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Abstract

The synthesis of phase change materials based on NaCl-CaCl, molten salt mixture and mesoporous silica was investigated.
The influence of mesoporous silica porosity and salt concentration on the thermal energy storage properties of the resulting
materials is discussed. The nanocomposite samples were characterized by X-ray diffraction, differential scanning
calorimetry, infrared spectroscopy, thermogravimetry, scanning electron microscopy and X-ray photoelectron spec-
troscopy. The mesoporous silica was found to act as a reactive matrix for the molten salts. Composite samples with up 95%
wt. salt can be obtained and used as shape-stabilized phase change materials. The materials have heat of fusion values of up
to 60.8 J g~ and specific heat capacity between 1.0 and 1.1 J g~' K™'. The samples exhibit thermal stability up to 700 °C
and can be used for high-temperature thermal energy storage through both latent and sensible heat storage mechanisms.
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Introduction

High-temperature heat storage is becoming increasingly
relevant in the areas of solar energy storage and waste heat
reutilization [1-3]. Sensible and thermochemical heat
storage are the main focus of current research [4, 5]. In
contrast, latent heat storage for high-temperature applica-
tions has received less attention [6], even though phase
change materials (PCMs) are commonly employed for low
and medium temperature applications [7—11]. Molten salts,
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hydroxides or metals can be employed as the active heat
storage phase for temperatures above 200 °C [12]. Such
materials can also be used as part of hybrid heat storage
systems, combining latent with sensible heat storage [6].
All high-temperature PCMs have some drawbacks, such as
high change in volume during phase transition and corro-
siveness for molten salts or low enthalpies and resistance to
oxidation for metals [2]. In the case of low-temperature
materials, shape-stabilized PCMs (ss-PCMs) are an
attractive option to remove the drawbacks associated with
volume change, leakage and corrosiveness, [13] since these
materials retain their macroscopic solid shape even after
the melting of the active PCM. Shape-stabilized PCMs can
be obtained through encapsulation into an inter shell or
impregnation into a high porosity matrix.

Mesoporous silica nanomaterials (MSNs) are promising
matrices for the synthesis of shape-stabilized PCMs
[14-16]. MSN offers high porosity, high chemical and
thermal stability and an easy way to modify their properties
through chemical synthesis [17, 18]. So far, only one study
has considered the possibility of employing MSN for
obtaining medium and high-temperature shape-stabilized
heat storage composites. LiNO3 and Na,SO, molten salts
were impregnated into a mesoporous silica material with
disordered, radial pore and the resulting composites
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showed good heat storage properties [19]. However, no
study to date was performed on the possibility of using
molten salt mixtures for obtaining mesoporous silica PCM
composites. One of the main advantages of MSN, the
existence of an ordered mesopore array, was also not
investigated to date.

We have studied the possibility of obtaining shape-sta-
bilized PCMs using 48% NaCl-52% CaCl, (molar) mix-
ture and two types of mesoporous silica with cubic
mesopore arrangement for the first time. The salt mixture
was chosen based on the reported eutectic composition of
the system [2]. Shape-stabilized phase change materials
were synthesized even at high salt fractions, of up to 95
mass%. The composite PCMs structure, chemical compo-
sition, surface properties and morphology were character-
ized. The heat storage capacity was assessed by
determining the heat of fusion and specific heat capacity,
while thermal stability was assessed through thermogravi-
metric measurements.

Experimental
Materials

Tetraethyl orthosilicate (TEOS, Fluka), HCl 37% (Sigma-
Aldrich), Pluronic P123, average molar mass 5800 (Sigma-
Aldrich), sodium polyacrylate, average molar mass 1600
(Sigma-Aldrich) and toluene (Sigma-Aldrich) were used as
received, without further purification. NaCl (Sigma-
Aldrich) and CaCl, (Sigma-Aldrich) were grounded with a
mortar and pestle and dried for 4 h at 250 °C prior to use.
Ultrapure water (Millipore Direct Q3 UV with Biopack UF
cartridge) was used for all experiments.

Mesoporous silica synthesis

Two MSN matrices were obtained using a modification of
our previously reported method [20]. Pluronic P-123 was
dissolved in water and concentrated HCI, at room tem-
perature. Next, the sodium polyacrylate or toluene pore
expanders were added, followed by TEOS. The reaction
mixture was stirred for 24 h at 40 °C, and then, it was
transferred to an autoclave and aged at 100 °C for 24 h.
The resulting white solid was filtered off, washed with
water and ethanol and calcined at 550 °C for 5 h in air. The
“MSN-A” sample was obtained using polyacrylic acid as
pore expander and a molar ratio TEOS: Pluronic-P123:
sodium polyacrylate: HCl: H,O = 1: 0.016: 0.016: 6.2:
185, while the “MSN-B” matrix was synthesized using
toluene, at a molar ratio of TEOS: Pluronic-P123: sodium
polyacrylate: HCI:H,O = 1: 0.016: 0.3: 6.2: 185.
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NaCl-CaCl, shape-stabilized PCMs

The NaCl and CaCl, salts were dried at 250 °C for 4 h in
an oven prior to use. A near equimolar mixture containing
48% mol NaCl and 52% mol CaCl, was prepared by
quickly weighting the dried salts followed by manual
mixing with a mortar and pestle for 20 min. The resulting
mixture was stored in an oven at 150 °C. Shape-stabilized
composites were prepared at various mass ratio by adding
the NaCl-CaCl, salt and 0.5 cm’® water to the silica matrix,
in a crucible. The samples were first dried at 120 °C for 1 h
in an oven, followed by treatment at 550 °C for 4 h. The
resulting materials are denoted “xNaCl-CaCl,/MSN,”
where x denotes the salt mass percent. For example,
70NaCl-CaCl,/MSN-A was prepared from 166 mg NaCl-
CaCl, salt mixture, 0.5 cm? water and 70 mg MSN-A.

Characterization

Powder X-ray diffraction (XRD) was carried out using a
Bruker D8 Discover diffractometer with CuKo radiation.
Nitrogen adsorption—desorption isotherms were recorded
with a Quantachrome Autosorb iQ2 porosimeter at 77 K.
The specific surface area was calculated with the Bru-
nauer—Emmett—Teller (BET) theory on the 0.1-0.3 relative
pressure range, while total pore volume was determined at
0.95 relative pressure (pore diameters of up to 40 nm). The
pore size distribution was computed using the Barret—
Joyner—-Halenda (BJH) method from the desorption branch
of the isotherm. A FEI Tecnai G2-F30 high-resolution
electron transmission microscope equipped with a field
emission electron gun was used to record transmission
electron microscope (TEM) images at a maximum voltage
of 300 kV. Differential scanning calorimetry (DSC) mea-
surements were performed using a Mettler Toledo DSC
823e calorimeter under 80 cm® min~' nitrogen flow.
Samples were measured in aluminum pans with crimped,
non-pierced lids. The samples were heated between 25 and
580 °C with a heating rate of 10 °C min~', followed by
cooling between 580 and 100 °C with a cooling rate of
10 °C min~'. All samples were dried at 150 °C prior to
analysis, and the pans were weighted before and after
analysis to quantify the physisorbed water. The calorimeter
was calibrated with In (purity > 99.999%) and Zn (pu-
rity > 99.999%). The specific heat capacity (c,) was
determined by the sapphire method. The samples were held
at 530 °C for 5 min, heated between 530 and 580 °C with
10°C min~"' and held isothermally at 580 °C for 5 min. For
each ¢, measurement, an empty pan, a weighted sapphire
standard and the sample were analyzed. Care was taken to
ensure identical experimental conditions (heating program,
nitrogen flow, same pan etc.). Each ¢, determination was
performed in triplicate. Surface analysis performed by
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X-ray photoelectron spectroscopy (XPS) was carried out on
PHI Quantera equipment with a base pressure in the
analysis chamber of 10™° Torr. The X-ray source was
monochromatized Al Ko radiation (1486.6 eV) and the
overall energy resolution is estimated at 0.6 eV by the full
width at half-maximum (FWHM) of the Au4f7/2 photo-
electron line (84 eV). The spectra were calibrated using the
C1 s line (BE = 284.8 eV) of the adsorbed hydrocarbon on
the sample surface (C—C or (CH)n bonding). Fourier-
transform infrared spectroscopy (FT-IR) was performed
using a Nicolet 6700 spectrometer. Samples were prepared
as KBr pellets. Thermogravimetric analyses were carried
out using a Mettler Toledo TGA/SDTA851e thermo-
gravimeter, open alumina pans, between 25 and 850 °C
with a heating rate of 20 °C min~' under synthetic air flow
(80 cm® min~") and without further drying of the samples.

Results and discussion
Characterization of mesoporous silica

Small-angle X-ray diffraction was used to characterize the
mesopore array of both matrices. At least 3 diffraction
peaks could be noticed for both samples (Fig. 1a), indexed
as the (111), (220) and (311) reflections of the Fm3m face-
centered cubic space group [21]. Fm3m cubic silica con-
sists of “ink-bottle” mesopores, which have a larger cavity
and smaller entrances. MSN-A exhibits higher order Bragg
reflections, indicating it has a better defined cubic
mesostructure than MSN-B. The unit cell parameters
computed from the diffraction data decrease from 22.2 nm
for MSN-A to 19.5 nm for MSN-B. The silica matrices do
not present wide-angle diffraction peaks, as expected from
amorphous materials.

The nitrogen adsorption—desorption isotherms (Fig. 1b)
are of type IV with hysteresis, denoting the mesoporous
nature of the samples. MSN-A presents a narrower hys-
teresis loop than MSN-B, indicating better mesopore

Fig. 1 Small-angle XRD with (a)
background subtracted (a) and

monodispersity. The same can be evidenced from the pore
size distribution (Fig. 1 inset), showing monodisperse
pores for MSN-A, centered at 6.3 nm, while MSN-B has
mesopores in the 3.5-9.0 nm range, with a maximum at
8.1 nm. MSN-A has higher specific surface area
(787 m> g_l) than MSN-B (755 m> g_l) but lower total
pore volume (1.27 versus 1.53 cm® g™ ).

Transmission electron microscopy (TEM) measure-
ments were performed on the MSN-A sample in order to
corroborate the XRD and N, porosimetry measurements.
The pore diameter computed from TEM measurements is
6.1 nm, in very good agreement with porosimetry data. The
interconnected, perpendicular mesochannels are also evi-
denced in the TEM images. The mesopore wall thickness
was computed as 3.2 + 0.4 nm from the TEM measure-
ments. These pore diameter and wall thickness values are
similar to other reported mesoporous silica with cubic
ordered pore arrays, such as SBA-16 [22]. The measure-
ments confirm that the mesoporous matrix has high
porosity and interconnected pores, thus being able to
adsorb the PCMs salts (Fig. 2).

Characterization of NaCl-CaCl, shape-stabilized
PCMs

Samples containing between 70 and 95 mass% NaCl-
CaCl, salt mixture were prepared (Table 1). Wide-angle
XRD (Fig. 3a) was used to characterize the crystalline
phases present in the composites. The diffraction patterns
show the presence of both crystalline, anhydrous NaCl and
CaCl, as well as several reflections belonging to calcium
silica hydrate phases. The calcium silicate consists of
tobermorite, CasSigO,¢(OH),-4H,0, a silica-rich phase
which is stable toward dehydration at temperatures up to
750 °C [23]. Low-angle XRD shows the disappearance of
the characteristic Bragg reflections belonging to the
ordered mesophase (Fig. 3b). The lack of small-angle
diffraction patterns can be explained by both the disap-
pearance of the silica matrix through reaction with calcium

N, adsorption—desorption
isotherms (b) of the mesoporous
matrices, with full and open
symbols denoting the adsorption
and desorption branches,
respectively. Inset, the pore size
distribution
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Fig. 2 TEM images of MSN-A

Table 1 Composite PCMs

. Sample NaCl- AH/T g7 m.p./°C c.t./°C Ty/°C
samples, salt mixture content,
. . . CaCly/mass%
heat of fusion, melting points
(m.p.) and crystallization 70NaCl-CaCl,/MSN-A 70 _ _
temperature (c.t.) computed as
onset temperatures and 80NaCl-CaCl,/MSN-A 80 - -
decomposition temperature (Ty), 90NaCl-CaCl,/MSN-A 90 20.1 494.5 498.2
computed as the onset 95NaCl-CaCl,/MSN-A 95 32.6 498.6 498.2 745
temperature of the DTG curve 70NaCl-CaCl,/MSN-B 70 B B
80NaCl-CaCl,/MSN-B 80 - -
90NaCl-CaCl,/MSN-B 90 25.6 498.7 499.9 751
95NaCl-CaCl,/MSN-B 95 60.8 499.1 499.7 700
NaCl-CaCl, 100 208.2 499.5
Fig. 3 Wide-angle (a) and low- (a) (b)
angle (b) XRD patterns of .
representative composite , 95NaCl-CaCl,/MSN-A
samples [ A
. W\ soNac-cacimsN-A . \\ 95NaCl-CaCl,/MSN-A
3 2 3
g g
= =
5 80NaCl-CaCl,/MSN-A é 90NaCI-CaCl/MSN-A
£ £
80NaCl-CaCl,/MSN-A
70NaCl-CaCl,/MSN-A  # #* N 4
[ = Calcium sificate (tobermorite)  * = NaCl + CaCl, 70NaCl-CaCl,/MSN-A
1I0 2IO 3I0 4I0 1 2 3 4 5

20/°

chloride and the filling of the remaining mesopores with
the salt mixture.

FT-IR spectroscopy was carried out to assess the
chemical composition of the composite PCMs in compar-
ison with MSN and the pristine salt mixture. The spectrum
of the MSN matrix presents the characteristic vibrations
associated with asymmetric and symmetric Si—O-Si
stretching at 1080 and 800 cm™'; the Si—OH stretching
vibrations at 960 cm ™' and Si—O-Si bending at 457 cm ™"
[17, 24]. The wide bands at 3436 and 1630 cm™' can be
attributed to O-H vibrations of silanol groups and physi-
sorbed water, respectively. The FT-IR spectra of compos-
ites containing 70% or 80% salt remain similar to the

@ Springer

20/°

parent MSN spectrum (Fig. 4a). The SiO, network of
70NaCl-CaCl,/MSN-A and 80NaCl-CaCl,/MSN-A materi-
als is depolymerized by interaction with salts as can be
noticed from the supplementary bands at 1484 (1468)
cm™'; 990 (975) cm™' appearing in their spectra. The
wider band at 457 cm™' and the asymmetric and sym-
metric Si—O-Si stretching bands are also shifted to lower
wavenumbers (1050, 1039 cm™') by depolymerization.
The band at 700 cm ™" can be assigned to bending motions
of Si—O-Si bonds. This vibration overlaps with the wide
band centered at 457 cm™'. The number of bands in the
range 650-750 cm™' and the band at 906 cm™' can be
correlated with crystallization of silicates [25, 26].
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Fig. 4 Representative FT-IR spectra of the MSN matrix and low salt content composites (a) and chloride mixture and high salt content PCMs (b)

In contrast, the spectra of the composites containing
90% or 95% salt are similar to the spectrum of the pristine
NaCl-CaCl, mixture (Fig. 4b). The specific vibrations of
the mesoporous silica are absent, indicating its complete
transformation into silicate. Since excess chloride mixture
is required for the heat storage application, as this phase is
the active latent heat phase, these materials could act as
PCMs even after the transformation of the silica matrix into
silicate.

Surface chemistry analysis by XPS was carried out to
confirm the changes in the mesoporous silica matrix after
impregnation and reaction with the chloride mixture. The
most prominent transitions of the elements detected on the
outermost surface layer (< 10 nm) were collected as high-
resolution photoelectron spectra: Si2p, Ols, (Fig. 5) Nals
and Ca2p (Fig. S1, supplementary material). It is appro-
priate to notice that the experimental errors for the Binding
Energies (BEs) assignments are within &+ 0.2 eV. Figure 5
shows the Si2p and O1 XPS spectra of the MSN-B and
80NaCl-CaCly/MSN-B samples. The Si2p detected at
BE = 103.3 eV (a) and Ols BE = 533.2 eV (c) are attrib-
uted to the SiO, lattice for the MSN-B sample. The pres-
ence of new components can be noticed when comparing
80NaCl-CaCl,/MSN-B to the mesoporous silica matrix.
The Si2p spectral deconvolution for 80NaCl-CaCl,/MSN-
B shows that the sample contains 25.4% SiO, (BE =

103.3eV) and 744% Ca,SiO,,, (BE =102.3¢eV)
(Fig. 5b).

On the other hand, the Ols deconvoluted spectrum
(Fig. 5d) exhibits the presence of four components: oxygen
bonded in the calcium silicate (30.8%, BE = 530.5 eV),
hydroxyl groups adsorbed on the surface (44,9%, BE =

~ 532.0 eV), SiO, (14.7%, BE =533. 2eV) and the
NaKLL Auger transition. Na was detected only as sodium
bound in NaCl (see Fig. S1 A, B, supplementary material).
The XPS analysis also revealed the presence of calcium
silicate species. For the 8ONaCl-CaCl,/MSN-B sample, a
significant chemical shift was observed compared with
CaCl, standard. The calcium silicate chemical specie
detected on the surface was confirmed by the binding
energy shifted slightly to lower value (~ 347 eV). It is
worth to mention that the presence of the CaO cannot be
completely ruled out. Thus, the XPS analyses highlight that
the composite samples contain a mixture of calcium silicate
and silica.

The morphology of the chloride composite was com-
pared with that of the parent MSN through SEM analyses
(Fig. 6). The mesoporous matrix is composed of roughly
spherical particles, which form agglomerates. After the
encapsulation and reaction with the molten chloride mix-
ture, both spherical particles and lamellar phases can be
noticed. The latter denotes the presence of the NaCl-CaCl,
mixture while the former shows the preservation of the
mesoporous silica particle shape after the silicate formation
reaction. The morphology of the 90NaCl-CaCl,/MSN-
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Fig. 6 SEM analyses of MSN-B (a, ¢) and 90NaCIl-CaCl,/MSN-B (b,
d)

B shows a good homogeneity of the chloride salts and
silicate matrix (Fig. 6b, d).
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5 Si2p and Ols deconvoluted photoelectron spectra for MSN-B and 80NaCl-CaCl,/MSN-B

Thermal properties of the composite PCMs
and shape stability

DSC measurements were performed in order to assess the
composites heat storage capacity and compared with the
bulk NaCl-CaCl, mixture (Fig. 7). Melting points (m.p.)
were determined as the onset temperature of the salt
melting. The pristine salt has a melting point of 499.5 °C
and heat of fusion of 208.2 J g~'. Only the samples with
90% and 95 mass% salt show appreciable melting events
(Fig. 7a). Interestingly, the melting points of the materials
based on MSN-A are slightly reduced in comparison with
the bulk salt: 494.5 and 498.6 °C for 9ONaCl-CaCl,/MSN-
A and 95NaCl-CaCly/MSN-A, respectively. This melting
point reduction is typically associated with the decrease in
the size of the crystalline phase in nanoconfined materials
[27]. The melting point decrease equals 5.0 and 0.9 °C for
the 90% and 95% salt composites. It is worth noting that
nanoconfinement in mesopores up to 40 nm in diameter is
accompanied with decreases of 10-30 °C, while smaller
differences are obtained for crystalline phases confined in
the interparticle space [14]. It is likely that the melting
point decrease for the MSN-A-based samples is caused by
the salt confinement in the interparticle spaces. Composites
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Fig. 7 DSC analyses of the
composite PCMs on the heating

(a)

(b)

(a) and cooling (b) runs. Heat
flow was normalized to sample
size; the DSC traces are shifted
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Fig. 8 Thermogravimetric analyses (a) and specific heat capacity measurements (b) for salt-mesoporous silica samples. The shaded red area in
fig. B represents the ¢, standard deviation (n = 3). (Color figure online)

obtained from MSN-B exhibit similar melting points with
the chloride mixture (Table 1). The composite samples do
not show supercooling, as the crystallization temperature is
similar to the NaCl-CaCl, m.p. in all cases (Fig. 7b,
Table 1).

The melting and crystallization enthalpy is one of the
most important parameters for heat storage applications.
The heat of fusion increases with increasing the salt content
from 90% to 95%. The samples prepared with MSN-A have
lower enthalpy values than the materials obtained from
MSN-B at the same salt concentration. The highest heat of
fusion value of 60.8J g~' was obtained for 95NaCl—
CaCly/MSN-B.  Samples 95NaCl-CaCl,/MSN-A  and
90NaCl-CaCl,/MSN-B also exhibit good enthalpy values,
at 32.6 J g~' and 25.6 J g™, respectively.

All enthalpy values are lower than the heat of fusion
expected from the mass ratio of the salt mixture. This fact
can be understood by taking into account the reaction
between calcium chloride and the mesoporous silica
matrix, evidenced by XRD, XPS and FT-IR measurements.
The formation of the calcium silicate decreases the calcium
chloride content. NaCl does not participate in the reaction,
as evidenced by XPS analyses. Thus, the concentration of
the NaCl-CaCl, eutectic is decreased with respect to the
initial synthesis amount and the NaCl-CaCl, system has
higher Na concentration than the eutectic composition. The
consumption of calcium and silica species also account for
the decrease and disappearance of the eutectic melting at
lower salt concentrations. The samples containing 70% and
80% salt have molar Si/Ca ratio higher than or close to 1
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and show the presence of unreacted silica in their FT-IR
spectra.

Thermal stability and specific heat capacity influence
the samples operating temperature range and sensible heat
storage capacity, respectively. The NaCl-CaCl, meso-
porous silica composites can combine latent and sensible
heat storage. The 3 samples with the highest melting
enthalpy, 95NaCl-CaCl/MSN-A, 90NaCl-CaCl,/MSN-
B and 95NaCl-CaCl,/MSN-B were selected for further
study.

Thermogravimetric analyses (Fig. 8a) of the selected
samples are characterized by two mass loss stages: a two-
step mass loss from 50 to 150 °C associated with the loss
of adsorbed water and the loss of chloride salts at tem-
peratures above 700 °C. The decomposition temperature
was computed as the onset of the salt loss, using the dTG
curve. All samples are stable up to 700 °C. Interestingly,
the decomposition temperature is inversely correlated with
the heat of fusion values, which can be explained if the
eutectic salt is lost through evaporation.

The specific heat capacity was recorded above the
NaCl—CaCl, eutectic melting point and within the limits of
our experimental setup. All 3 composite PCMs exhibit
similar ¢, values between 1.0 and 1.1 J g ' K™! (Fig. 8b).
These values are comparable with other proposed PCMs
for high-temperature energy storage, which are between
0.5 and 1.7J g~ K~! [6]. The heat capacity of molten
halide salts was shown not to vary with temperature and to
have a constant value per mol of atoms in non-lithium and
non-fluoride salts [28]. A theoretical heat capacity of
107 g "K' can be computed for the NaCl-CaCl,
mixture based on that observation, which agrees with the
experimentally determined values.

Lastly, the propensity of the composites to retain their
macroscopic shape after heating above the salt eutectic
melting point was assessed (Fig. S2, supplementary mate-
rial). No significant changes were noticed before and after
heating, suggesting that the materials are shape-stabilized.

Conclusions

The synthesis of shape-stabilized phase change materials
based on NaCl-CaCl, eutectic salt mixture and meso-
porous silica was studied for the first time. Two meso-
porous silica materials with cubic pore arrangement and
average pore diameters of 6.3 and 8.1 nm were obtained
and characterized. Shape-stabilized composites were syn-
thesized with a total salt content between 70 and 95
mass%. Only samples with at least 90% salt exhibit melt-
ing and crystallization of the NaCl-CaCl, eutectic. The
maximum heat of fusion of 60.8 J g~' was obtained for the
95 mass% salt loading on the mesoporous silica with the

@ Springer

largest pore diameter. The melting point and crystallization
temperature are similar to the 499.5 °C m.p. of the pristine
salt PCM. Specific heat capacities of 1.0-1.1J g~ ' K™
were obtained at temperatures above the eutectic melting
point.

The melting enthalpies are lower than expected solely
from the mass fraction of the salt mixture. The decrease
stems from a reaction between the calcium salt and silica
matrix, yielding calcium silicates, which shifts the Na/Ca
ratio from the eutectic composition. The mesoporous silica
acts as a reactive matrix in the synthesis of NaCl-CaCl,
composites. All composite samples show good thermal
stability up to 700 °C. Materials based on mesoporous
silica and sodium/calcium chlorides are therefore promis-
ing for high-temperature heat storage through combined
latent and sensible storage mechanisms.
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