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ABSTRACT

Phase Change Materials (PCMs) has gained considerable interest for storing thermal energy originating
from the solar irradiation, industrial waste heat and surplus heat. Here, we present the facile and
scalable synthesis of PCM-carbon foam composites by using polyisocyanurate (PIR) foam derived
carbon foam as porous support. The unique 3D molecular configuration of the carbon foam materials
embedded the composites with high PCM loading capacity, excellent shape stabilization and thermal
reliability and chemical stability. The carbon foams prepared by facile chemical activation method with
high surface area up to 1968 m?/g exhibit high PCM loading capacity of up to 90.8 wt% and excellent
energy storage capacity of up to 105.2 J/g. Advanced characterization demonstrated that the total pore
volume of carbon foam governs the PCM loading capacity as well as the energy storage performance of
the composites. This work provides a potential pathway to recycle PIR foams, which have been widely
used in construction industry, by producing cost-effective PCM composites for thermal energy storage.
© 2021 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

controllable operation temperatures, non-toxicity, no phase sep-
aration, a low degree of supercooling, which can be potentially

Thermal energy storage based on Phase Change Materials
(PCMs) has become an attractive option to meet growing energy
demand, with organic PCMs leading the way (Yang et al., 2019).
Organic PCMs that can absorb and release thermal energy at
a constant temperature during a solid-liquid phase transition
exhibit unique advantages such as high energy storage densities,
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used for storing thermal energy originating from the solar irra-
diation, industrial waste heat and surplus heat (Sharma et al,,
2009; Zhang et al., 2018). However, the inherently low thermal
conductivity and potential leakage problem of PCMs at melt stage
during phase transition have been the main drawback that limit-
ing their practical applications (Yang et al., 2019; Li et al., 2016b).
Microencapsulation of organic PCMs by using polymers such as
polystyrene, poly (methyl methacrylate) as shell can minimize
the leakage problem of PCMs but is restricted by the low thermal
conductivity and high flammability of the polymer shell (Oya
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et al, 2012). Dispersed filler with high thermal conductivity
including carbon nanotubes, graphite has been used to increase
the thermal conductivity of PCMs while large amounts of fillers
have to be added, especially in the case of non-carbon fillers,
which in turn reduces the energy storage density (Wilson et al.,
2019).

To overcome these shortcomings, an alternate approach has
been explored by impregnating PCMs in a thermally conducting
3D structural materials (Yang et al., 2017; Li et al.,, 2016a; Yang
et al,, 2016; Zhang et al., 2017; Xiao and Zhang, 2013; Ji et al,,
2014). The interconnected and thermally conductive 3D skeletons
could greatly improve the thermal conductivity and the shape
stability of PCMs during the phase transition (Ji et al., 2014).
Among different 3D structural materials, carbon-based materials
including carbon foams, carbon aerogels, graphene foams have
been considered as potential and attractive candidates for the
preparation of PCM composites owing to their unique advantages
including low thermal expansivity, high thermal and chemical
stability, excellent thermal and electrical conductivity (Feng et al.,
2016; Balandin, 2011; Novoselov et al., 2012). Numerous pre-
cursors including biomass-based materials (Tan et al., 2016; Wei
et al, 2018; Fang et al., 2017; Karthik et al., 2015; Li et al,,
2014; Zhao et al., 2018), synthetic polymer (Wilson et al., 2019)
and graphite/graphene (Ji et al., 2014; Kholmanov et al., 2015;
Zhong et al., 2010; Giménez et al., 2017; Tang et al., 2017)
have been used to prepare carbon foams. Fang et al. employed
a chitosan-derived carbon aerogel prepared via a freeze drying-
carbonization process as the supporting material to fabricate
form-stable PCMs and both high energy storage capacity and
thermal conductivity were achieved (Fang et al., 2017). Karthik
et al. reported the fabrication of carbon foam by using synthetic
polymer and polyurethane foam as carbon source and sacrificial
macroporous template and the prepared erythritol-carbon foam
composites has a latent heat of 251 J/g and melting point of
118 °C (Karthik et al., 2015). Li et al. reported the development
of carbon aerogel by using watermelon as raw materials via a
hydrothermal carbonization-freeze drying-pyrolysis process and
paraffin-carbon aerogel composites was successfully prepared
with the maximum paraffin loading level of up to 95 wt% and
high melting enthalpy of 115.2 J/g (Li et al., 2014). Zhao et al.
prepared shape-stable and high-thermal conductivity composite
phase change materials by using potatoes and white radishes de-
rived carbon foam as support. The prepared composites exhibited
high-thermal conductivity and excellent thermal reliability (Zhao
et al., 2018). Ji et al. developed ultrathin-graphite (UGF) foams
with large pore volume via chemical vapour deposition method
using nickel foam as hard template. The prepared UGF-paraffin
wax composites demonstrated high PCM loading level up to 98.2
wt% and the thermal conductivity was increased by up to 18
times (Ji et al., 2014).

The brief literature survey suggests that the carbon-based 3D
structural materials have shown great potential in preparation
PCM composites for thermal energy storage while most of the
current 3D structural carbon-based foams used in preparation
of PCM composites normally suffer from high cost or complex
synthetic protocol involving multiple complex processes such as
ultrathin-graphite foams, carbon aerogels. Therefore, developing
cost-effective and nontoxic foam structure is of interest. In the
UK, building insulation foams including polyurethane, polyisocya-
nurate and phenolic foam have been widely used in construction
industry due to their light weight, tailor made properties, and
corrosion resistance (Feldman, 2010). However, the waste created
as off-cuts and as surplus materials at the end of the project
have increasingly become a problem in the UK. It is estimated
that foam waste will exceed 1 million m3, or 30000 tonnes
per annum by 2020 (WRAP, 2013). And 4%-7% of the total new
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production is scrapped and goes to landfill. Estimates suggest
that the costs of disposing of the waste foam are of the order of
£20 million/annum the producers of foam panels and insulation
blocks (Kholmanov et al.,, 2015). Those insulation foams normally
have unique 3D structure with controllable cell size and low
density, which can be a potential precursor to produce carbon
foam as support to prepare composite PCMs. Here, we present
for the first time the facile and scalable synthesis of PCM-carbon
foam composites by using insulation materials polyisocyanurate
(PIR) foam derived carbon foam as porous support. The unique 3D
molecular configuration of the carbon foam materials is expected
to endow the composites with high PCM loading capacity and
stability and excellent energy storage performance.

2. Experimental
2.1. Preparation of PIR-derived carbon foam

The preparation of PIR-derived carbon foam involved a two-
step process. Firstly, polyisocyanurate (PIR) foam bought from
local merchant was firstly oxidized according to our previously
reported method (Liu et al., 2020). In a typical procedure, a certain
amount of PIR foam was placed in a horizontal tube furnace at
260 °C under air flow of 50 ml/min for 6 h. In the second step,
two approaches including direct carbonization and chemical acti-
vation of oxidized PIR foam were used to obtain the final carbon
foam. For direct carbonization, oxidized PIR foam sample was
heated up from room temperature to pre-set temperature of 600
and 800 °C in a flow of nitrogen at a heating rate of 5 °C/min. The
sample was kept at this temperature for 1 h before it was cooled
down to room temperature. In addition, carbon foam was also
prepared via chemical activation method by using the oxidized
foam as precursor and KOH as activating agent. 1 g of oxidized
foam was mixed with 40 ml KOH solution containing 1 g of KOH
at ambient temperature for 24 h before it was dried at 110 °C
overnight. The dried sample was then placed in a horizontal tube
furnace and heated up in a nitrogen flow of 1 L/min to pre-set
temperature at a heating rate of 5 °C/min and kept for 1 h. The
sample was then collected after it had cooled to ambient temper-
ature and was washed with DI water until a neutral filtrate was
obtained. The final product was then dried in an oven at 110 °C
overnight. For convenience, the PIR foam prepared by carboniza-
tion and activation were labelled as Cx and CxK, respectively,
where X represents the carbonization/activation temperature, K
means KOH activation.

2.2. Preparation of PCM-carbon foam composites

PCMs with a phase change range compatible with the human
thermal comfort temperature (22-28 °C) is particularly suitable
for modern built environment applications, which allows the
utilization of latent heat to improve the thermal inertia. In this
research, PCM, Rubitherm RT28, with a melting/freezing temper-
ature of 26-28 °C was selected. PCM/carbon foam nanocomposite
was prepared by using a vacuum impregnation method (Shang
et al, 2018; Nomura et al., 2009) and the schematic diagram
for preparation of PCM composites using PIR foam is shown in
Fig. 1a. 0.5 g of dried carbon foam and 50 g of PCM, Rubitherm
RT28, were added into a glass beaker. The mixture was then
placed in a pre-heated vacuum oven at 60 °C for 2 h under
ambient pressure to ensure that the PCM was completely melt.
The sample was kept for another 4 h at 60 °C under vacuum.
The impregnated PCM composite was then transferred from the
beaker to a piece of filter paper and kept at 60 °C in the vacuum
oven. The filter paper was replaced every hour until no liquid PCM
leakage was observed. The PCM loading level was calculated as
the mass change of carbon foam before and after impregnation.
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Fig. 1. (a) schematic diagram for PCM composites preparation using PIR foam; (b) N, adsorption isotherms of carbon foams; (c) PSDs of carbon foams.

2.3. Characterizations

Micrometrics ASAP 2420 was used to measure the N,
isotherms of the prepared samples at —196 °C. Before taking
the measurements, the samples were first degassed at 120 °C
for 16 h. The N, adsorption isotherm at P/Py of ca. 0.99 was
used to calculate the total pore volume. Density functional the-
ory (DFT) model that has been widely used for calculating the
pore size distribution of porous materials with a wide range of
pore sizes (0.5-100 nm) was selected to analyse the pore size
distribution of carbon foam samples from their N, adsorption
isotherms (Ravikovitch et al., 1998; Do and Do, 2003). The mor-
phology of selected samples was obtained by using JEOL 7000F
FEG-SEM. Differential scanning calorimeter (DSC), DSC2500, was
used to evaluate the phase change properties of pure PCM and
PCM-carbon foam composites. The DSC measurements were con-
ducted in nitrogen atmosphere at a 5 °C/min heating and cooling
rate with a temperature ranging from 5 to 60 °C. Thermal stability
of carbon foam composites were studied by using TGA (Q500)
in the temperature range of 20-600 °C at a heating rate of 5 °C
min~! under nitrogen atmosphere.

3. Results and discussion
3.1. Preparation of 3D carbon foams using PIR foam

Fig. 1 shows the nitrogen isotherms of carbon foams prepared
under different conditions. It can be found that the direct car-
bonization of pre-oxidized PIR foam at 600 °C displays type I
isotherm with well-defined plateaus at low relative pressure, in-
dicating the purely microporous nature of C600. However, when
the carbonization temperature increased to 800 °C, the nitrogen
adsorption capacity sharply dropped to about zero, which is
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Table 1
Textural properties of carbon foams prepared under different conditions.

Sample SBET (mz/g) Viotal (Cmg/g) Vhnicro (cm3/g) D, (nm)
€600 484 0.163 0.155 1.64
800 22 0.006 0.005 1.34
C600K 1107 0.480 0.350 2.19
C800K 1968 0.820 0.630 2.07

Note: Sger: BET specific surface area; Vi, : total pore volume; Viyicro: micropore
volume; D: average pore diameter.

presumably due to the widening of micropores formed at low
temperature into macropores that could not be measured by gas
adsorption method (Leng et al., 2021). In contrast, chemical ac-
tivation benefits the development of microporosity, the nitrogen
adsorption capacity sharply increased over 3 times from about
5 (C600) to 15 mmol/g (C600K) at carbonization temperature
of 600 °C. With further increase of activation temperature to
800 °C, the nitrogen adsorption capacity increased to over 27
mmol/g. When chemical activation was employed, the carbon
foam samples remain type I isotherm while mesoporosity starts
to develop as shown by the emerging of hysteresis loop at high
relative pressure. Analysis of the pore size distribution of the car-
bon foams demonstrates that carbon foams prepared by direction
carbonization are predominantly microporous with most of the
pores smaller than 2 nm. In comparison, the samples prepared
with KOH activation exhibit micro/meso/macroporous hierarchi-
cal structure with mesopores/macropores being in the range be-
tween 10-100 nm. Both micropore and mesopore volume were
significantly improved by chemical activation.

Table 1 summarizes the textural properties of all carbon foams.
The BET surface area and pore volume of carbon foams prepared
by direct carbonization sharply dropped from 484 m?/g and
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Fig. 2. SEM images of PIR-derived carbon foams prepared by using different approaches with different magnifications: direct carbonization (C600) (a) x40, (b) x100;

Chemical activation (C600K) (c) x40, (d) x100.

0.163 cm?/g to only 22 m?/g and 0.006 cm?/g, respectively, as
the temperature increases from 600 to 800 °C. However, when
chemical activation was employed, the carbon foams exhibited
much higher pore volume and surface area than their correspond-
ing counterparts via direct carbonization. For instance, the BET
surface area and total pore volume of C800K reached 1968 m?/g
and 0.82 cm?/g, respectively, which was much higher than C600
and C800. The mesopore and macropore volume of C800K (Vota
- Viiaro» 0.19 cm?/g) was even higher than the total volume of
C600. Moreover, chemical activation leads to the widening of
pores as the average pore size increased from 1.34-1.64 nm to
2.07-2.19 nm. These results are in consistent with those reported
in the literature where KOH activation could enhance the for-
mation of microporosity in carbonaceous materials (Liu et al.,
2020; Wang and Kaskel, 2012). The activation process involves a
variety of chemical reactions between KOH and carbon to develop
porosity of carbon, which could be divided into three groups:
(1) carbon fragments are etched by KOH and related potassium
compounds (K,COs3, and K,0) formed during activation process;
(2) the reactions of carbon with CO, and H,0 (steam) produced
from KOH decomposition; (3) the formed metallic potassium at
temperatures higher than 700 °C could be intercalated into the
carbon matrix so as to expand the carbon lattices (Wang et al,,
2017; Chen et al., 2020). Being different to direct carbonization,
the KOH activation efficacy increases with increasing activa-
tion temperature, leading to enhanced porosity of carbonaceous
materials (Liu et al, 2019). As shown in Table 1, at the same
KOH/PIR foam mass ratio of 1, the surface area and pore volume
of carbon foam prepared at 800 °C was much higher than that
of carbon foam prepared at much mild temperature of 600 °C.
The morphology of the selected carbon foams prepared by direct
carbonization and chemical activation is shown in Fig. 2. Carbon
foam, C600, prepared from PIR foam has highly interconnected
pentagonal and hexagonal ring macrostructures, which appeared
to originate from the foam precursor. When chemical activation
was employed, the microstructure of the carbon foam became
disordered, and the ring structures were widened due to the
carbon-consuming activation activities induced by KOH.
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3.2. Preparation of PCM-carbon foam composites

To achieve maximum PCM loading level of different carbon
foams, vacuum impregnation method was employed. Fig. 3a
shows the maximum PCM loading level of different carbon foam
samples. It is evident that both carbonization temperature and
chemical activation play an important role in determining the
maximum loading level of carbon foams. For sample prepare by
direct carbonization, the PCM loading level of C600 could reach
78.8 wt%, which was higher than that of C800 with lower total
pore volume. When chemical activation was employed, the PCM
loading level was significantly improved with C600K reaching
about 87.9 wt%, which was about 9 wt% higher than that of
C600. When the activation temperature increased to 800 °C, PCM
loading level of C800K increased to 90.8 wt%. Fig. 3b shows
the relationship between pore volume and PCM loading level.
It can be seen that an almost linear relationship was observed
between total pore volume and PCM maximum loading level. This
indicates that chemical activation benefits the development of
hierarchical porous structure shown in Table 1 and Fig. 1 with
increasing pore volume and pore size from less than 0.163 cm?/g
and 1.64 nm (C600 and C800) to 0.820 cm’/g and 2.04 nm
(C800K), respectively, which increases the loading capability and
pore accessibility of carbon foam and therefore boosts the PCM
loading level. The morphology of PCM-carbon foam composites
was shown in Fig. 4. It can be found that the PIR carbon foam
has suitable porous structure for incorporating liquefied mate-
rials and the PCM molecules are successfully loaded into the
pores of carbon foam. After PCM impregnation, C600 remains the
interconnected pentagonal and hexagonal ring macrostructures.
However, the porous structure of C600K seems to be fully occu-
pied by PCM molecules as no clear pentagonal and hexagonal ring
macrostructures was observed.

The thermal stability of the composites was evaluated by TGA
in the temperature range between 20-600 °C and the results are
shown in Fig. 5. Clearly, all composite samples exhibit excellent
thermal stability at operating temperature window (<100 °C).
The initial small weight loss at temperature lower than 100 °C
is attributable to the removal of water from composites. A sharp
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Fig. 5. TGA curves of PCM-carbon foam composites. The inset figure shows
the corresponding derivative thermogravimetric (DTG) curves of different
composites.

weight loss was observed at the temperature of 120-250 °C,
which corresponds to the thermal decomposition of composites.
In comparison, the thermal decomposition of PCM-carbon foam
composites (C800K and C600K) could be divided into two stages:
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SEM images of selected PCM-carbon foam composites: (a and b) C600; (¢ and d) C600K.
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Fig. 6. DSC curves of PCM-carbon foam composites during the heating process
and cooling process.

sharp decrease of weight at temperature between 120-250 °C
followed by a slow decomposition process could only achieve
less than 10 wt% weight loss between 250-500 °C, the latter
being more indicative of the removal of residue PCM molecules
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trapped deeply inside the micropores. The DTG curves of different
composites show that the peak thermal decomposition tempera-
ture of carbon foam composites prepared by using KOH activated
carbon foam shifts towards slightly higher temperature from 170
to 190-200 °C, indicating that the PCM molecules trapped inside
the micropore is more thermally stable. The peak thermal decom-
position temperature of C800K based composites was lower than
that of C600K. Given the much higher pore volume and surface
area of C800K but only slightly larger PCM loading level (90.8
wt% vs. 87.9 wt%) than that of C600K, much more pore channels
inside C800K are accessible that could potentially reduce the
diffusion resistance of decomposed compounds from the carbon
foam framework to outside and therefore a lower temperature is
required for thermal decomposition.

3.3. Thermal properties of PCM-carbon foam composites

Fig. 6 shows the DSC heating and cooling curves of pure PCM
and PCM-carbon foam composites, and the thermal characteris-
tics of different carbon foam samples were shown in Table 2. It
can be seen that one endothermic peak centred at about 26 °C
during the melting of PCM and one exothermic peak centred at
24 °C in the crystallization process was observed for all samples,
which corresponds to the melting point (T,) and freezing point
(T¢), respectively. It can be found from Table 2 that the melting
and freezing temperature of pure PCM were 27.8 and 23.7 °C,
respectively, with a supercooling degree (T,,-Tf) of about 4.1 °C.
In comparison, PCM-carbon composites exhibit lower melting
temperature but slightly higher freezing temperature, leading to
a supercooling degree of only 1.9-2.5 °C. The sharp decrease in
supercooling degree of PCM could be attributable to the improve-
ment of thermal conductivity by carbon foam (Wu et al., 2021). As
for PCM-carbon foam composites, the melting temperature and
the supercooling degree increased from about 24.9 to 26.6 °C and
1.8 to 2.5 °C with the increase of PCM loading level from 76.0 wt%
(C800) to 90.8 wt% (C800K). The shift in melting temperature and
increase in supercooling degree are presumably due to the phys-
ical interaction between PCM molecules and foam structure (Wu
et al.,, 2021). It seems that the microporous dominant structure
has stronger interaction with PCM molecules as T, of C800 with
smallest pore volume and surface area was much lower (AT >
1 °C) than other samples. The prepared carbon foam composites
have a phase transition temperature of 25-27 °C, which is very
close to the human comfort temperature, so it has the potential
in building applications.

The melting and freezing latent heat of all carbon foam com-
posites were shown in Table 2. It is evident that the latent heat
of PCM-carbon foam composites was affected by the PCM loading
level. For instance, the melting latent heat (AHy,) increased from
80.5 to 105.2 J/g with the increase of PCM loading level from
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Table 2
Heat energy storage properties of the carbon foam composites.
Sample Tm (°C) T (°C)  AHm (J/g)  AHr(/g) Tm—Tr (°C)
Pure PCM 27.8 23.7 120.2 125.1 4.1
€600 26.1 24.2 85.6 91.0 19
€800 249 23.1 80.5 849 1.8
C600K 26.2 24.0 95.0 91.8 2.2
C800K 26.6 241 105.2 105.4 25

76.0 to 90.8 wt%. This indicates that pore volume of carbon
foam plays an important role in determining the energy storage
capacity of the composites as the PCM loading level increased
linearly with the increase of the total pore volume of carbon
foam (see Fig. 3b). Chemical activation benefits the development
of porosity of carbon foam, which improves the PCM loading
level and therefore the energy storage capacity. At a given car-
bonization temperature of 800 °C, the melting latent heat of
composite prepared using C800K was about 105.2 ]/g, which is
31% higher than that of composite prepared using C800. Similar
trend was observed for freezing latent heat of PCM-carbon foam
composites. Among all carbon foam composites, C800K achieves
the highest melting and freezing latent heats of 105.2 and 105.4
J/g, respectively, which is among the best PCM composites with
similar or slightly higher operating temperature window reported
by previous studies (Table 3). In addition to the high energy
storage capacity, those composites also demonstrated excellent
thermal reliability and chemical stability. As shown in Fig. 7a,
the energy storage was fully reversible and no obvious change
in thermal properties and chemical structure was observed after
5 melting-freezing cycles. The melting and freezing latent heat
of selected composites shown in Fig. 7b remains stable during 5
continuous melting-freezing cycles.

4. Conclusions

In conclusion, a series of novel PCM-carbon foam composites
were designed and developed by using PIR insulation foam de-
rived carbon foam as support and RT28 via vacuum impregnation
method. The textural properties of carbon foams are tailorable
by tuning the carbonization temperature and chemical activa-
tion. The carbon foams prepared by using chemical activation
exhibited much higher pore volume and surface area compared
to carbon foams obtained via direction carbonization, which is
particular favourable for preparation of PCM-carbon foam com-
posites with the PCM loading level reaching up to 91 wt%. The
results demonstrated that the PCM-carbon foam composites pos-
sess high thermal energy storage capacity of up to 105.2 ]/g,
which is amongst the highest reported so far. In addition, the
composites also had excellent thermal reliability and chemical
stability during melting-freezing cycles.
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Table 3
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Comparison of thermal properties of PCM composites with similar melting/freezing temperature in literatures.

PCM composites Tm (°C) T (°C) Latent heat (J/g) Ref

C600K 26.2 24.0 95.0 This work

C800K 26.6 241 105.2

PEG/diatomite 27.7 322 87.09 Karaman et al. (2011)

Paraffin/expanded vermiculite 27.0 25.1 77.6 Xu et al. (2015)

Stearic acid/graphene oxide 32/57 23/49 56.1/43.0 Li et al. (2013)

Capric acid-myristic acid/perlite 21.70 20.70 85.40 Karaipekli and Sar1 (2008)

Lauric acid/kaolin 437 39.3 725 Song et al. (2014)

n-nonadecane/cement 31.9 31.8 69.1 Li et al. (2010)

Octadecane/vermiculite 26.1 249 142.0 Chung et al. (2015)

Capric acid/rGO-diatomite 30.5 29.2 106.2 Li and Mu (2019)

Capric-Stearic acid/perlite 30.7 17.2 118.6 Wei et al. (2014)
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