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a b s t r a c t

Solar-thermal technology based on phase change materials (PCMs) has received a lot of attention as a
cost-effective and practical way to overcome solar energy intermittency. However, weak photothermal
conversion ability and complex preparation processes have hindered the practical application of PCMs. In
this work, a new approach for facile, uniform, and firm assembly of graphene nanoplatelet (GNP) through
the reaction of graphene oxide (GO) with the silanized melamine foam (MF) is introduced. Here, the
deposited amino siloxane layer not only promotes the adhesion and integrity of embedded GNP/GO
nanosheets but also facilitates the synthetic route compared to the previous studies. Following the
reduction of GO with oleylamine (OA), the hybrid GNP/rGO foams with an integrated network were
obtained. The composite PCMs were prepared through the incorporation of paraffin wax (PW) into the
hybrid structure. The high hydrophobicity and porosity of the GNP/rGO foams resulted in a high loading
of paraffin wax (nearly 97 wt%) and thus large transition enthalpy of 182 J g-1. The GNP/rGO framework
provided excellent solar-thermal storage efficiency of up to 92.2%. The PCM composite containing the
highest content of GNP (6 wt%) revealed an enhanced thermal conductivity by 87% compared to the
unmodified MF/PW composite.
© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Solar energy is the most abundant, clean, and renewable energy
source that will soon play a crucial role in the global energy
transformation [1]. However, solar energy is unreliable as it is
naturally intermittent, erratic, and periodic, thus inducing a
disparity between supply and demand [2]. A promising avenue to
address this looming challenge is using phase change materials
(PCMs) to provide an on-demand, reliable, steady, and stable en-
ergy supply [3]. Therefore, solar-thermal technology based on
PCMs has emerged as a solution to deal with the intermittency of
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solar energy [4]. To put it simply, PCMs store solar energy in terms
of latent heat during sunlight and release the heat when it is
demanded [5]. Among the variety of PCMs, organic PCMs are
particularly attractive as they are non-toxic, have a high energy
density, no supercooling, and stable physical and chemical prop-
erties, etc. [6]. However, the low photo-absorption efficiency, poor
thermal conductivity, and liquid leakage problem of organic PCMs
restrict their widespread practical application [7].

Incorporating nano additives and three-dimensional (3D)
network confinement are two practical approaches to obliterate
these challenges [6]. Carbon nanotubes (CNTs) [8], graphene
nanoplatelets (GNP) [9], reduced graphene oxide (rGO) [10], and
boron nitride (BN) [11] are well known nano additives to enhance
the PCMs thermal properties. However, a high mass fraction of
nano additives is required to form a conductive percolation
network and overcome the interfacial thermal resistance between
nano additives and PCM. Such a high content of nano additives
cle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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compromises the capability of PCMs to store thermal energy due to
the presence of inactive mass [12]. Alternatively, 3D incorporated
PCMs can present higher thermal conductivity at a relatively low
filler content due to the large surface area and thermal conductive
pathway provided by the 3D structure [13]. Therefore, porous
confinement is the most straightforward approach to improve
thermophysical and photo-thermal properties of PCMs.

Recently, the Melamine foam (MF) template strategy has
shown great potential for energy storage owing to its low cost,
excellent elasticity, lightweight, and porous structure [14]. Along
with these thoughts, Xue et al. [15] implemented cellulose
nanofiber (CNF) to disperse GNP and wrap the MF skeleton, fol-
lowed by an ice-templated method and carbonization at 800 �C to
construct the 3D structure. In another study, Xue et al. [16]
incorporated GO to absorb GNP nanoparticles into MF structure
through freeze-drying at �40 �C for 48 h and carbonization at 800
�C for 3 h in a nitrogen atmosphere to obtain rGO/GNP aerogel. Lio
et al. [17] reported rGO coated melamine foam through the dip-
coating method followed by chemical reduction, freeze-drying,
and finally carbonization at 1400 �C. However, since MF exhibits
a low surface charge, there is no strong interaction between the
nanoparticles and the foam framework. Hence, the implemented
electrostatic assembly is inadequate for fabricating an integrated
conductive network [18]. Moreover, carbonization at high tem-
peratures to form a conductive path results in the deterioration of
the mechanical properties and significant shrinkage of polymer
foam. Therefore, proper modification of MF is required to improve
the adhesion and integrity of attached nanoparticles and
eliminate the complicated and high temperature preparation
processes.

In this work, GNP was continually wrapped via self-assembly of
GO on the surface of the MF skeleton modified with a hydrophobic
amino siloxane layer. The introduced active amino groups sub-
stantially enhanced interface interaction between GO and MF
substrate to construct the 3D thermally conductive network. GNP
is used to enhance photon captor ability and thermal conductivity
of the composite; however, it is very difficult to directly incorpo-
rate GNP into MF due to the absence of functional groups. There-
fore, GO is employed as the intermediary coupling agent because
first, its rich surface functional groups can react with the silanized
MF, and second, it forms the strong p-p interaction with the
embedded GNP nanosheets. These reactions are responsible for
the facile, uniform, and firm assembly of GNP on the MF skeleton,
which eliminates its tendency to aggregate or detach during the
convenient air-drying process. With the resulting GNP/rGO heat-
conducting network, the fabricated composites display enhanced
thermal conductivity, outstanding latent heat retention, and high
solar absorption ability. Therefore, the GNP/rGO composite PCM
with these comprehensive properties is deemed to have tremen-
dous potential applications in real-time solar-thermal energy
conversion systems.

2. Experimental and characterization methods

2.1. Materials

Melamine foam was obtained from a local department store
with a density of around 8.7 kg m-3 The graphite flakes were pur-
chased from Sigma-Aldrich (þ100 mesh). (3-aminopropyl) trime-
thoxysilane 95% (APTMS), oleylamine 80e90% (OA),
dichloromethane 99.5% (DCM), toluene 99.8%, isopropanol 99.5%
(IPA), and ethanol 99.8% were purchased from Fisher Scientific.
Paraffin wax with a melting point of around 58 �C was acquired
from R&M chemicals. Graphene nanoplatelets (GNP) were supplied
by XG Sciences with a lateral dimension of 1e2 mm and an average
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surface area of 300 m2 g-1. All the reagents were used as received
without further purification.

2.2. Preparation of silanized MF (SMF)

Silanized MF was prepared through a simple solution-
immersion method. The MF was punched into a disk shape
(diameter of 13mm and thickness of 3 mm). RoundMFwas washed
with ethanol and distilled water (DW) in a bath-sonicator to
remove any impurities and dried at 70 �C for 12 h. Dried MF was
immersed in 4 mL toluene containing 100 mL APTMS and placed on
an orbital shaker for 3 h to accomplish the silanization reaction at
room temperature. To remove the unreacted APTMS, it was washed
with toluene and dichloromethane and dried at 120 �C for 4 h. For
comparison, amino-siloxane oligomers (ASO) were extracted after
drying the residual APTMS solution.

2.3. Preparation of the SMF-GNP/rGO (SMG)

Briefly, a specific amount of GNP was added into a solution of
IPA/DW (volume ratio 1:1) and after tip-ultrasonication for 10 min,
a homogeneous GNP solution was made. GO slurry (prepared from
graphite flakes, following a simplified Hummers' method [10]) was
added to the GNP solutionwhile stirring to give a concentration of 1
mg/mL and was treated by bath-sonication for 1 h. A round shape
SMFwas then soaked in the solution for 1 h for complete infusion of
the solution into the pores of the SMF. The SMF- GNP/GO was then
put into an OA/IPA (5 mL/mL) solution and reduced in a glass vial at
90 �C for 6 h. After washing with IPA and natural drying, the hy-
drophobic SMF-GNP/rGO was obtained and abbreviated as SMGx,
where x denotes the concentration (mg/mL) of the GNP in the
solution.

2.4. Preparation of the SMF-GNP/rGO-PCM composite (SMGP)

The phase change composites were produced by implementing
the vacuum-assisted impregnation method. The SMGx foams with
high porosity were directly immersed in the molten PW at a tem-
perature of 80 �C for 3 h. Since they were highly hydrophobic, PW
immediately penetrated into the foam structure. After impregna-
tion, the obtained composite PCMs were defined as SMGxP. For
comparison, unmodified MF was also impregnated with PW (MFP)
through the same procedure. The schematic illustration of the GNP/
rGO foam composites preparation process and their corresponding
digital images are illustrated in Fig. 1. The mass content of fillers,
together with the composition of the impregnated foams, were
calculated from the TGA results and are listed in Table S1.

2.5. Characterization

The structural morphologies were captured using a Hitachi
High-Tech SU8030 field emission scanning electron microscope
(FESEM) equipped with an energy dispersive X-ray spectrometer
(EDX, X-max, Horiba). Fourier transform infrared spectroscopy
(FTIR) was performed using a Bruker Tensor 27 in the wavenumber
range of 4000 cm�1 to 400 cm�1 operated in attenuated total
reflectance (ATR) mode. X-ray diffraction (XRD) patterns were ob-
tained from PANalytical Empyrean with the 2q range of 5� to 80�

using Cu Ka radiation (l ¼ 1.54060 Å). Raman spectroscopy was
performed using a Renishaw InVia-Reflex confocal microscope
equipped with a 633 nm laser. X-ray photoelectron spectroscopy
(XPS) was carried out on PHI Quantera II with Al-Ka radiation (hm
¼ 1486.8 eV). Differential scanning calorimetry (DSC) measure-
ments were recorded on Mettler-Toledo DSC1 at a heating/cooling
rate of 5 �C min�1, and Thermogravimetric analysis (TGA) was



Fig. 1. Schematic illustration of the GNP/rGO foam composites preparation procedure and their corresponding digital photos.
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performed using the Setaram Setsys EVO unit equipped with a TGA
module from 30 �C to 600 �C under nitrogen purging at a heating
rate of 10 �C min�1. Thermomechanical analysis (TMA) was carried
out by the Setaram Setsys EVO unit equipped with a TMA module
from 30 �C to 120 �C with a heating rate of 5 �C min�1 at a constant
force of 0.02 N, in the nitrogen atmosphere. Thermal diffusivity
measurements were performed by NETZSCH LFA467 at 25 �C.
Thermal conductivity (K) was calculated as K ¼ a� r� Cp, where a
is the thermal diffusivity, r is density, and Cp is the specific heat
capacity. The water contact angle was measured using a Data-
Physics OCA 15 EC optical contact angle goniometer. The apparent
porosity of the porous foams was estimated through the Archi-
medes method, following the ASTM C1039-85 standard (SI Eq. S1).

The photo-thermal performance of PCM composites was tested
under a solar simulator (Newport 67005, 150 W xenon lamp)
equipped with an AM 1.5G filter, and a solar power meter (CEM LA-
1017) was used to fix the light irradiation power at 1 sun (100 mW
cm�2). The sample's temperature was recorded using a data-
collecting device (Graphtec, midi logger GL220) using a thermo-
couple (type-K, OMEGA). The thermal cycling test was conducted in
an accelerated thermal cycling system for 1000 cycles from 25 �C to
80 �C [9]. The time of the thermal cycling test was about 10 min for
each heating/cooling cycle. Infrared images of the samples were
captured using a Seek Compact-pro thermal camera.

3. Results and discussion

Typically, inert imine groups of melamine foam can only interact
with nano additive through a weak hydrogen bonding which cau-
ses an uneven coating with low adhesion to its surface. To address
this issue, active amino groups are introduced onto the foam
structure by hydrolytic condensation of APTMS. The detailed
mechanism of SMGx foams preparation is shown in Fig. 2a. APTMS
3

was first hydrolyzed by a small amount of water in the toluene and
attached to the foam structure through hydrogen bonding [19].
Subsequently, condensation of silanol groups formed siloxane
polymer, which its further dehydration resulted in the covalent
bonding of the amino-silane monolayer onto the foam skeleton
[20]. After silanization, GO was covalently attached onto the
modified foam surface via ring-opening and condensation reaction
of its epoxide and carboxyl functional groups with the introduced
amino groups [21]. Simultaneously, GNP nanosheets were evenly
embedded in the GO surface through the strong p-p interaction,
promoting the formation of the integrated GNP/rGO layer [22].
Finally, OA reduction was applied on the GO surface to restore the
sp2 carbon basal plane, which endows its p-p stacking effect with
GNP and improves the hydrophobicity of the interconnected GNP/
rGO network [23]. Consequently, the final foam demonstrates the
water-contact angle of 139� in Fig. 2b, confirming its beneficial high
hydrophobicity to absorb and contain the molten PW properly.

According to the SEM images in Fig. 2c, the MF skeleton shows a
highly interconnected cellular structure with a smooth surface and
a concave triangle cross-sectional shape. The high porosity of the
MF network (99.37%±0.06) makes it a unique substrate for con-
structing framework-supported nanocomposites. After modifica-
tion (Fig. 2d), a bulge-like layer formed on the foam surface with an
average thickness of around 300 nm (Fig. S1), attributed to the
condensation and dehydration of APTMS. It is apparent in Fig. 2e
that rGO and GNP nanosheets are uniformly assembled onto the
amino siloxane layer and form a densely packed conductive
pathway. Interestingly, GNP/rGO agglomerated onto the foam
structure and wrapped around instead of segregating out from its
surface (Fig. S2) while drying naturally. This effect highlights the
key contribution of the amino siloxane layer to the formation of a
dense thermal conducting framework. Note that the open-celled
porosity of the foam (97.33%±0.13) is totally retained after the



Fig. 2. (a) Schematic illustration of the MF silanization and GNP/rGO assembly. (b) Water contact angle of SMG20. SEM images of (c) MF (d) SMF (e) SMG20, and (f) SMG20P. SEM-
EDX elemental mapping images of (g) MF, and (h) SMG20.
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GNP/rGO deposition to facilitate efficient PCM penetration. Fig. 2f
shows that through impregnation, GNP/rGO foam successfully
absorbed PW, and the foam structure was fully covered because of
its high hydrophobicity. The high hydrophobicity increases the
4

interfacial interaction between the PWand the foam structure [24].
On the other hand, in Fig. S3 the surface of the MF is still visible,
suggesting that the pure MF is not suitable for absorbing PWowing
to its hydrophilic nature.
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EDX elemental mapping was employed to investigate the
elemental distribution in the pristine MF and GNP/rGO foam. C, N,
and S elements that were detected in Fig. 2g are consistent with the
composition of commercial MF containing the formaldehyde-
melamine-sodium bisulfite copolymer [25]. While for the GNP/
rGO foam, the C element is predominant, and the locations coin-
cided with the positions of the loaded graphene nanosheets in the
corresponding SEM image (Fig. 2h), revealing that the MF matrix
was uniformly and fully coated with the GNP/rGO layer.

FTIR and XRD analyses were conducted to verify the formation
of the GNP/rGO layer on the foam structure and investigate the
chemical structure of the infused PW. As shown in Fig. 3a, only one
major peak is observed in the GNP spectrum at 1569 cm�1, related
to the C]C stretching vibrations of the sp2 hybridized carbons on
the aromatic rings [22]. However, the GO spectrum reveals several
intense peaks, indicating the formation of various oxygen-
containing groups during the oxidation process. The broad peaks
around 2500 to 3700 cm�1 can be assigned to OeH stretching of
phenolic and carboxylic groups. The strong peaks at 1718, 1618,
1417, and 1053 cm�1 are associated with C]O stretching of the
carboxylic group, OeH bending, C]C stretching of the aromatic
ring, and CeO stretching of the epoxide group, respectively [26]. For
the pristine MF, the absorption peaks at 3337, 1544, 1332, 1159, and
810 cm�1 are the stretching vibration of NeH (secondary amine),
C]N, CeN, CeO, and bending vibration of the triazine ring,
respectively [27]. In the ASO spectrum, the existence of the amino
groups can be confirmed by the bands at 690 and 1560 cm�1,
belonging to the NeH out-of-plane and the NeH in-plane bending
vibrations (primary amine), respectively [28]. Additionally, the
SieOeSi stretching vibration was observed at 1006 cm�1, con-
firming the formation of long-chain siloxane bonds through hy-
drolytic polycondensation [29]. The appearance of all characteristic
peaks of ASO in the SMF spectrumwith the additional triazine ring
Fig. 3. FTIR spectra of (a) GNP/rGO foam components, and (b) impregnated
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vibration of MF suggests that the amino siloxane layer was suc-
cessfully grafted onto the foam. However, the bending vibration of
amino moieties almost disappeared in the SMG20 spectra due to
their covalent interaction with the GO functional groups. The FTIR
spectra of PW and impregnated foams are presented in Fig. 3b. In
the spectrum of the pure PW, the peaks at 2916 and 2848 cm�1

signify the alkyl CeH stretching of methyl and methylene groups,
while the peaks at around 1461 and 719 cm�1 represent their CeH
bending and rocking vibrations [30]. The spectrum curve of
impregnated foams presents the same characteristics peaks as PW,
and no new significant peak is detected. This implies that the in-
teractions of PWand the foam components are just physical, and no
chemical interactions occurred.

The XRD patterns of the GNP/rGO foam components are pre-
sented in Fig. 3c. One sharp diffraction peak appeared for GO at 9.9�

and GNP at 26.6�, associated with the (002) crystal plane with an
interlayer spacing of 0.89 nm and 0.33 nm based on Bragg's equa-
tion, respectively [16]. While, SMF shows broad diffuse scattering,
corresponding to the non-crystalline structure of MF and ASO. After
the OA treatment, GO and GNP form a hybrid layer, and the char-
acteristic peak of GO disappears in SMG20 as it is conflatedwith the
GNP diffraction peak due to the reduction of the GO sheets.
Furthermore, the crystal structures of the PW and impregnated
foams were also investigated, as shown in Fig. S4. The diffraction
peaks at 21.2� and 23.6� are attributed to the (110) and (200) crystal
planes of PW [31]. In contrast, the XRD patterns of the impregnated
foams also display the two sharp peaks of PW with no noticeable
shift in their positions. This indicates that the crystal structure of
PW was not changed, and no new phase was formed during the
impregnation process.

Raman spectroscopy was conducted to analyze the micro-
structure of GNP, GO, and foam components (Fig. 3d). Raman
spectra of GNP and GO show typical D and G bands of graphitic
foams. (a) XRD, and (b) Raman spectra of GNP/rGO foam components.
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structures at ~1325 cm�1 and ~1575 cm�1, respectively. The D band
is related to the vibration of disordered carbon atoms caused by the
structural defects, while the G band is linked to the first-order
scattering of the E2g vibration of the crystallized graphitic sp2 car-
bon network. Therefore, the intensity ratio of the D band and G
band (ID/IG) is usually used to determine the degree of defects in the
graphitic structure [32]. The ID/IG of GO (1.06) is significantly higher
than GNP (0.32), indicating the electronic delocalization in sp2

graphene structure due to the existence of oxygen containing
functional groups. In the MF spectrum, the most intense peak at
975 cm�1 corresponds to the bending vibration of the triazine ring
[33]. This peak can be observed in the SMF spectrum, showing the
coexistence of the siloxane layer and MF. The Raman spectrum of
SMG20 is similar to GNP with the ID/IG of 0.33, revealing that the
GNP completely covered the foam structure.

XPS was employed further to investigate the silanization and
formation of the GNP/rGO layer. In the XPS spectrum (Fig. 4a), low
oxygen content (4.21 at.%) was observed for the GNP, while GO
shows a high content of oxygen moieties (38.32 at.%) obtained
during the oxidation process. The observed elements in the survey
spectrum of MF are consistent with elemental mapping results.
After silanization, additional silicon peaks appeared, and the oxy-
gen concentration in SMF significantly increased from 13.43 at.% in
MF to 21.91 at.%, indicating the presence of the amino silane layer.
Moreover, the carbon content is 13 at.% higher in the SMG20 survey
spectrum than in the SMF after forming the GNP/rGO layer (Table
S2). The high-resolution C1s spectra of the MF is deconvoluted
into four peaks assigned to CeC (284.8 eV) of graphitic carbon, CeO
(285.9 eV) of ether groups, C]NeC (287.4 eV) of triazine ring, and
OeC]O (288.6 eV) of carboxyl groups, respectively (Fig. S5a)
[34,35]. However, SMF spectra could be fitted with an additional
peak centered at 284.0 (Fig. S5c) corresponding to CeSi component
Fig. 4. (a) The survey curves of GNP/rGO foam components, High-r
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owing to APTMS deposition, which is consistent with the C1s
spectra of ASO in Fig. S5b [36,37]. The C1s envelope of the SMG20
sample (Fig. 4b) shows all the components from SMF but with
higher intensity of the CeC bond and an extra pep* shake-up
satellite peak, resulting from the p-p stacking interaction be-
tween the layers of graphene nanosheets [38]. As shown in Fig. S6a,
the N1s peak of the MF is fitted with two peaks at 398.7 and 400.1
eV, which are assigned to the triazine ring (¼Ne) and secondary
amine group (eNHe), respectively [39,40]. In addition, the two
peaks in the N1s spectrum of ASO (Fig. S6b) at 399.0 and 400.5 eV
are attributed to the primary amine (eNH2) and protonated amine
group (eNH3

þ) [41,42]. A new peak appeared after silanization with
a binding energy value centered at 397.9 eV (Fig. S6c) that could be
associated with the NeSi component due to the covalent interac-
tion of siloxane with the secondary amine group of MF [43]. In the
SMG20 spectra (Fig. S6d), however, the amine peak shifted to a
higher energy level caused by the interaction of OA amino groups
with the GO functional groups. The High-resolution Si2p XPS
spectrum of ASO revealed two types of Si atoms assigned to SieC
(101.8 eV) and siloxane group (102.9 eV), respectively (Fig. S7a)
[44]. While as observed in Figs. S7b and c, the new peak at 102.3 eV
would be due to the reaction of siloxane oligomers with MF and the
formation of the SieN bond during the dehydration reaction [19].
These findings are consistent with the FTIR and Raman results,
which further confirm the formation of the amino siloxane layer,
followed by the successful deposition of the GNP/rGO layer on the
MF skeleton.

TGA and derivative thermogravimetry (DTG) was carried out to
understand the effect of each component on the thermal degra-
dation of the modified foams (Figs. S8a and b). Based on TGA and
DTG curves, MF underwent a severe weight loss from 380 �C to 400
�C and further moderate weight loss until 600 �C attributed to the
esolution XPS spectra of SMG20 (b) C1s (c) N1s, and (d) Si2p.
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elimination of methylene linkages and degradation of triazine ring,
respectively [45]. For ASO, the first weight loss from 70 �C to 200 �C
is due to the physisorbed water and unreacted hydroxyl group. The
second mass loss from 390 �C to 520 �C belongs to eliminating its
aminopropyl group [46]. Basically, the decomposition of SMF re-
flects bothMF and ASO degradation behavior. But the weight loss of
MF in the temperature interval of 380 �C to 410 �C was smaller as
the siloxane layer might avoid the rapid decomposition of the
triazine ring. After the GNP/rGO incorporation, the total weight loss
at 600 �C is only 23% for SMG20 and considering the total weight
reduction of SMF (48%), the mass content of GNP/rGO in the hybrid
foam structure is calculated to be around 75%. The thermal stability
of the PW composites was also investigated, and the corresponding
curves are presented in Fig. 5a. The one-step decomposition of the
pure PW begins at around 250 �C and completes at about 390 �C.
However, the weight loss of the PW composites ends at a higher
temperature by increasing the GNP ratio. This phenomenonmay be
ascribed to the existence of an inflammable GNP/rGO matrix with
the large GNP sheets acting as a shield, thus causing a lower
degradation rate and a broader mass reduction region. Moreover,
the weight proportion of the filler in SMG5P, SMG10P, SMG15P, and
SMG20P is estimated to be 1.5, 3.7,6.2, and 8.4% based on their
residual ratio at 600 �C. According to these results, PW composites
demonstrate good thermal stability at relatively low filler content,
which is significant to retain the latent heat capacity of the
composites.

Besides thermal stability, mechanical stability is another
essential attribute for PCM composites to preserve good perfor-
mance in practical applications. Hence, TMA analysis was con-
ducted to compare the shape stability of the pure PW with the
prepared composites (Fig. 5b). The neat PW showed a slight
deformation in the temperature interval of 58 �C to 85 �C and rapid
Fig. 5. (a) TGA, (b) TMA, DSC (c) heating, and (d) c
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dimensional change after 85 �C due to the solid-solid and solid-
liquid phase transition, respectively. On the contrary, all PW com-
posites maintain their shapes even at 120 �C, and only small
dimensional changes can be observed. Interestingly, by incorpo-
rating more GNPs into the structure, the shape retention of the
composites also increased, which can be ascribed to the stiffening
and reinforcing effect of GNP sheets on the supporting structure.

The phase change enthalpy is an important parameter for
determining the heat energy storage capacity of the PCMs. Thus,
the melting and solidifying behavior of pure PW and impregnated
foams were evaluated by DSC, and corresponding curves are shown
in Fig. 5c and d. The phase change parameters, including melting
point (Tm), melting enthalpy (DHm), solidifying point (Ts), and so-
lidifying enthalpy (DHs), are listed in Table 1. Two main peaks are
detected during the heating and cooling process of pure PW, which
originates from its solid-solid and solid-liquid/liquid-solid transi-
tion [47]. The peak patterns of the impregnated foams are almost
identical to the neat PW, suggesting the crystallization ability of the
PW was not affected by infusion into the GNP/rGO foam. However,
in both heating and cooling thermograms, the temperature range of
phase transition becomes wider, and the peak width of melting
(PWm) is enlarged. This can be explained by the confinement of the
PW in the GNP/rGO network, which hinders its free molecular
movement and diffusion of PW while it is melting [15]. Besides, as
GNP nanosheet content increased, PWm of composites became
narrower, considering the faster heat transfer of the substrate to
melt the infused PW. On the other hand, the DHm and DHs of the
composites decreased gradually since a portion of the working
substance (PW) was substituted by the GNP/rGO foam. The thermal
storage capacity of the impregnated foams was assessed through
the enthalpy efficiency (4) in Eq. (1) and the normalized enthalpy
efficiency (h) in Eq. (2) [48].
ooling curves of PW and impregnated foams.



Table 1
Thermal Characteristics of PW and impregnated foams, acquired from the DSC
measurements.

Samples Tm (ºC) DHm (J g-1) Ts (ºC) DHs (J g-1) PWm 4 (%) h (%)

PW 56.8 187.1 53.7 189.1 7.2 100.0 100.0
MFP 58.1 182.2 49.5 183.9 11.1 97.3 99.3
SMG5P 58.6 184.8 49.3 185.4 10.7 98.4 99.9
SMG10P 57.9 183.7 51.0 184.7 9.9 97.9 101.7
SMG15P 57.3 182.9 50.8 183.6 9.7 97.4 103.9
SMG20P 57.3 181.2 50.6 182.2 9.3 96.6 105.5
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4¼DHm;foam þ DHs;foam

DHm;PW þ DHs;PW
� 100 (1)

h¼ DHm;foam þ DHs;foam

u
�
DHm;PW þ DHs;PW

�� 100 (2)

where DHm,foam, DHs,foam, DHm,PW and DHs,PW denote the melting
enthalpy and solidifying enthalpy of the impregnated foams and
neat PW, respectively, while u denotes theweight percentage of the
PW in the composites obtained from the TGA results. Obviously, the
filler loading was extremely low, and even at the highest GNP
content, SMG20P has maintained a high enthalpy efficiency of
96.6%. Impressively, the h of the composites is more than 100%,
meaning that the crystallinity of PW was improved after impreg-
nation. This can be caused by the hydrophobic interaction between
PW and GNP/rGO foam, which could serve as a better heteroge-
neous nucleating agent while increasing the GNP content [49].

The shape stability of the PW and impregnated foams is also
visually tested by placing the samples directly on the heating
stage and increasing the temperature to 100 �C. The state of the
Fig. 6. (a) Schematic illustration of light-to-thermal energy conversion device. (b) Temperatu
Thermal conductivity of PW and impregnated foams. (d) Thermal transport evolution of M
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PW and impregnated foams during the heating process was
captured using the digital camera, as presented in Fig. S9 and
Video S1. All the samples are solid at ambient temperature
with an initial round-like shape (Fig. S9a). Once heated to 100 �C,
pure PW began to melt with visible leakage at the bottom
until it completely melted into a liquid (Fig. S9b). In contrast, the
impregnated foams remain intact, MFP and SMG5P exhibit a
small amount of leakage, but no leakage exists for the rest of
the PCM composites. Actually, the infused PW in the foams was
also melted, but due to the strong hydrophobic interaction,
molten PW was well confined in the foam network. These
results evidently reveal that the GNP/rGO foam is relatively
efficient in shape-stabilizing and suppressing the leakage of the
composite.

The prominent photon captor attribute and high thermal con-
ductivity of GNP sheets make the hybrid GNP/rGO structure an
ideal light-to-thermal conversion substrate for solar energy har-
vesting applications [50]. Hence, a photothermal conversion testing
device was designed (Fig. 6a) to comparatively evaluate the pho-
tothermal conversion performance of the impregnated foams. Fig.
6b presents the temperature evolution of the MFP and the GNP/
rGO foam composites with time in the presence and absence of
light irradiation. Under radiation, the temperature of pure PW rises
slowly and reaches its maximum temperature of only about 49 �C
because of the poor solar absorbance of its white surface. On the
contrary, GNP sheets on the surface of the hybrid GNP/rGO foams
functioned as the medium to absorb solar energy and transform it
into heat. Subsequently, generated heat was delivered to the PCM
through the heat conduction channels in the GNP/rGO foam
structure. Thus, the temperature of the composites rises rapidly
until reaches the inflection point, indicating the complete phase
re evolution curves of impregnated foams under the simulated sunlight irradiation. (c)
FP and SMG20P during heating and cooling process.



Table 2
Comparison of enthalpy efficiency (4) and photothermal storage efficiency (h) between the SMG20P composite and the related composite PCMs reported in the literature.

Nanofiller Foam preparation PCM 4f (%) 4 (%) h (%) Reference

Method Temperature �C

GNP/GO Mixing, freeze drying 90 PEG 4.3 99.3 84.4 [52]
Graphene Baking, CVD 1000 PW 4.8 95.7 89 [53]
rGO Mixing, freeze drying 90 PW 2.2 98.8 79.9 [54]
rGO Supercritical drying, annealing 600 PW 6.0 98.2 77 [55]
GNP/rGO Freeze drying, CVD 1000 PW 14.0 87.1 90 [56]
GNP Freeze drying, annealing 800 PW 4.1 98.4 78 [15]
GNP Freeze drying, annealing 1500 PEG 20.8 81.9 40.7 [57]
TiO2/rGO Hydrothermal, freeze drying 120 PW 7.6 80.7 89.9 [58]
GNP/rGO Immersion, airdrying 90 PW 8.4 96.6 92.2 This work
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transition of the infused PW. By the end of the irradiation, the foam
composites with more GNP content reached slightly higher tem-
peratures owing to their enhanced photothermal efficiency. When
the light was switched off, composites began to cool quickly until
the appearance of another plateau while PW solidifies and releases
the stored thermal energy. To investigate the photothermal con-
version ability of the prepared composites, the following equation
is employed to determine their solar-thermal storage efficiencies
(h) [51]:

h¼m DH
I A Dt

(3)

where m and DH signify the total mass of the samples and their
melting enthalpy obtained from the DSC, respectively; I, A, and Dt
represent the light source irradiation intensity, the sample surface
area, and themelting interval, respectively. Thus, the calculated h of
the SMG5P, SMG10P, SMG15P, and SMG20P is 84.2%, 88.0%, 90.9%,
and 92.2%, respectively. Considering the similar weight, size, and
melting enthalpy of the samples, the reason for increasing the
photothermal storage efficiency of the composites is the shorter
phase change period induced by the elevation of the heating rate as
GNP content increases. The excellent solar-thermal storage effi-
ciency of the GNP/rGO foam composites would offer promising
choices for utilization in actual solar energy storage applications.

The variation of the thermal conductivity of the PW and
impregnated foams is shown in Fig. 6c. Compared with the pure
PW, the thermal conductivity of the MFP is reduced by 30%, while
the GNP/rGO foams exhibit an enhanced thermal conductivity of up
to 32%, which is significant considering the minimal amount of the
incorporated filler. The lower thermal conductivity of the MFP can
be ascribed to its low density, given that the hydrophilic MF could
not contain the PW properly. Conversely, the highly hydrophobic
attribute of the GNP/rGO foams causes the strong interfacial
interaction with PW leading to a proper infusion of PW into the
porous structure. Furthermore, the conductivity enhancement of
SMG20P was 87% higher than the MFP due to the formation of the
GNP/rGO heat-conducting layer and the construction of the
continuous network structure. For the SMG5P and SMG10P, the
slight enhancement of k is mainly attributed to the small recovery
degree of the conjugated structure of graphene sheets, owing to the
partial reduction of rGO by OA. However, by increasing the filler
content, the inherent high thermal conductivity of GNP sheets
lowers the interfacial thermal resistance among rGO sheets and
accelerates thermal transport.

The thermal conduction capacity of the MFP was also visually
compared with SMG20P by evaluating their temperature response
while subjected to heating and cooling. An infrared thermal camera
was used to record the surface temperature evolution when the
composites were placed on the hot and cold platform, as presented
in Fig. 6d and Video S2. During the heating process, the
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temperature rise in SMG20P was faster than that in MFP until the
melting of the confined PW occurred, and consequently, a constant
temperature plateau appeared. After completion of the melting
transition, the temperature began to increase more rapidly for the
SMG20P because of the incorporated conductive structure. As ex-
pected, similar results could also be observed during the cooling
process, and SMG20P exhibited a better heat transfer rate.
Furthermore, the uniform color of the SMG20P surface confirms a
more homogeneous heat distribution, which can be attributed to
the dense and uniform infusion of PW into the foam. The higher
heating and cooling rates of SMG20P indicate that it has faster heat
transport properties, thus possessing promising thermal preser-
vation capability.

The prolonged thermal durability of the SMG20P was evaluated
by comparing the DSC and FTIR results of the sample before and
after undergoing 1000 heating/cooling cycles. As demonstrated in
Fig. S10a, the DSC curves before and after the cycling test almost
overlapwith each other, signifying theminimal change in the phase
change properties of the SMG20P. Besides, no clear changes in the
peak position and peak intensities are observed from the FTIR
spectra (Fig. S10b), which further verifies the chemical stability of
the composite. All these results suggest the remarkable reusability
of the composite PCM, thus satisfying the performance require-
ment for practical applications in the field of solar thermal energy
storage.

In addition, the prepared composite (SMG20P) in this work has
been compared with the related works in the literature, and the
results are recapitulated in Table 2. As can be seen, among all the
listed PCM composites, SMG20P showed outstanding thermal
performance referring to both its enthalpy efficiency (4) and pho-
tothermal storage efficiency (h) considering the low filler content
(4f ). This proves that GNP/rGO foam as a filler is a good candidate to
prepare composite PCMs with excellent thermal properties.

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.mtener.2022.101077
4. Conclusions

By introducing active amino groups onto the MF structure,
hybrid GNP/rGO foams are facilely prepared through dip-coating
followed by air-drying at moderate temperature. The constructed
foam shows high hydrophobicity and porosity to efficiently absorb
and confine the molten PW. Consequently, the as-prepared PCMs
contain high loading of PW (nearly 97 wt%), and thus large latent
heat of around 182 J g-1 is achieved. The composite PCM samples
exhibit an outstanding photothermal energy transition efficiency of
up to 92.2%, due to the presence of the photon captor and thermally
conductive GNP/rGO layer. Furthermore, the thermal conductivity
of the modified MF composite (SMG20P) increases by 87%
compared with the composite supported by the pure MF structure,
and this improvement was clearly observed using the infrared

https://doi.org/10.1016/j.mtener.2022.101077
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camera. Meanwhile, the stiffened foam structure successfully
contributed to the shape-stabilization of the composite and also
hampered the leakage of the molten PW. Finally, the phase change
enthalpy of SMG20P remains unchanged even after 1000 heating
and cooling cycles, demonstrating remarkable chemical and ther-
mal stability. All these superior comprehensive properties prove
the great potential of the as-prepared PCM composites in the solar-
thermal energy storage systems.
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