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The thermochemical heat storage performances of hygroscopic magnesium sulphate (MgSO,4) can be im-
proved by dispersing it within a porous matrix. However, the host material must be able to bear the intense
stresses developed by the hydration of the salt. In this work, we report the first use of a polymer-derived
SiOC ceramic aerogel as host for the confinement of MgSO, for seasonal thermal energy storage, providing a

way to easily tune its final porosity to achieve controllable mass fractions of salt in the so-obtained com-
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posite. Besides, the distinctive mesoporosity of ceramic aerogels guarantee a free path for water vapour to
rapidly hydrate MgSO,4 while avoiding the breakage of the composite. Vacuum impregnation of the aerogel
samples led to a composite with a maximum of 59.1%wt of MgS0O4.1 H,0 and a complete hydration in
60 min under H,0 saturated air.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

According to the European Environment Agency (EEA), the
greenhouse gases emissions related to electricity generation from
stationary power plants decreased by 9.1% between 2018 and 2019
as a consequence of a partial replacement of coal with natural gas
[1]. However, faster decarbonization and a consequent transition
towards renewable energy sources are required to mitigate climate
change and meet the environmental targets planned by the Eur-
opean Union [2]. Nevertheless, the power that can be generated from
natural sources, such as sunlight, usually suffers from fluctuations
related to the direct availability of the source itself. Therefore, it is
fundamental to store the energy that is produced in excess to pro-
vide it when the energy demand cannot be satisfied through a direct
conversion from the natural source. In this scenario, thermal energy
storage (TES) is one of the most promising solutions.

TES technologies are based on the storage of heat within a ma-
terial in the form of sensible heat, latent heat, or thermochemical
heat, exploiting heat capacity, phase change enthalpy, or chemical
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reactions, respectively. Among the strategies developed during the
last decades, thermochemical energy storage is the most energy-
dense and efficient one, as it provides long-term heat storage under
the form of chemical potential energy, with zero heat losses and a
virtually infinite storage time [3]. This peculiarity of long-term TES is
extremely appealing as it has the potential to provide a heat supply
during the coldest periods of the year. Moreover, the specific hy-
dration enthalpies (up to = 10° ] g”!) in many cases can exceed the
typical latent heat of fusion exploited in latent heat TES devices (=
102 J g7! for low temperature, = 250-500 ] g”! for medium-high
temperature TES) [4,5]. Thus, thermochemical heat storage (TCHS)
appears a rather promising tool to store huge amounts of energy in a
limited mass [6]. This is a fundamental requirement for the devel-
opment of grid-scale TES devices which would allow a real and
substantial shift toward renewable energy sources.

Within the thermochemical heat storage class, sorption TES
(STES) is based on sorption/desorption reactions, such as hydration/
dehydration mechanisms, requiring an absorbent and a vapor phase,
so that its TES efficiency is strictly dependent on reactions rates,
reactors design and on the selected materials [7]. In recent years,
STES systems involving the use of water vapor and salt hydrates as
sorbent materials have been deeply studied for household and solar
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energy harvesting applications. As a matter of fact, a great variety of
different salt hydrates are available for these purposes, and great
effort has been made to define the most promising ones from a
theoretical point of view [8].

However, the efficiency of systems using neat salt hydrates is
remarkably lower than the theoretical one. The reasons are several
and of fundamental importance. Firstly, as absorption proceeds, the
volumetric expansion of the hydrating salt determines the closure of
a pathway for vapor, thus inhibiting the hydration process. Secondly,
the low thermal conductivity of salt hydrates, usually smaller than
1 W-(m-K)™!, hinders heat extraction from a STES reactor [9]. Finally,
salts hydrates are mechanically unstable and prone to sintering, so
they must be confined and stabilized within a porous support ma-
terial able to avoid the salts particle consolidation and coales-
cence [10].

Among the different salt hydrates, MgS0O, is among the most
promising ones thanks to its high thermochemical energy density
(1265 J-g1), the thermochemistry in the working temperature range
of solar collectors, its low cost, its abundance, and because it is
harmless [11]. The use of many different porous supports for this salt
can be found in scientific literature, for example, zeolites [11-15],
attapulgite and vermiculite [16,17], porous glasses and silica gels
[18,19], expanded graphite, activated carbon [20], silicone foams
[21], and metals [22]. However, while metal alloys mainly suffer
from electrochemical corrosion phenonema due to the contact with
hydrated salts, ceramic supports are characterized by rather low
thermal conductivity [23,24]. Moreover, ceramics are usually not
electrically conductive, thus this type of scaffold cannot be used to
convert and store (in the form of heat) the excess of electrical energy
produced for instance by wind, hydroelectric or photovoltaic energy
plants. Carbon-based supports, on the other hand, are rather fragile
and flammable. In this scenario, the polymer-derived ceramic (PDC)
route represents an advantageous path to synthesize porous cera-
mics with specific properties such as mechanical stability, electrical
conductivity and, chemical inertness. As a matter of fact, the PDC
route allows to produce complex ceramic systems such as SiCN, SiOC
and SiBCN through the pyrolysis in a controlled atmosphere of a
preceramic polymer. As such, the elemental and phase composition
of the final product can be easily controlled by adjusting the
chemistry of the preceramic compound [25].

For the first time, in the present work we report on the use of a
polymer-derived SiOC aerogel as support material for the stabiliza-
tion of MgSO,. The rationale behind this choice relies on the peculiar
structure of the SiOC aerogel consisting in a strong silicon oxycar-
bide network (providing mechanical stability) [26], and a free carbon
phase displaying electrical conductivity [27]. In fact, the ability of the
ceramic scaffold to conduct electricity could provide an efficient root
to convert and store the excess of electric energy.

2. Experimental procedure
2.1. Synthesis of the aerogels

Preceramic polymer SPR-036 was purchased from Starfire
Systems Inc (NY, USA). It is a transparent liquid with a viscosity of 50
- 500 cp and serve as precursor for the SiOC system.

For the synthesis, n-hexane (Panreac, CAS: 110-54-3) was se-
lected as solvent for the gelification and divinylbenzene (DVB, Sigma
Aldrich, CAS: 1321-74-0) as crosslinking agent. Karstedt's catalyst
(Sigma-Aldrich, Saint Louis, MO, USA, CAS: 68478-92-2) containing
2% platinum in xylene was diluted to 0.1% Pt in the same solvent
before use. The recipe was tuned to have a 1:1 wt ratio between SPR-
036 and DVB and adding 50 ul of diluted catalyst per gram of
polymer while the solvent volume content was set to 80% and 90%.
Varying the solvent fraction is a method for tuning the total volume
of pores in the final product [28]. The rationale behind the use of a
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Table 1
Labeling of SPR-036 based aerogels reported in this work.
Precursor  Solvent Crosslinking Pyrolysis Neat Impregnated
(vol%) T(°C)/ t(h) T (°C) aerogels  aerogels
SPR-036 80 200 [ 24 - S8 -
800 S8_p8 iS8_p8
1000 S8_p10 iS8_p10
90 200 | 24 - S9 -
800 S9_p8 iS9_p8
1000 S9_p10 iS9_p10

high amount of DVB resides in the necessity of having highly
crosslinked gels able to sustain shrinkages during the ceramic con-
version [29].

In a typical synthesis, the reagents were mixed in a Parr digestion
vessel (Model 4749 Parr, Moline, IL, USA), which was further placed
in an oven kept at defined conditions to promote the gel formation.
In particular, SPR-036 based gels were crosslinked at 200 °C for 24 h.

The so-obtained gels were then subjected to a multi-step solvent
exchange with fresh n-hexane, and then loaded into a customized
supercritical reactor filled with liquid CO,. After 3 days and 6 solvent
exchanges (occurring at 10 °C and 40 bar), the fresh solvent was
completely substituted with liquid carbon dioxide. Supercritical
drying followed. Dried aerogels were finally subjected to the cer-
amization process through pyrolysis in nitrogen at 800 °C or 1000 °C.
After obtaining the ceramic aerogels, they were vacuum-im-
pregnated in saturated magnesium sulfate (Honeywell, CAS:
7487-88-9) water solution and subsequently dried to remove water.
Table 1 reports the adopted labeling for the sample set.

2.2. Characterization methodology

Nitrogen physisorption was performed at 77.3 K with a BK300C
(3P Instruments GmbH, Germany) to assess the aerogels specific
surface area (SSA) and the pores size distribution. A preliminary
degassing was performed holding the specimens at 200 °C for 2 h.
Hg porosimetry was carried out in parallel to nitrogen physisorption
to cover a wider pore size range from 100 pm down to 10 nm. A
Porosimeter 2000 (Carlo Erba, Milano, Italy) was used for such a
purpose, setting a pressure range of 0.2-2000 bar at 20 °C. Helium
picnometry was performed with a AccuPyc 1330 pycnometer
(Micromeritics, Norcross, GA, USA) to assess the skeletal density of
neat aerogels.

Thermogravimetric and differential thermal analysis (TG/DTA)
was performed on the composite specimens using a Mettler TG50
MT5 (Mettler-Toledo, CH) in air flow using a bubbler to introduce
moisture into the gas, supposing 100% RH at ambient pressure. A
Netzsch STA 409 thermobalance was used to define the thermal
stability of the aerogels in oxidative environment of pure air (100 cc
min~"). In this latter case, the heating rate was set to 20 °C min™! to
reach 1200 °C.

The morphologies of the bare aerogels and derived composites
were observed with a Gemini SUPRA 40 Scanning Electron
Microscope (Carl Zeiss, Germany) equipped with a field emission
gun. X-ray diffraction (XRD) patterns of non-impregnated and im-
pregnated specimens were acquired with a a PANalytical X'Pert PRO
diffractometer equipped with a Cu Ka source, secondary mono-
chromator, and a PIXcel position-sensitive detector.

The characterization of the chemical bonds present in preceramic
aerogels, as well as in ceramic and impregnated aerogels was carried
out with a Thermo Nicolet 6700 FTIR spectrometer equipped with a
SpectraTech Inspect IR Plus accessory in ATR mode (Si crystal) in the
650-4000 cm™! region with 4 cm™! resolution (Happ-Genzel apo-
dization, MCT-A detector).

The Raman spectra were recorded on a Thermo Scientific
DXR Raman Microscope interfaced to an Olympus microscope
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Fig. 1. Flowchart of the synthesis and characterization of the samples reported in the present work.

(objective 10x) in the 50 - 3300 cm™! spectral region with approx.
5 cm”! resolution to gather information on the distribution of carbon
within the ceramic specimens. The power of frequency-stabilised
single mode diode laser (780 nm) impinging on the sample
was 2 mW.

To assess the possible use of these composites for electrical to
thermal energy conversion, a FLIR E60 (emissivity = 0.86) thermo-
camera was employed to visualize and acquire the thermal response
of a specimen under a variable applied voltage as a function of time.

Finally, Fig. 1 briefly summarizes the specimens synthesis and the
further characterization procedure.

3. Results and discussion
3.1. Characterization of ceramic aerogels

Fig. 2 shows the N, adsorption/desorption isotherms of the
ceramic aerogels together with the Barrett-Joyner-Halenda (BJH)
incremental pore volume distribution. According to the IUPAC clas-
sification, all the curves present the typical shape of a Type IV iso-
therm, which is relative to mesoporous sorbents, with H2 hysteresis
loop determined by capillary condensation at high P/Po [30]. The
specific surface area of the aerogels is in the range 170 - 250 m? g”!
and decreases as the pyrolysis temperature increases from 800 °C to
1000 °C (Table 2). This phenomenon is related to a partial closure of
pores smaller than 100 nm as evicendenced by the decrease of the
BJH total pore volume (insets in Fig. 2 and Table 2). The SSA does not
vary much when comparing aerogels obtained using different
amounts of solvent (see for instance S8 and S9 samples in Table 2).

On the other hand, the solvent fraction has a relevant impact on
the results of Hg porosimetry. As a matter of fact, S9_p8 and S9_p10
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Table 2
Nitrogen physisorption, Hg porosimetry and He pycnometry results on neat aerogels.
S8_p8 S8_p10 S9_p8 S9_p10

BET SSA (m? g!) 253.4 1714 247.6 202.0
BJH Vo pore (cm® g7') 0.59 0.43 0.59 043
Skeletal density (g cm™)a 1.74 1.83 1.77 1.89
Porosity (%) 58.8 58.8 79.2 80.5
Total volume of pores (cm® g™')" 0.82 0.78 215 218

2 He picnometry.
b Hg porosimetry.

specimens are characterized by a porosity of 79.2% and 80.5%, re-
spectively, while S8_p8 and S8_p10 both reach 58.8%. Macropores
(wider than 50 nm), which are hardly detectable with N, physi-
sorption are responsible for these results; infact, the BJH total pore
volume measured by N, physisorption is substantially independent
on the solvent load (Table 2).

Finally, pyrolysis temperature defines the skeletal density of the
final product, which increases from 1.74 to 1.77 gcm™ at 800 °C to
1.83-1.89 gcm™ at 1000 °C regardless of the preceramic composi-
tion (Table 1).

Thermogravimetric analyses were performed in air flow to define
the thermal stability of the obtained SiOC aerogels. From Fig. 3 it can
be stated that no differences can be observed in terms of onset of
thermal degradation between the two kinds of aerogel. At 250 °C all
compositions undergo a preliminary oxidation of residual Si-CHx-Si
bonds of the ceramic network, associated to a weight gain of 10% due
to the insertion of bivalent oxygen atoms. After that, free carbon
starts to oxidize from 450° to 500°C, leading to a weight loss of
25-27%wt for S8 and S9, respectively. In any case, all aerogels can be
exposed to 250 °C without any damage of the ceramic network.
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-
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o 300G
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Fig. 2. N, physisorption isotherms of ceramic aerogels: a) S8 series; b) S9 series.
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Fig. 3. Oxidative TGA curves of the ceramic aerogels.

Table 3

Mass fraction of monohydrated salt in the composite specimens after vacuum im-
pregnation and dehydration. Residual volumes of pores after deposition and hydration
are given too.

Label Mass fraction of Residual Volume of Residual Volume of
MgS04.1H,0 (%) pores (%) pores (%)
-MgS04.1H,0 -MgS04.7H,0
iS8_p8 43.6 614 0.1
iS8_p10  36.7 69.6 21.2
iS9_p8 59.1 72.5 28.7
iS9_p10 577 74.4 33.7

3.2. Characterization of stabilized MgSO,4

All aerogels were weighed before and after impregnation to de-
fine their efficiency in retaining the magnesium sulphate salt. The
salt uptake was measured after dehydrating all specimens to the
monohydrated form at 220 °C for 24 h [ 11]. Results of salt uptake are
summarized in Table 3. As can be deduced, S9 samples are able to
retain a higher fraction of salt thanks to the larger fraction of open
volume with respect to S8 ones. Considering the theoretical density
of MgSO41H,0 and MgS047H,0, equal to 2.44gcm™ and
1.68 g-cm™, respectively, it is possible to estimate the residual vo-
lume of pores after depositing the salt and hydrating it. Table 3
shows that even though the mass fraction of salt is around a half of
the total mass of the specimens, the available pore volume is able to
accommodate the expansion of the salt upon hydration.

Vs0.2 Vsi-0-si
.

a)

v,
OH
/6OH

Absorbance (A.U.)

1000

3500 3000 1500
Wavenumber (cm™)

4000

Fig. 4. Representative ATR and XRD spectra of neat and impregnat
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X-ray diffraction and infrared spectra were collected to observe
any possible corrosion phenomena or chemical interaction between
ceramic support and salt hydrate. FTIR spectra are given in Fig. 4a.
Neat aerogels present the typical absorption band of asymmetric Si-
0-Si stretching at 1000-1100 cm™, while at 770-800cm™" a sec-
ondary peak arises from the contribution of Si-C bond deformation
and Si-O bond stretching [31,32]. Impregnated aerogels, on the other
hand, are characterized by a spectrum that resembles the one of
pure salt hydrate. As a matter of fact, the contribution of the ceramic
skeleton to infrared absorption is less pronounced, if visible. The
peaks at 983cm™!, 1066 cm™!, and 1144cm™! are all assigned to
different stretching vibrations of SO, [33]. Structural water of the
salt hydrate can be spotted through the -OH bending vibration at
1630cm™! and -OH stretching in the broad band spanning from
3000 cm™ to 3500 cm™!. Results of FTIR measurements show that all
the spectra of stabilized salt hydrate are built as the superposition of
that of MgSO,4 and of the relative aerogel. Thus, we can state that
there are no specific interactions at the contact interface between
the two components.

Similar results can be drawn from the XRD patterns of Fig. 4b. In
fact, while XRD spectra of neat aerogels are completely amorphous,
those of stabilized MgSQ,4 are in line with that of neat MgS04.7H,0,
except for the fact that all specimens present peaks of the hexahy-
drate form (MgS04.6H,0, PDF no. 24-0719) as well as those of
MgS0,4.7H,0 (PDF no. 36-0419) (the ratio between the two salts
varies in the different samples mostly because the hydration state of
the salt is extremely sensitive to the lab humidity and temperature).

The impregnation process was characterized by SEM and N,
physisorption, too. Fig. 5a gives an insight into the microstructure of
composite specimens, showing deposited salt hydrate on a fracture
surface of iS8_p8. As expected, after impregnation and drying some
porosity is left unfilled to guarantee a pathway for water vapor
during successive hydration cycles. Fig. 5b confirms that a certain
fraction of pores are left open. Results of BJH adsorption reveal that
almost half of the available free pore volume can serve as a hydration
path. As a matter of fact, the BJH volume of pores available in iS8_p8
is 0.33 cm3g™!, while before impregnation the pore volume of S8_p8
reaches 0.67 cm3g™!. Remarkably, a fraction of pores smaller than
10 nm are still open and available for vapor transport. Results of
other composites are similar to the presented ones.

Raman spectra were acquired on S8 specimens to verify the
formation of a free carbon phase within the SiOC matrix during
pyrolysis. In Fig. 6, G and D peaks, relative to graphitic carbon and its
degree of disorder, are visible at 1585cm™ and 1305cm™,
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Fig. 5. a) FE-SEM micrograph of iS8_p8 showing the deposition of MgSO4-xH,0 inside the porous network of the aerogel; b) N, physisorption results of specimen S8_p8 before
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Table 4
Hydration time of the prepared specimens over 5 cycles.
Cycle no. Temp. (°C) iS8_p8 iS8_p10 iS9_p8 iS9_p10
Hydration time (h)
I 255 13.2 34 13.2 10.6
Il 245 14.7 4.2 16.1 12.8
11 24.0 15.7 4.6 17.7 141
v 211 174 4.9 18.8 14.8
\% 242 14.3 5.9 159 12.8
15
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Fig. 8. Dehydration-hydration curve of iS8_p8 under humid air flow.

respectively. Thus, the structures of amorphous aerogels are char-
acterized by an ordered carbon phase in the SiOC matrix, with a
certain degree of disorder [34,35].

The weak and broad signal at 450 cm™! is relative to the rocking
mode of Si-O-Si bonds belonging to the amorphous SiOC network
[36]. Finally, the Raman spectrum of iS8_p8 shows a weak peak at
1040 cm™ that can be assigned to the stretching of SO, tetra-
hedra [37].

The reliability of the novel composites over hydration/dehydra-
tion cycles was then measured by placing them inside a laboratory
glass bell with water on its bottom. Hydration to the heptahydrate
form was considered concluded as the theoretical weight gain (i.e.

" |—a—ise_p8 ——is9_p8
17 iS8_p10 —— iS9_p10|

Normalized weight

Time (h)

0O 8 16 24 32 40 48 56 64 72 80
Time (h)

Fig. 7. Water moles uptake test in standard conditions: a) Composite specimens weight uptake normalized over the heptahydrate form; b) composite specimens weight uptake
normalized over the monohydrate form.
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as a function of time.

77.57% from monohydrated to heptahydrated MgSO4) of the salt
fraction within the aerogels was reached. Five consecutive cycles
were recorded and reported in Fig. 7a,b. Note that the weight gain
can surpass the theoretical one because the salt is hygroscopic and
could absorb extra water on its surface. A typical hydration requires
between 2 and 14 h to reach the heptahydrate form of magnesium
sulphate when specimens are kept in the described conditions. No
sulfate crust formed on the surface of the analyzed specimens and
the time required for the completion of the hydration cycle remains
substantially constant (although a certain scattering of the results
can be related to small variations of the lab temperature, Table 4).
Clearly, the time required by the various specimens to hydratate is
strictly related to the fraction of stored salt. For instance, in every
cycle it takes no more than 6 h for sample iS8_p10 to completely
reach the heptahydrate form, while samples containing higher
fractions of salt (see for example iS9_p8) require at least 10 h.

Hydration can be boosted using water vapor instead of static
humid air. A single test on iS8_p8 shows that with RH~100% in
flowing air, which is a typical setup of many of the STES prototypes
found in literatures [3,38], can induce a complete hydration in about
60 min. The hydration curve is given in Fig. 8.

Remarkably, SiOC aerogels of this kind are electrically semi-
conductive, meaning that Joule effect can be exploited to induce a
fast dehydration of MgSOy, if needed. As a proof, a nearly rectangular
specimen of S8p10 was subjected to a controlled voltage while re-
cording its temperature with a thermocamera. Its surface tempera-
ture as a function of time is given in Fig. 9. Considering the geometry
of the specimen, a resistivity of 6.67 Q-m can be tentatively calcu-
lated. Even though the electrical to thermal conversion is not an
efficient process and results in the loss of a “pure” form of energy,
such characteristic of these aerogels could be employed when cri-
tical conditions (i.e. absence of water vapour) require a fast heating
of these STES elements, or when excess electrical energy has to be
stored for long periods of time, restoring the thermochemical energy
of hydrated magnesium sulphate through direct heating.

3.3. Future research

The thermochemical performances of STES composites strictly
depend on the device utilized for their calculation. Thus, to define in
an appropriate way the benefits coming from the stabilization of the
MgSO0, salt with SiOC aerogels, future researches should focus on the
use of a STES reactor for such purpose, relating the confinement
effect to the cyclability of these composites with respect to the use of
neat salt. Besides, measurements of thermal conductivity of these
SiOC aerogels might help for an optimization of the synthesis recipe,

tuning porosity, free carbon content and eventually the salt uptake
to boost the thermal performances of the composite.

4. Conclusions

In this work the use of a SiOC aerogel as host material for STES
applications is presented for the first time. The main results are
summarized in the following points:

e SPR-036-based aerogels with tunable piorosity (up to 80%) and
SSA comprised between 170m? g™! and 250m? g~! were suc-
cessfully synthesized. After vacuum impregnation in a saturated
MgS0, solution, the maximum MgSO,4 uptake of anhydrous salt
is 59.1%.

e FTIR, XRD and Raman show that MgSO, salt does not react with

the SiOC aerogel.

Hydration/dehydration performances of stabilized MgSO, are

characterized by good cyclability and fast hydration rates within

50 min.

e These novel SiOC aerogels show a fairly good electrical con-
ductivity which can be exploited for electrical-to-thermo-
chemical energy conversion and storage through Joule heating of
the MgSO, salt.

The obtained results confirmed that ceramic aerogels represent a
new versatile host material in the growing field of thermal energy
storage, opening to new perspectives on the employment of
polymer-derived ceramics.
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