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1 | INTRODUCTION
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Abstract

Thermal energy storage (TES) with phase change materials (PCMs) presents
some advantages when shape-stabilization is performed with ceramic aerogels.
These low-density and ultra-porous materials guarantee high energy density
and can be easily regenerated through simple pyrolysis while accounting for
moderate mechanical properties. However, the small pore size that typically
characterizes these sorbents can hinder the crystallization of PCMs, slightly
reducing the energy density of the stabilized compound. In this work, we present
the use of polymer-derived mesoporous SiC and SiOC aerogels for the stabiliza-
tion of polyethylene glycol and a fatty alcohol (PureTemp 23), having a melting
temperature of 17 and 23°C, respectively. Their TES performances point out maxi-
mum thermal efficiency values of around 80%. These performances are discussed
accounting for the results of thermogravimetric analysis, differential scanning
calorimetry, and leaking tests.
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as chemical reactions occur, thus having the great advan-
tage of allowing long-term energy storage, phase change

Efficiency in thermal energy management is nowadays
becoming a relevant target for global warming mitigation.
The substitution of conventional fossil-fueled power plants
with green technologies that exploit renewable energy
sources poses the problem of energy fluctuation that can
be mitigated by developing proper storage technologies.!
Accordingly, energy storage technologies have been
largely improved, resulting in the development of new
systems and materials in the fields of electrochemical,
thermochemical, and thermal energy management.>?
Although the first two are characterized by energy release

materials (PCMs) are widely employed for thermal energy
storage (TES), owing to their remarkable enthalpy of
fusion. In this frame, TES is time-limited by heat losses
that interest the molten PCM, thus offering a short-term
energy storage (hours, days), depending on the designed
solution.* PCMs for low-, medium-, and high-temperature
applications have been extensively engineered to possess a
high heat of fusion, as demonstrated by the use of eutectic
salt mixtures for solar energy harvesting, or by the devel-
opment of novel polymeric PCMs for low-temperature
mitigation.S As a matter of fact, TES technologies are
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easily customizable for the required application, ranging
from heat recovery from industrial plants to renew-
able energy harvesting or temperature mitigation in
buildings.®

Room temperature TES is one of the most promising
solutions to reduce the energy consumption in buildings,
as it gives the possibility to damp temperature fluctu-
ations during daytime and nighttime. Such potential
has attracted the scientific community,”"® as it repre-
sents a solid pathway to match the European Union
target of boosting the construction of nearly zero-energy
buildings.' Among available PCMs having a solid-liquid
phase change at room temperature (say in the 10-40°C
range), organic ones represent the great majority. Typical
examples are given by polyethylene glycol, paraffine
wax, and fatty acids, which can be incorporated within
building components, thus offering a passive temperature
damping effect, or used as a direct source of heat when
implemented in air-conditioning systems.”>""/ However,
problems related to the environmental sustainability and
the end-of-life of organic PCMs must be considered before
any direct application, and in this frame, bioderived,
nontoxic PCMs are the most intriguing ones.

The containment of molten PCMs within porous matri-
ces, thanks to capillary forces, is fundamental to guar-
antee a shape-stabilization and to avoid PCMs losses
while optimizing the thermal efficiency of confined com-
pounds. With respect to metallic and organic scaffolds,
porous ceramics offer chemical inertness, relatively low
density and high-temperature stability, thus being also
attractive for the containment of corrosive salts.'*?! In
particular, polymer-derived ceramics (PDCs) are of great
interest in this field, as properties like surface area and
total porosity of the final products can be easily con-
trolled during the synthesis route,”>%° thus giving the
possibility to obtain extremely porous ceramics, such as
silicon-based aerogels.”*?® As a matter of fact, PDCs are
obtained through the controlled pyrolysis of polymeric
precursors, which can be chemically engineered to obtain
exotic compositions (e.g., SIBCN, SiAION, and SiCN) with
unprecedented functionalities.””-*

This article reports the synthesis and the use of
polymer-derived silicon carbide (SiC) and silicon oxy-
carbide (SiOC) aerogels as shape-stabilizers for organic
room temperature PCMs. The rationale behind the use
of this type of skeleton materials lies on three milestones:
(i) both SiC and SiOC aerogels display high pore volume
and specific surface area (SSA) and can be synthesized
to have over-stoichiometric carbon (i.e., free carbon) in
their structure in order to boost the thermal conductivity
of the ceramic network (in a previous study, we showed
how free carbon can mitigate the rather low thermal
conductivity of SiOC when dealing with thermochemical

heat storage®!); (ii) PDCs aerogels possess a mechanically
stable hierarchical porosity*” in the mesopore-macropore
range able to minimize molten PCM losses; (iii) both SiC
and SiOC are nontoxic safe silicon-based ceramics.

Finally, with the aim of processing an ecological sus-
tainable material, we selected two biopolymers, that is,
polyethylene glycol and PureTemp 23 (a 1-dodecanol-based
bioderived compound), as PCMs for low-temperature TES,
to be shape-stabilized by the novel ceramic aerogels. The
paper reports the details of the synthesis together with the
chemical and microstructural characterization of the PDC
aerogels. The thermal properties of the stabilized PCMs
have been characterized by differential scanning calorime-
try (DSC), and the results have been discussed and related
to the features (porosity, pore size, and chemistry) of the
porous ceramic aerogel.

2 | EXPERIMENTAL PROCEDURES

2.1 | Synthesis procedure

StarPCS SMP-10 polycarbosilane and Polyramic SPR-036
polysiloxane (Starfire Systems Inc., NY, USA) were utilized
as precursors for the synthesis of aerogels belonging to the
SiC and SiOC systems, respectively.

SMP-10 was cross-linked with divinylbenzene via
hydrosilylation reaction (DVB, Sigma-Aldrich, CAS:
1321-74-0) imposing a 1:1 molar ratio between Si-H and
vinyl groups of DVB, using cyclohexane as a solvent (Carlo
Erba, Milano, Italy). To favor hydrosilylation, 100 ul of
Karstedt’s catalysts (Sigma-Aldrich, Saint Louis, MO,
USA, CAS: 68478-92-2), diluted to .1% Pt in xylene, were
added per gram of resin. Similarly, preceramic SiOC aero-
gels were synthesized by mixing in n-hexane (PanReac,
CAS: 110-54-3) SPR-036 and DVB in a 1:1 weight ratio and
adding 50 ul of diluted catalyst per gram of polymer. In
both syntheses, the solvent volume fraction was set to
90% of the total solution. Gelation was performed at mild
temperatures within a digestion vessel (Model 4749, Parr
Instrument Company, Moline, IL, USA) to prevent any
solvent evaporation. Polycarbosilane gels formed after
5 h at 150°C, whereas polysiloxane ones required a 24-h
dwell at 180°C. As typically done,* the obtained gels were
subjected to a two-step solvent exchange: (i) washing in a
fresh solvent six times (twice per day) to remove unreacted
species; (ii) exchange of an organic solvent with liquid
CO, by means of six washing cycles (twice per day) in
a customized autoclave. CO, supercritical drying was
finally carried out to obtain the preceramic samples. The
ceramization of SiOC and SiC/C aerogels was achieved
pyrolyzing the samples at 800°C (1-h dwell at 800°C,
5°C min~!, 300 cm?® min~' N,).
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TABLE 1

Type of resin Pyrolysis temperature (°C)
SMP-10 800
SPR-036 800

Aerogel-stabilized polyethylene glycol 600, PEG, (Alfa
Aesar, Thermo Fisher GmbH Kandel, Germany) and
PureTemp 23, PT, (Octochem Inc., Vandalia, USA) were
produced by ambient pressure impregnation and vacuum
impregnation. In both cases, impregnation was carried out
in an autoclave kept at 40°C by soaking the aerogel matri-
ces into the molten PCMs for 30 min. Vacuum was even-
tually applied for the impregnation of the homonymous
series of specimens. The two impregnation procedures
were considered completed when no bubbles nucleated
any longer on the aerogels surface, suggesting that the
available porosity was completely filled with the molten
PCMs.

According to the available physical properties on the
technical datasheet, polyethylene glycol presents a melt-
ing temperature in the range of 17-23°C, a density of
112 g cm~3, and a molecular weight of 600 g mol~. Simi-
larly, PureTemp 23 melts at 23°C with an enthalpy of fusion
0f 2277 g7, and a density of .83 g cm~>. Table 1 provides the
labeling system adopted for the samples described in this

paper.

2.2 | Characterization methodologies
The morphology of the ceramic aerogels were investi-
gated by a scanning electron microscope (SEM) using
a Gemini SUPRA 40 FE-SEM (Carl Zeiss, Germany)
facility. To account for the SSA and the pore size dis-
tribution, N, adsorption and desorption isotherms were
acquired with an ASAP 2020 apparatus (Micromeritics,
Norcross, GA, USA) at 77 K. The isotherms were pro-
cessed following the Brunauer-Emmett-Teller theory and
the Barrett-Joyner-Halenda method for the calculation of
pores size distribution.**

Skeletal densities of ceramic aerogels were assessed with
an AccuPyc 1330 pycnometer (Micromeritics, Norcross,
GA, USA) at 23°C.

TEC GY

Labeling system adopted for the aerogel-stabilized phase change materials (PCMs)

Impregnation
PCM methodology Label
PEG Environment SiC/C-800-PEG (E)
Vacuum SiC/C-800-PEG (V)
PureTemp 23 Environment SiC/C-800-PT (E)
Vacuum SiC/C-800-PT (V)
PEG Environment SiOC-800-PEG (E)
Vacuum SiOC-800-PEG (V)
PureTemp 23 Environment SiOC-800-PT (E)
Vacuum SiOC-800-PT (V)

Infrared spectra of neat and stabilized PCMs were
acquired in transmission mode with a Nicolet Avatar
330 FT-IR spectrophotometer (Thermo Fischer Scientific,
Waltham, MA, USA), using KBr pellets and collecting 64
scans with an imposed resolution of 4 cm™'.

X-ray diffraction (XRD) patterns of the crystallized
PCMs confined within the aerogel scaffolds were acquired
with an Italstructures IPD3000 diffractometer equipped
with Cu anode X-Ray source coupled to a multilayered
monochromator and a 1024-channel Dectris Mythen lin-
ear strip detector. Data acquisition was carried out over the
10°-100° 26 range with a total acquisition time of 30 min
per sample. All specimens were placed in a customized
sample holder with direct contact to a liquid nitrogen bath
to avoid melting phenomena relative to the PCMs exposure
to the room temperature (ca. 20°C) during the acquisition
time.

The capability of the impregnated samples to retain
paraffin was investigated through a leaking test performed
in an oven at 40°C. The specimens were placed on an
absorbent paper towel, and their mass was monitored for 8
days to determine the maximum quantity of PCM that they
were able to retain. The residual PCM content was calcu-
lated as a fraction of weight with respect to the weight of
each sample without PCM.

Thermogravimetric analysis (TGA) of neat and stabi-
lized PCMs was performed with a TA-I Q5000 IR under
a nitrogen flow of 10 cm® min~! in a temperature interval
between 30 and 700°C, at a heating rate of 10°C min~L.
The temperature associated with a mass loss of 5% (Ts),
and the temperature associated with the maximum degra-
dation rate (T, ) were determined. In order to determine
the effective PCM content, the residual mass after PCM
degradation (mgegpcy) was evaluated: It corresponds to the
residual mass at 200°C for PT-impregnated samples and to
the residual mass at 500°C for impregnated samples.

Differential scanning calorimetry (DSC) of neat and
stabilized PCMs was performed with a Mettler DSC30
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FIGURE 1
after pyrolysis; (B) SiOC aerogel before and after pyrolysis

calorimeter (Mettler Toledo, Inc., Columbus, OH, USA).
Samples of neat PCMs and PCM-impregnated aerogels
of ~5 mg were subjected to a heating-cooling-heating
cycle at 1°C min~!, under an N, flow of 100 ml min~'.
The investigated temperature interval was —30/30°C for
the samples containing PEG and —5/30°C for the sam-
ples containing PureTemp 23. One specimen was tested
for each sample. This test allowed the measurement of the
melting and crystallization temperatures (7}, T..) and spe-
cific melting/crystallization enthalpy values (AH,,, AH,).
An estimation of the crystallized PCM weight fraction in
the aerogels was calculated by dividing the phase change
enthalpy of the impregnated aerogel by that of the neat
PCM. By comparing this result with that of TGA and leak-
ing tests, it was possible to assess whether a certain fraction
of PCM did not crystallize due to the confinement in the
aerogels mesopores.

3 | RESULTS AND DISCUSSION

3.1 | Characterization of neat aerogels

The SSA and the pore size distribution of the ceramic
aerogels were measured by recording N, physisorption
isotherms (Figure 1). The isotherm shapes give informa-
tion about the type of a sorbent analyte. In particular, the
IUPAC classification defines the presented curves as Type
IV isotherms, typical of mesoporous sorbents (pore diam-
eter in 2-50 nm range®). Even though SiOC and SiC/C
curves might seem to have a Type II characteristic, which
is relative to macroporous sorbents, an inflection point
near the saturation pressure (P/P, ~ 1, especially visi-
ble in SiOC-800) identifies the mesoporous characteristic.
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TABLE 2
specific surface areas (SSAs) and pore volumes, and skeletal

Summary of nitrogen physisorption resulting

densities of ceramic aerogels obtained through He pycnometry

SSA (m’g™) V,(cm*g™) p,(gem™)

SiC/C preceramic 837 1.87 -
SiOC preceramic 427 1.47 -
SiC/C-800 325 1.21 1.82 + .01
SiOC-800 248 .67 1.77 £ .01

More properly, these aerogels can be defined as hierarchi-
cally porous sorbents, as suggested by SEM micrographs
in Figure 2, where pores with diameters of hundreds of
nanometers are visible. Such conclusion can be outlined
from the H1-type hysteresis loops between adsorption and
desorption branches at high P/P,, which are not com-
pletely vertical, meaning that the capillary condensation
of N, occurs over pores with a wide size distribution.*
As a matter of fact, the insets in Figure 1A,B show that
in all aerogels, the pore volume increases starting from
2 nm to reach the detectable maximum over 100 nm.
Table 2 summarizes N, physisorption results and shows
that SiC/C-800 aerogels possess higher SSA and meso-
pore volume with respect to SiOC ones. Finally, both kinds
of ceramic aerogels are characterized by a colloidal mor-
phology, where primary colloidal particles seem smaller in
SiOC-800 with respect to those of SiC/C-800.

Despite the compositional difference between the two
ceramics, skeletal densities (Table 2) fall in the 1.77-
1.82 g cm™ range. Such values result smaller than those
of silicon carbide (3.21 g cm™3, in Ref. [37]), silicon oxy-
carbide (2.22 g cm ™ at 1100°C, in Ref. [38]), and even sp?
graphitic carbon (2.27 gcm™3, in Ref. [39]), underlying that
at the nanoscale, these aerogels present a high free volume
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Field-emission scanning electron microscope (FE-SEM) micrographs of ceramic aerogels: (A) SiC/C-800; (B) SiOC-800

FIGURE 3 FT-IR spectra of neat and
stabilized phase change materials (PCMs)
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of the amorphous structure, which at 800°C is still pre-
served. Similar results have been reported for SiOC glasses
with significant fractions of free carbon.*’

3.2 | Impregnation with PCMs

After impregnation, stabilized PCMs were characterized
by means of FT-IR spectroscopy to detect any possible
interaction between ceramic aerogels and heat storage
media. In particular, we report the spectra relative to
vacuum impregnated specimens. The rationale behind
this selection lies in the fact that we expect the smallest
aerogels pores to be impregnated more easily in vacuum
rather than in ambient conditions, and interfacial inter-
actions preferably occur in cavities provided with high
surface-to-volume ratio. Acquired infrared spectra are
reported in Figure 3. As can be easily observed, composite

I \ | —T . |
3000 2500 2000 1500 1000 500

Wavenumber (cm™)

specimens present the same vibrational peaks of the
neat PCMs without any signal of additional bonds. Only
SiOC-800-PT shows a wide signal centered at 1100 cm™,
which can be attributed to Si-O bond vibrations of the
ceramic skeleton. PureTemp 23 presents absorbance
signals of ~OH groups at 3320 cm™!, and H-Csp® at 2960,
2920, and 2857 cm™!, respectively. At lower wavenumbers,
namely, at 1464 and 1377 cm~!, C-H bending signals can
be observed. Peaks at 1128 and 1056 cm™~! can be attributed
to C-O stretching vibrations in secondary and primary
alcohols, respectively. The weak signal at 720 cm™' is
relative to the out-of-plane rocking of C-H bonds. As we
already reported,* PureTemp 23 seems to be composed of
a blend of alcohols, where 1-dodecanol has a predominant
fraction.*” Similarly, polyethylene glycol presents a broad
O-H signal centered at 3400 cm™!, sp*-hybridized carbon
signals in the 2980-2815 and 1500-750 cm ™! ranges. C-OH
bond stretching can be found at 1297, 1250, and 1190 cm ™,
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FIGURE 4 X-ay diffraction (XRD) patterns of neat (A, D) and
stabilized (B, C, E, F) phase change materials (PCMs)
(vacuum-impregnated samples)

whereas the peaks at lower wavenumbers are attributed to
C-C and C-0O bonds.** As Si-O-Si (1090 cm™!) and Si-C
(770 cm™!) bond contributions to the overall absorption
of the infrared beam are negligible with respect to those
of PCMs, we do not report any assignment to ceramic
bonds.** In conclusion, no chemical interaction with the
aerogels can be alleged from these spectra.

XRD patterns of vacuum impregnated aerogels were
acquired to look for any -crystallographic difference
between neat and confined crystallized PCMs. As a mat-
ter of fact, it is known that the confinement of polymers
in small pores might favor the crystallization of metastable
phases at room temperature.*> From a thermodynamical
point of view, this typically affects the thermal perfor-
mances of the PCM, owing to the fact that the enthalpy of
fusion is reduced.

Figure 4 reports powder diffraction data collected on sta-
bilized PEG and PureTemp 23 when vacuum impregnation
is used.

The XRD pattern collected on neat PEG (i) shows the
typical features of a semicrystalline compound, with two
sharp Bragg peaks at 19.5° and 23.5° as well as a diffuse
signal with two broad maxima located at about 23° and

40°, arising from the amorphous fraction of the material.
Data collected on the two impregnated aerogels (ii) and
(iii) clearly show still the presence of the two character-
istic PEG diffraction peaks, whereas the diffuse part of
the pattern also accounts for the scattering of the amor-
phous aerogels, with another broad peak shoulder that is
located at about 20° for both compounds. In the absence of
a crystallographic model, no sophisticated microstructural
modeling can be performed (e.g., by means of the Rietveld
method); however, assuming an isotropic crystallite shape
and the absence of lattice strain, an approximate crystallite
size estimation can be obtained applying the semiempir-
ical Williamson-Hall method. In this case, an average
volume-weighted crystallite size of 59, 31, and 28 nm is
obtained for neat PEG, PEG-SiC, and PEG-SiOC compos-
ites, respectively, suggesting a loss of crystalline ordering
when the PCM crystallizes in the aerogels matrix.

A similar behavior is observed with the PureTemp 23
composites. The pattern collected on pure crystalline 1-
dodecanol (iv) exhibits two main diffraction peaks at 20
=25° and 28.4°, along with secondary reflections located at
12.4°,15.0°, and in the 30°—45° region. Again, the patterns
of the two composites (v) and (vi) show still the pres-
ence of the two major PT Bragg reflections, along with the
diffuse signal arising from the amorphous aerogels; addi-
tional minor Bragg reflections from PT are clearly missing,
probably due to the loss of long-range (low angle peaks)
and short-range (high angle peaks) crystalline ordering.
Average crystallite sizes calculated for PureTemp 23 are
82, 42, and 62 nm for neat PT, PT-SiC, and PT-SiOC
respectively, additionally pointing to a decrease in crys-
tallinity for confined crystallized PCMs. To conclude, it
can be reasonably assumed that in both cases, no signifi-
cant modification from the crystallographic point of view
(e.g., due to polymorph crystallization) takes place, and
only microstructural changes are in effect.

Leaking tests were performed to evaluate which com-
bination of PCM type (PEG or PT), aerogel type (SiC/C
or SiOC), and impregnation method (vacuum or environ-
mental) yielded a higher retained PCM mass fraction. The
results are shown in Figure 5A,B. From the curves obtained
for vacuum-impregnated samples (Figure 5A), it is evident
that the PCM leakage is very limited for both PEG and
PT and occurs mainly in the first day, probably due to the
loss of excess PCM from the sample surface. The aerogel
type that is able to absorb the highest quantity of both
PCMs is SiC/C, for which the final PCM weight fractions
are 84.4 wt% for PEG and 75.1 wt% for PT. For both aero-
gels, PEG seems to be the one with the higher affinity and
therefore absorbed in higher amounts.

The impregnation under environmental conditions
(Figure 5B) leads to similar results of vacuum impreg-
nation in the case of PEG and PT. In particular, the
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FIGURE 5 Results of the leaking tests at 40°C: (A) vacuum-impregnated samples; (B) environment-impregnated samples

SiC/C-800-PT (E) sample has a residual PCM content at
the end of the test equal to 79.1 wt%, whereas the SiC/C-
800-PT (V) has a content of 73.1 wt%. It can also be
observed that the PCM loss in the case of environmental
impregnation seems more limited with respect to vacuum
impregnation. Also in this case, it can be verified that the
SiC/C matrix absorbs higher amounts of PCM compared
to SiOC and that PEG is absorbed in larger quantities with
respect to PT. Possibly, such differences arise from two
aspects: First, SiC/C aerogels possess a higher porosity,
thus being able to retain higher fractions of PCMs with
respect to SiOC. Second, it is clear that PEG penetrates
more easily than PT in the aerogels matrices, thus suggest-
ing that it has a lower surface tension at the impregnation
temperature of 40°C. Unfortunately, no data on these phys-
ical properties of PureTemp 23 are available to support this
assumption.

TGA was performed to understand the thermal degra-
dation resistance of the impregnated samples, to ver-
ify the effect of the matrix on the degradation of the
absorbed PCM, and to determine the effective PCM con-
tent in each sample. The residual mass and derivative
curves of environment-impregnated samples are shown in
Figure 6A,B, whereas the most important results are listed
in Table 3. The curves of vacuum-impregnated samples are
not shown for the sake of brevity.

The degradation of neat PEG (Figure 6A) occurs in a
singles step: It starts at ~316°C (Ts;) and reaches the
maximum speed at 408°C (Teqi). Impregnated samples
containing PEG show an initial limited weight loss in
the temperature range 100-200°C, which leads to a pro-
gressive decrease of their Tsq values. This behavior may
be related to absorbed moisture, but further analysis is
needed to clarify this point. After this limited initial weight
loss, impregnated samples show the degradation of PEG

TABLE 3 Results of thermogravimetric analysis (TGA) tests on
neat phase change materials (PCMs) and on the impregnated
samples

Tsq, Tpeax Mgegpcm
Sample “C) C) (Wt%)
PEG 316 408 1.6
SiC/C-800-PEG (E) 218 366 19.5
SiC/C-800-PEG (V) 126 368 20.5
SiOC-800-PEG (E) 248 374 26.5
SiOC-800-PEG (V) 253 360 28.9
PureTemp_23 120 179 0.0
SiC/C-800-PT (E) 105 147 26.5
SiC/C-800-PT (V) 115 164 28.8
SiOC-800-PT (E) 123 159 36.5
SiOC-800-PT (V) 112 153 352

Note: Tsy, is the temperature corresponding to a weight loss of 5 wt%; Tpeq is the
temperature corresponding to the peak of the derivative curve); mgegpcy is the
residual mass after degradation of PT (200°C) and PEG (500°C), respectively.

occurring at ~360-370°C, as it is possible to observe from
the derivative curves shown in Figure 6B. Compared to
neat PEG, the degradation observed in the impregnated
samples starts at lower temperatures and covers a broad
temperature range. This behavior may be related to the
surface contact with the aerogel walls, the presence of
which is expected to increase the solid thermal conduc-
tivity of the composite compared to that of the neat PCM.
For the PT-containing samples, the degradation of neat PT
occurs very rapidly in a single step, starting at approxi-
mately 120°C (Tsq) and reaching the maximum speed at
178°C (Tpear)- Differently from PEG-containing samples,
PT-impregnated samples show very similar degradation
curves as neat PT, with comparable values of Ts4 and
Tpeak- Such difference between the two stabilized PCMs
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FIGURE 6 Residual mass curves from N, thermogravimetric analysis (TGA) tests: (A) neat phase change materials (PCMs) and samples

impregnated under atmospheric pressure; (B) derivatives curves of the TGA curves reported in (A)

should be clarified as it suggests that the thermal stability
of PEG is somehow affected by the presence of the ceramic
component.

Focusing on the aerogel type, it can be observed that
the use of SiOC or SiC/C aerogels does not substan-
tially influence the thermal degradation behavior of the
samples. On the other hand, the higher degradation tem-
perature of PEG-impregnated samples may allow the use
of these samples for particular applications where the use
of other PCMs, like PT or paraffin, is not possible due to
their lower temperature resistance.*® The residual mass
values at 200 and 500°C allow the evaluation of the effec-
tive PCM content of PT- and PEG-impregnated samples,
respectively.

DSC tests were performed to measure the TES perfor-
mance of the prepared composites and to highlight any
difference between the two PCMs and the two aerogels in
terms of the extent and the temperature interval of latent
heat storage. Figure 7 shows the DSC thermograms of the
neat PCMs and the impregnated aerogels, whereas Table 4
collects the main DSC results, that is, the phase change
temperatures and enthalpy values.

Neat PEG presents an endothermic melting peak
between 0 and 15°C and a corresponding exothermic peak
between 10 and —5°C, associated with a latent heat of
approximately 140 J g~!. Similarly, neat PureTemp 23
shows an endothermic melting peak between 15 and 25°C
and a corresponding exothermic peak between 15 and 5°C,
with a latent heat of ~218 J g~'. The same transitions
can be also observed in all the PCM-impregnated aero-
gels. Here, the melting phenomenon is slightly anticipated
and the crystallization phenomenon slightly delayed com-
pared to neat PCMs, as observable from the small but

TABLE 4 Main results of the DSC tests (second heating scan
and cooling scan) on neat phase change materials (PCMs) and
impregnated aerogels

T,, AH,, T, AH,
Sample (°C) @ghH (O ag™h
PEG 16.9 141.0 6.8 134.5
SiC/C-800-PEG (E) 14.6 110.8 7.7 102.4
SiC/C-800-PEG (V) 14.1 113.8 7.3 107.5
SiOC-800-PEG (E)  14.4 85.5 7.6 76.0
SiOC-800-PEG (V)  14.2 76.8 5.7 76.3
PureTemp_23 22 217.6 141 218.4
SiC/C-800-PT (E)  20.7 141.7 10.6 137.2
SiC/C-800-PT (V)  20.2 141.5 9.6 1345
SiOC-800-PT (E)  19.9 119.6 10.1 115.0
SiOC-800-PT (V)  19.7 124.7 9.6 115.3

Note: T,,, AH,, is the melting temperature and enthalpy, second heating scan;
T, AH, is the crystallization temperature and enthalpy.

significant differences in the phase change peak temper-
atures (Table 4), and especially in the cooling scan of the
PureTemp 23-containing aerogels (Figure 7D). This sug-
gests that the nucleation of PCM crystals from the melt is
hindered by the confinement in the small aerogel pores,
so that smaller crystallites are formed, thus favoring the
subsequent melting phenomenon due to the larger frac-
tion of grain boundaries. This finding, supported by the
XRD results, has been reported for other PCMs confined
in mesopores.*>*’ However, the operating temperature
ranges in which the composites can effectively store and
release heat are not significantly different from those of
the neat PCMs. Moreover, the impregnation method (E or
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FIGURE 7
D) cooling scan

V) and the aerogel type do not affect this phenomenon
substantially.

For the latent heat values that express the TES perfor-
mance of the samples, the larger phase change enthalpy
of PureTemp 23 compared to PEG accounts for the
higher TES performance of the PureTemp 23-containing
composites. Moreover, the composites based on SiC/C
aerogels always show a higher phase change enthalpy
compared to those based on SiOC, because the larger
SSA and pore volume (Table 2) allow for the accommo-
dation of a larger PCM fraction, regardless of the PCM
type.

These findings are in good agreement with the results
of TGA and leaking test, through which a weight fraction
of PCM was determined. The results of this evaluation are
reported in Figure 8, which shows the PCM content (wt%)
evaluated in three ways, that is, by the simple mass dif-
ference after the leaking test, by the mass loss in TGA
due to PCM degradation, and the normalization of the
phase change enthalpy of the composites by that of the
neat PCMs measured in DSC. If the data from the leak-
ing test and TGA agree with each other, the PCM content
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DSC thermograms of neat phase change materials (PCMs) and impregnated aerogels (A and B) second heating scan; (C and

measured through DSC is generally underestimated. This
phenomenon, especially evident for SiOC-based compos-
ites and for the PT-containing aerogels, implies that the
crystallization of the PCMs is hindered by the confine-
ment in small pore volumes of the surrounding aerogel,
which results in a lower phase change enthalpy. This is
in good agreement with the findings on the phase change
temperatures. It is possible to hypothesize that this behav-
ior is related to interactions between the PCM and the
aerogel. In a previous work, the PCM content of aerogel
samples impregnated with paraffin was almost identical if
measured with DSC and leaking tests.*® Similarly to this
work, authors observed that pomelo peel samples impreg-
nated with PT were characterized by lower PCM content if
measured with DSC with respect to leaking tests.*! Nev-
ertheless, the heat storage/release capacity reached with
these composites is quite interesting for TES applications.
The highest TES performance is reached in the sample
SiC/C-800-PT, exhibiting a melting enthalpy that reaches
141 J g%, comparable with that reached in a previous
work with the same PCM embedded in porous biogenic
structures.*!
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4 | CONCLUSIONS

Polymer-derived SiC and SiOC ceramic aerogels were syn-
thesized and impregnated with two biopolymers, namely,
polyethylene glycol and PureTemp 23 under vacuum and
ambient pressure conditions. The thermal performances
of the shape-stabilized PCMs were estimated via leak-
ing tests, thermogravimetry, and DSC measurements. The
outcomes of such analyses provide an insight in the opti-
mal retaining capabilities of mesoporous aerogels, even
when the weight fraction of the organic PCMs exceeds
84 wt%. Although no chemical interaction between the
skeleton materials and the PCMs was clearly revealed,
XRD and DSC results suggest that the crystallization
behavior of the confined compounds is not optimal: Crys-
tallites resulted smaller than those of neat PCMs and the
melting/crystallization curves shifted to a lower temper-
ature range, indicating early melting phenomena. In this
frame, it is possible to consider SiC/C aerogels as the most
promising ones for room temperature TES applications.
As a matter of fact, a maximum enthalpy of fusion of
141.7 J g~! was achieved with PureTemp 23, and a TES
efficiency of 80.7% was reached by employing polyethy-
lene glycol (calculated from DSC melting enthalpy ratio
with neat PEG). Besides, ambient pressure impregnation

was demonstrated to be competitive with vacuum impreg-
nation, showing the manageability of these materials. In
conclusion, this work provides preliminary results of suc-
cessful use of ceramic aerogels to confine PCMs for room
temperature TES.
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