Voronov, V.V.; Pynenkov, A.A.; Nishchev, K.N. Phase Diagram of the Li2SO4–
Na2SO4 System. J. Am. Ceram. Soc. 2020, 103, 3390–3400. [CrossRef]

33. Bayon, A.; Liu, M.; Sergeev, D.; Grigore, M.; Bruno, F.; Müller, M. Novel Solid–Solid Phase-Change Cascade Systems for
High-Temperature Thermal Energy Storage. Sol. Energy 2019, 177, 274–283. [CrossRef]

34. Chen, B.; Liu, T.-H.; Jiao, H.; Jing, X.-P. Phase Transitions and Energy Storage Properties of Some Compositions in the (1−x)Li2SO4–
XNa2SO4 System. Phase Transit. 2014, 87, 629–640. [CrossRef]

35. Saranprabhu, M.K.; Rajan, K.S. Magnesium Oxide Nanoparticles Dispersed Solar Salt with Improved Solid Phase Thermal
Conductivity and Specific Heat for Latent Heat Thermal Energy Storage. Renew. Energy 2019, 141, 451–459. [CrossRef]

36. Huang, Y.; Cheng, X.; Li, Y.; Yu, G.; Xu, K.; Li, G. Effect of In-Situ Synthesized Nano-MgO on Thermal Properties of NaNO3-KNO3.
Sol. Energy 2018, 160, 208–215. [CrossRef]

37. Py, X.; Olives, R.; Mauran, S. Paraffin/Porous-Graphite-Matrix Composite as a High and Constant Power Thermal Storage
Material. Int. J. Heat. Mass. Transf. 2001, 44, 2727–2737. [CrossRef]

38. Zhang, Y.; Ding, J.; Wang, X.; Yang, R.; Lin, K. Influence of Additives on Thermal Conductivity of Shape-Stabilized Phase Change
Material. Sol. Energy Mater. Sol. Cells 2006, 90, 1692–1702. [CrossRef]

39. Mills, A.; Farid, M.; Selman, J.R.; Al-Hallaj, S. Thermal Conductivity Enhancement of Phase Change Materials Using a Graphite
Matrix. Appl. Therm. Eng. 2006, 26, 1652–1661. [CrossRef]

40. Ren, M.; Wen, X.; Gao, X.; Liu, Y. Thermal and Mechanical Properties of Ultra-High Performance Concrete Incorporated with
Microencapsulated Phase Change Material. Constr. Build. Mater. 2021, 273, 121714. [CrossRef]

41. Ronneberg, T.; Davies, C.M.; Hooper, P.A. Revealing Relationships between Porosity, Microstructure and Mechanical Properties
of Laser Powder Bed Fusion 316L Stainless Steel through Heat Treatment. Mater. Des. 2020, 189, 108481. [CrossRef]

42. Deluigi, O.; Valencia, F.; Tramontina, D.R.; Amigo, N.; Rojas-Nunez, J.; Bringa, E.M. Influence of Grain Size on Mechanical
Properties of a Refractory High Entropy Alloy under Uniaxial Tension. Crystals 2023, 13, 357. [CrossRef]

43. Becton, M.; Wang, X. Grain-Size Dependence of Mechanical Properties in Polycrystalline Boron-Nitride: A Computational Study.
Phys. Chem. Chem. Phys. 2015, 17, 21894–21901. [CrossRef]

44. Li, X.; Lu, L.; Li, J.; Zhang, X.; Gao, H. Mechanical Properties and Deformation Mechanisms of Gradient Nanostructured Metals
and Alloys. Nat. Rev. Mater. 2020, 5, 706–723. [CrossRef]

45. Latief, F.H.; Sherif, E.-S.M. Effects of Sintering Temperature and Graphite Addition on the Mechanical Properties of Aluminum.
J. Ind. Eng. Chem. 2012, 18, 2129–2134. [CrossRef]

46. Prado, J.I.; Lugo, L. Enhancing the Thermal Performance of a Stearate Phase Change Material with Graphene Nanoplatelets and
MgO Nanoparticles. ACS Appl. Mater. Interfaces 2020, 12, 39108–39117. [CrossRef] [PubMed]

47. Li, Q.; Li, C.; Qiao, G.; Zhao, Y.; Huang, Y.; Peng, X.; Lei, X.; Ding, Y. Effects of MgO Particle Size and Density on Microstructure
Development of MgO Based Composite Phase Change Materials. Energy Procedia 2019, 158, 4517–4522. [CrossRef]

https://doi.org/10.1063/1.5138555
https://doi.org/10.1002/cey2.218
https://doi.org/10.1002/cey2.281
https://doi.org/10.1016/j.applthermaleng.2019.01.104
https://doi.org/10.1016/j.apenergy.2019.04.094
https://doi.org/10.1016/j.jct.2006.02.005
https://doi.org/10.1063/1.1142087
https://doi.org/10.1016/j.indcrop.2018.03.015
https://doi.org/10.1021/acsomega.0c00819
https://doi.org/10.1111/jace.16996
https://doi.org/10.1016/j.solener.2018.10.085
https://doi.org/10.1080/01411594.2013.873436
https://doi.org/10.1016/j.renene.2019.04.027
https://doi.org/10.1016/j.solener.2017.11.077
https://doi.org/10.1016/S0017-9310(00)00309-4
https://doi.org/10.1016/j.solmat.2005.09.007
https://doi.org/10.1016/j.applthermaleng.2005.11.022
https://doi.org/10.1016/j.conbuildmat.2020.121714
https://doi.org/10.1016/j.matdes.2020.108481
https://doi.org/10.3390/cryst13020357
https://doi.org/10.1039/C5CP03460D
https://doi.org/10.1038/s41578-020-0212-2
https://doi.org/10.1016/j.jiec.2012.06.007
https://doi.org/10.1021/acsami.0c09643
https://www.ncbi.nlm.nih.gov/pubmed/32805850
https://doi.org/10.1016/j.egypro.2019.01.759


Nanomaterials 2024, 14, 78 16 of 16

48. Li, M.; Mu, B. Effect of Different Dimensional Carbon Materials on the Properties and Application of Phase Change Materials:
A Review. Appl. Energy 2019, 242, 695–715. [CrossRef]
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