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The efficacious use of phase change materials (PCMs) is mainly confined by their poor thermal conduc-
tivity (TC). In this study, multiwalled carbon nanotubes (MWCNTs), graphene nanoplatelets (GNP) and
titanium oxide (TiO2) based single, and novel hybrid nano additives were incorporated into paraffin, a
typical PCM, to find the optimal composite which could not only enhance the thermal conductivity but
also limit the latent heat. Both unitary and hybrid nanoparticles at five different concentrations (0.2,
0.4, 0.6, 0.8 & 1.0 wt%) were investigated using various characterisation techniques, including FT-IR,
XRD, DSC, TGA, and TC apparatus. The results depicted good intermolecular interactions between the
PCM and the nanoparticles and showed that the dispersion of nanoparticles within the PCM did not affect
the chemical structure of pristine paraffin but enhanced its thermal and chemical stability. Novel hybrid
nanocomposites were found to be more stable and exhibit better thermal performance than single
nanocomposites. The highest value of thermal conductivity was observed at 1.0 wt% of
GNP + MWCNTs hybrid particles based PCM with a maximum enhancement of 170% at 25 �C.
However, compared with single and hybrid carbon-based nanofillers, TiO2 based mono and hybrid
nano-PCM showed a minimum reduction in the latent heat with a maximum decrease of �3.7%,
�5.2%, and �5.5% at 1 wt% of TiO2, TiO2 + GNP and TiO2 + MWCNTs, respectively. The significant improve-
ment in the thermal properties of PCMs with the inclusion of these nanofillers indicates that they have
the potential to be employed in thermal energy storage applications.

� 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The energy crisis is a significant issue in the modern world
owing to enormous population growth and a high rise in energy
consumption [1]. Although researchers have considered and estab-
lished renewable energy sources, such as wind and solar, to replace
traditional fossil fuel energy resources, optimising the present use
of energy should not be ignored. It is essential to understand how
to preserve and maximise energy use before incorporating renew-
able energy. One strategy to conserve excess energy is using ther-
mal energy storage materials. Instead of releasing it into the
atmosphere, thermal energy can be preserved for subsequent use
[2,3].

Phase change materials (PCMs) provide impressive thermal
storage characteristics because they can store and discharge signif-
icant quantities of latent heat. However, PCMs suffer from low
thermal conductivity (TC), which results in poor heat transfer per-
formance. Many TC enhancement techniques have been investi-
gated by several researchers to improve their TC values, such as
metal foams [4], fins [5], heat pipes [6], and nanofillers [7]. Recent
review articles [8–13] have suggested that the use of nanoparticles
instead of bulky metals has good potential to improve the thermo-
physical properties of PCMs since nanoparticles retain high TC, low
density, together with high specific surface area and they also have
good compatibility with PCMs. It has been reported that carbon-
based nanofillers (CNTs, GNP, diamond, and graphene flakes) have
a higher thermal conductivity enhancement compared to metals
(Cu, Al, Ag, Fe, Ni), and metallic oxides (TiO2, Al2O3, CuO, Fe3O4,
MgO, SiO2, ZnO) nanoparticles [8–10]. For instance, Fan et al. [11]
incorporated different carbon nanoparticles in paraffin with a mass
concentration between 1 and 5 wt%. They found that the thermal
conductivity of the PCM with the addition of 5 wt% of GNPs was
increased by 164% with a slight decrease in the energy storage
capacity. Arshad et al. [12] used 1 wt% of MWCNTs, GNP, GO and
rGO with paraffin as the PCM. The results showed an increase of
66%, 77%, 74.9% and 77.7% in TC by the addition of MWCNTs,
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Nomenclature

Abbreviations
LHTESS Latent heat thermal energy storage system
MWCNTs Multiwalled carbon nanotubes
TiO2 Titanium oxide
GNP Graphene nanoplatelets
TC Thermal conductivity
PAR Paraffin
GO Graphene oxide
SDBS Sodium dodeecycl-benzene
xGnP Exfoliated Graphite Nanoplatelets
PCM Phase change material
S-MWCNTs Small-Multi wall carbon nanotubes
Al Aluminium
Ag Silver
Fe Iron
Ni Nickel

Al2O3 Aluminium oxide
CuO Copper oxide
Fe3O4 Iron oxide
MgO Magnesium oxide
SiO2 Silicon dioxide
ZnO Zinc oxide
Cu Copper

Symbols
Tpeak Peak melting temperature
DH Latent heat
DT Degree of super cooling
wt:% Mass fraction of nanoparticles
RE Relative error
K Thermal conductivity
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GNP, GO and rGO nanoparticles, respectively, and less than 10%
decrease in the heat storage capacity for all composites. Dixit
et al. [13] analysed expanded graphite and PCM based composites
and observed very good thermal stability after 250 thermal cycles
with only a 6% decrease in melting and solidification enthalpies.
Harish et al. [14] studied the influence of GnP on the thermal con-
ductivity of lauric acid as their PCM and noticed that the incorpo-
ration of 1 vol% of GnP into lauric acid raised its thermal
conductivity by 230%. The thermal conductivity of lauric acid
was greatly improved by the graphene nanoplatelets without
affecting their phase transition enthalpy and melting temperature.
In their another study [15], they investigated different types of
carbon-based nano additives (i.e., SWCNTs, MWCNTs and graphene
nanosheets) with n-dodecanoic acid as their PCM. The experimen-
tal results showed that the thermal conductivity in the solid state
was increased by 223%, 171% and 27%, while in the liquid state it
was enhanced by 39%, 19.8% and 4% with the inclusion of graphene
nanosheets, MWCNTs and SWCNTs, respectively. The graphene
nanosheets showed a remarkable improvement because of their
high aspect ratio and less interface thermal resistance compared
to other carbon nano inclusions. In addition, due to higher interfa-
cial thermal resistance in the liquid state than in the solid state, the
thermal conductivity enhancement ratio was lower in liquids.
Wang et al. [16] incorporated various concentrations of graphene
in the PCM (n-hexadecane) and discovered a linear increase in
thermal conductivity with no effect on the PCM’s thermal perfor-
mance. Bahiraei et al. [17] examined several types of carbon-
based nanofillers at four different concentrations and found that
a dispersion of 10 wt% graphite nanoparticles improved TC signif-
icantly with a slight depreciation in latent heat. Recently, Chin-
nasamy and Cho [18] varied the MWCNTs concentrations from
1 wt% to 5 wt% to find the optimum concentration for lauryl alco-
hol organic PCM. They found that at 3 wt% of MWCNTs the thermal
conductivity was improved by 41%, 77.8% and 74.6% at 10, 30 and
40 �C, respectively. Lower latent heat values and increased super-
cooling behaviour was observed when the concentration was
increased beyond 3 wt%. The aforementioned studies report that
the inclusion of highly thermally conductive carbon nanoparticles
significantly improves the thermal conductivity of PCMs with a
minimal reduction in latent heat values [19,20]. However, the lat-
est studies have shown that the problems of stability and the high
cost of carbon-based nano-additives in PCMs have not been solved
yet. In particular, MWCNTs do not disperse into PCMs properly due
2

to their hydrophobic nature, which causes a stability problem for
nano PCMs [21–24]. Therefore, it is necessary to find low-cost
alternatives to expensive nanomaterials with a minimal effect on
the overall thermophysical properties of nano-PCMs. There are
very few studies in which hybrid nanoparticles were used with
PCMs, and there are no studies in which two different families of
hybrid nanoparticles have been used with PCMs [25–29]. Further-
more, scientists have reported that hybrid nanomaterials could be
advantageous due to their exceptional thermophysical characteris-
tics, which allow them to be used in a variety of applications to
reduce costs and improve efficacy [30,31]. From the literature
[25,32], it was found that TiO2 particles have good stability, and
have a relatively limited impact on latent heat reduction because
of their good stability and intermolecular interactions with PCM
molecules. Additionally, TiO2 particles are less expensive than
other inorganic particles including Ag, Cu, CuO, B2O3, Fe3O4, and
SiO2 [33–35].

This study presents an investigation of an organic PCM incorpo-
rated with carbon and metal oxide-based single and hybrid nano-
fillers (GNP, MWCNTs, TiO2, GNP + MWCNTs, GNP + TiO2 and
MWCNTs + TiO2) at five different concentrations (0.2 wt%, 0.4 wt
%, 0.6 wt%, 0.8 and 1.0 wt%) to identify the optimum combination
with lower cost, good stability and thermophysical characteristics.
The current experimental work employs various characterisation
techniques to investigate the thermal conductivity, chemical struc-
ture, thermal stability, crystal structure and important thermal
properties, and new findings are reported.
2. Experimental stages

2.1. Materials

Paraffin (PAR) with a nominal melting temperature range of 27–
29 �C was utilised as a PCM and was provided by Rubitherm GmbH,
Germany. This specific PCM with a melting temperature range of
27–29 �C was selected for its proximity to the nominal indoor com-
fort temperature of buildings and its versatility for use in other
thermal energy storage applications within that temperature
range. The thermophysical characteristics of paraffin are presented
in Table 1. Three distinct types of nanofillers TiO2, GNP and
MWCNTs were chosen to improve the PCM’s thermal conductivity
and were provided by Sigma-Aldrich, UK. Anatase TiO2 nanoparti-
cles with 99.7% trace metal basis had particle size less than 25 nm,



Table 1
PCM thermal properties.

PCM Melting temperature (�C) Heat storage capacity (kJ/Kg) Specific heat capacity (kJ/Kg) Thermal conductivity
(W/m. K)

Density
(kg/m3)

Paraffin 27–29 250 2 0.2 880 at 15 �C
770 at 40 �C
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density of 3.9 g/mL, and surface area of 45–55 m2/g at 25 �C. GNP
with particle size less than 2 lm had surface area of 750 m2/g and
MWCNTs with an outer diameter range of 6–13 nm, a length range
of 2.5–20 lm, surface area of 220 m2/g, 98% trace metals basis,
density of 2.1 g/mL at 25 �C. Transmission electron microscopy
(TEM) was used to examine the surface structures of nanoparticles,
as shown in Fig. 1. In addition, sodium dodecylbenzene sulfonate
(SDBS) was used as a surfactant and was obtained from Sigma-
Aldrich, UK. All employed materials were utilised without any
chemical alteration.
2.2. Preparation of nano-PCMs

For the preparation of nano-enhanced phase change materials
(nano-PCMs) a two-step protocol was used, which has been widely
employed in the fabrication of nanofluids [36]. Five different con-
centrations (0.2, 0.4, 0.6, 0.8, and 1 wt%) of TiO2, GNP and MWCNTs
for both mono and hybrid nano-PCMs were impregnated into the
base PCM. The schematic diagram of the two-step method used
for the preparation of mono and hybrid nano-enhanced PCMs is
shown in Fig. 2. Furthermore, for each concentration of TiO2,
GNP, and MWCNT nanofillers, 25% of sodium dodecylbenzene sul-
fonate (SDBS) was incorporated. The mass concentration ratio of
hybrid nano-PCMs (TiO2/MWCNT, TiO2/GNP and GNP/MWCNT)
was held at 70%/30% of 0.2, 0.4, 0.6, 0.8 and 1.0 wt%. For the TiO2
Fig. 1. Typical TEM images of (a) M
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based hybrid particles (i.e., TiO2/MWCNT and TiO2/GNP), 70% of
the TiO2 particles were used since they have better stability, and
less impact on latent heat because of their good intermolecular
interactions with the base PCM, and they are also economical [37].

Firstly, paraffin was melted in a thermal bath at a constant tem-
perature of 60 �C and then a fixed amount of nanofillers were intro-
duced into a certain quantity of PCM. To obtain a homogeneous
solution and to break up the particle clusters, a magnetic stirrer
was used for 2.5 h at 500 rpm at 60 �C to stir and homogenise
the mixture. Subsequently, SDBS was added separately into the
mixture and further stirring continued for half an hour to ensure
better dispersion of nanoparticles in the PCM since SDBS has good
hydrophilicity, which significantly decreases the surface tension of
PCM during the nano-PCM preparation. Secondly, all samples were
sonicated for 45 min utilising a probe sonicator at a 40% amplitude
and 20 kHz frequency to enhance the dispersion and homogeneity
of the nanofillers while minimising aggregation and sedimenta-
tion. Lastly, all the nano-PCM samples were cooled to a room tem-
perature of 20 �C.

Images of the freshly prepared samples and the samples left in a
hot water bath at 60 �C for 48 h are shown in Fig. 3 (a – d). Apart
from the single MWCNT nanoparticles based PCM a uniform dis-
persion after 48 h of sonication of mono and hybrid nano-PCMs
was observed. As shown in Fig. 3b, MWCNTs settled down after
48 h when they were incorporated in the PCM, since the hydropho-
WCNTs, (b) GNP, and (c) TiO2.



Fig. 2. Schematic illustration of the two-step method.
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bic nature of MWCNTs prevents them from dispersing uniformly in
the PCM. MWCNTs-based hybrid composites, on the other hand,
demonstrated a uniform dispersion after 48 h due to the small
amount (i.e., 30%) of MWCNTs used in the hybrid composites and
their good interactions with TiO2 and GNP particles.

2.3. Characterisation

A range of characterisation methods have been used to investi-
gate the structural and chemical properties of the base PCM, and
nanoparticle enhanced PCMs. These characterisation techniques
include FTIR, XRD, DSC, TGA, and TC apparatus.

A Fourier transform infrared spectroscope (FTIR, Perkin Elmer
Frontier) was employed to investigate the absorption spectra and
chemical structure of the nano-PCMs at room temperature. The
FTIR experiments were carried out at wavelengths ranging from
600 to 4000 cm�1, with a spectral resolution and accuracy of
4 cm�1 and 0.01 cm�1, respectively. X-ray diffractometer (XRD)
using Cu-Ka X-ray radiation was provided by Bruker, UK and
employed to study the crystalline structures of the base PCM and
composite PCMs within the 2h range of 5-60�.

The thermal stability, thermal conductivity, and latent heat of
melting and solidification were among the measured thermal
parameters of the composite PCMs. Differential scanning calorime-
try (DSC-Q200, TA Instrument Inc., UK) was utilised to investigate
the melting, crystallisation temperature and latent heat of pure
paraffin and composite paraffin enhanced with nanofillers over
the temperature range of 5 – 55 �C at a heating and cooling rate
of 1 �C min�1 under an N2 atmosphere. Before the experiments,
the DSC was calibrated by measuring the DH fusion and Tonset of high
4

purity standard indium (DH fusion = 28.7 Jg�1 and Tonset = 156.6 �C)
samples. Thermal stability of the pure PCM and nano-PCMs was
tested by thermogravimetric analysis (TGA, TGA Q-50, TA instru-
ment Inc., UK) and derivative thermogravimetry (DTG) between
40 and 400 �C at a heating rate of 10 �C min�1 under a nitrogen
purge flow rate of 100 mL min�1 [38]. A modulated differential
scanning calorimeter was used to determine the specific heat
capacity of samples (MDSC; Q200, TA Instruments, Inc.). The MDSC
generated Cp data with an accuracy of up to ± 2%. The samples
were placed in a DSC apparatus using a Tzero hermetic pan and
lid (TA Instruments). The sample mass ranged between 10 and
15 mg. To perform the heat capacity measurements with the
MDSC, a standard automated procedure was applied. The samples
were heated between 10 �C and 55 �C at a heating rating rate of
2 �C.min�1. A Hot Disk Thermal Constant Analyzer (TPS-2500S)
was employed to determine the thermal conductivity of the PCM
and nano-PCM samples. The technique is standardised in ISO
22007-2. Fig. 4 depicts the thermal conductivity setup with the
sample holder’s design, which includes six channels at the bottom
for effective heat transmission. A new aluminium sample holder
was fabricated and placed inside the heat immersion circulator
to evaluate thermal conductivity at different temperatures. Since
the manufacturer’s testing holder is confined to room temperature
measurements, this sample holder was developed according to the
TPS 2500S manufacturer’s recommendations to test PCMs at vari-
ous temperatures other than room temperature. To raise the tem-
perature of the sample, the Hot Disk sensor 5465 (3.089 mm
radius) was used, which consisted of a double spiral thin metal foil
sandwiched between two thin sheets of insulating Teflon material.
In addition, hot disk equipment was calibrated with the stainless-



Fig. 3. Status of samples with a time duration. (a) Single type particles-based nanocomposites just after sonication, (b) single type particles-based nanocomposites after 48 h
(c) hybrid type particles-based nanocomposites just after sonication, (d) hybrid particles-based nanocomposites after 48 h.

Fig. 4. Thermal conductivity testing setup with sample holder.
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steel samples provided by the supplier, and the difference between
the obtained experimental results and those provided in the man-
ual was less than 0.5%, which is much less than the instrument
measurement error (i.e., ± 5%).
5

3. Results and discussion

A thorough investigation was carried out to determine the influ-
ence of nanoparticles on the thermophysical properties of nano-
PCMs. Thermal conductivity, FT-IR, XRD, DSC, and TGA are charac-
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terisation methods that have been utilised to look into the charac-
teristics of nano-enhanced phase change materials, and some
interesting outcomes are reported.

3.1. Analysis of FT-IR spectra

FT-IR spectroscopy was used to investigate the chemical inter-
actions and functional groups of base PCM, nanofillers, and com-
posite PCMs impregnated with mono and hybrid nanofillers. For
mono and hybrid nano-PCMs, samples with 1 wt% of nanoparticles
were used to observe chemical interactions between the PCM and
nanomaterials. FT-IR spectrum transmittance bands of GNP,
MWCNTs, TiO2, pure paraffin, PAR + GNP, PAR + MWCNTs,
PAR + TiO2, PAR/GNP + MWCNTs, PAR/GNP + TiO2, PAR/
MWCNTs + TiO2 between the wavenumbers of 600 and
4000 cm�1 are shown in Fig. 5. No major stretching or bending
peaks from MWCNTs and GNPs were observed in their infrared
spectra since they lacked functional groups. The TiO2 stretching
vibrations are associated with the peaks at 635 and 643 cm�1.
Three transmittance peaks at 2945, 2905, and 2842 in the pristine
paraffin spectrum showed moderate anti-symmetrical stretching
vibrations of the –CH3 and –CH2- groups. In paraffin, the peak at
1490 indicated moderate C–H scissoring of the alkane (–CH2-
and –CH3) groups. The modest rocking vibration of C–H in the
long-chain methyl group can be seen in the peak at 750. Similar
patterns of FT-IR spectra for nano-PCMs have been reported in dif-
ferent studies [39,40]. The FT-IR spectra of PAR + GNP,
PAR + MWCNTs, PAR + TiO2, PAR/GNP + MWCNTs, PAR/GNP + TiO2,
and PAR/MWCNTs + TiO2 showed no substantial new peaks or sig-
nificant peak shifts in the nano-PCMs, confirming that paraffin,
GNP, MWCNTs, and SDBS only have physical interactions between
them, and it is suggested that there is no chemical interaction
between the PCM and nanoparticles.

3.2. XRD analysis

The crystallinity and unit cell dimensions of nanoparticles,
paraffin, and paraffin embedded with single and hybrid particles
Fig. 5. FT-IR spectra of
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were investigated utilising XRD. The XRD peaks obtained for the
MWCNTs, GNP, TiO2, paraffin, PAR/MWCNTs, PAR/GNP, PAR/TiO2,
PAR/MWCNTs + GNP, PAR/MWCNTs + TiO2, and PAR/GNP + TiO2

are shown in Fig. 6. For both the mono and hybrid nano-PCMs,
the samples with 1.0 wt% of nanoparticles were used to see the
crystal planes of the nano-PCMs. The diffraction peaks at 25.40�
(002) and 42.50� (100) with PDF No. 00–058-1638 indicate the
presence of MWCNTs [41]. The primary peaks in the XRD curve
of GNP at 25.9�,42.0� and 45.3� may belong to the (002), (100)
and (004) crystal planes of carbon from the GNP, correspondingly.
The TiO2 nanoparticle peaks at 2h = 25�, 37.4�, 47.3�, and 53.8� cor-
respond to the (101), (004), (200), respectively, and (105) lattice
planes, confirming the anatase form of TiO2 nanofillers with PDF
No. 03–065-5714. The XRD sharp spectrum peaks of paraffin were
obtained at 7.92�, 11.7�, 15.5�, 19.4�, 19.8�, 22.19�, 23.4�, 24.64�,
27.1�, 31.0�, 34.08�, 39.4�, and 44.3� with Miller indices (002),
(003), (004), (010), (011), (401), (102), (111), (007), (008),
(009), (122), and (0010), assigned to the crystal structure of n-
octadecane identified in the crystallography open database. As
the presence of nanofillers in a PCM is a small amount, fewer phys-
ical changes were observed. Because of the anatase crystal struc-
ture of TiO2, the paraffin + TiO2 composite has shown sharp
intensities compared with the other nano-enhanced PCMs. Despite
the high intensity of the paraffin + TiO2 composite, no new peaks
were identified, indicating that the pristine paraffin crystal struc-
ture was not altered by the addition of TiO2 nanofillers. Hence, it
is suggested that the paraffin crystal structure has not been chan-
ged, and the single and hybrid nano-PCMs hold the MWCNTs, GNP
and TiO2 peaks.
3.3. Phase-transition properties

Phase transition temperature and enthalpies of the pristine
PCM and nano-PCMs with single and hybrid nanofillers during
melting and solidification were examined using DSC. Fig. 7 (a - f)
depict the melting and crystallisation processes of single and
hybrid nanomaterial based PCMs at five different concentrations.
The values of phase transition temperatures, enthalpies, and super-
different samples.



Fig. 6. XRD patterns of distinct single and hybrid nano-PCMs.
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cooling degrees for both mono and hybrid nano-enhanced PCMs
are listed in Tables 2 and 3, respectively. It can be seen that the
incorporation of single and hybrid nanomaterials results in a very
minor effect on the melting and solidification temperatures of the
PCM. Similarly, a slight reduction in latent heat was observed with
the inclusion of nano additives. During melting, a single endother-
mic peak is noticed for both pure paraffin and composites, which
indicates isomorphous crystalline structures of both pure paraffin
and paraffin composites. On the other hand, two exothermic peaks
were identified in all samples during the solidification process. This
bimodal crystallisation phenomenon refers to the metastable rota-
tor phase that occurs before final crystallisation because of hetero-
geneous nucleation [42,43].

The supercooling degrees (DT) of single and hybrid nano-
enhanced PCMs are reported in Tables 2 and 3, respectively. It
can be seen that the degree of supercooling of the PCM was
reduced after the incorporation of nanofillers. However, slight vari-
ations in TiO2 based nano-PCMs are observed, which are attributed
to the crystallisation confinement of titanium dioxide particles
within the paraffin [39]. Overall, the decrease in D T demonstrates
the increased importance of nanoparticles as nucleating agents in
terms of effective homogenous nucleation and surface adsorption.

The latent heat of melting (DHm) and solidification (DHs) for the
pristine paraffin were found to be 248.4 J/g and 251.7 J/g, corre-
spondingly. It was observed that with an increase in the concentra-
tion of nanoparticles, the latent heat slightly decreased and the
maximum reductions of �3.7%, �6.8%, �6.4%, �5.07%, �5.5%, and
�5.2% and �4.12%, �7.31%, �7.2%, �6.9%, �6.4%, and �5.9% were
seen at the highest concentration (i.e., 1.0 wt% of nanomaterials)
for PAR + TiO2, PAR + MWCNTS, PAR + GNP, PAR/
MWCNTs + GNP, PAR/MWCNTs + TiO2 and PAR/GNP + TiO2 during
melting and solidification, respectively. The reduction in latent
heat could be due to the non-melting enthalpies of the nanofillers.
In addition, single and hybrid titanium oxide particle based PCMs
showed a smaller reduction in the latent heat of melting and crys-
tallisation compared to carbon-based nano-PCMs. It has been
7

reported [37] that the incorporation of TiO2 nanofillers into the
PCMs gives a negligible reduction in the latent heat. In some stud-
ies, an increase in the enthalpies was observed with the addition of
TiO2 nanomaterials, which could be due to the better stability and
interactions between the TiO2 particles and PCM molecules
[37,44]. Conversely, the high thermal conductive carbon-based
particles (i.e., MWCNTs, and GNP) have stability issues and due
to their high thermal conductivities, as they accelerate the evapo-
ration of paraffin, which affects the heat storage capability [8,32].
The theoretical value of the latent heat was also determined for
all composites using Eq. (1) [45].

DHnanoPCM ¼ DHPCMð1�wt:%Þ ð1Þ

where DHnanoPCM signified the latent heat of nano-enhanced PCMs,
DHPCM signifies the latent heat of pristine paraffin,wt:% corresponds
to the mass percentage of nanomaterials.

It is evident that the calculated latent heat of each PCM compos-
ite is greater than the latent heat measured in the laboratory with
DSC. This could be due to the dispersion stability, surface morphol-
ogy, and structure of the nanomaterials in the base PCM [46]. Over-
all, for all the PCM composites, no significant reduction in latent
heat was observed; therefore, they may be used for thermal stor-
age applications. Especially, TiO2 based novel hybrid particle
(MWCNTs + TiO2 and GNP + TiO2) based PCMs have the potential
to be employed in buildings as energy storage materials since they
have better stability, are economical, and have minimum effect on
phase change enthalpies compared to carbon-based single and
hybrid nanocomposites.

Fig. 8 shows how the specific heat capacity (the amount of heat
needed to raise the temperature of a substance by a certain
amount) of paraffin and nano-PCMs changes as the temperature
increases from 10 �C to 55 �C in both solid and liquid states. The
specific heat capacity has a relatively minimal effect on the overall
amount of thermal energy that can be stored using these materials
because of the low thermal energy density in the sensible heat
storage phase. However, the specific heat capacity still affects other



Fig. 7. A comparison of DSC results from single and hybrid nano enhanced PCMs (a) PAR + TiO2, (b) PAR + GNP, (c) PAR + MWCNTs, (d) PAR/MWCNTs + GNP, (e) PAR/
MWCNTs + TiO2, and (f) PAR/GNP + TiO2.
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factors that affect the total amount of heat that can be stored
within a certain temperature range by using these materials [47].
8

As shown in Fig. 8(a), the specific heat capacity of the nano-
PCMs increased gradually as the temperature increased from



Table 2
Thermal properties of PCM composites with a single type of nanoparticles.

Sample Melting Crystallisation

Tpeak DHm exp DHm cal Relative error % Tpeak DHm exp DHm cal Relative error % DT

Paraffin (PAR) 28.92 248.4 27.26 251.7 1.66
PAR + TiO2 0.2 wt% 28.67 247.1 247.90 0.32 26.46 249.3 251.19 0.75 2.21
PAR + TiO2 0.4 wt% 28.68 246.7 247.40 0.28 26.32 247.2 250.69 1.39 2.36
PAR + TiO2 0.6 wt% 28.79 244.1 246.90 1.13 26.54 246.02 250.18 1.66 2.25
PAR + TiO2 0.8 wt% 28.84 243.8 246.41 1.06 26.86 244.73 249.68 1.98 1.98
PAR + TiO2 1 wt% 28.83 239.2 245.4 2.52 26.67 241.32 249.18 3.15 2.16
PAR + MWCNTS 0.2 wt% 28.88 244.1 247.90 1.53 27.2 246.2 251.19 1.98 1.68
PAR + MWCNTS 0.4 wt% 28.4 239.7 247.40 3.11 27.24 241.1 250.69 3.82 1.16
PAR + MWCNTS 0.6 wt% 28.78 237.2 246.90 3.93 27.23 239.4 250.18 4.31 1.55
PAR + MWCNTS 0.8 wt% 28.8 235.5 246.41 4.42 27.08 236.7 249.68 5.20 1.72
PAR + MWCNTS 1 wt% 28.96 231.3 245.4 5.74 27.35 233.3 249.18 6.37 1.61
PAR + GNP 0.2 wt% 28.37 244.7 247.90 1.29 27.52 246.8 251.19 1.75 0.85
PAR + GNP 0.4 wt% 28.91 240.3 247.40 2.87 27.29 243.5 250.69 2.86 1.62
PAR + GNP 0.6 wt% 28.53 238.2 246.90 3.52 27.6 240.2 250.18 3.99 0.93
PAR + GNP 0.8 wt% 28.43 236.7 246.41 3.941678 27.64 238.6 249.68 4.03 0.79
PAR + GNP 1 wt% 28.59 232.4 245.4 5.29 27.67 233.5 249.18 4.96 0.92

Tpeak: peak temperature (�C), DHm exp: latent heat of melting experimental (J/g), DHm cal: latent–heat of melting calculated (J/g), RE: relative error, DT: super–cooling degree
(�C).

Table 3
Thermal properties of PCMs composites with hybrid types of nanoparticles.

Sample Melting Crystallisation

Tpeak DHm exp DHm cal Relative error % Tpeak DHm exp DHm cal Relative error % DT

Paraffin (PAR) 28.92 248.4 27.26 251.7 1.66
PAR/MWCNTs + GNP 0.2 wt% 28.95 242.8 247.90 2.05 27.82 245.1 251.19 2.42 1.13
PAR/MWCNTs + GNP 0.4 wt% 28.89 239.6 247.40 3.15 27.41 241.5 250.69 3.66 1.48
PAR/MWCNTs + GNP 0.6 wt% 28.71 237.76 246.90 3.70 27.46 239.3 250.18 4.35 1.25
PAR/MWCNTs + GNP 0.8 wt% 28.94 235.8 246.41 4.30 27.42 236.2 249.68 5.40 1.52
PAR/MWCNTs + GNP 1 wt% 28.96 230.9 245.4 5.90 27.19 234.1 249.18 6.05 1.77
PAR/MWCNTs + TiO2 0.2 wt% 28.49 245.7 247.90 0.88 26.84 247.5 251.19 1.47 1.65
PAR/MWCNTs + TiO2 0.4 wt% 28.5 243.3 247.40 1.65 26.85 245.7 250.69 1.99 1.65
PAR/MWCNTs + TiO2 0.6 wt% 28.53 239.5 246.90 3.00 26.72 241.8 250.18 3.35 1.81
PAR/MWCNTs + TiO2 0.8 wt% 28.78 236.5 246.41 4.02 26.69 239.7 249.68 3.99 2.09
PAR/MWCNTs + TiO2 1 wt% 28.86 234.6 245.4 4.40 27.48 235.5 249.18 5.49 1.38
PAR/GNP + TiO2 0.2 wt% 28.62 246.5 247.90 0.56 27.26 248.1 251.19 1.23 1.36
PAR/GNP + TiO2 0.4 wt% 28.98 243.8 247.40 1.45 27.16 246.3 250.69 1.75 1.82
PAR/GNP + TiO2 0.6 wt% 28.78 240.2 246.90 2.71 27.36 241.9 250.18 3.31 1.42
PAR/GNP + TiO2 0.8 wt% 28.93 237.1 246.41 3.77 27.09 240.2 249.68 3.79 1.84
PAR/GNP + TiO2 1 wt% 28.88 235.4 245.4 4.07 27.2 236.8 249.183 4.68 1.68

Tpeak: peak temperature (�C), DHm exp: latent heat of melting experimental (J/g), DHm cal: latent–heat of melting calculated (J/g), RE: relative error, DT: super–cooling degree
(�C).
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10 �C to 25 �C in the solid phase. In contrast, the specific heat
capacity remained constant in the liquid phase, as shown in
Fig. 8(b). The results of the specific heat capacity analysis for both
phases demonstrated concurrence with prior research findings
[48–50]. The specific heat capacity of paraffin was 1.928 J/g �C in
the solid phase and 1.887 J/g �C in the liquid phase. It is evident
that the addition of nanoparticles to the PCMs increased the speci-
fic heat capacity in both the solid and liquid phases. At 25 �C and
55 �C, the specific heat capacities of the nano-PCMs were 4.011 J/
g �C and 2.556 J/g �C, respectively.
3.4. Thermal reliability

The thermal stability of PCM and composites was examined
using TGA and DTG (derivative thermogravimetric analysis). The
TGA curves of the pristine and nano-PCMs are displayed in Fig. 9
(a – f). It can be seen from the TGA peaks that there is no discern-
able mass loss up to � 130 �C for either paraffin or its composites.
As the temperature increased, the weight loss became more pro-
nounced, reaching its maximum degradation temperature while
leaving a constant residue behind. For pure paraffin, the maximum
degradation temperature observed was 211.34 �C with 0.8272%
9

residue. The evaporation of paraffin causes such decomposition,
wherein hydrocarbon chains disintegrate into monomers. Further-
more, it was discovered that with the inclusion of nanoparticles,
the maximum degradation temperature increased because highly
thermally conductive nanoparticles improved the thermal conduc-
tivity of the nano-PCMs, which resulted in faster and more uniform
heat transfer. With an increase in the weight percentage of
nanoparticles, the final, residual, initial, and onset temperatures
increased. Basically, the nanomaterials form a shielding layer on
the surface of paraffin which impedes vaporisation during thermal
deprivation. The DTG peaks of the samples shown in Fig. 10 (a – f)
demonstrate that all the mono and hybrid nano-PCMs have similar
thermal decompositions. As no weight loss was observed
until � 130 �C for all samples, therefore the developed nano-
PCMs have the potential to be employed in buildings and other
thermal energy storage applications.
3.5. Thermal conductivity

The major purpose of PCMs is to properly capture and discharge
thermal energy during melting and solidification. Thermal conduc-
tivity determines how fast the thermal energy is stored and



Fig. 8. Specific heat capacity of paraffin and nano-PCMs versus temperature (a) in a solid phase and (b) in a liquid phase.
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released during the melting and crystallisation of the PCM. Pure
PCMs have poor thermal conductivity, which limits the rate of heat
storage and release and restricts their applications. A PCM with
greater thermal conductivity decreases the melting and solidifica-
tion time and accelerates the heat transfer during these processes
[25]. Thermal conductivity of the pure PCM, single, and hybrid PCM
samples (PAR + GNP, PAR + MWCNTs, PAR + TiO2, PAR/
GNP + MWCNTs, PAR/GNP + TiO2, and PAR/MWCNTs + TiO2) were
measured at six different temperatures ranging from 5 �C to 25 �C
for solids and 30 �C to 55 �C for liquids, as illustrated in Fig. 11 (a –
f).

As shown in Fig. 11 (a) and (b), at 5 �C and 15 �C, nano-PCMs
were solid, and as the nanoparticle loading concentration
increased, MWCNTs and GNP-based mono and hybrid nanoparticle
based PCMs demonstrated higher thermal conductivity than TiO2

and TiO2-based hybrid particle based PCMs. It can be seen that
the mono and hybrid carbon-based nano-PCMs have shown
greater enhancement because of the superior thermal conductivi-
ties of GNP and MWCNTs nanofillers. Overall, GNP + MWCNTs
hybrid nanoparticles-based nano-PCMs showed higher thermal
conductivity in comparison to TiO2 + MWCNTs and TiO2 + GNP
since they have a higher concentration (70 wt%) of TiO2 and lower
concentration of GNP and MWCNTs (30 wt%). Therefore, due to
lower thermal conductivity, titanium oxide TiO2 + MWCNTs and
TiO2 + GNP type hybrid nano-PCMs have shown lower conductivity
but they performed better than mono TiO2 nanoparticles based
PCM.

Similar thermal conductivity trends were observed at 25 �C but
a significant increase in the thermal conductivity was detected at
25 �C as can be seen in Fig. 11 (c). As the melting temperature of
the PCM is 28 �C, and near melting temperature nano-PCMs are
in a metastable state, the crystalline arrangement of the PCM
becomes unstable and a surge in temperature quickens the molec-
ular vibration in the lattice, therefore the thermal conductivity of
pristine PCM and nano-PCMs rises abruptly near the melting tem-
perature (i.e., 25 �C) [51]. The thermal conductivities of 0.29, 0.82,
0.61, 0.4, 0.864, 0.51 and 0.484 W/m.k were obtained for paraffin,
PAR + GNP, PAR + MWCNTs, PAR + TiO2, PAR/GNP + MWCNTs, PAR/
GNP + TiO2, and PAR/MWCNTs + TiO2 at 1 wt%, respectively.

In the liquid phase at 35 �C, 45 �C and 55 �C, the thermal con-
ductivity values obtained for mono and hybrid nano-PCMs were
10
below 0.2 W/m.K. Although as in the solid state a constant trend
was observed in the liquid state, in that the thermal conductivity
decreased significantly as shown in Fig. 11 (d–f). The cause for
exceptionally low TC at 35 �C, 45 �C, and 55 �C is that at these tem-
peratures, the PCM is completely melted, and the arranged
microstructure of the PCM in the solid state has been changed to
a disorganised microstructure in the liquid state. In addition, heat
is conducted by lattice vibrations in solids as molecules move
within their lattice structures. Solids are more effective than liq-
uids in terms of their lattice vibration and free-electron motion.
Thus, solid PCMs have a greater thermal conductivity value than
those of the liquid PCMs.

The percentage enhancement in the thermal conductivities
after the dispersion of nanofillers was also measured at tempera-
tures ranging from 5 �C to 55 �C, as shown in Fig. 12 (a – f). The
thermal conductivity enhancement factor was calculated using
equation (2):

g ¼ Knano�PCM � KPCM

KPCM
� 100 ð2Þ

where Knano�PCM and KPCM are the thermal conductivities of nano-
enhanced PCMs and pristine PCM, respectively.

As demonstrated in Fig. 12 (a) and (b), the carbon-based
(GNP + MWCNTs) hybrid nanofillers attained higher enhancements
in effective thermal conductivities with maximum enhancements
of 101.53% and 97.98% observed at 1 wt% of PAR/GNP + MWCNTs
at temperatures of 5 �C and 15 �C, respectively. On the other hand,
TiO2 based nano-PCM depicted the lowest enhancement because of
its low thermal conductivity. In addition, with an increase in the
percentage concentration of the nanoparticles, the thermal con-
ductivity enhancement increased.

The significant relative enhancement in the thermal conductiv-
ity with carbon-based nanoparticles can be seen in Fig. 12(c). The
hybrid nanoparticles showed substantial improvements of 170%,
75.8%, and 66.89% for GNP/MWCNTs, GNP + TiO2, and
MWCNTs + TiO2 at 1 wt%, respectively. As mentioned earlier, the
large improvement of PCM composites in the thermal conductivity
at 25 �C is because vibrations within the molecule lattice structures
of the PCM and PCM composites increase near the melting temper-
ature (i.e., 28 �C), which results in a sudden increase in thermal
conductivity of nano-PCMs.



Fig. 9. TGA curves of single and hybrid nano enhanced PCMs (a) PAR + TiO2, (b) PAR + GNP, (c) PAR + MWCNTs, (d) PAR/MWCNTs + GNP, (e) PAR/MWCNTs + TiO2, and (f) PAR/
GNP + TiO2.
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However, when nano-PCMs were changed to complete liquid
form at 35 �C, 45 �C and 55 �C, the comparative enhancement in
thermal conductivity was lower than with solids. As illustrated in
Fig. 12 (d-f), the maximum enhancement in thermal conductivity
was no more than 45% for all the PCM composites. As with solids,
11
GNP + MWCNTs based PCM showed maximum enhancement com-
pared to the other nano-PCMs at 35 �C, 45 �C and 55 �C.

Overall, TC results have shown that with the addition of the par-
ticles, the thermal conductivities of single and hybrid nano-PCMs
were increased because the employed nanomaterials have greater
thermal conductivities in comparison to the base PCM. In addition,



Fig. 10. DTG curves of single and hybrid nano enhanced PCMs (a) PAR + TiO2, (b) PAR + GNP, (c) PAR + MWCNTs, (d) PAR/MWCNTs + GNP, (e) PAR/MWCNTs + TiO2, and (f)
PAR/GNP + TiO2.

M.A. Hayat, Y. Yang, L. Li et al. Journal of Molecular Liquids 376 (2023) 121464
higher values of thermal conductivities were observed in the tem-
perature range of 5 �C to 25 �C, when the PCM is in solid form. In
12
contrast, the thermal conductivity values significantly decreased
at higher temperatures (35 �C to 55 �C) when the PCMwas in liquid



Fig. 11. Influence of nanofillers concentration on thermal conductivity at various temperatures.
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form. This shows that the temperature influenced on the thermal
conductivity of PCMs. In comparison to the other nano-PCMs, it
can be suggested that the GNP + MWCNTs based PCM demon-
strated the greatest improvement at all temperatures. This is
because carbon-based nano additives are known to have superior
physical properties such as hydrogen bonding, capillarity, and sur-
face tension, which enable the adsorption of fresh samples on their
pores and surfaces during phase transition without leakage [52].
13
3.6. Repeatability

The repeatability of experimental work is critical, especially in
the case of nanofluids, such as liquid nano-PCMs. The characteris-
tics repeatability of the nanofluids ensured their stability during a
period of time. Therefore, after 48 h, the thermal conductivity of
prepared mono and hybrid nano-PCMs were tested; the results
are presented in Fig. 13. It can be seen that good repeatability
has been achieved. As shown in Fig. 13, a maximum deviation



Fig. 12. Impact of particles concentration on TC enhancement at different temperatures.
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of ± 5% was observed for hybrid nano-PCMs, and ± 8 % for single
nano-PCMs excluding MWCNTs based nano-PCMs. The thermal
conductivity of single type MWCNTs decreased significantly after
48 h, potentially due to their hydrophobic nature, and the
MWCNTs settled down after 48 h, as shown in Fig. 13 (a). However,
all other single and hybrid nano-PCMs were found to be very
stable. The thermal stability of the phase change material (PCM)
and the nanoparticle-modified PCMs (nano-PCMs) was also evalu-
14
ated by subjecting them to 100 heating and cooling cycles. As
shown in Fig. 14, the phase-change properties of the materials
were not significantly affected by the thermal cycles since there
are no additional secondary curves in the differential scanning
calorimetry (DSC) graphs. The variations in the phase change tem-
peratures and enthalpies for the nano-PCMs were less than 1%,
indicating a promising level of stability to be employed in an appli-
cation. The thermal stability above 100 thermal cycles was also



Fig. 13. Thermal conductivities versus temperature of nano phase PCMs after 48 h (a) single, and (b) hybrid nano-enhanced phase change materials for thermal conductivity
after 48 h.

Fig. 14. DSC thermal cycle curves of single and hybrid nano enhanced PCMs (a, h) PAR (b) PAR + TiO2, (c) PAR + GNP, (d) PAR + MWCNTs, (e, i) PAR/MWCNTs + GNP, (f) PAR/
MWCNTs + TiO2, and (g) PAR/GNP + TiO2.
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tested where two samples of pure paraffin and paraffin enhanced
hybrid nanoparticle based PCM (i.e., GNP + MWCNTs), were sub-
15
jected to 200 cycles of heating and cooling. As shown in Fig. 14
(h and i), both samples were found to have remained stable after
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200 thermal cycles without experiencing any notable changes,
demonstrating the high stability of both pure PCM and nano-
enhanced PCMs. This suggests their capability to be used in ther-
mal energy storage applications.

To investigate the chemical interactions of the samples after
100 thermal cycles, FTIR analysis was performed. For both the
mono-and hybrid nano-PCMs, the samples with 1 wt% of nanopar-
ticles were used to observe chemical interactions between the PCM
and nanomaterials. As shown in Fig. 15, the FT-IR spectra of the
samples treated 100 times (i.e., PAR, PAR + GNP, PAR + MWCNTs,
PAR + TiO2, PAR/GNP + MWCNTs, PAR/GNP + TiO2, and PAR/
MWCNTs + TiO2) showed no substantial new peaks or significant
peak shifts in the nano-PCMs. This is to confirm that paraffin,
GNP, TiO2, MWCNTs, and SDBS have only physical interactions
between them, and they do not have any chemical interaction
between the PCM and nanoparticles even after 100 thermal cycles.

4. Conclusions and future work

The present experimental investigation explored the thermo-
physical characteristics of GNP, MWCNTs, TiO2 mono and hybrid
nanoparticle based PCM nanocomposites. Different characterisa-
tion techniques which include DSC, TEM, FT-IR, TGA, XRD, and
thermal conductivity equipment were employed to explore the
ideal thermal properties for the efficient thermal energy storage
materials. The key findings of the current investigation are given
as follows.

� The results of FT-IR and XRD analysis demonstrate that the
addition of GNP, MWCNTs, and TiO2 as mono or hybrid particles
to pristine paraffin results in only physical interactions, as indi-
cated by the absence of new peaks in the FT-IR spectra. Further-
more, the XRD profiles indicate that the crystal structure of the
paraffin remains unchanged after the addition of nanofillers.
The absence of new peaks in the FT-IR and XRD profiles indi-
cates that these nanoparticles are chemically compatible with
paraffin.
Fig. 15. FT-IR spectra of the
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� DSC analysis has revealed that the inclusion of nanoparticles
has almost no effect on the peak melting and solidification of
nano-PCMs. However, a slight reduction in latent heat has been
observed, with a maximum reduction of �7 %, and �6.9 % ob-
served for the latent heat of melting and crystallisation with
the hybrid GNP + MWCNT based nano-PCM, respectively. More-
over, for the paraffin/TiO2, a minimum decrease of �3.7 % and
�4.1 % in the latent heat of fusion and solidification has been
noticed.

� DTG and TGA curves illustrate that all unitary and hybrid nano-
PCMs have shown good chemical and thermal stability. Also,
the addition of nano additives enhanced the chemical and ther-
mal stability of the nano-PCMs.

� The thermal conductivity results revealed that the
GNP + MWCNTs based hybrid nano-PCM had maximum ther-
mal conductivity at all temperatures. In addition, higher ther-
mal conductivity was observed at 5 �C, 15 �C and 25 �C
respectively when the PCM was in solid state and it decreased
abruptly when it was changed into liquid state at 35 �C, 45 �C
and 55 �C. The thermal conductivity of nano-PCMs increases lin-
early with concentration of particles, and the carbon-based par-
ticle nano-PCM performed better than the titanium oxide
particle based nano-PCM.

� It is evident that the developed nano-enhanced PCMs demon-
strated enhanced thermal properties. In particular, TiO2 based
novel hybrid particles (TiO2 + MWCNTs and TiO2 + GNP) based
PCMs have the potential to be employed for thermal energy
storage applications since the 70% of TiO2 particles in these
hybrid combinations make them stable and cost-effective, as
TiO2 nanoparticles have better stability and low cost compared
to MWCNTs and GNP. Also, they exhibit overall better perfor-
mance compared to single particle-based nano-PCMs.

In this study, single and hybrid nanoparticles were used
unmodified; however, for future research, these particle surfaces
could be modified to investigate the effect of surface modification
on the thermophysical properties of nano-PCMs. Furthermore,
rmally treated samples.
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there have been numerous studies on organic PCM-based
nanocomposites; nevertheless, the use of inorganic PCMs should
not be overlooked because they have excellent thermophysical
properties and are particularly useful for high-temperature energy
storage applications.
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