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olithic shape-stabilized phase
change materials with high mechanical stability via
a porogen-assisted in situ sol–gel process†

Felix Marske, a Juliana Martins de Souza e Silva, b Ralf B. Wehrspohn, b

Thomas Hahna and Dirk Enkec

The confinement of phase change materials (PCMs) in construction materials has recently solved leakage,

supercooling and low thermal conductivity problems in the industrial use of PCMs as monolithic thermal

energy storage materials. To produce shape-stabilized PCMs (ss-PCMs) as crack-free monoliths, less

than 15–30% v/v pure or encapsulated PCMs can be used in construction materials. Therefore, the heat

storage capacity of these monolithic ss-PCM boards is comparatively low. In this study, we synthesized

a novel class of monolithic ss-PCM boards with high compressive strength of 0.7 MPa at 30 �C (1.2 MPa

at 10 �C), high PCM loadings of 86 wt%, and latent heats in the range of 100 J g�1 via a porogen-assisted

in situ sol–gel process. We confined butyl stearate (BS) as PCM in a core-shell-like silica matrix via

stabilized silica sol as silica source, sodium dodecyl sulfate as surfactant and poly(vinyl alcohol) as co-

polymer. The ss-PCMs obtained are hydrophobic, thermally stable up to 320 �C and perform 6000 state

transitions from solid to liquid and vice versa, without losing melting or freezing enthalpies. We analyzed

the silica structure in the ss-PCMs to understand in detail the reasons for the high mechanical stability.

The silica structure in ss-PCMs consists of spherical meso- and macropores up to 10 000 nm filled with

PCM, formed mostly by BS droplets in water as templates during gelation. With an increasing BS amount

in the synthesis of ss-PCMs, the total nanopore volume filled with PCM in ss-PCMs increases, resulting in

higher compressive strengths up to 500% and thermal conductivities up to 60%.
1. Introduction

The worldwide primary energy demand is one of the greatest
current problems of humanity. Since 1970, energy consumption
and greenhouse emissions have increased by over 100%.1 Fossil
fuels still produce nearly 85% of the worldwide energy, even
though they are nite and have tremendous environmental
impact.2 Therefore, the development of renewable energy
sources and energy storage materials is imperative.3

Thermal energy storage (TES) is an example of a promising
energy storage concept, because it can store large amounts of
energy as heat. It is typically divided into three groups: sensible
heat storage (SHS), thermochemical heat storage (TCS) and
latent heat storage (LHS).4

Most materials can store thermal energy in the form of
sensible heat and the amount of stored energy depends on the
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specic heat capacity, mass and temperature change of the
material.5 Sensible heat storage materials (SHS) have as major
problems low energy densities and the sudden loss of energy to
the environment at a temperature change. Thermochemical
heat storage (TCS) materials are relatively novel and solely
tested on a laboratory scale. They can store and release energy
by reversible chemical reactions and show the highest energy
density of all types of thermal energy storage materials.6

However, they present major disadvantages, such as slow heat
and mass transfer from and to the storage volume, high
investment costs, and complex reactor design that limits their
application. In contrast, latent heat storage materials (LHS),
also called phase change materials (PCMs), can store 5–14 times
more heat per unit volume than sensible heat storage materials
through a phase change at a nearly constant temperature.7

Moreover, they can conserve energy over a certain temperature
for a long period and are used for a broad range of applications
like energy-saving buildings,8 photovoltaics,9 textiles,10 and even
solar cookers.11 Therefore, these materials full the require-
ments for an adequate thermal energy storage material best.12

Their application, however, is limited by some drawbacks
that are only partially under control.13 On one hand, inorganic
PCMs, such as salts and hydrated salts, have excellent values of
heat per unit volume, a suitable temperature range for the most
This journal is © The Royal Society of Chemistry 2020
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promising applications in energy-saving buildings14 and
concentrated solar power systems,15 besides good thermal
conductivities. On the other hand, they suffer from super-
cooling and phase segregation.16 It should be mentioned that
the solid–liquid phase change of salt hydrates occurs through
a dehydration/hydration process, which is thermodynamically
similar to the change of the aggregate state from solid to liquid.
If the corresponding dehydrated salt is not completely soluble
in its water of hydration, phase segregation occurs through
incongruent melting. This leads to a decreased latent heat or, in
the worst case, to a total loss of latent heat of the PCM aer
a few hydration/dehydration cycles.17 Some attempts to control
supercooling by the addition of suitable nucleating agents are
described in the literature,18,19 but the problem of phase segre-
gation remains unsolved, and even various encapsulation
techniques have not led to a solution.20

In contrast, organic PCMs, like paraffins and non-paraffins
(n-alkanes, fatty acids, alcohols, polyethylene glycols), do not
suffer from phase segregation or high supercooling effects, but
are moderately ammable and have low thermal conductivities.
Several studies attempted to address these two drawbacks of
organic PCMs21 by the addition of 5–10 wt% of expanded
graphite to the PCM, which results in an enhancement of the
thermal conductivity of about 50–300%.8,22 The use of 2 wt%
graphite in form of nanosheets can further increase the thermal
conductivity of solid paraffins in a hybrid shell structure to 1 W
m�1 K�1.23 To reduce the ammability of PCMs, melamine,24

tetrabromobisphenol-A25 and diethyl ethylphosphonate26 can be
added. These components build a physical protective barrier
around the PCM during combustion and limit the transfer of
ammable molecules to the gas phase.

Generally, the leakage of liquid PCMs from construction
materials must be prevented through the incorporation of the
PCM in a suitable container, which can be a porous matrix or
a core–shell structure. In recent years, the research focus shied
to micro- and nanoencapsulation of PCMs to produce core–
shell PCMs (cs-PCMs), in which the core is composed by the
PCM that is covered by a shell of an inorganic or organic poly-
mer, forming particles of diameter in the micro- or nanoscale.27

The encapsulation method has several advantages, such as an
increased heat transfer area, high encapsulation ratios of PCMs,
less supercooling effects and a convenient handling for the later
incorporation in construction materials like plaster, concrete or
gypsum.28 The most prominent example for cs-PCMs is Micro-
nal PCM (Microtek Laboratories, formerly by BASF). This cs-
PCM consists of a paraffin core that is surrounded by a poly-
acrylate shell and has latent heats in the range of 100 J g�1.

However, the application of cs-PCMs like Micronal DS 5040 X
is limited by the amount that can be later incorporated into
construction materials to form monolithic shape-stabilized
PCMs (ss-PCMs), which is 15% v/v for cementitious systems
and 30% v/v for plaster-based systems.29 Moreover, the direct
mixing of cs-PCMs or pure PCMs with construction materials,
like concrete, leads to a drastic loss of the overall mechanical
stability. As described by Hunger et al.,30 the compressive
strength of concrete decreased from 74 MPa to 21 MPa by the
This journal is © The Royal Society of Chemistry 2020
addition of 5 wt% Micronal DS 5008 X. Similar results were
already reported in the literature.31,32

Here, we report the synthesis of a novel class of monolithic
shape-stabilized PCM boards that conned organic PCMs into
nanopores, thus, allowing the addition of highmass fractions of
PCMs by maintaining a high mechanical stability. To the best of
our knowledge, studies to synthesize monolithic ss-PCMs in the
literature failed mostly because of PCM leakage, loss of form-
stability, or a low compressive strength.33,34 We have chosen
butyl stearate (BS) as prototype for organic PCMs because of its
superior properties, such as congruently melting and freezing,
good thermal and chemical stabilities and non-toxicity,35 and
immobilized it in a silica matrix via a novel in situ sol–gel
process, which is assisted by a surfactant and an organic co-
polymer. Stabilized silica sol was used as inexpensive silica
source, cheaper than typically used precursors, like tetraethyl
ortho-silicate.36 In contrast to methods like mini-emulsion
polymerization, in situ sol–gel is an inexpensive one-pot
synthesis and can be easily up scaled in a discontinuous
batch reactor.37,38

2. Experimental
2.1. Materials

Köstrosol 0730 was used as stabilized silica sol (30 wt% colloidal
silica particles in water, 7 nm average particle diameter) and
provided by Chemiewerk Bad Köstritz, Germany. Butyl stearate
(technical grade product) was obtained by Alfa Aesar. Sodium
dodecyl sulfate (SDS, $99.0% GC, dust-free pellets) and poly(-
vinyl alcohol) (PVA, 88% hydrolyzed, average MW 22 000) were
purchased from Sigma-Aldrich and ACROS Organics, respec-
tively. Deionized water was used for all experiments.

2.2. Preparation of monolithic ss-PCMs

The synthesis was carried out in polypropylene beakers. First,
poly(vinyl alcohol) (PVA) was dissolved in water and heated to
60 �C for 3 h. Then, sodium dodecyl sulfate (SDS) and butyl
stearate (BS) were added to the PVA solution, heated to 50 �C
and le at this temperature for at least 6 h. The suspension was
stirred with a magnetic stirrer for 15 min at 700 rpm and 25 �C.
The stabilized silica sol was added dropwise to the suspension
to start the sol–gel process and stirred for another 15 min at
700 rpm and 25 �C. Aerwards, the magnetic stirrer was
removed, the beaker containing the reaction mixture was closed
and heated to 40 �C for 2–3 days. The wet composite gel was
dried at ambient pressure rst at 40 �C for 4 days and then at
100 �C for 20 h. The synthetic route and synthesized ss-PCM
monoliths are shown in Fig. 1 and Movies S1 and S2.†

2.3. Characterization of the ss-PCM

The thermal and long-term performance of the ss-PCMs were
characterized by DSC scans on an 822e calorimeter by MET-
TLER TOLEDO with a heating rate of 1 �C min�1 as standard
and 2 �C min�1 for the thermal cycling experiments in the DSC.
The measurements were run from �20 �C to 60 �C under air
atmosphere. The holding times at �20 �C and 60 �C were set to
RSC Adv., 2020, 10, 3072–3083 | 3073
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Fig. 1 Schematic synthesis of monolithic ss-PCM with different sizes via in situ sol–gel.
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10 min. Every sample was measured at least ve times with the
results being used to calculate the mean values for supercooling
and latent heat. Differential thermal analysis and thermog-
ravimetry (DTA/TG) were performed on a STA 409 C/CD thermal
analyser by Netzsch to evaluate the thermal stability of the ss-
PCMs.

An amount of approximately 100 mg of the ss-PCMs and the
pure PCM were heated-up from room temperature to 700 �C
with a heating rate of 10 �C min�1 and 1 �C min�1 under air
atmosphere.

The connectivity of the silica phase was analysed via High
Power Decoupling (HPDEC) Magic Angle Spinning (MAS) 29Si
NMR on a Bruker DRX-400 WB NMR spectrometer (Bruker
Biospin, Karlsruhe, Germany) equipped with a 4 mm double-
resonance MAS probe maintained at 10 �C by a temperature
control unit. All spectra were recorded at a Larmor frequency of
79.49 MHz, acquired at a spinning speed of 12 kHz and a recycle
delay of 40 s, and referenced externally to tetramethylsilane
(TMS). For the measurements, the samples were scanned 256
times at a radio-frequency eld strength of 42 kHz as a p/2 pulse
during an acquisition time of 25 ms.

To analyze the mechanical properties of the ss-PCMs, ve
samples were synthesized with the same chemical composition
and their compressive strength was tested on a TBH355 hard-
ness tester by ERWEKA to calculate a mean value. The ve
measurements were performed at 10 �C and 30 �C for the
compressive strength of the solid and liquid PCM in the solid
ss-PCM. The hydrophobicity of the ss-PCMs was characterized
by contact angle measurements with water on an OAC 15EC
drop shape analyzer by DataPhysics. A Seven Easy pH electrode
by METTLER TOLEDO was used to measure the pH value of the
solution at room temperature.

The macroporosity of the ss-PCMs and silica matrix were
analyzed by mercury (Hg) intrusion measurements on
3074 | RSC Adv., 2020, 10, 3072–3083
Pascal140 (400 kPa) and Pascal440 (400 MPa) instruments
(Porotec). An amount of approximately 80–100 mg of the
samples was used for each measurement. The micro- and
mesopore structures of the silica phase in ss-PCMs were char-
acterized by nitrogen sorption measurements at �196 �C using
a Sorptomatic 1990 surface area analyzer (Porotec). An amount
of approximately 100–150 mg of each sample was analysed
before and aer the calcination of the ss-PCM at 600 �C (10 h).
The specic surface area of the ss-PCM was calculated via the
Brunauer–Emmett–Teller (BET) method. The ss-PCMs were
imaged on a Leo Gemini 1530 Zeiss scanning electron micro-
scope. For the preparation, the samples were placed on
a conductive carbon tape. The secondary electrons were accel-
erated to a voltage of 10 kV during the measurement.

X-ray imaging experiments were performed in a Carl Zeiss
Xradia 810 Ultra (Cr X-ray source, 5.4 keV). Absorption-based
and phase-contrast imaging experiments were performed. For
the later, a Zernike phase-ring was positioned near the back
focal plane of the zone plate. In the imaging experiments, a total
of 901 projections with a eld-of-view (FOV) of 65� 65 mm2 were
obtained over 180�, with an exposure time of 30 s per projection,
a detector binning of 2 and the voxel size of 128 � 128 � 128
nm3 in the nal images. Image reconstruction was performed
by ltered back-projection algorithm using the soware inte-
grated into the Xradia 810 Ultra. Commercial soware Thermo
Scientic Avizo was used for image correction segmentation,
and 3D renderings presented here. Pore segmentation was done
aer separation of the main structure from the pores, applica-
tion of the “separate objects” module using the maximum
number of seeds for the watershed algorithm therefore applied.
Volumes used for the small pore calculations had a minimum
value of 0.14 mm3, corresponding approximately to a sphere
with about 2.5 voxels of radius. Results presented here were
This journal is © The Royal Society of Chemistry 2020
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obtained aer performing calculations over volumes of 325 �
325 � 325 voxels.

The thermal conductivity was measured with a Hot Disk TPS
1500 thermal analyzer by Hot Disk AB in sandwich-mode. First,
the monolithic sample was sawed through the middle. The
thermal sensor was then covered by the two pieces (sandwich-
mode) and measured the thermal conductivity ve times aer
30 minutes. The average value was calculated.
Fig. 2 Picture (a) and contact angle measurement of sample FS4 (b).
3. Results and discussion
3.1. Development of an in situ synthesis for monolithic ss-
PCMs

We aimed to synthesize ve different ss-PCMs, named here FS1
to FS5, via in situ sol–gel process by varying the amounts of butyl
stearate (BS), sodium dodecyl sulfate (SDS) and polyvinyl
alcohol (PVA) (Table 1). SDS and PVA were used to stabilize the
O/W-emulsion via creation of micelles and to increase the
viscosity of the reaction mixture. The quality of the obtained ss-
PCMs was characterized by form-stability and compressive
strength tests. The form-stability of ss-PCMs is typically char-
acterized by a simple PCM leakage test at higher temperatures.39

The PCM leakage (wt%) was calculated by the percentage mass
difference of the sample before and aer heat treatment for 24 h
at 100 �C.

For the samples FS1 and FS2, synthesized without SDS as
emulsier, the reaction mixture separates in a hydrophobic
butyl stearate phase and a hydrophilic water phase aer stir-
ring. Gelation of the stabilized silica sol is initiated with the
addition of at least 20 wt% BS to the reaction mixture, in
contrast to what is observed for the addition of tetraethyl
orthosilicate.38,40,41 To increase viscosity of the O/W-emulsion,
we have added PVA to the reaction mixture of FS1, forming
FS2 (Table 1). The subsequent gelation process is not only
accelerated, but can start even without the addition of BS,
because of a reduced pH value (9.6 to 9.0).

To enable the stabilization of BS in water and prevent the
phase separation observed for FS1 and FS2, we have added SDS
to the synthesis of FS3 and FS4. FS3 (without PVA) is form-stable
and no leakage of BS is observed at 100 �C. However, FS3 is not
monolithic and has a poor compressive strength of 2 kPa at
30 �C and 6 kPa at 10 �C.

In contrast, FS4 with PVA as co-polymer and SDS as surfac-
tant, is not only form-stable, but also monolithic and shows
higher values for compressive strength of ss-PCMs (0.7 MPa at
Table 1 Chemical compositions of ss-PCMs synthesized for the develop
(GP) and compressive strengths (s). For all compositions, 9 g of sol and 6
was varied from 0–20 g

Sample PVA (g) SDS (g) BS (g)

FS1 0.0 0.0 0–20.0
FS2 0.6 0.0 0–20.0
FS3 0.0 0.8 20.0
FS4 0.6 0.8 20.0
FS5 1.0 0.8 16.5

This journal is © The Royal Society of Chemistry 2020
30 �C, 1.2 MPa at 10 �C) with similar PCM mass fractions than
found in the current literature (mostly in the range of 10 kPa)
(Fig. 2(a)).42 Additionally, FS4 shows no macroscopic cracks
despite a high effective mass fraction Ma(PCM) of 83 wt%,
which was calculated by eqn (1) and (2).

MaðPCMÞDSC ¼ Ds
lHmðssPCMÞ
Ds

lHmðPCMÞ � 100 (1)

MaðPCMÞmass ¼
mssPCM �mAdditives

mssPCM

� 100 (2)

where Ma(PCM)DSC and Ma(PCM)mass are, respectively, the
effective mass fractions of PCM calculated via DSC and by
weight (mass), Ds

lHm(ssPCM) and Ds
lHm(PCM) are the melting

enthalpies of ss-PCM, and pure PCM and mssPCM and mAdditives

are the masses of ss-PCM and educts without water and PCM.
We are currently investigating the complex role of SDS and

PVA and expect, that SDS forms micelles around BS droplets
and stabilize them in gelation process, whereas PVA should
induce phase separations for pore channels necessary for
a break-free drying process of ss-PCM xerogels.

By varying the amount of BS (70–94 wt%) in the synthesis of
sample FS4, monolithic (FS470–FS486) and form-stable ss-PCMs
(FS470–FS494) were synthesized (Fig. 3). The compressive
strength increases for FS470 to FS478 and decreases for FS478 to
FS486 by increasing the BS amount used for the synthesis,
indicating that BS amounts lower than 78 wt% have a stabi-
lizing function in sol–gel process. However, they were not ana-
lysed further since compressive strength improved only
marginally compared to FS4 while lowering the BS amount.

In general, a high density of ss-PCM FS4 is desirable to store
more heat in a smaller volume of the silica matrix. Therefore, we
calculated the density of the sample by measuring the weight
and the dimensions of the cylindrical monolith FS4.
ment of monolithic ss-PCMs and their pH-values (pH), gelation points
.75 g of water were used. The BS amount of formulations FS1 and FS2

pH GP (h) s (MPa) at 10 �C/30 �C

9.6 — —
7.3 — —

10.5 33.0 0.006/0.002
9.2 29.0 1.2/0.7
8.9 7.0 0.8/0.5

RSC Adv., 2020, 10, 3072–3083 | 3075
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Fig. 3 Mechanical stabilities and PCM leakage (100 �C, 24 h) tests of
ss-PCMs FS470–FS494. The subscripts encode the amount of BS used
for the synthesis. The ss-PCMs are form-stable up to 94 wt% BS and
monolithic up to 86 wt% BS as PCM.
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The density of sample FS4 is 0.07 g cm�3 higher than the
density of pure butyl stearate (0.86 g cm�3). This is due to a high
shrinkage of FS4 as wet gel (approximately 35% v/v during
drying).

We analyzed the hydrophobicity of FS4 via contact angle
measurement with water (Fig. 2(b)), as an indication of the
weatherability of this ss-PCM. Weatherability is an important
factor for the use of ss-PCMs in construction applications. The
contact angle of 101� (>90�) indicates that FS4 is hydrophobic,
pointing to a good weatherability. In 29Si MAS NMR studies
(Fig. 4), the peaks observed for the silica matrix in FS4 shows
(Si–O)2Si(O–Si)2 species at �111 ppm (Q4) with the highest peak
intensity, followed by (Si–O)2Si(O–Si)(OH) species at �102 ppm
(Q3) and (Si–O)2Si(OH)2 species at �92 ppm (Q2) with much
lower peak intensities. Therefore, the complete silica phase is
condensed without free silica particles le in the ss-PCM, which
should be one reason for the high mechanical stability of FS4.
Fig. 4 29Si MAS NMR spectrum of ss-PCM FS4: 1 ¼ (Si–O)2Si(OH)2
(Q2); 2 ¼ (Si–O)2Si(O–Si)(OH) (Q3); 3 ¼ (Si–O)2Si(O–Si)2 (Q4).

3076 | RSC Adv., 2020, 10, 3072–3083
Additionally, the hydrophobicity of FS4 is based on the hydro-
phobic nature of butyl stearate without covalent Si–O–C- or Si–
C-bonds between silica and BS, PVA or SDS. The BS has only
weakly attractive interactions to the silica phase due to its ester
function. Thus, BS is not able to build Si–O–C- and Si–C-bonds
with the silica phase under the mild synthesis conditions in this
work (Fig. 4).
3.2. Thermal properties of ss-PCMs

The compressive strength of 0.7 MPa (30 �C), the monolithic
shape and the hydrophobic nature of FS4 makes this sample
a promising thermal energy storage board that does not need to
be incorporated into concrete like other cs-PCMs.29,30,32

However, PCMs oen suffer from supercooling effects and low
latent heats aer connement.7 For this reason, we compared
the freezing and melting enthalpies of BS (technical grade) and
the sample FS4 via DSC measurements (Fig. 5). The peaks
observed for BS below 10 �C occur due to impurities of the
technical product, with latent heats of approximately 20 J g�1.
The melting and freezing points of BS, respectively at 21.7 �C
and 17.6 �C, shi to lower temperatures aer its connement in
the porous silica matrix in case of sample FS4. Additionally, the
freezing point of FS4 decreases by 0.7 �C more than the melting
point, resulting in a slightly increased supercooling. According
to literature, supercooling of conned PCMs depends on
thermal conductivity, pore size of the silica matrix lled with
PCM and interactions between pore surface and PCM.43 Here,
FS4 has a higher thermal conductivity (0.22 W m�1 K�1, 30 �C)
than pure butyl stearate (0.12 W m�1 K�1, 30 �C), which should
accelerate the heat transfer of the sample FS4 during state
transition and shis the melting and freezing points to lower
temperatures. In contrast, the pore size effect (described via
Clapeyron equation)44 leads to an increased melting point,
because of the increased pressure in the ss-PCM structure
induced by capillary forces, and should occur in pore structures
with smaller micro- andmesopores. Finally, the hydrophobic BS
Fig. 5 DSC curves of butyl stearate and FS4.

This journal is © The Royal Society of Chemistry 2020
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can build just weakly attractive interactions with the silica
surface (Fig. 4), which should result in lower melting and
freezing points according to the literature.43,45,46 In this work,
the accelerated heat transfer and the weak attractive interac-
tions between silica surface and PCM should be the dominant
effects for the decreased freezing and melting points of FS4
(Fig. 5). Thus, we expect that the pore structure of the silica
phase in FS4 mainly consists of macropores.

The effective mass fraction of PCMMa(PCM) is an important
parameter to characterize the storage capacity of the silica
matrix and to calculate the efficiency E of the PCM connement.
The efficiency E measures the percentage of PCM (%) immobi-
lized in the dried xerogel aer synthesis. The effective mass
fractions Ma(PCM) and the connement efficiency E of FS4 were
calculated by weight (mass) and DSC using eqn (1)�(5).

MaðPCMÞmax ¼
mPCM

meducts �mH2O

� 100 (3)

EDSC ¼ MaðPCMÞDSC

MaðPCMÞmax

� 100 (4)

Emass ¼ MaðPCMÞmass

MaðPCMÞmax

� 100 (5)

where Ma(PCM)max is the highest possible value for the effective
mass fraction of PCM calculated by mass, meducts is the mass of
the complete educts, mH2O and mPCM are the masses of water
and BS, and EDSC and Emass are the connement efficiencies
calculated by DSC and mass.

Generally, effective mass fractions are calculated by melting
enthalpies of ss-PCM and pure PCM in literature (eqn (1)). If,
however, FS4 is measured at different parts of the sample via
DSC, the melting enthalpies and calculated effective mass
fractions vary: parts from the middle section of the sample vary
over a range of 80–87 wt%. From top to bottom sections, they
vary by approximately 13 wt% and from the sides the variation is
about 9 wt% (Fig. 6). Consequently, BS must be distributed
inhomogeneously in the xerogel structure and is accumulated
Fig. 6 Effective mass fractions of PCM from the mid, the side, the
bottom and the top of ss-PCM FS4 and the average value from DSC
ØMa(PCM)DSC compared to Ma(PCM)mass and Ma(PCM)max (eqn
(1)�(3)).

This journal is © The Royal Society of Chemistry 2020
mostly in the bottom part of the monolith FS4. For a more
accurate calculation of effective mass fractions, we weighed our
ss-PCMs and used the eqn (2) to calculate the effective mass
fraction Ma(PCM)mass. The value of Ma(PCM)mass differs by only
0.5 wt% from the average Ma(PCM)DSC of FS4 (ØMa(PCM)DSC)
(Fig. 6). To validate our data, we compared the value of
Ma(PCM)mass with Ma(PCM)max, which corresponds to the
maximal immobilized amount of PCM in ss-PCMs (eqn (3)).
Because both values are identical, the simple weighing seems to
be an appropriate method to determine the exact effective mass
fraction of PCM in ss-PCMs. Moreover, the identical values of
Ma(PCM)mass, Ma(PCM)DSC and Ma(PCM)max indicate a 100%
connement of PCM in FS4 (eqn (4) and 5). However, the ss-
PCM must be fully dried to calculate Ma(PCM)mass (eqn (2)).

In summary, the high latent heats and connement effi-
ciencies besides a low supercooling effect enables the
economically feasible use of FS4. However, the application
range of FS4 is limited to its thermal stability. For this reason,
we investigated the thermal stability of FS4 and pure BS by DTA/
TG (Fig. 7). A 4 wt% weight loss is observed for FS4 between
100–200 �C and should be related to the decomposition of SDS
and dehydration of PVA.47,48 The 80 wt% weight loss of FS4 at
320 �C should be related to the removal of BS. Pure BS evapo-
rates at 330 �C, and conned BS in the sample FS4 at 320 �C,
probably due to the higher thermal conductivity of FS4. At
higher temperatures, PVA and high-molecular degradation
products of BS completely decompose.48 Finally, only silica
(12 wt%) remains aer heating FS4 up to 700 �C.
3.3. Long-term performance of ss-PCMs

Encapsulated PCMs oen loose melting and freezing enthalpy
aer some state transitions, due to possible reactions with
matrix or capsule, which can be detrimental for future low
temperature applications.19,49 For this reason, we tested the
long-term performance of our ss-PCM via DSC in a thermal
cycling experiment (Fig. 8). Each state transition from solid to
liquid and vice versa was marked as one cycle. The amount of
PVA and BS of FS4 was changed slightly for this experiment to
shorten the gelation time from 29 to 7 h and increase the
Fig. 7 DTA/TG curves of FS4 and pure butyl stearate (heating rate:
10 �C min�1).

RSC Adv., 2020, 10, 3072–3083 | 3077
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Fig. 8 Long-term performance tests for sample FS5. The sample was
melted and freezed up to 6000 times (6000 cycles) via DSC
measurements with a heating rate of 2 �Cmin�1 to check for a possible
decrease of the phase change enthalpy and, thus, the durability of the
ss-PCM FS5.
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homogeneity of the PCM distribution in the ss-PCM by the
higher viscosity of the system during gelation. The corre-
sponding sample was named FS5 (Table 1) and was measured
over 6000 times via DSC (Fig. 8). The melting enthalpies of all
measurements remain similar to the value of the rst cycle, with
80.4 � 0.67 J g�1 (standard variation of the DSC device). The
sample FS5 has therefore no important decrease of melting or
freezing enthalpies even aer 6000 cycles. Thus, FS5 does not
react irreversibly with the chemical additives, such as PVA and
SDS, in the ss-PCM during state transition, which is in accor-
dance with the results of 29Si MAS NMR studies (Fig. 4). In the
current literature, ss-PCMs and cs-PCMs are usually tested for
no more than approximately 1500 cycles.49–51 For this reason,
sample FS5 has a very high long-term performance. This result
is relevant for the possible application of FS5 in building walls,
because the durability of a PCM is directly related to its long-
term performance.49,51 In the long-term performance test
(Fig. 8), each cycle corresponds to freezing in a cold night and
melting in a warm day in a composite wall. According to this
denition,51 the ss-PCM FS5 is stable over 16 years in building
walls. In several studies, building walls impregnated with
approximately 30 wt% organic PCM and a thickness of 10–
20mm could lead to 2–3 GJ year�1 energy-saving, resulting in an
amortization period of 9–18 years.52 Because FS5 has 79 wt%
PCM, we expect a much shorter amortization period of FS5 as
energy-saving walls in buildings.
3.4. Silica structure in ss-PCMs

Our ss-PCMs FS4 and FS5 show superior characteristics for
application as thermal energy storage board in buildings, such
as higher mechanical stabilities (1–2 MPa), long-term perfor-
mances (stable over 6000 thermal cycles) and higher thermal
conductivities (83% higher than BS) than ss-PCMs reported in
the current literature.49,53,54
3078 | RSC Adv., 2020, 10, 3072–3083
To understand the better performance of these samples, we
rst analysed the structure of the silica phase in ve ss-PCMs
prepared according to the synthesis of FS5, with a BS amount
of 10.0 g (FS5100) to 20.0 g (FS5200) (Table 2 and Fig. 9). Then, we
compared the silica structures of FS5200 with the silica structure
of sample FS4 to investigate the inuence of the PVA amount
used for the synthesis (Table 1). We calcined also FS5100–FS5200
and FS4 at 600 �C for 6 h (FS5c100–FS5c200 and FS4c) to be able to
distinguish the silica pores lled with air from the silica pores
lled with PCM. No remaining organic substances were detec-
ted aer calcination by FTIR spectroscopy (Fig. S1†).

We analysed the mesopores only with nitrogen sorption (N2)
because the high pressure of Hg intrusion (#400 MPa) could
decompress BS and destroy silica structures in ss-PCMs. The
isotherms of FS5c100–FS5c200 are type IV isotherms with H1/H2
hysteresis, typical for mesoporous materials (Fig. 9(c)). Micro-
pores were not detected for FS5c100–FS5c200 by N2 sorption. The
mesopore volume of FS5100–FS5200 should be completely lled
with PCM because N2 sorption experiments show no N2 sorp-
tion. The BS amounts above 17.5 g increase the mesopore
volume slightly from 0.55 cm3 g�1 for samples FS5c175 to 0.66
cm3 g�1 for FS5c200, whereas the BS amount below 17.5 g does
not affect the mesopore volume of the ss-PCMs FS5c100–FS5c175.

When the total pore volumes are compared (Table 2), two
specic effects are observed. First, the total pore volumes of
FS5c100–FS5c150 are similar and around 5 cm3 g�1, even though
the BS amount used for the synthesis is increased. Second, the
total pore volume increases from 5.34 cm3 g�1 to 8.12 cm3 g�1

for FS5c150–FS5c200, indicating a change of the templates for the
pore structure during gelation. Pure and emulsied BS droplets
alongside water and air bubbles covered by SDS can act as
templates for the silica pore structure during gelation. The total
pore volume of FS5c100 (similar to FS5c125 and FS5c150) must be
caused by foam pores (air inclusions) with diameter above
10 000 nm (Fig. 9(C)). These “wormlike” pores of FS5100 and
FS5c100 (Fig. 9(C)) have total pore volumes of 0.54 cm3 g�1 and
1.8 cm3 g�1.

With an increasing amount of BS, the pore volume above
10 000 nm is decreased to nearly zero for samples FS5150 and
FS5c150 (Table 2). Moreover, the pore volume between 2000–
10 000 nm of FS5c150 increases by nearly 1.8 cm3 g�1, whereas
the pore volume between 2–2000 nm is nearly constant for
FS5c100–FS5c150 (2 cm3 g�1). For this reason, the pores between
2–2000 nm and 2000–10 000 nm must be formed by different
template types.

Because the interfacial tension of SDS micelles lled with oil
is quite lower than those lled with air,55 SDS micelles lled
with oil (BS) are smaller and require less workW to be formed in
emulsions, according to eqn (6).56

W ¼ gDA (6)

where g is the interfacial tension and DA is the increase of the
interfacial area.

At a constant SDS amount, the increasing BS amount from
FS5100 to FS5150 leads to more oil phase during gelation, that
requires less work to be covered by SDS molecules than air
This journal is © The Royal Society of Chemistry 2020
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Table 2 Physicochemical propertiesa of samples FS4 and FS5100–FS5200, corresponding to the synthesis of FS5 with BS amounts from 10.0 g
(FS5100) to 20.0 g (FS5200), before and after calcination at 600 �C, named here FS4c and FS5c100–FS5c200

Sample Fb,c (%) Vtotal
b,c (cm3 g�1) Vmacro

b (cm3 g�1) Vmeso
c (cm3 g�1) Dmacro

b (nm) Dmeso
c (nm) Ameso

c (m2 g�1)
s

(MPa) at 10 �C/30 �C TD (�C)

FS5100 57 0.60 0.60 — 20 036 — — 0.3/0.1 200
FS5125 53 0.51 0.51 — 10 980 — — 0.5/0.3 209
FS5150 17 0.09 0.09 — 5863 — — 1.1/0.6 223
FS5175 10 0.05 0.05 — 14 334 — — 0.9/0.5 215
FS5200 5 0.02 0.02 — 235 — — 0.8/0.4 216
FS4 5 0.03 0.03 — 250 — — 1.2/0.7 216
FS5c100 92 5.35 4.81 0.54 4031 8 211 — —
FS5c125 93 5.67 5.10 0.57 4390 8 212 — —
FS5c150 92 5.34 4.78 0.56 2824 8 202 — —
FS5c175 94 6.64 6.09 0.55 1493 8 200 — —
FS5c200 95 8.12 7.46 0.66 1460 9 213 — —
FS4c 95 7.80 6.98 0.82 1007 8 181 — —

a Porosity F, total pore volume Vtotal, macropore volume Vmacro, mesopore volume Vmeso, mean macropore diameter/50% Dtotal, mean mesopore
diameter/50% Dmeso, mesopore surface area Ameso, compressive strength s and decomposition point of BS in ss-PCMs (heating rate:
1 �C min�1). b Calculated via mercury intrusion. c Calculated via nitrogen sorption.
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inclusions. Simultaneously, the amount of SDS molecules in
solution, which can form micelles with air (foam pores),
decreases. Finally, all SDS molecules cover BS droplets in
solution. This is the case for FS5150 without foam pores above
10 000 nm (Fig. 9 (150b)) and results in a decrease of the mean
macropore diameter from 4031 nm for FS5c100 to 2824 nm for
FS5c150. Because the pore volume between 2000–10 000 nm of
FS5c100–FS5c150 changed by adding BS (Fig. 9 (100Ca and
150Ca)), the pores must be formed by BS droplets covered by
SDS molecules. In SEM images, not only the pores between
2000–10 000 nm are spherical, but also the pores between 2–
2000 nm, indicating spherical template arrangement (Fig. 9
(100Cb and 150Cb)). These spherical templates should be the
reason for the increase in the total pore volume of FS5c150–
FS5c200 from 5.34 cm3 g�1 to 8.12 cm3 g�1. Because the pore
volume of pores between 2000–10 000 nm of samples FS5c150–
FS5c200 (2.6 cm3 g�1) is nearly constant, the spherical templates
should be pure BS droplets in water.

In general, the spherical pores from 2–10 000 nm are located
on pore bridges (Fig. 9 (100Cb–200Cb)). With a BS amount
above 15.0 g, the pore bridges start to fragment and loose
connectivity, resulting in a decrease of the overall mechanical
stability from 0.6 MPa for FS5150 to 0.4 MPa for FS5200 (Fig. 9
(150Cb and 200Cb)). Additionally, the compressive strength of
FS5100 is 0.5 MPa lower than FS5150 due to foam pores above
10 000 nm indicating the inuence of templates on the
mechanical stability of ss-PCMs.

For the TGA measurements of FS5100 to FS5200 (Table 2,
Fig. S8 and S9†), the heating rate was reduced from 10 �Cmin�1

to 1 �C min�1 for a higher sensitivity, resulting in lower
decomposition points for BS of 218 �C instead of 330 �C (Fig. 7
and S9†). The decomposition point of BS in sample FS5150 is
20 �C higher and 5 �C lower than for samples FS5100 and FS5200
due to the higher interconnectivity of silica particles in FS5150
(Table 2 and Fig. S8†). Thus, the interconnectivity of the silica
structure directly inuences the mechanical and thermal
stability of the ss-PCMs. The connement efficiencies EDSC and
This journal is © The Royal Society of Chemistry 2020
Emass (eqn (4) and (5)) for FS5100 to FS5200 are all nearly 100%,
indicating no inuence of the pore structure on the melting
enthalpies (Table S1†). The supercooling increases from 3.3 �C
for FS5100 to 5.3 �C for FS5200 because of the increasing mass of
the low thermal conductive BS (Table S1 and Fig. S10†). In
contrast to FS5c200, sample FS4c has a higher mesopore volume
of 0.82 cm3 g�1 and a smaller mean macropore diameter of
1007 nm (Table 2 and Fig. S2†). Moreover, FS4 and FS4c have
a less fragmented spherical pore structure compared to FS5c200
and FS5200 (Fig. 9 (200b and 200Cb) and 10(A�C)).

In contrast to mercury intrusion (Table 2 and Fig. S2†), the
SEM images of sample FS4c show spherical macropores with
pore diameters of up to 8000 nm (Fig. 10(B)). This contrast
should result from the limitations of the mercury intrusion
technique.

We have analyzed the silica phase of sample FS4 via the
sensitive three-dimensional (3D) high-resolution X-ray trans-
mission microscopy (XRM) to visualize the macropores lled
with PCM without calcination of the ss-PCM. Because the SEM
images of FS4c are comparable to the 3D XRM images of FS4
(Fig. 10(C and D), the calcination of FS4 at 600 �C should have
only a small impact on the pore structure of the silica structure
in the ss-PCM.

Additionally, the 3D XRM images and movies (Fig. 10(D�H)
and Movie S3 and 4†) indicate in accordance with the results of
29Si MAS NMR measurements (Fig. 4) a homogenous distribu-
tion of the silica phase in sample FS4 monolith without cracks
or fragmented silica particles over a larger length scale in all
three dimensions. The well interconnected silica particles in the
ss-PCM should be the reason for the high compressive strength
of FS4 (0.7 MPa, 30 �C).

We expect that the lower PVA amount in FS4 affected the size
and the connectivity of the micelles lled with BS and of the BS
droplets through a polymer-induced phase separation during
gelation. This assumption would explain the different pore
structures and compressive strengths of FS4 and FS5200.
RSC Adv., 2020, 10, 3072–3083 | 3079
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Fig. 9 Mercury intrusionmeasurements (a), SEM images (b) and nitrogen sorption isotherms (c) of FS5100(100) to FS5200 (200) and FS5c100(100C)
to FS5c200(200C). The amount of BS was increased from 10.0 g (FS5100) to 20.0 g (FS5200) and the ss-PCMs calcined (C) at 600 �C for 6 h to
identify silica pores filled with air from silica pores filled with PCM.
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In comparison to similar ss-PCM studies, the pores of
samples FS4 and FS5 lled with PCM prepared in this work are
relatively small, with a more interconnected silica phase.41,53,57
3080 | RSC Adv., 2020, 10, 3072–3083
The compressive strength and thermal conductivity increase
with a decreasing macropore diameter from FS5100 (0.1 MPa,
0.12 W m�1 K�1) to FS5150 (0.6 MPa, 0.20 W m�1 K�1). Higher
This journal is © The Royal Society of Chemistry 2020
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Fig. 10 SEM images of sample FS4, showing its morphology (A) before and (B) after calcination (FS4c). Comparison of (C) SEM and (D) corre-
sponding X-ray images of sample FS4c, showing similar features in higher-resolution. Image (D) shows the sum of a number of XRM 2D images,
to give the same impression of depth as SEM images. Images of three different planes (E–G) of sample FS4c obtained by X-ray imaging, and (H)
the respective volumetric representation of the sample obtained by XRM.
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amounts of BS (FS5200) result in widening of the macropores
and, thus, a decrease in the compressive strength (0.8 MPa) and
the thermal conductivity (0.18Wm�1 K�1 ) of the sample, which
is similar to recent studies about the particle size of cs-
PCMs.17,33,58
4. Conclusions

We used a cost-efficient in situ sol–gel process with different
templates and phase separating agents to synthesize a novel
class of monolithic ss-PCM boards with butyl stearate as PCM
and stabilized silica sol as an economically friendly silica
source. Our ss-PCM boards are the rst reported monoliths with
high compressive strengths of 1.2 MPa at 10 �C and 0.7 MPa at
30 �C despite high PCM mass percentages up to 86 wt%.
Moreover, our ss-PCMs are form-stable up to 94 wt% PCM,
thermally stable up to 320 �C and hydrophobic, indicating
a good weatherability. Their latent heats are in the range of 85 J
g�1 at 20 �C and 100 J g�1 at 2–22 �C, and are constant for at
least 6000-state transitions from liquid to solid and vice versa.
Consequently, the ss-PCMs are stable for 16 years in building
applications.

We studied the silica structure of our ss-PCMs to understand
in detail the thermal and mechanical properties of our
synthesized ss-PCMs. Our results suggest that the silica parti-
cles form spherical meso- and macropores during gelation,
which are mostly lled with PCM. The ss-PCMs have pores with
diameters between 2–2000 nm, which were created by
a template formed by BS in water droplets, larger pores with
This journal is © The Royal Society of Chemistry 2020
dimensions between 2000–10 000 nm created by SDS micelles
lled with BS, and pores with sizes above 10 000 nm due to air
inclusions (foam pores). By increasing the BS amount in the
synthesis of ss-PCMs, foam pores vanish and the total pore
volume of nanopores increases, resulting in a higher compres-
sive strength (500%) and higher thermal conductivity (60%).
Our results suggest that the nanopores are the reason for the
superior properties of the ss-PCMs synthesized in this work.

In summary, our monolithic ss-PCMs have up to ve times
higher latent heats than commercially available PCM boards
impregnated with PCMs or cs-PCMs and sufficient compressive
strengths for most thermal energy storage applications, such as
energy-saving walls – enabling new perspectives for future PCM
research.
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