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This work presents a new skeleton material for thermal energy storage (TES), a silicon nitride aerogel obtained
through the pyrolysis of a pre-ceramic polymer. Silicon nitride offers a good combination of thermal conduc-
tivity, high-temperature resistance, and chemical inertness. The aerogel porosity can be spontaneously infiltrated
with molten NaNOg, which is a typical phase change material (PCM) in high-temperature TES. The SizN4/NaNO3
composite exhibits excellent thermal properties with a thermal energy storage efficiency of 82 %, a limited

molten salt leakage, and good stability to thermal cycling. The aerogel withstands oxidation up to high tem-
perature and is chemically inert even in contact with salts. This novel aerogel shows also a notable paraffin
absorption ability (used in room temperature TES) with negligible leakage even when in contact with absorbent
paper. The so-obtained composite reached ~ 82.4 vol % of organic PCM and a thermal energy storage efficiency
of ~ 62 % compared to neat paraffin.

1. Introduction

According to projections on energy consumption in the European
Union (EU), the EU state members must increase the renewable energy
fraction up to 32.5 % by 2030 to match the target on greenhouse gas
emissions reduction by 40 % compared to 1990 [1]. Besides, primary
production of energy must be decreased, and the efficiency related to its
use improved. One of the most relevant drawbacks of renewable energy
sources (e.g. solar, photovoltaic, wind, tidal) is their time-dependent
power output, which suffers from daily or seasonal fluctuations. In
such a scenario, thermal energy storage (TES) is attracting a growing
scientific and technological interest: it allows storage of the energy
excess collected in specific periods of the day (or of the year) and its
reuse later on. In other words, TES allows an efficient management of
renewable energy (as in the case of solar energy collection [2]) and
thermal energy, especially in household and industrial sectors [3].

While low-temperature TES is implemented in civil buildings [4-6],
high-temperature TES applications (120—600 °C) are related to the
collection, storage, and use of heat in industrial plants and furnaces or
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concentrated solar power systems. The thermal efficiency of different
industrial plants, especially those indicated as energy-intensive (i.e.
glass and concrete manufacturing, ceramic sintering, metals melting...),
could be optimized capturing as much heat loss as possible through the
development of smart energy systems able to efficiently release the
stored energy [7,8]. Industrial furnaces currently have an average effi-
ciency of about 60 %, so that retrofitted TES elements could have a
relevant and positive effect on their performances [9].

Phase change materials are already used for these purposes because
of their capability of converting large amounts of thermal energy into
phase change enthalpy (or latent heat) and vice versa. Nevertheless,
high melting temperature salts, typically employed for high-
temperature applications, result problematic when dealing with their
containment in the molten state [10]. In fact, their oxidative and cor-
rosive nature, together with the high working temperature and high
melting/crystallization volume changes, call for highly inert and ther-
mally stable support materials able to act as shape stabilizers. While
low-temperature shape-stabilized PCM composites use both inorganic
and organic support materials, the abovementioned requirements are
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fulfilled only by the formers [11,12]. Among inorganic support mate-
rials, SiOgp-based ones, such as mesoporous silica [13,14], diatomite
[15-17]1, and vermiculite [18-20] have been extensively investigated
because of their high porosity coupled with good mechanical properties
and thermal stability. Also carbon-based compounds have been inves-
tigated including expanded graphite [21], carbon nanospheres [22],
sponges [23], and graphene oxide [24,25]. However, the use of SiO,--
based architectures is generally limited when employing very
high-temperature PCM salts because of silica enhanced corrosion and
due to sintering phenomena that might significantly reduce the porosity
of the supporting material. Moreover, silica-based scaffolds typically
suffer from low thermal conductivity. On the other hand, C-based
skeletons are prone to oxidation in contact with oxidant salts and thus
they can easily degrade at high temperatures.

Polymer-derived ceramics (PDC) technologies [26] have been
employed to synthesize highly porous structures [27] such as foams
[28], aerogels and other mesoporous structures [29-32], cellular tem-
plates [33], and 3D-printed architectures [34-37] as well as fibrous
ceramics [38], [39]. Among the different PDCs, SigN4 offers a unique
combination of high thermal and oxidation stability and good thermal
conductivity, thus resulting as an attractive shape stabilizer for medium
and high-temperature PCMs. Moreover, we have recently shown that
amorphous SigN4 aerogels with huge amounts of mesoporosity (>88 %)
can be easily produced by using a perhydropolysilazane (PHPS) as a
network-forming precursor, followed by supercritical drying and py-
rolysis at 1400 °C under Ny [40].

The present work aims to provide the first insight into the use of such
ceramic aerogels as skeleton material for shape stabilization of molten
salts in high- and low-temperature TES applications. For these purposes,
NaNOj (melting at 306 °C) and paraffin wax (melting at 21 °C) were
selected, since they can be considered a model system for high and low
([41-45]) temperature TES, respectively. In a recent work we have re-
ported a similar use of Si3gNy4 felts constituted by fibrous nanobelts [46].
Besides the different synthesis routes with the hereby presented aerogel,
the felt fibrous network was not able to prevent paraffin leaks over long
periods above the melting point of the PCM, and loading the same
support with sodium nitrate severely degraded the network after few
thermal cycles. Moreover, the impregnation with molten NaNOs was not
possible without the aid of vacuum. For this reason, we selected the
silicon nitride aerogel as a valid alternative: it provides an amorphous
3D ceramic network with better mechanical properties and a
macro-mesoporosity that guarantees sufficient capillary forces to pre-
vent any PCM leakage.

2. Experimental procedures

To synthesize the silicon nitride aerogel, tutoProm® (NN 120-20(A))
was purchased from DurXtreme GmbH and used without any further
purification. tutoProm® is a solution (20 wt%) of perhydropolysilazane
(PHPS) in dibutyl ether (DBE, 80 wt%). The solution was loaded into a
Parr digestion vessel (Model 4749-Parr Instrument Company, Moline, II,
USA) and placed in an oven pre-heated at 220 °C for 65 h to crosslink the
PHPS precursor. At the end of the crosslinking process, a PHPS wet gel
was recovered and was subsequently subjected to a 6-steps solvent ex-
change in cyclohexane (J.T. Baker, CAS: 110-82-7) before loading it into
the reactor for COg supercritical drying. First, the wet gel was washed 6
times with liquid CO4 (10 °C, 50 bar) to allow for the solvent exchange,
then the gel was supercritically dried at 43 °C and 100 bar before
releasing the CO, at a rate < 1 bar h™!. Finally, the preceramic silicon
nitride aerogel was loaded in a graphite crucible and pyrolyzed at 1400
°Cfor 1 hin N (5°Cmin~! - 300 cm® min~! Ny) in a graphite furnace
(Astro model, Thermal Technology LLC™, Santa Barbara, CA, USA). A
more detailed description of the aerogel synthesis has been already re-
ported in our previous work [40].

X-ray photoelectron spectroscopy (XPS) was used to determine the
chemical environment of silicon and nitrogen elements present in the
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ceramic aerogel. N 1s and Si 2p spectra were collected using an Axis DLD
Ultra spectrometer (Kratos— Manchester UK) on a wide 1300 to 0 eV
range of binding energy (BE) with a 160 eV pass energy, and setting
energy steps of 0.05 eV in high-resolution core line spectra acquired at
20 eV pass energy, obtaining a final energy resolution of 0.35 eV.
Spectra were deconvoluted and analyzed with a home-made software
based on R platform [47].

N» physisorption measurements were performed at 77 K with an
ASAP 2020 (Micrometrics, Norcross, GA, US) nitrogen adsorption ana-
lyser to define the specific surface area (SSA) and pore size distribution
of the aerogel in the 2—300 nm range. Respectively, Brunauer-Emmet-
Teller (BET) and Barret-Joyner-Halenda (BJH) models were adopted
for the evaluation of SSA and incremental pore volume as a function of
pore radius.

Hg porosimetry was employed to define the total pore volume and
dimensions in a wide range spanning from 100 pm down to 10 nm. For
this purpose, a Porosimeter 2000 (Carlo Erba, Milano, Italy) was
employed, setting a pressure range of 0.2—2000 bar at 20 °C. Skeletal
density was determined using a He picnometry (AccuPyc 1330 TC,
Micromeritics, Norcross, GA, USA). Bulk density was measured on cy-
lindrical samples. Porosity was accordingly estimated comparing bulk
and skeletal densities. The oxidation resistance of the aerogel was
investigated using thermogravimetric analysis (TGA) using a Netzsch
STA 409 thermobalance. The analysis was carried out in pure air flow
(50 ¢cm® min~!) with a heating rate of 5 °C min~! up to 1400 °C.

The ceramic aerogel samples were then impregnated in molten
NaNO3 (>99.0 %, J.T. Baker®, ACS grade, CAS: 7631-99-4) at 350 °C
and in molten paraffin (Rubitherm® RT21HC) at 40 °C, showing an
instantaneous intrusion of the molten PCMs into the aerogel pores. In the
following, the so-obtained composites are labeled as AS (aerogel-salt)
and AP (aerogel-paraffin), respectively. The mass uptake was evaluated
using an analytical balance with sensitivity 0.1 mg and measuring the
weight of the sample before and after the impregnation.

The morphological features of ceramic aerogels before and after
impregnation with the NaNOg salt were analyzed from fracture surfaces
using a Carl Zeiss Gemini SUPRA 40 Scanning Electron Microscope
equipped with a field emission gun after 10 nm Pt film deposition by
sputtering.

Differential scanning calorimetry (DSC) analyses on AS specimens
were performed with a Perkin Elmer DSC-7 instrument equipped with
platinum crucibles, reaching 400 °C at 5 °C/min under argon at 1.5 bar.
The samples were encapsulated in aluminium pans using aluminium as
reference material. The thermal analyses were carried out: (i) on neat
NaNOg; (ii) on the AS composite just after impregnation; (iii) on the
composite after a 24 h-dwelling at 350 °C (AS_24 h); (iv) on the AS
composite after 10 melting/solidification cycles (AS_10c) and (v) on the
AS composite after 50 melting/solidification cycles (AS_50c). The tem-
peratures relative to the solid-solid transition between R 3 ¢ to the R 3m
rhombohedral structures (Tcm, Tme) and the melting-solidification phase
change (Tp,, Ts) of the NaNOg salt were measured. The associated en-
thalpies (AHy;, AHp,, AHy,, AH;) were finally calculated by integration
of the area of each peak.

Crystallographic data (XRD) were collected with an Italstructures
IPD3000 instrument equipped with a Cobalt anode X-Ray source (Cokq
=1.788965 A) operating at 40 kV, 20 mA, coupled with an incident
beam multilayer monochromator, 1° divergence slit, and 5 °Soller slits.
Diffraction patterns were acquired in reflection geometry employing an
Inel CPS120 curved position sensitive detector, over the 10°-120° (260)
range with a 0.03° channel resolution and 3600 s total counting time.
Instrumental broadening was characterized using a Y203 powder (99.99
%, Sigma-Aldrich, CAS# 1314-36-9) annealed at 1400 °C for 24 hours.
Rietveld quantitative analysis was performed with the software Maud
[48].

The thermal diffusivity of NaNOs and AS samples was measured with
a Netzsch LFA 457 MicroFlash® laser flash apparatus equipped with an
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InSb sensor under a 100 mL min~! Ar flow on cylindrical specimens.

The capability of the aerogel to hold the organic compound within its
pores was evaluated by keeping the composite at 40 °C for 35 days on
absorbing paper foils and monitoring its mass loss (AP_35). The paraffin
compound chosen for impregnation presents a first transition at -5.7 °C
ca. and another one at 21 °C. Since the former accounts for just 10 J g
of latent heat and is out of the temperature range of interest, only the
latter transition, having 143 J g~! of latent heat of fusion, has been
considered in this study.

The thermal energy storage properties of neat paraffin, AP_35, AP_35
specimen cycled 30, 60 and 100 times, labeled AP_30c, AP_60c and
AP _100c, respectively, were measured by DSC performing a first heating
scan from -30 °C to 70 °C, followed by a cooling scan from 70 °C to —30
°C with a Mettler DSC30 calorimeter under an air flow (10 mL min_l).
The onset temperatures of melting and crystallization (Tj,, T;), and the
specific melting and solidification enthalpy values (AH;,, AH;) were
obtained. The thermal energy storage efficiency () was finally deter-
mined as the ratio between the enthalpies measured in the composites
and those of the neat PCM.

The thermal dynamic behavior of the AP specimen was observed
with an infrared thermal imaging camera FLIR E60 (emissivity = 0.86)
upon melting-crystallization ramps. The specimens were heated in an
oven at 40 °C and then inserted in a refrigerator at a temperature of 5 °C;
the surface temperature was then monitored for 30 min. In the same
way, the specimens were cooled in a refrigerator at 5 °C and then
inserted in an oven at a temperature of 40 °C.

3. Results and discussion
3.1. Ceramic aerogel characterization

Fig. 1 shows the XRD and XPS spectra of the ceramic aerogel. The
diffraction pattern of the as-prepared material is given in Fig. la,
showing the complete amorphousness of the silicon nitride aerogel.

XPS survey scans revealed the presence of Si, N and O as major el-
ements allowing us to get information on the local chemical environ-
ment of these atoms in the amorphous aerogel structure. The binding
energies were charge-referenced to the O 1s peak at 532.2 eV [49].
Oxygen is present in the sample due to the reactivity of the preceramic
polymer toward Oy and moisture. It is worth remembering that, even
though the preceramic aerogel samples were stored in Ny, all the
handling before pyrolysis was performed in the un-protected laboratory
atmosphere. N 1s (Fig. 1b) and Si 2p (Fig. 1c) spectra confirm that the
aerogel is effectively characterized by Si-N bonds whose local environ-
ment is typical for SigN4. The main peaks in both spectra, 397.4 eV for N
1s and 101.7 eV for Si 2p are assigned to the abovementioned bond [50,
51]. The presence of oxygen gives rise to a shoulder at 103.0 eV relative
to Si-O in the Si 2p spectrum [52], while it is slightly visible in the N 1s
one as N-Si-O at 398.9 eV [53].

Bulk and skeletal densities were found to be equal to 0.34 & 0.05 g
em 3 and 2.98 + 0.10 g cm 3, respectively, the latter of which is slightly
smaller than that of crystalline SisN4 (p = 3.17 g cm'3) because of the
amorphous nature of the aerogels and possibly due to the presence of a
small fraction of silica. Accordingly, the total porosity was estimated to
be ~ 88.6 %. More details on pores distribution were acquired through
nitrogen physisorption on the as-prepared skeleton material. The Ny
adsorption isotherm recorded at 77 K (Fig. 2a) shows the characteristic
shape of meso-macroporous sorbents and can be assigned to a Type II
isotherm following the IUPAC classification [54,55]. The thin hysteresis
loop relative to capillary condensation can be assigned to a fraction of
mesopores present in the aerogel. Thus, the material presents a hierar-
chical porous structure spanning from mesopores up to macropores. The
evaluation of mesopores dimensions and volume through the BJH model
resulted in a cumulative volume of pores of 0.3 cm® g*. Since the aerogel
is expected to present an interconnected porosity, the adsorption
isotherm was considered for such an evaluation, while the desorption

5486

Journal of the European Ceramic Society 41 (2021) 5484-5494

a)
=)
<
2>
3
c
I
=
l‘ W‘WMWM
o m | MWM
il WW“W
‘l} 4
! WWW
Wy o
MWMmwww““’"‘ww " Wi
LT
20 40 60 80 100
20 (Deg)
N 1s —Signal ||
—— Baseline
—SiN
— NS0 ||
——Fit
=
<
2>
Z
c
9
£
402 401 400 399 398 397 396 395 394
Binding Energy (eV)
Si2p — Signal
c) P —— Baseline
—SiN
——si0
——Fit I
5
<
>
5
[
[0]
E
106 105 104 103 102 101 100 99 98

Binding Energy (eV)

Fig. 1. Microstructural and elemental analyses of the as-prepared ceramic
aerogel: a) XRD spectrum b) XPS N 1s spectrum; ¢) XPS Si 2p spectrum.
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Fig. 2. a) N, physisorption isotherm and incremental pore volume distribution in function of the pore width; b) Hg porosimetry cumulative pore volume distribution.

one might be affected by network-percolation effects. The pore volume
distribution in the function of pore width (Fig. 2a) shows that most of the
mesopores have a diameter comprised between 8 nm and 30 nm. The
BET specific surface area calculated at the saturation point is 63.9 m? g%
The SSA of the preceramic aerogel is 98.6 m?> g'1 ([40]), pointing out that
the high-temperature annealing at 1400 °C did not lead to a major
densification of the structure. This result, together with the XRD data
that revealed the amorphous nature of the material, suggests that the
aerogel is very stable, in Ny atmosphere, up to very high temperature
both from the structural and microstructural point of view.

Additional data on pore distribution in the range 10—100000 nm
were acquired through Hg porosimetry (Fig. 2b). Results of the analysis
confirm that the aerogel possesses a hierarchical porosity in the meso-
macro range with a total cumulative pore volume (V) of 1.842 cm®
gfl, with 93.6 % of volume comprised in the 10—100 nm pore radius
range. The total pore volume measured from the Hg porosimeter is
higher than that obtained from the N, physisorption analysis since the
latter technique cannot sample large macropores. The total porosity P,
expressed as the ratio between pore volume (V},) and total volume (V) as
given in Eq. 1, is 84.5 %, is in good agreement with the value of 88.6 %
estimated comparing the bulk and skeletal densities.

P(%) = vp/( /V,-loo

The small difference between the two values could be due to the fact
that Hg cannot penetrate into the smallest pores, say <5 nm, which are
also likely present in the material, albeit in a very small amount. The
main results of picnometry, Hg porosimetry, and Ny physisorption are
summarized in Table 1.

The morphology of the as-prepared ceramic aerogel was observed
with SEM (Fig. 3). The micrograph shows that the structure is

1
Vot 50100 =V, o)

K

Table 1
Main properties of the ceramic aerogel as found through He picnometry, Hg
porosimetry, and N5 physisorption.

Ceramic aerogel property Value

Bulk density, pp (g cm™3) 0.34 +0.05
Skeletal density, p; (g cm™2) 2.98 + 0.10
Total cumulative volume, V, (cm® g’l)"‘ 1.84
Average pore radius (nm)” 45.0
Porosity, P (%) 88.6" - 84.5°
BET SSA (m? g 1)¢ 63.9
Average mesopore radius (nm)“ 22.5

@ Hg porosimetry result.
> He picnometry.
¢ N, physisorption result.
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Fig. 3. FESEM images of silicon nitride aerogel.

characterized by colloidal particles with a highly interconnected
porosity typical of aerogels.

3.2. Ceramic aerogel-NaNO3s composites

The molten NaNOj3 impregnation of the ceramic aerogel was
extremely rapid (completed in less than 1 min) and spontaneous. This
represents a key advantage for this novel material as in most cases
impregnation of the porous structures used as shape stabilizers in TES is
not trivial (i.e., often requires surface factualization or vacuum
impregnation). After impregnation, the mass fraction of the salt in the
shape-stabilized composite reached 83.5 wt%. Knowing the density of
the salt, 2.26 g cm 3 [56], its volumetric fraction was estimated ~ 76.1
vol%. This means that about 12.5 vol% (total porosity 88.6 %) remained
unfilled with the salt in the solid-state. Taking into account that the
volume change of NaNO3 during solidification is ~ 9.7 vol% ([57]) and,
considering the thermal expansion of NaNOs in the solid phase, the total
volumetric variation from liquid (at the melting temperature) to solid at
room temperature is about 18.9 vol% [58]. We can therefore deduce that
the liquid salt completely infiltrated the open porosity of the aerogel and
possibly some extra salt remained deposited on the aerogel surface in the
form of a thin liquid film.

Fig. 4 shows a fracture surface of the NaNOs-impregnated aerogel
(AS specimen). The composite appears as an almost fully dense solid,
where the solid salt embeds colloidal SisN4 particles of the aerogel
structure. The SEM micrograph substantially confirms the effective
impregnation of the shape stabilizer.
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Fig. 4. FESEM micrograph of SisN, aerogel-NaNO3 composite indicating the
SizN4 support material and the PCM salt.

DSC measurements were performed on neat NaNOs, AS, AS_10c,
AS_50c, and AS_24 h specimens to spot any molten salt leakage or
deterioration of the thermal properties of the composite. Results of the
heating steps of DSC cycles are reported in Fig. 5. As expected, the
characteristic DSC curve of NaNOjs presents a first endothermic peak at
273.0 °C, relative to a structural order-disorder phase transition from
the R 3 ¢ to the R 3 m rhombohedral structure [59]. The enthalpy
involved in this transition is reported to be 42.3 J g’1 [60]. Once
reached 305.7 °C, NaNOj3 begins the melting process. In the DSC curve,
this melting phenomenon is defined by an endothermic peak charac-
terized by a mean calculated enthalpy value of 178 J g~. All results
regarding enthalpic data and transformation onset temperatures are
collected in Table 2 and match the ones reported in the scientific liter-
ature [57].

For what concerns the composite performances on heating, AS shows
147.8 J g1 of specific energy of fusion, while AS 24 h and AS_50c are
characterized by 145.3 J g~* and 145.7 J g~ ! respectively. The absence
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Table 2
Enthalpic data of pure NaNO3 and the PCM composite (as prepared, after 10
cycles, after 50 cycles, after 24 h at 350 °C).

Samples  R3c to R3m Melting Efficiency on
Melting

AHgpm (J Tem AH,, (J Tm n (%)
g 0 g Q)

NaNOj3 43.6 273.0 179.5 305.7 -

AS 36.4 272.3 147.8 301.8 82.3

AS_10c 37.0 272.1 145.9 302.5 81.3

AS_50c 34.8 267.0 145.7 300.2 81.2

AS24h  36.3 271.4 145.3 303.8 80.9

of a substantial difference between the as-prepared composite and the
others enlightens the aerogel capability of keeping the molten salt
within its pores, without any significant leakage or degradation. The net
mismatch between the enthalpy of fusion of neat PCM and AS results
equal to 17.6 %, which is coherent with the salt mass uptake of 83.5 wt%
after impregnation. The difference between the NaNOs wt% in the
composites and the thermal energy storage efficiencies measured by DSC
does not exceed 1%. This result is an indication of good chemical
compatibility between salt and aerogel and reveals the lack of the
mismatch typically induced by the non-freezing layer at the interface
between pore walls and solid PCM [61]. As a matter of fact, a highly
defective interphase is reported to form in most of the PCM composites
[62-64], the effect of which is to decrease the fraction of energy that can
be stored. We can also spot that no degradation of the thermal energy
storage properties can be detected in the AS_24 h and AS_50c samples,
confirming the inert nature of the shape stabilizer and the absence of any
reaction with the PCM. It is also important to point out that the phase
change temperatures of NaNOs are substantially not influenced by the
impregnation of the PCM in the aerogel, and the same conclusion is valid
also if aged materials are considered. Data on crystallization are sum-
marized in Table S1 of Supplementary Material.

To further prove the chemical stability of the composite, XRD spectra
were collected on the AS and AS_24 h samples. The diffractograms are
reported in Fig. 6, showing that ceramic aerogel and sodium salt do not
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Fig. 5. DSC heating curves of: a) Neat NaNOs; b) AS; ¢) AS_50c; d) AS_24 h.
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Fig. 6. XRD spectra of neat NaNOs, AS and AS_24 h composites.

react at service temperature. In fact, all the measured Bragg peaks
belong to the NaNOs crystal phase (ICDD No. 36-1474), as confirmed
also by Rietveld modeling. The latter was performed refining back-
ground and scale parameters as well as lattice constants and average
volume-weighted crystallite size [65]; refined values are reported in
Table 3. As can be observed, the crystallographic and microstructural
parameters of the NaNO3 and AS samples are almost identical, with only
a small decrease in average crystallite size and an almost negligible cell
volume increase for what concerns the composite. This further confirms
the substantial ability of NaNOs to perfectly recrystallize in the stable R
3 ¢ form inside the composite.

The thermal diffusivity (a) of the AS composite and of the neat salt
are compared in Fig. 7. As expected, thermal diffusivity is slightly
affected by the presence of the ceramic support: the Aa is 0.1 mm?s™! at
20 °C and becomes irrelevant at service temperatures. Such a behavior
can be tentatively attributed to the presence of a fraction of unfilled
porosity that decreases as sodium nitrate expands when temperature
increases, thus reducing the thermal properties mismatch between neat
salt and composite at the service temperature. At 250 °C, the measured
thermal diffusivity of the AS composite is 0.13 mm? s~!, while NaNO3
reaches 0.14 mm? s~L. The overall decrease of thermal diffusivity with
temperature is given by phonon scattering phenomena that reduce the
thermal transport efficiency. Therefore, using the aerogel as support
material does not affect the salt thermal diffusivity, resulting to be
acceptable for this kind of application. Remarkably, PDC routes allow to
produce different ceramics aerogels in the Si-C-N-B system incorpo-
rating a turbostratic carbon phase, whose load depends on the pre-
ceramic resin chemistry. Thus, future research activities could focus on
the optimization of the thermal conductivity of the skeletal material, in
particular focusing on systems containing stabilized sp2 carbon [66].

Finally, the thermal stability of the neat aerogel and the AS com-
posite was explored through TG-DTA measurements (Fig. 8) to define
their oxidation/degradation temperatures. Fig. 8a refers to the neat
SisN4 aerogel when brought to high temperature under oxidative

Table 3

Average volume-weighted domain size (calculated in the isotropic approxima-
tion) and lattice constants for NaNO3 and AS samples as determined from
Rietveld quantitative analysis.

Avg. crystallite size (nm) a(A) cA)
NaNO3 935 5.0678(6) 16.8124(6)
AS 921 5.0687(8) 16.8218(1)
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atmosphere (air). The ceramic can withstand oxidation until 1050 °C,
where is starts to gain weight due to the oxidation of SigNy4 into SiO2. A
final weight gain of 23 % is reached at 1270 °C, a temperature at which
oxidation can be considered complete (as confirmed by the end of the
weight gain the TGA plot). On the other hand, Fig. 8b shows the thermal
degradation of AS specimen under fluxed air, which starts slightly above
500 °C, in correspondence with an exothermic peak. This peak cannot be
attributed to the decomposition of NaNO3 into NaNO; releasing Oo
(Reaction 1) that is an endothermic reaction starting at =~ 600 °C [67].

@

Thus, we can attribute it to the oxidation of silicon nitride through
the intermediate formation of silica that is further dissolved into sodium
silicate. Such a reaction occurs rapidly in the 500—700 °C temperature
range because of the continuous supply of molten salt, which hinders the
formation of passive layers of SiO5 and SioN2O, which are typical for
Si3Ny4 oxidation, by dissolving them [68]. In this case, the oxidation of
the skeleton material is not associated with weight gain since oxygen is
supplied directly by the molten salt rather than by the atmosphere. A
series of endothermic effects can further be assigned to the degradation
of the molten salt into Na;O, O, and NOy [69]. At 850 °C thermal
degradation is completed with a total weight loss of 65 %. To further
prove that the early oxidation of SizN4 occurs because of the presence of
sodium nitrate, TG/DTA analyses of neat the aerogel and AS under argon
flux can be found in the Supplementary material section (Fig. Sla,b),
showing the inertness of the support material and its degradation over
500 °C due to the salt, respectively. We can conclude that this novel
composite can be used up to 500 °C, well above the melting point of
NaNOjs. A comparison between the thermogravimetric analyses of neat
NaNOj and a reference NaNOs-aSisN4 mixture, confirming the results
obtained with the silicon nitride aerogel, can be found in the Supple-
mentary material section (Fig. S2a,b).

2NO; 22NO3 + 0,

3.3. Ceramic aerogel-paraffin composites

The ceramic aerogel impregnation by molten paraffin was extremely
rapid and effective. The paraffin load in the composite just after
impregnation was 64.5 wt%, equal to 82.4 vol%, while a 6.2 vol% of
porosity was left empty. This could be related to a volumetric shrinkage
upon freezing, or to the intrinsic difficulty for such a viscous compound
to fill the smallest mesopores.

The potentiality of the new shape stabilizer to avoid molten PCM
leakage thanks to its particular pore morphology was investigated by
keeping the aerogel-paraffin composite at 40 °C on absorbing paper for
35 days. Results of weight loss are reported in Fig. 9, showing a very
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Fig. 9. Paraffin wax mass loss from AP composite along 35 days at 40 °C on
absorbing paper: Paraffin weight fraction (green); Relative paraffin content
with respect to day 0 (red).

moderate variation: after 35 days the composite still contains 62.1 wt%
of PCM, equal to 96.4 % of the initial content. Moreover, the weight loss
is mostly concentrated in the first 10 days of the leakage test. Therefore,
the elevated absorption capacity of this aerogel is accompanied by a
rather good PCM impregnability, properties that underline its perfor-
mance compared to similar PCM composites (no comparisons with other
aerogels can be made since, to the best of our knowledge, this is the first
reported case). It seems that the affinity of silicon nitride to paraffin and
its meso-macroporosity can be directly related to the almost complete
mass uptake without the support of vacuum impregnation (which is
extensively used in the case of inorganic supports) and to the absence of
significant PCM leakage, which is a remarkable result with respect to
other support materials. In fact, mesoporous supports have been pointed
out as the best to prevent PCM leakages, while more common materials
like bentonite, zeolites, and diatomites suffer from serious leaking from
macropores and intergranular space [70]. This is also the case of the
SigNy felts we produced: the PCM loss after 44 days at 15 °C over
paraffin melting temperature reached around 15 wt% without showing a
plateau, meaning that such structure is not optimal for the retainment of
a phase change material [46].

Fig. 10 shows the DSC curves of neat paraffin and AP specimens. The
calorimetric analysis revealed that the thermal performances of the
composite are coherent with the paraffin mass uptake defined through
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weight measurements, i.e. the enthalpy relative to the solid to liquid
phase transition in the AP_35 specimen is 87.1 J g}, which is 62.4 % of
the neat paraffin value 139.5 J g 1. Considering that the mass fraction of
paraffin in the AP composite is 62.1 %, there is an excellent agreement
between the DSC experimental result and the theoretical melting
enthalpy of paraffin within the aerogel, i.e. 86.5J g’l. The performances
of the composite were monitored after 30, 60, and 100 freeze-thaw
cycles. Results show no detrimental effects on the thermal efficiency
of the composite, which resulted equal to 62.0 % after 100 cycles,
coherently with the mass content of 62.1 %. The most important results

Table 4
DSC results of pure paraffin and aerogel-paraffin composites (AP_35, AP_30c,
AP _60c, AP_100c).

Samples PCM mass  Melting process Solidification process
ratio%
AHp, (J n T AH; (J n T,(°C)
g @ O  gh (%)
Paraffin 100 139.5 - 14.7 149.7 - 17.2
AP_35 62.1 87.1 62.4 16.6 91.1 60.8 16.6
AP_30c 62.1 86.4 61.9 15.5 90.2 60.2 17.8
AP_60c 62.1 86.3 61.9 15.8 90.0 60.1 17.9
AP_100c  62.1 86.5 62.0 15.7 90.3 60.3 17.9
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of DSC tests on these samples are reported in Table 4.

It is also possible to observe a shift of the onset T, value of AP_35
towards higher temperatures with respect to neat paraffin (16.6 °C
instead of 14.4 °C): it can be attributed to the lower thermal conductivity
of the aerogel. For the same reason, the T value is slightly lower than
that shown by the neat paraffin sample. These differences can be better
appreciated when observing the peak temperatures recorded by the DCS
analyses.

The absence of anomalous DSC peaks and the coherency in mass
fraction and melting enthalpy of paraffin in the AP composite are in-
dications of a peculiar chemical affinity of this aerogel with the selected
polymer and an optimal pore size distribution for its crystallization. In
the present case, the non-freezing layer that tends to build up at the
polymer/support interface reducing the heat storage capacity of the
composite is reduced to the minimum.

Compared to other appealing supports for organic PCMs, the pro-
duced Si3N,4 aerogel presents specific advantages in terms of chemical
affinity. Polymeric aerogels and metal-organic frameworks suffer from
van der Waals interactions with organic PCMs. These interactions are
fundamentally detrimental for the composite thermal performances
because chemical bonds reduce the PCM mobility and its capability to
crystallize, thus reducing the amount of storable heat [71-73].

XRD spectra collected on the Paraffin and AP_35 samples are re-
ported in Fig. 11. The diffractogram of the neat paraffin is typical of a
semi-crystalline material, with sharp Bragg reflections superimposed
over a diffuse signal, characteristic of the amorphous/nanocrystalline
fraction.

Unfortunately, no crystallographic model is available for the paraffin
structure in the literature, making the quantitative analysis unfeasible.
However, it is still possible to recognize the remarkable similarity of the
two diffraction patterns, with two Bragg reflections corresponding to
about 4.65 A and 4.0 A interplanar spacings, indicating that the PCM can
recrystallize inside the ceramic aerogel with the same structure of the
neat compound. Besides, a semi-quantitative evaluation of the average
crystallite size of the PCM was performed by applying the Scherrer’s
equation in the hypothesis of perfectly spherical crystallites ([74]),
giving values of 263 nm and 224 nm for the neat paraffin and AP_35
samples, respectively. This can be an indication of a slight decrease of
average crystallite size and not necessarily the crystalline fraction,
which remains likely comparable to the neat PCM, as indicated by the

S:_ ﬁJ

<

> AP_35

‘n

C

O |

<

i Paraffin

] — T T T T '
20 25 30 35 40

26 (Deg)

Fig. 11. Comparison of powder diffraction data acquired on neat paraffin and
AP_35 samples.
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thermal characterization. Finally, the affinity of the XRD spectra given
in Fig. 11 confirms the absence of any induced structural disorder due to
the paraffin confinement in the aerogel pores [75].

The thermal response of SizN4-paraffin specimen under thermal cy-
cles between 0 °C and 45 °C was also monitored with a thermocamera,
as depicted in Fig. 12, measuring a delaying effect on temperature
variation as it approaches the solid-liquid phase transition of paraffin.
Both during heating and cooling the temperature stabilizes with a
plateau-like trend around the melting point of the PCM. In particular, a
delay of around 10 min can be defined for the AP composite under the
abovementioned transitions. Such a property could be exploited for
thermal regulation in buildings.

It is possible to observe that the extension of the plateau during
cooling is slightly lower with respect to the one characterizing heating.
The reason for this behavior can be the difference in the thermal con-
ductivity of paraffin between the liquid and the solid-state: the higher
thermal conductivity at the solid solid-state results in a more rapid
crystallization process during cooling due to the faster heat diffusion
through the solid [76]. On the other hand, during heating, the formation
of liquid paraffin slows down the melting process.

3.4. Comparisons with the literature

Many support materials have been developed during the last few
years for the containment of molten PCMs. Even if it is not simple to
make a direct comparison on the thermal performances of similar
composites due to the differences in the synthesis route and the PCM
characteristics, in Table 5 we report a short comparison with similar
works dealing with NaNO3 and paraffin. Remarkably, the capacity of the
aerogel to retain all the absorbed PCM is directly linkable to an effi-
ciency similar to other as-impregnated composites but after dozens of
thermal cycles.

4. Conclusions

In this paper, we reported the first application of a polymer-derived
amorphous SigN4 aerogel as a shape stabilizer for PCMs with intriguing
properties for thermal energy storage over a wide range of temperatures.
This mesoporous support material presents a porosity greater than 85 %
and a BET specific surface area of 63.9 m? cm ™. It shows no detrimental
effects of the presence of a non-freezing layer at the support-PCM
interface. The PCM uptake results of 76 vol% and 82.4 vol% for
NaNOs and paraffin, respectively, reaching the totality of the available
porosity during the impregnation process. Furthermore, no significant
PCM loss was determined over thermal cycling and leakage test. This
novel a-SigN4 aerogel results stable toward oxidation over 1000 °C,
acquiring the great technological potential to serve as a shape stabilizer
for high-temperature PCMs.

The overall results prove for the first time that polymer-derived ce-
ramics aerogels could be employed in PCM-based thermal energy stor-
age application, thus offering a new, flexible and unexplored synthesis
route toward porous and refractory shape stabilizers.

Summary of Novel Conclusion

i) The silicon nitride aerogel can be easily synthesized and
impregnated with molten phase change material (PCM) without
the need of vacuum. The thermal storage efficiencies of shape-
stabilized sodium nitrate and paraffin are 82 % and 62 %,
respectively.

ii) PCM losses are negligible even at temperatures well above their
melting temperatures, keeping the thermal efficiency to a con-
stant value even after several thermal cycles

iii) The optimal pore size distribution of the aerogel network avoids
confinement effects over the crystallization of phase change
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Table 5
Comparison of thermal performances of similar composites. EVM = Expanded
Vermiculite; EP = Expanded Perlite; CNT = Carbon Nanotubes.

Sample Loading method PCMwt  Melting Process Ref.
%
AH,, (J Tm
g 0
EVM/NaNO3 Impregnation- 87.0 144.0 311.9 [771
separation
Diatomite/ Sintering 70.0 115.8 307.8 [78]1
NaNO3;
Si0,/NaNO3 Sol-gel 81.9 144.7 310.1 [79]
encapsulation
SisN4/NaNO5" Ambient 83.5 145.7 300.2 This
Impregnation work
EP/paraffin Ambient 50.0 63.5 25.3 [80]
Impregnation
EP-CNT/ Vacuum 60.0 157.3 36.1 [81]
paraffin impregnation
Diatomite/ Pelletization 67.0 63.9 22.3 [82]
paraffin
Kaolinites/ Vacuum 50.9 94.8 50.6 [83]
paraffin impregnation
Si3N,4/Paraffin Ambient 77.4 107.7 28.2 [46]
impregnation
SizN,/Paraffin Ambient 62.0 86.5 15.7 This
b Impregnation work

2 Data relative to AS_50c.
b Data relative to AP_100c.

materials, leading to just 1% mismatch between effective and
theoretical thermal efficiencies.

iv) The aerogels can withstand oxidation above 1000°C in air, indi-
cating that this material could be employed in future thermal
energy storage applications even at ultra-high temperature.
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