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ABSTRACT: Inorganic salt hydrates are promising phase-change
materials (PCMs) for thermal energy storage due to their high
latent heat of fusion. However, their practical application is often
limited by their unstable form, dehydration, large supercooling, and
low thermal conductivity. Porous melamine foam and its
carbonized derivatives are potential supporting porous materials
to encapsulate inorganic salt hydrate PCMs to address these
problems. This work investigates the effect of pyrolysis temper-
ature on the morphology and structure of the carbonized foams
and their thermal energy storage performance. Pyrolysis of
melamine foam at 700—900 °C leads to the formation of
crystalline sodium cyanate and sodium carbonate particles on the
foam skeleton surface, which allows the spontaneous impregnation

R\ ¢ NaOCN and Na,CO,
hydrophilic surface particles

Carbon foam matrix
L ——— caci, 61,0 PCM

n

of the carbon foam with molten CaCl,-6H,O. The form-stable foam-CaCl,-6H,0 composite effectively suppresses supercooling and
dehydration, demonstrating the efficacy of carbon foam as a promising supporting material for inorganic salt hydrate PCMs.

1. INTRODUCTION

Phase-change materials (PCMs) play an important role in
thermal energy storage and temperature regulation. In a PCM,
energy is stored as latent heat through a reversible phase
change without temperature changes. Among a variety of
PCMs, solid materials leveraging the solid—liquid phase
change (solid—liquid PCMs) are promising candidates for
energy storage in a wide range of applications, such as solar
energy storage,' temperature regulation in buildings,” and
electronics® because of their high energy density and safety.
Organic solid—liquid PCMs (e.g, paraffin wax) have been
commercialized nowadays,” yet they suffer from flammability
and high cost. In contrast, inorganic solid—liquid PCMs are
nonflammable and generally exhibit larger latent heat than
their organic counterparts.” For example, inorganic salt
hydrates exhibit more than twice as much energy density as
organic PCMs while maintaining a low cost of manufacturing.’
Nonetheless, the practical application of inorganic salt hydrates
is undermined by large supercooling during recrystallization
and phase separation induced by dehydration during heating.®
In addition, the solid form of the solid—liquid PCMs cannot be
maintained upon melting, which also results in a precipitous
drop in thermal conductivity.”

Various strategies have been proposed to address these
problems for inorganic salt hydrate PCMs. The addition of
thickeners [e.g. carboxyl methylcellulose (CMC), gelatin, and
polyacrylamide (PAM)] and nucleating agents [e.g. Bal,
6H,0, BaCl,, BaCO;, and Sr(OH),] is effective in suppressing
dehydration and supercooling, respectively.*” The strategy for
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form-stable PCM invariably involves the adsorption and
impregnation of PCM:s into various porous materials, including
porous carbon-based materials, porous mineral-based materi-
als, metal foams, polymer foams, and silica matrices.> 013
Recent studies on the intrinsic defects of salt hydrates have
demonstrated suppressed dehydration and supercooling
through the confinement of PCM in porous materials."*"
Of these, carbon-based porous materials are particularly
promising because of their low cost, high thermal and chemical
stability, and high thermal conductivity (0.01—2000 W m™"
K1), 1618

Carbonized melamine foam (CMF) presents a promising
alternative as a host material for PCMs owing to its low density
and high porosity. CMFs synthesized at different conditions
have been used as supporting materials for various PCMs, such
as paraffin wax,"’ polyethylene glycol,”® and Na,$,0;-5H,0-
NaOAc-3H,0.>" However, their volumetric and gravimetric
fraction limitation in the composite PCMs is not quantitatively
demonstrated. Although the hydrophobic nature of the carbon
surface seems to prohibit the impregnation of inorganic salt
hydrates in CMF, previous studies on the pyrolysis of
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melamine foam (MF) have demonstrated a change to
hydrophilic behavior at high pyrolysis temperature (>700
°C).** Thus, tuning the pyrolysis temperature is a viable
option to enable the inorganic salt hydrate composite PCMs.

Here, we adopt CaCl,-6H,0 as the inorganic salt hydrate
PCM to study the effect of the pyrolysis temperature of CMF
on the thermal storage properties and performance of the
CMEF-CaCl,-6H,0 composite. CaCl,-6H,0O is an important
salt hydrate PCM for temperature regulation due to its low
melting point (28.4 °C),” high heat of fusion (185.6 _]/g),23
and low cost. However, like many other inorganic salt hydrate
PCMs, pure CaCly:6H,O suffers from large supercooling,
substantial dehydration, and limited thermal conductivity.
Porous media, such as diatomite,> expanded perlite,24 and
expanded graphite,”” have been used to encapsulate CaCl,-
6H,0 to address these problems. Encapsulation of CaCl,
6H,0 in diatomite reduces the supercooling of CaCl,-6H,0
by ~10 °C and increases the onset temperature for
dehydration.”® The porous host material also modifies the
thermal conductivity of the composite. For example, heat
passing through the CaCl,-6H,0 is impeded by the low
thermal conductivity expanded perlite domains,”* while an
increase is observed for impregnation in expanded graphite.”
Although these porous materials are effective in maintaining
the form of CaCl,-6H,0 after melting, the high weight fraction
of the porous material (e.g, 10—S0 wt % for expanded
graphite; 40 wt % diatomite or expanded perlite) undermines
the energy density for practical applications. To increase the
energy density of the composite PCM, it is necessary to reduce
the weight and volume fraction of the porous host material.

In this work, we studied the effect of the MF pyrolysis
temperature on the wetting and thermal properties of the
composite CaCl,-6H,0 PCM. High pyrolysis temperature
imparts hydrophilicity to the CMF that allows nearly full
impregnation of the molten CaCl,-6H,0. The origin of the
hydrophilic property was investigated by a combination of
scanning electron microscopy (SEM), Fourier-transform
infrared spectroscopy (FTIR), and powder X-ray diffraction
(XRD) studies, which reveal substantial changes in the physical
and chemical properties of CMF as a function of the pyrolysis
temperature. The use of carbon foam suppresses the leakage,
supercooling, and dehydration of CaCl,-6H,0. This study
demonstrates CMF as a promising host material for inorganic
salt hydrate PCMs.

2. MATERIALS AND EXPERIMENTS

2.1. Materials. Calcium chloride hexahydrate (CaCl,-6H,0, 99%)
was purchased from Sigma-Aldrich. MF was obtained from Oh My
Clean Co., Ltd.

2.2. Sample Preparation. 2.2.1. Preparation of CMF. The
synthesis of CMF followed the same procedure as previously reported
by Hou et al.>® The MF was cut into 1 cm X 4.4 cm X 26 cm blocks,
which were then loaded in an STF1200 tube furnace (Across
International). The carbonization of the MF was performed at 400
°C, 600 °C, 800 °C, or 1000 °C for 60 min under flowing argon at a 3
°C/min heating ramp. These CMF samples are denoted as CMF400,
CMF600, CMF800, and CMF1000, respectively. CMFs were cut with
a hole punch into cylinders of 18 mm diameter for subsequent
experiments and characterization.

2.2.2. Preparation of CaCl,-6H,0/MF and CaCl,-6H,0/CMF
Composite PCM (Three Methods). CaCl,-6H,0 (10 g) was first
fully melted in identically sealed 27 mm X SS mm (diameter X
height) glass vials placed into a water bath at 40 °C. Three
impregnation methods were used to infiltrate the foams with the salt

hydrate: soaking, squeezing, and vacuum impregnation (Figures 1 and
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Figure 1. Schematic illustration of the soaking, squeezing, and
vacuum impregnation methods to impregnate MF and CMFs with
molten CaCl,-6H,0.

2.2.2.1. Soaking Impregnation. MF and CMFs were directly
loaded into the vials on top of the molten salt. The sealed vials were
kept in a water bath at 40 °C for 1 h.

2.2.2.2. Squeezing Impregnation. MF or CMFs were first
compressed by a weight in molten CaCl,-6H,0 to expel the air
trapped inside the foams. Once the pressure was released, the foams
were restored to their original form concurrent with the impregnation
with molten CaCl,-6H,0.

2.2.2.3. Vacuum Impregnation. MF or CMFs were first
introduced into molten CaCl,-6H,0 and kept submerged by a
weight. The vials were then evacuated to expel the air trapped in the
foams. Molten CaCl,-6H,0O was impregnated into the foams when the
vial was refilled to ambient pressure.

The impregnated foams were filtered out by a Buchner funnel and
transferred to a polytetrafluoroethylene sheet before being frozen in
the fridge at —17 °C. SMF, SCMF400, SCMF600, SCMF800, and
SCMF1000 are used to denote the salt hydrate composites obtained
by the impregnation of MF, CMF400, CMF600, CMF800, and
CMF1000 with CaCl,-6H,0, respectively.

2.3. Sample Characterization. 2.3.1. Porosity Characterization.
The open pore volume per unit mass of the foams was measured by
the imbibition method” using dimethyl sulfoxide (DMSO, >99.9%,
density: 1.10 g/mL, Honeywell) as the solvent. The foam was soaked
with DMSO, and the open pore volume was determined by the
volume of the impregnated DMSO. The density of the foam skeleton
excluding open voids was measured by a 1200E micro-ultra-
pycnometer (Quantachrome Instrument Inc., USA).

2.3.2. Scanning Electron Microscopy (SEM). SEM (Supra SSVP,
Zeiss) operating with an accelerating voltage of 1—10 kV was used to
characterize the foam morphology.

2.3.3. Fourier-Transform Infrared (FTIR) Spectroscopy. Foams
were ground into powder in a mortar and pestle for the
characterization of the functional groups by a FTIR spectrometer
(Nicolet 8700, Thermo Electron Inc., USA) with a wavelength range
between 650 and 4000 cm™! in the attenuated total reflection mode.

2.3.4. X-ray Powder Diffraction (XRD). Crushed foam powder was
measured by a powder X-ray diffractometer (Bruker D8 ADVANCE
X-ray diffractometer) in Bragg—Brentano geometry at room temper-
ature with Mo Ka radiation between 5 and 55° 26.

2.3.5. Thermogravimetric Analysis (TGA). Dehydration of pure
CaCl,-6H,0 and its composites was measured by a TGA analyzer
(QS0, TA Instrument Inc., USA) with 1 °C/min heating ramp from
room temperature to 60 °C.

2.3.6. Differential Scanning Calorimetry (DSC). The phase-change
temperatures and phase-change enthalpies were measured by a DSC
calorimeter (Q200, TA Instrument Inc., USA) in the range of —40 to
60 °C with a ramp rate of 10 °C/min under nitrogen atmosphere (50
mL/min). The accuracy of the temperature measurement was within
+0.1 °C and that of the calorimeter was within +0.1%. Samples were
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Figure 2. (a) Open pore space per unit mass of the foams; (b) density of the solid skeleton excluding open voids; (c) calculated matrix component
(vol %) of the foam in the CaCl,-6H,0/MF (carbon foam) composite; and (d) calculated matrix component (wt %) of the foam in the CaCl,-

6H,0/MF (carbon foam) composite.
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Figure 3. SEM images of (a) MF, (b) CMF400, (c) CMF600, (d) CMF800, and (e) CMF1000. Inset shows the photograph of the foam pellet.

measured in aluminum Tzero Pans with a Tzero Hermetic Lid. The
loading mass of samples was ~15 mg.

2.3.7. Thermal Conductivity. The thermal conductivity of molten
CaCl,-6H,0 and molten CaCl,-6H,0/MF(CMFs) composites was
measured by the transient hot wire method,”® which used a 25 um
diameter platinum wire with a S ym thick polyethylene terephthalate
insulation layer (Goodfellow, USA) and a 200 ym penetration depth.

2.3.8. 3D X-ray CT Scanning. The 3D X-ray CT images of the solid
CaCl,-6H,0/MF composite were acquired at a resolution of 3 um
per voxel by an X-ray inspection system (Phoenix Nanomelx X-ray
inspection system).

3. RESULTS AND DISCUSSION

3.1. Characterization of MF and CMF. 3.1.1. Density
and Open Porosity. To determine the mass and volume
fraction of the foam skeleton in the carbon foam composite, we
measured the open space of the carbon foam blocks (Figure
2a) and the density of the solid foam skeleton (Figure 2b). The
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calculated volume fraction (open porosity) and mass fraction
of foams in the CaCl,-6H,O composite PCM are shown in
Figure 2¢,d, respectively. The open space for the MF is 103.5
+ 0.2 cm’/g and increases with pyrolysis temperature from
1163 + 1.5 cm’/g for CMF400 to 150 + 1 cm’/g for
CMF1000. The measured density of the skeleton component
of MF is 1.72 + 0.04 g cm >, which corresponds to an apparent
density (defined as the total mass divided by the geometric
volume, including porosity) of 9.6 mg cm™>. This value is well
within the range of the apparent density (4—12 mg cm™)
reported for ME.* After carbonization at 400 °C for 1 h, the
solid component’s density decreases to 1.41 + 0.02 g/cm’,
which is consistent with the previous report for carbonized
ME.>> The density of the solid component of the CMF
increases with the pyrolysis temperature to 1.92 + 0.06 g/cm?®
for CMF800. This density increase suggests the formation of
sp carbon clusters with increasing temperature.”” However,
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the density decreases to 0.97 + 0.03 g/cm® for the CMF1000,
which is ascribed to the formation of closed pores inside the
carbon skeleton (Figure S2). By comparison, the density of
graphite is 2.26 g/cm>.*° For all MF and CMFs, the volumetric
and gravimetric fraction of the foam in the CaCl,-6H,0
composite is less than 1% (Table S1).

3.1.2. Microstructure. The microstructure of MF and CMFs
was examined by SEM (Figures 3 and S4). The skeleton
structure of MF is maintained for all foams after pyrolysis. The
average skeleton length decreases with increasing pyrolysis
temperature until 600 °C and remains effectively constant from
600 to 1000 °C (Figure S3). Substantial changes in the
morphology of the skeleton surface are observed for different
pyrolysis temperatures: smooth surface is observed for
pyrolysis temperatures up to 600 °C and at 1000 °C, but a
layer of thorn-like particle deposits is observed for CMF800
(Figure 3). These surface deposits start to appear on the
surface as spherical particles at 700 °C, evolving into spikes at
800 °C, and mostly disappear around 900 °C (Figure S4a).
The morphology of the surface deposits is also affected by the
pyrolysis duration: the spikes observed for 1 h pyrolysis at 800
°C evolve into ellipsoidal shape for 6 h pyrolysis at 800 °C and
degrade substantially into nanoparticles for 24 h pyrolysis at
800 °C (Figure S4b). Similar surface deposits have been
observed in the literature for the pyrolysis of MF at
temperatures higher than 600 °C and are attributed to sodium
carbonate.”” Sodium and oxygen are from the blowing agent
and formaldehyde during MF production, respectively.””

3.1.3. XRD. To characterize the crystallinity and to
interrogate the nature of the surface particles in CMF800,
powder XRD was performed for crushed samples of MF and
CMFs (Figures 4 and SS5). No Bragg peak is observed for MF,
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Figure 4. X-ray powder diffraction patterns of the MF and CMFs
pyrolyzed at 400 °C (CMF400), 600 °C (CMF600), 800 °C
(CMF800), and 1000 °C (CMF1000). Bragg peaks are observed for
CMEF800 due to the generated crystalline surface particles of Na,COj,
Na,CO;-H,0, and NaOCN.

CMF400, CMF600, or CMF1000, demonstrating the
amorphous nature of these samples. However, Bragg peaks
are observed for samples pyrolyzed at 700, 800, and 900 °C
(Figure SS), which corresponds to the formation of crystalline
components in the pyrolyzed samples. Most Bragg peaks can
be explained by sodium carbonate (Na,CO;)”" and sodium
carbonate monohydrate (Na,CO4-H,0)** as suggested by the
previous C 1s X-ray photoelectron spectroscopy study of
carbonized MF.”> The hydrated phase is likely the result of
exposing the samples to air before the XRD measurement.

However, the carbonate phases cannot explain the prominent
peak at 14° observed for CMF700 and CMF800. A thorough
search of potential phases suggests sodium cyanate
(NaOCN)**** as the most plausible phase to explain this
Bragg peak. It is noted that the synthesis of NaOCN from
sodium carbonate and urea takes place at $25—650 °C,*
which is close to the pyrolysis temperature for CMF700 and
CMEF800. This cyanate phase disappears when the pyrolysis
temperature is above 800 °C, which is evident in the
disappearance of the Bragg peaks for NaOCN for CMF900.
Good profile fitting can be obtained when the cyanate phase is
included in the Rietveld refinement for CMF700 and CMF800
(only the lattice parameters are refined without the refinement
of the structural parameters) (Figures 5 and S6). The refined

+  Experimental data
Calculated data
—— Difference

| Na,CO,Bragg position

Na,CO,-H,0 Bragg position

D: NaOCN Bragg position
<
2
7]
c
2
£ I T TE T PRI TE PREEFEDEOE IO 000100 AT AN Y0 0
| e LR LRI UL ST O T TID TR B O TR TR LRI R
[ [ IR B LU [ 11 A A1 B RN
| il ‘ il i 1 ‘ 1 L |
10 20 30 40 50

20 (°) Mo Ka

Figure 5. Observed and calculated (Rietveld method) X-ray powder
diffraction pattern for the CMF pyrolyzed at 800 °C (CMF800). The
Rietveld refined relative weight fractions of Na,CO; Na,CO;-H,0,
and NaOCN are 16.32, 60.46, and 23.23 wt %, respectively.

domain size for the carbonate and cyanate phases is ~30 nm,
which is similar to the particle size of the surface deposits
observed for CMF700, CMF800, and CMF900 samples. This
is consistent with the assignment of the surface deposits to the
sodium carbonate and cyanate species and the concurrent
observation of Bragg peaks and surface deposits.

No crystalline carbon phase is observed up to 1000 °C
pyrolysis. Previous work on the pyrolysis of melamine to
prepare graphitic carbon nitride (g-C;N,) requires repeated
annealing at elevated temperatures (e.g, 800 °C),*® which
explains the lack of crystalline carbon phases in the CMF
samples.

3.1.4. FTIR Spectroscopy. The evolution of the functional
groups of the foams with the pyrolysis temperature was
characterized by FTIR (Figures 6 and S7). The FTIR spectrum
for MF is consistent with the previous study,”” where peaks at
812 and 1550 cm™" are assigned to the bending mode and C=
N stretching of the triazine ring, respectively. The weak peaks
observed at 2930 and 3370 cm™' are assigned to C—H
stretching and N—H stretching, respectively.”””’ =’ The peaks
at 1480 and 1170 cm™" are assigned to the bending mode of
the methylene C—H and the stretching mode of C—O,
respectively.””*” The peak at 1340 cm™ should originate from
the stretching mode of C—N, the carbon atom of which is part
of the s-triazine ring."”*' The peak at 1020 cm™ can be
assigned to ring deformation vibrations.** Pyrolysis up to 600
°C results in the disappearance of the peaks associated with the
triazine rings, indicating the decomposition of the triazine ring.
Meanwhile, the C—N stretching peak becomes a broad band
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Figure 6. FTIR spectra of MF and CMFs pyrolyzed at 400 °C
(CMF400), 600 °C (CMF600), 800 °C (CMF800), and 1000 °C
(CMF1000).

and gradually shifts from 1340 to 1120 cm™ along with the
increase of pyrolysis temperature. This should be because the
aromatic triazine ring containing the carbon atom of C—N is
broken down into aliphatic compounds,*”*' and the C—N and
C—O stretching peaks overlap with each other. Two peaks at
2150 and 2220 cm™" appear at 400 °C. These two peaks have
been EPreviously assigned to the stretching of C=N or C=
C.***® However, they are also consistent with the assignment
to the cyanate group in NaOCN." These peaks first appear at
400 °C and persist until 800 °C, which agrees well with the
observation of NaOCN in the XRD patterns. When the
pyrolysis temperature reaches 800 °C, a sharp peak at 881
cm™' and a broad peak at 1430 cm™" are observed, both of
which are characteristic of carbonate groups in Na,CO;.** The
carbonate peaks disappear when the pyrolysis temperature is
above 1000 °C. This assignment is consistent with the
observation of the carbonate phases in the XRD. For
CMF1000, no obvious peaks are observed, which indicates
the elimination of functional groups in the raw MF.

3.2. Wettability of MF and CMFs with Water and
CaCl,-6H,0. The water impregnation efficiency (defined as
the volume fraction of the open void space occupied by the
liquid phase, eq S1) by the soaking method is used as a proxy
for the hydrophilicity of the MF and CMFs (Figure S9).
Except for CMF1000, all MF and CMFs readily soak up water
with high efficiency (>96%).

Notwithstanding the observed hydrophilicity of MF and
CMF400, CMF600, and CMF800, not all foams readily wet
the molten CaCl,-6H,0 (Figures 7 and S8). The CaCl,-6H,0
impregnation efficiency by the soaking method is used as a
proxy for the wettability of the MF and CMFs with CaCl,
6H,0. The impregnation efficiencies of CMF700, CMF800,
and CMF900 are 94.23%, 97.23%, and 93.15%, respectively,
whereas those of MF, CMF400, CMF600, and CMF1000 are
0.19%, 0.09%, 0.15%, and 0.01% respectively. This shows that
CMEF700, CMF800, and CMF900 readily wet molten CaCl,-
6H,0, while other foams do not. The wettability with the salt
hydrate correlates with the formation of surface deposits of
hydrophilic sodium carbonates and cyanate. This observation
is consistent with the reported hydrophilic property of the MF
pyrolyzed at 800 °C.”> The surface sodium deposits have been
shown to impart the hydrophilicity of the carbonized foam,
which also explains the wetting result in the present work. It is
remarkable that hydrophilicity as measured by water

Figure 7. Impregnation efficiency of the foams using soaking
impregnation (top panel) and photographs of the foams and the
molten CaCl,-6H,0 after the soaking impregnation (bottom panel).

impregnation efficiency does not correlate with the wettability
of the foam with the molten CaCl,:6H,0O. This lack of
correlation is attributed to the increased surface tension of the
salt hydrate that cannot wet a weakly hydrophilic surface.*

3.3. Impregnation Efficiency of Different Impregna-
tion Methods. In the absence of spontaneous impregnation
in samples other than CMF800, squeezing and vacuum
impregnation methods were used to introduce molten salt in
the porous space (Figures 1 and S1). Both methods utilize a
pressure difference between the porous interior of the foam
and the molten salt solution to overcome the interfacial energy
of a nonwetting surface during molten salt impregnation.

For the squeezing impregnation method, the salt impregna-
tion efficiency of MF and CMFs decreases with increasing
pyrolysis temperature (Figure 8). In contrast, the impregnation
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) ik
2 I
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E I I I
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Figure 8. Impregnation efficiency of liquid CaCl,-6H,0 in MF and
CMFs using different impregnation methods.

efficiency by the vacuum method consistently exceeds 90% for
all samples (Figure 8). This shows that the decreasing
impregnation efficiency with increasing pyrolysis temperature
observed for the squeezing impregnation is not due to the
inherent surface properties of the CMFs. The discrepancy
between the two impregnation methods can be explained by
the decreasing elasticity of CMFs with an increasing degree of
carbonization:** the deformation required to expel all the
trapped air becomes less reversible with increasing carbonation
degree, which leads to decreased impregnation efficiency. To
characterize the performance of the composite PCMs, each
MF/CMEF-CaCl,-6H,0 composite was prepared by the most
efficient impregnation method (e.g, soaking for SCMF800,
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squeezing for SMF, and vacuum for SCMF400, SCMF600, and
SCMF1000).

3.4. Effect of MF and CMF on the Thermal Energy
Storage Performance of CaCl,:6H,0. 3.4.1. Leakage. The
leakage was measured by the weight loss of the form-stable
MF/CMF-CaCl,-6H,0 composites after keeping them at 30
°C for 1 h on the aluminum foil (Figure 9). The weight loss

5%
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3%

Weight loss

2%

10/0

SMF SCMF400 SCMF600 SCMF800 SCMF1000

Figure 9. Weight loss of the molten CaCl,-6H,0/MF (CMFs)
composites after keeping at 30 °C for 1 h on an aluminum foil.

corresponds to the trace amount of liquid CaCl,-:6H,0 left on
the aluminum surface after the removal of the composite from
the aluminum foil. The weight loss of all the samples is lower
than 5 wt %, indicating an effective improvement of the form
stability of liquid CaCl,-6H,0. The SMF shows the least
leakage of 2 wt % in this test.

3.4.2. Dehydration. TGA was used to characterize the
dehydration of CaCl,-6H,0O and its composites from room
temperature to 60 °C under dry nitrogen (Figure 10). For all
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Figure 10. TGA of pure CaCl,-6H,0 and CaCl,-6H,0-MF/CMF
composites with 1 °C/min heating rate.

samples, dehydration starts with the onset of heating at a lower
rate until ~37 °C, above which a much higher dehydration rate
is observed. The least dehydration up to 37 °C is observed for
SCMF800 and SCMF1000, corresponding to 1.48 wt % loss.
In comparison, pure CaCl,-6H,O loses 2.49 wt % up to 37 °C.
The SCMF600 shows the least dehydration of 11.4 wt % at 60
°C, with similar losses observed for SCMF800 and
SCMF1000. The dehydration loss for pure CaCl,:6H,0 at

60 °C is 12.3 wt %. This demonstrates the efficacy of
encapsulation in suppressing dehydration.

3.4.3. Supercooling and Energy Density. The thermal
energy density and phase-change temperatures were examined
by DSC for pure CaCl,-6H,0 and SMF (SCMFs) composites
(Figure 11 and Table 1). The determination of the melting
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Figure 11. DSC curves of pure CaCl,:6H,0 and CaCl,-6H,0/MF
(CMFs) composites using 10 °C/min ramp rate between —40 °C and
60 °C.

Table 1. Melting Point (T,,), Freezing Point (T.), Peak
Temperature of Melting (T,), Enthalpy of Melting (AH,,)
and Freezing (AH,), and Thermal Energy Efficiency (f) of
Pure CaCl,*6H,0 and CaCl,*6H,0/MF(CMFs)
Composites

T, T, AH AH,

samples  (°C) (&) T.CO) (/9 (/) f(%)
CaCl,-6H,0 28.1 327 -166 176.9 151.6 85.7
SMF 27.6 353 1.8 173.0 156.1 90.2
SCMF400 27.7 40.8 1.3 230.5 208.9 90.6
SCMF600 27.5 38.1 0.8 230.4 206.7 89.7
SCMF800 27.3 329 —1.1 180.2 162.8 90.3
SCMF1000 27.8 39.8 —-04 229.8 206.2 89.7

point (T,,), freezing point (T.), and peak temperature (TP) is
shown in Figure S10. The enthalpy of melting (AH,,) for pure
CaCl,-6H,0 is 176.9 J/g, which is consistent with ref 23.
Similar values are also observed for SMF and SCMF800.
However, the melting enthalpy observed for SCMF400,
SCMF600, and SCMF1000 is substantially higher than that
for CaCl,-6H,0. This is attributed to the dehydration of
CaCl,-6H,0 during vacuum impregnation, where an increase
in melting enthalpy from 171 + 7 to 232 + 9 J/g has been
reported when the crystal water content decreases from 51.09
to 49.35 wt %.*° The shift of T, for SCMF400, SCMF600, and
SCMF1000 is also consistent with the presence of a partially
dehydrated phase that has an increased melting point (e.g,
443 °C for CaCl,-4H,0"). The energy density of the
produced carbon foam/CaCl,-6H,0 composite PCM in this
work is comparable with that of commercial Paraffin C18 and
other common PCMs with a melting temperature between 25
°C and 30 °C (Figure S11).

A substantial difference in the cooling curve is observed
between pure CaCl,-6H,0 and the SMEF/SCMF composites.
The freezing point of the CaCl,-6H,0 increases from —16.6
°C for pure CaCl,:6H,0 to —1.1 to 1.8 °C for SMF and
SCMFs, demonstrating the efficacy of encapsulation in the
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suppression of supercooling. This suppressed supercooling
increases the energy efficiency (f) by ~5% (Table 1).

3.4.4. Thermal Conductivity. Transient hot wire method
was used to measure the thermal conductivity of CaCl,-6H,0
and the SMF/SCMF composites in the liquid phase (Figure
12). The fitting of the measurement is shown in Figure S12.

0.45
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0.20
0.15
0.10
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0
CaCl,6H,0 SMF  SCMF400 SCMF600 SCMF800 SCMF1000

Figure 12. Thermal conductivity of pure CaCl,-6H,0 (liquid) and
molten CaCl,-6H,0-MF/CMFs composites.

The measured thermal conductivity of CaCl,-6H,0 is 0.40 =+
0.03 W m™" K, consistent with the reported values of
0.4~0.54 W m™ K.*

The thermal conductivities of the SCMF600, SCMF800, and
SCMF1000 were measured to be 0.42 + 0.02, 0.42 + 0.04, and
0.40 + 0.04 W m™! K™, respectively, which are similar to that
of liquid CaCl,-6H,0. The low volume fraction (<1 vol %)
open carbon foam network structure did not enhance the
effective thermal conductivity of the composite. This is due to
the matrices’ amorphous nature, which lowers the carbon
thermal conductivity.'® However, substantially smaller thermal
conductivities are observed for SMF and SCMF400, which
correspond to 0.24 + 0.02 and 023 + 0.01 W m™' K7,
respectively.

Although substantial decreases in the thermal conductivity
have been reported for the MF PCM, it is not clear from the
literature what mechanism underlies this change given the low
volume fraction of the foam in the composite (<1 vol %).* If
intimate contact between the salt and the foam can be achieved
everywhere in the composite, the thermal conductivity is
expected to be governed by the thermal conductivity of the salt
that occupies >99% volume of the composite. One plausible
explanation for the reduced thermal conductivity measured for
SMF and SCMF400 is the trapping of air bubbles in the
composites, which leaves gaps along the path of heat
conduction and greatly reduces the apparent thermal
conductivity of the composite. Indeed, voids in the solid
SMF composite are observed around the CaCl,-6H,0O grains,
especially near the sample surface where the hot wire probe is
buried during the thermal conductivity measurement (Figures
13, S13, and Video S1).

3.5. Discussion. Thermal treatment of MF leads to
transient surface deposits that modify the surface energy of
the carbonized foam and hence hydrophilicity. In addition to
the sodium carbonate phase identified as the surface deposits
in a previous study,”” this work for the first time identifies a
sodium cyanate phase in the surface deposits, which also
facilitates the wettability with hydrated salt solutions. While
other methods, such as surface oxidation®°™>% and surfactant
coating,”>*>>* have also been reported to directly modify the

@ 0

Figure 13. Virtual slices from the 3D X-ray CT images of the solid
CaCl,-6H,0/MF composite (SMF) near (a) the surface and (b) the
interior. Darker regions correspond to voids.

carbon surface, thermal treatment of MF provides a convenient
one-step method to prepare hydrophilic carbon foams. Of the
three impregnation methods employed in this work for
preparing carbon/MF—salt hydrate composite PCMs, soaking
impregnation is the most convenient method if the foam wets
the salt hydrate. While vacuum impregnation, in general, shows
high impregnation efficiency regardless of the wetting property
of the foam, dehydration of the salt hydrates can occur, which
changes the thermal properties of the salt hydrate. All MF and
CMFs show a similar effect on the suppression of the
supercooling of CaCl,-6H,0. Hence, the surface sodium
deposits do not facilitate the nucleation of CaCl,-6H,O despite
their marked effect on the surface energy of the CMF. The MF
and CMFs reduce the supercooling of CaCl,-6H,0 by 17 °C
at a 10 °C/min ramp, which is superior to diatomite (11.4 °C
at the same condition).”®

Despite the efficacy of the foam encapsulation method in
suppressing the supercooling, adding a nucleating agent should
be the most effective approach to decrease the supercooling of
CaCl,-6H,0.>® For example, 1 wt % BaCl, decreases the
supercooling of CaCl,-6H,0 by 32.7 °C at the same condition
(Figure S14). Incorporation of a nucleating agent in MF and
CMF is a promising strategy to decrease the supercooling of
the inorganic salt hydrate PCM composites. Furthermore,
coating the CaCl,6H,0-MF/CMF composite with an
impermeable layer, such as polyurethane,”” will reduce or
eliminate the weight loss while preserving the form stability of
the PCM. In addition, graphitic carbon foam should be able to
increase the thermal conductivity of the composite PCMs.**°
Finally, attention should be paid to the stoichiometry of salt
hydrate PCM to optimize the energy storage density since a
small change in the crystal water content of CaCl,-6H,0 from
51.09 to 49.35 wt % can increase its energy density by more
than 35%,"® which is also observed in the present study.

4. CONCLUSIONS

The temperature and duration of the MF pyrolysis play an
important role in the physical and chemical properties of the
carbonized foam product. The formation of crystalline sodium
carbonates and cyanates particles on the foam skeleton surface
at 700—900 °C reduces the surface tension between the carbon
foam and the inorganic molten salt, allowing the spontaneous
impregnation of the carbon foam. The carbon foam-salt
hydrate composite effectively suppresses supercooling and
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dehydration and maintains the form stability with minimal salt
leakage. This work demonstrates carbon foam as a promising
host medium for preparing composite PCM using inorganic
salt hydrate.
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