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Abstract

A novel zero—noise and clean thermal management technology (TMT), based on phase—
change thermal energy storage (TES) technology, has turned out the new vision for re-
searchers and industrialist involved in electronics industry. Therefore, this paper high-
lights a new direction by developing the nano—enhanced phase change materials (NePCMs)
by combing the carbon—additives with phase change material. Four different types of
carbon-additives of multi-wall carbon nanotube (MWCNT), graphene oxide (GO), reduced
graphene oxide (rGO) and graphene nanoplatelet (GNP) were dispersed in RT-35HC, used
as a PCM, with the combinations of mono (MWCNT, GO, rGO and GNP) and hybrid
(GO+MWCNT, rGO+MWCNT and GNP+MWCNT) nanoparticles. A constant mass per-
centage of 1.0 wt.% was selected for both mono and hybrid combinations of nanoparticles to
explore the best type and dispersion scheme for productive and effective thermal manage-
ment applications. All the synthesised NePCMs were characterized using various characteri-
zation methods to study microstructural features, surface chemistry, lattice dimensions, sta-
bility, thermal and phase—change TES characteristics. The key findings reveal the best chem-
ical and thermal stability, uniform dispersion of carbon—based nanoparticles in RT-35HC
without modifying the molecular structure. The highest thermal conductivity enhancements
of 182.7%, 183.8% and 185.3%, and optimum value of enthalpy of fusions of 237.42, 235.35
and 230.82 J/g were achieved for hybrid NePCMgoinwent, NePCM,.cormwent, and

NePCMgnpirmvwenT, respectively. in comparison of mono NePCMs. The phenomenon of
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thermal conductivity and specific heat capacity were explained systematically. Conclusively,
the minimum subcooling, specific heat capacity enhancement and smaller phase—transition
temperature reveal that GNP+MWCNT dispersed hybrid NePCM can be potentially used
for thermal management applications.
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1. Introduction

In current century, the revolutionary advancement in microelectronics including the
miniaturization and parallel multi—functions performance demands a novel thermal man-
agement cooing solution. This progressing trend has led towards the development of micro
level electronic components with higher power level. Thence, a serious challenge has been
rising of overheating within the internal circuits of electronic devices which is deteriorating
the operating features and lifetime performance. To overcome this challenge, there exists
an emerging need of a novel thermal cooling technology which can sustain the cooling per-
formance and operating life of electronic devices. A quiet and clean cooling technology with
zero power consumption has a remarkable introduction in advanced smart cooling technolo-
gies, based on the latent—heat thermal energy storage (LHTES) system [I]. Such a cleaner
sustainable energy technology LHTES system is integrated with materials that have an in-
trinsic potential of absorbing and releasing the thermal energy. These materials are called
phase change materials (PCMs) which can store the large amount of heat because of high
energy storage density during charging and discharging cycles. The melting and solidifica-
tion enthalpies of the PCMs are effectively utilized when integrated with a cooling system
and thermal loads can be controlled through operating parameters [2]. In spite of that,
PCMs exhibit some issues mainly lower thermal conductivity, super—cooling, less thermal
stability, etc. which reduce the heat transfer performance while cooling. Recently, the dif-
ferent design and material aspects of PCM based cooling systems have been explored such
as the leakage phenomenon [3], structure design [4], enhancing the mechanical properties [5]
and evaluating the long-term durability [6].

The energy technologists and researchers have been contributing the great efforts to improve
the thermophysical properties by adopting various performance enhancement techniques
such as by dispersing the nanomaterials, encapsulation, shape—stabilization and embedding
metal-foams [7], metallic fins [§] or heat pipes [9, [10]. These days addition of highly thermal
conductive matrix and chemically treated surfaces of nanomaterials have taken over the key
attention for researchers and scientist. Surface modification and grafting functional groups
are the main methods along with the addition of three-dimensional (3D), two—dimensional
(2D), one-dimensional (1D) and zero—dimensional (0D) structural additives [I1]. Nano-
materials additives including nanoparticles, nanosheets, nanotubes, nanofibers, nanorods,
nanowires and quantum dots exhibit a specific structural configuration [I1].The addition of

nanomaterials have been evaluated to improve the thermal conductivity and specific heat
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and to reduce the interfacial thermal resistance. The addition of nanomaterials in PCMs
form a thermal conduction path, reduce the phonon scattering and enhance the heat trans-
fer rate. The carbon-based nanomaterials family, which possess all the dimensionality and
morphology, have proven the remarkable thermophysical properties for the applications of
LHTES and thermal management systems when added into the PCMs [12, [13]. For in-
stance, Choi et al. [14] synthesized the NePCMs using three different carbon additives
such as MWCNTs, graphite, and graphene to determine the thermal conductivity for TES
applications. The authors used the hot—wire method and found that graphene showed
the highest thermal conductivity enhancement of 21.5% at 0.1 vol.% loading. Moreover,
they obtained the enhancement in heat transfer up to 3.35 times higher with 5.0 vol.% of
graphite. Li et al. [I5] used the grafted CNT by grafting polyhydric alcohol and mixed
into the paraffin as a PCM to prepare the NePCMs. Results showed the 38% graft ratio of
stearyl alcohol grafted CNT and found the highest thermal conductivities of 0.7903 W/m.K
at 4 wt.%. Li et al. [16] selected the MWCNT, graphene and graphite as a carbon additives
and stearic acid as a PCM to prepare the phase change NePCMs for TES applications.
Results revealed that by adding the carbon additives the heat conduction mode improved
whereas heat convection mode was weakened. The best charging and discharging rates were
obtained around 37% and 320%, respectively, with 5.0% of graphite added NePCM. More-
over, a 12 times enhancement was obtained in thermal conductivity with 5.0% of graphite
added NePCM. Fan et al. [I7] tested the CNT and GNP based composite PCM in heat
sink for TES application at various concentrations. The authors determined the various
thermophysical properties and found the 5.3% and 7.3% reduction in latent—heat fusion for
CNT and GNP based composite PCM, respectively, at 3 wt.%. The thermal conductivity
was enhanced of 31.1% and 170% for CNT and GNP based composite PCM, respectively,
at 3 wt.%. Babhiraei et al. [I8] conducted the experimental and numerical study based
on composite PCM by using CNF, GNP and graphite nanoparticles. Maximum thermal
conductivity enhancements were obtained using graphite nanoparticles at 7.5 wt.% and 10
wt.% about 620% and 1100%, respectively, in solid-phase. Zou et al. [19] synthesised the
carbon additives (MWCNT and graphene) and paraffin based composite PCM for Li-ion
battery cooling application. Authors found the higher thermal conductivity enhancement
with 3/7 mass ratio of MWCNT /graphene of 31.8%, 55.4% and 124% compared with GNP,
MWCNT and pure PCM, respectively. Recently, Li et al. [20] prepared the composite
PCM using sodium sulfate decahydrate (NagSO,;.10H20) and expanded graphite (EG) for
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TES application. The results revealed that by dispersing 7 wt.% of EG, the latent—heat of
melting and cooling were obtained of 114.0 and 105.5 J/g, respectively. In addition, the
thermal conductivity was obtained of 1.96 W /m.k.

The literature reveals that most of the studies focused on TES applications of composite
PCMs. In this study, four different carbon additives (MWCNT, GO, rGO and GNP) were
dispersed in the RT-35HC in two different schemes: mono and hybrid. A constant loading
content of 1.0 wt.% was considered for both mono (MWCNT, GO, rGO and GNP) and hy-
brid (GO+MWCNT, rGO+MWCNT and GNP+MWCNT) NePCMs. The ratio between
hybrid nanoparticles of GO+MWCNT, rGO+MWCNT and GNP+MWCNT was kept con-
stant of 3:1. A detailed experimentation was carried out to investigate the surface structure,
chemical and physical interaction, thermal conductivity, specific heat capacity, phase—change
enthalpies of solid—liquid and liquid—solid stages, degree of supercooling, chemical and ther-
mal stability of NePCMs as a function of temperature. In addition, the thermal conductivity
enhancement mechanism and modes of specific heat capacity enhancement were explained
schematically. Finally, this work contributes significantly to the area of thermal management

of electronic systems.

2. Research Methodology

2.1. Materials selection

A commercially available an organic PCM, namely RT-35HC was chosen having phase
transition temperature of 34-36 °C which was purchased from Rubitherm GmbH, Germany.
Table (1} is summarized the thermophysical properties of RT-35HC. Four different carbon—
based nanomaterials such as graphene nanoplatelet (GNP), graphene oxide (GO), reduced
graphene oxide (rGO) and multiwall carbon nanotube (MWCNT) were selected as a thermal
conductive materials (TCMs). The GNP (thickness <3-5 nm, lateral diameter <10pm and
carbon purity 98 + 1.0 wt.%), GO (flake thickness: <2 nm, lateral diameter: <4pum and
carbon purity: 60+5.0 wt.%) and rGO (flake thickness: <100 nm, lateral diameter: <20um
and carbon purity: 85 + 7.5 wt.%) were obtained from 2-Dtech Ltd/Versarien PLC, UK
[21]. The MWCNT (outer diameter 5 — 15nm and length of 10 — 30um, and purity > 95
wt.%) was procured from Carbon Nanotubes Plus, USA [22]. The sodium dodecylbenzene
sulfonate (SDBS) was purchased from Sigma-Aldrich, UK. All materials are utilized without

carrying out any further chemical processing.
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Table 1: Thermophysical properties of PCM (RT-35HC) [23].

Physical properties RT-35HC
Melting temperature (°C) 34-36
Heat storage capacity (kJ/kg) | 240
Thermal conductivity (W/m.K) | 0.2

Specific heat capacity (J/kg.K) | 2000

880 (solid)
770 (liquid)

Density (kg/m?)

2.2. Preparation of NePCMs composites

In present study, a two—step method was adopted to synthesize the composite of NePCMs
which has been reported extensively [24]. Figure [1|illustrates complete schematic represen-
tation of all mono and hybrid samples of NePCMs. RT-35HC was used as a base PCM
and GNP, GO, rGO and MWCNT were added as additives to enhance the thermophysical
properties of RT-35HC. The mass loading of the additives was kept constant of 1.0 wt.% for
both mono and hybrid NePCMs. Additionally, sodium dodecylbenzene sulfonate (SDBS)
was added with the ratio 4 : 1 for each loading of the GNP, GO, rGO and MWCNT nanopar-
ticles. While synthesising the hybrid NePCMs, the MWCN'T was mixed simultaneously with
GNP, GO and rGO keeping the total mass concentration of 1.0 wt.%. The ratio of mass
concentration of hybrid NePCMs (GNP/MWCNT, GO/MWCNT and rGO/MWCNT) was
kept 75%/25% of 1.0 wt.%.

In first step of NePCMs preparation, the PCM, RT-35HC, was melted until it did not
shift into the liquid-phase by using a hot—water bath maintaining at 70 °C temperature
constantly. A constant ratio of SDBS was mixed into the liquid RT-35HC as surfactant
to improve dispersion of GNP, GO, rGO and MWCNT nanoparticles in RT-35HC more
uniformly. As a kind of anionic surfactant, SDBS has good surface activity and strong
hydrophilicity thus it effectively reduces the tension of PCM surface during synthesizing
the NePCMs. Then the mixture of RT-35HC/SDBS was stirred for 30 min using a mag-
netic stirrer at rate of 450 rpm and temperature of 70 °C. After that, GNP, GO, rGO,
MWCNT, GNP/ MWCNT, GO/MWCNT and rGO/MWCNT were added separately to
prepare the desired mono and hybrid NePCMs. To achieve the homogeneous and stable
dispersion of additives, the stirring of mixture was further continued for 3 hrs to improve
the thermophysical properties and uniform melting/cooling of NePCMs. The sample were

labelled as NePCMMWCNT, NePCMGO, NGPCMTgo, NGPCMGNP, NePCMGNP+MWCNT7
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Figure 1: Schematic diagram of samples preparation of carbon—additives mono and hybrid
NePCMs.

NePCMgo+mwent and NePCM,.qo+ mywenT, based on the mono and hybrid carbon—-additives
scheme.

In second step of NePCMs preparation, all the samples were sonicated using probe at 40
kHz frequency for 60 min to enhance the homogeneity and dispersion of carbon—additives
and to minimize the sedimentation and aggregation. A uniform dispersion of all mono and
hybrid carbon-additives used in current can be seen from photographs of prepared samples
both in liquid and solid states shown in Figures [ and [3] respectively. Later on, all the

samples of NePCMs were cooled at the ambient temperature.

2.3. NePCMs characterizations

To study the physical, chemical and thermal properties of synthesised NePCMs, different
characterization techniques were carried out including ESEM, FTIR, XRD, DSC, TGA and
thermal conductivity analyser (TCA).

NePCMgo.mwent

NePCM o smwent

NePCM gnpsmwent
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Figure 2: NePCMs after 5 mins: (a) NePCMywont, (b) NePCMgo, (¢) NePCM, o, (d)
NePCMgnp, (¢) NePCMgo+uwent, (f) NePCM,co+mwent, (9) NePCMgnp+yvwenT-

2.3.1. Physical and chemical analysis

To visualize the microstructural features, surface topography and dispersion of carbon—
additives in NePCMs, an environmental scanning electron microscopy (ESEM, FEI Quanta—
650) was used. To study the chemical composition and record the absorption spectra of
powdered GNP, GO, rGO, MWCNT, RT-35HC and synthesized NePCMs at room temper-
ature, fourier transform infrared spectroscope (FTIR, Bruker Tensor—27) was employed. The
tests were conducted between wavelength range of 500 — 4000 cm™! with spectral resolution
and accuracy of 4 ecm™! and 0.01 cm™!, respectively. The study lattice planes and crys-
tallographic structure of powdered GNP, GO, rGO, MWCNT, RT-35HC and synthesized
NePCMs, the X-ray diffraction (XRD) patterns were obtained by using Bruker D8—Advance
with Da Vinci (Bruker (UK) Ltd) with a monochromatic Cu-Ka radiation (A = 1.5406A)

from angle 26 range between 5° to 60°.
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Figure 3: NePCMs after 50 mins: (a) NePCMywent, () NePCMgo, (¢) NePCM,co, (d)
NePCMeanp, (e) NePCMgoyuwent, (f) NePCM,gosmwent, (9) NePCManpiymwont.

2.3.2. Thermal analysis

The thermal conductivity was measured of all samples using thermal conductivity anal-
yser (TCA) TCi™ by C-Therm Technologies Ltd. Canada, as a function of temperature
(20-55 °) by adopting the modified transient plane source (MTPS) method (ASTM-D7984)
[25]. The TCA instrument has the capability to measure thermal conductivity range from
0-500 W/m.K with 5% accuracy and 1% precision. Five readings are recorded for each
sample at a specific temperature and average value is reported. A maximum relative error
and uncertainty were obtained of +2.0% and 4+1.0%, respectively. The thermal stability
of all samples were analysed using thermogravimetric analysis (TGA) and derivative ther-
mogravimetry analysis (DTGA), obtained from SDT-Q600 TA instrument Inc., UK [26]
having the precision of 0.1 pug. A sample mass of about 5-7 mg was filled in a pan, made of

aluminium, and three different tests were heated at a rate of 10 °Cmin~! from temperature



w0 20 °C to 400 °C under pure Ny environment of purging flow rate of 100 mLmin~!. The
161 phase—transition temperatures and latent—heat enthalpies of all samples were determined
162 by employing differential scanning calorimeter (DSC-2500, TA instrument Inc., UK) while
163 endothermic and exothermic processes [27]. Three tests were performed for each sample

1

16« from temperature range 10 °C to 50 °C at constant temperature rate of 1 °Cmin™" under

165 No flow conditions with accuracy and precision of £0.04% and £0.005°C, respectively. The
166 specific heat capacity of all samples was measured at constant heating rate of 3 °Cmin~*
17 from temperature 10 °C to 50 °C by following Sapphire-method. A sample mass of about

s 3-b mg was sealed inside a Tzero Hermetic pan, made of aluminium, with the lid to avoid

160 any leakage.

1o 3. Results and discussions

i 3.1. Surface morphology analysis
172 The surface morphology and microstructural features of GNP, GO, rGO and MWCNT

113 based mono and hybrid NePCMs are shown in Figure[d] The surficial microstructure of pure
s RT-35HC, NePCM y;wwent, NePCMgo, NePCMgos vwent, NePCM,.qo, NePCM,.cor vwenT,
s NePCMgnp and NePCMenpymwent are presented in Figure [dal, [4b] [4d] [Ad], [4€, and
s [Ah] respectively. The uniform dispersion of GNP, GO, rGO and MWCNT can be visual-
7 ized from Figure {4] in all mono and hybrid NePCMs because of the repulsive bonding of
s the SDBS, acting as a dispersing agent. Although the mass faction of GNP, GO, rGO
9 and MWCNT is constant and very less, even though a uniform dispersion and enough
150 embeddedness of nanoparticles can be observed in RT-35HC. Along with this, small ho-
11 mogeneous and heterogeneous percolation zones of GNP, GO, rGO and MWCNT mono
122 and hybrid nanoparticles can be observed in NePCMs. The presence of similar homoge-
183 neous and heterogeneous zones of various nanoparticles used as mono and hybrid combina-
15 tions have been reported in previous studies |28, 29]. The morphological features of hybrid
155 NePCMs (NePCMgormwent, NePCM,.gormywent and NePCManpiymwent) reflect the
185 three-dimensional arrangement of hybrid combinations of GNP, GO, rGO and MWCNT
1;z - nanoparticles. This three—dimensional path of hybrid nanoparticles is because of two dif-
18 ferent molecular arrangement of carbon-based additives. Since MWCNT are consisted of
1o nested single-wall carbon nanotubes (SWCNT) of different diameters which are rolled up
o of multiple layers of graphite sheets to form the tubular or cylindrical shape [30]. The

11 GO and rGO have the structure of two—dimensional layer or sheet forming the thin films

10
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[B1]. The GNP consists of short stacks of graphene sheets forming a two—dimensional nano
platelet shapes which are identical to those found in the walls of carbon nanotubes, but in
a planar form [32]. Therefore, this three-dimensional path of hybrid nanoparticles has a
significant effect to transfer the heat in all regions of RT-35HC. In addition, two different
mass ratios of GNP+MWCNT, GO+MWCNT and rGO4+MWCNT hybrid nanoparticles
form the different morphologies because of different molecular shapes and physical proper-
ties (i.e. density, particle size, surface area etc.) results in the good harmonious effects of

heat transfer enhancement.

3.2. Chemical composition analysis

Figure [5[ shows the functional groups and chemical composition of GNP, GO, rGO and
MWCNT nanoparticles dispersed mono and hybrid NePCMs. The structural interaction
is illustrated through FTIR spectrum characterized by FTIR spectroscopy. Because of
the absence of functional groups, there were no significant stretching and bending peaks
observed of infrared spectra GNP, rGO and MWCNT. Despite of this, a series of absorption
peaks of RT-35HC, mono and hybrid NePCMs were obtained. A series of absorption peaks
were observed of pure RT-35HC and NePCMs. The spectrum of RT-35HC shows the three
absorption peaks at 2955, 2913 and 2849 cm ! which represent the medium C-H symmetrical
and anti-symmetrical stretching vibration of methyl (~CHj3) and methylene (~CHy—) group.
The peak at 1472 cm~! identifies the medium C-H scissoring of ~CHy— and deformation of
antisymmetric stretching vibration —CHj3 group in RT-35HC. A series of absorption peaks
at 1371, 1125, and 891 cm~! which are due to the C—H bending and scissoring vibrations.
In addition, the peak at 715 cm ™! represents to the weak rocking vibration of C-H in long—
chain methyl group. From Figure [5], it can be observed that carbon—additives mono and
hybrid NePCMs reflected the consistent peaks similar that of the RT-35HC. This shows
that mono and hybrid NePCMs possess the similar characteristics which RT-35HC exists
without emergence of any new peak or peak shift. Therefore, the FTIR results reveal that no
considerable chemical interaction occurred between the GNP, GO, rGO, MWCNT and RT—
35HC. Further, there is only physical interaction between the nanoparticles and RT-35HC
which illustrate that prepared mono and hybrid NePCMs are chemical stable.

3.3. Crystallography analysis

The crystalline phase and dimensions of unit cell of GNP, GO, rGO, MWCNT and RT-
35HC and their mono and hybrid NePCMs were analysed through crystallography analysis

11
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Figure 4: ESEM images of mono and hybrid NePCMs (a) RT-35HC (b) NePCMywent, (¢)
NGPCMGO (d) NGPOMgo+MWCNT (6) NGPOMTGO (f) NePOMrGO-i—MWCNT (g) NGPCMGNP
and (h) NePCMGNP—i—MWCNT-
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Figure 5: FTIR spectrum of carbon—additives mono and hybrid NePCDMs.

by using XRD. Figure [0 illustrates the crystal structure XRD patterns of GNP, GO, rGO,
MWCNT, RT-35HC and prepared NePCMs to confirm the presence of GNP, GO, rGO
and MWCNT in RT-35HC. The XRD spectrum of MWCNTSs confirmed the presence of
carbon nanotubes peaks at 25.91° (002) and 42.95° (100) with the PDF No. 00-058-1638
[33]. The diffraction peak at 20 = 9.7° at reflection plane (001) confirm the presence of GO
[34]. Since the rGO is the further obtained after thermochemical treatment, the diffraction
peak appeared at 20 = 30°, at reflection plane (002) [34]. The XRD pattern at 26.54°,
42.36°, 44.56° and 54.66° of corresponding reflection planes of (002), (100), (101) and (004),
respectively, confirm the graphene layers of GNP with PDF No. 00-056-0159. The sharp
diffraction peaks of RT-35HC was observed at 6.85° (002), 10.48° (003), 13.91° (004), 17.44°
(005), 19.32° (010), 19.80° (011), 20.83° (012), 22.43° (013), 23.32° (105), 24.78° (-101),
25.65° (110), 28.12° (008), 31.75° (009), 34.75° (-110), 35.27° (0010), 39.83° (0-22), 42.73°
(0012), 44.60° (207), 52.68° (220), 53.41° (-2-14) and 57.55° (-205) which attributed to
the crystal planes of n-eicosane (CooHyo) with PDF No. 00-045-1543. Although a con-
stant and less amount of GNP,GO, rGO and MWCNT was dispersed in RT-35HC. As a
consequence of this, a less significant physical changes were observed in mono and hybrid
NePCMs. In addition, the XRD peaks revealed that the crystal structure of RT-35HC did
not change. More further NePCMwweont, NePCMgo, NePCMaorviwont, NePCM,.¢o,

13
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Figure 6: XRD pattern of carbon—additives mono and hybrid NePCMs.

s 3.4. Thermal stability analysis

25 Thermal stability analysis of RT-35HC, mono and hybrid NePCMs was carried out
us through thermal gravimetric analysis, as shown in Figure []] The TGA and DTGA curves
27 of RT-35HC, mono and hybrid NePCMs are presented in Figure [7a] and [7b] respectively.
2s  The thermal stability of the RT-35HC and NePCMs was estimated two parameters; (i)
20 onset temperature degradation (T,,s¢¢) and (ii) rate of weight loss (R,,;) during kinetic pro-
50 cess. There are four mechanisms of weight loss which include decomposition, evaporation,
s reduction and desorption. It can be seen from [7a] and [7b] that TGA and DTGA curves
2 possess the one—step and two—step thermal degradation process, respectively. The TGA
253 curves of RT-35HC, mono and hybrid NePCMs represent that there is no distinguishable
s weight loss in any sample up to ~120°C. More further, it can be observed that by increasing
s temperature the rate of weight loss increases directly and reaches at the maximum degra-
2 dation temperature (Tnaz.degradation) With constant residual (). In case of RT-35HC, the
257 Tonset and Tyaz degradation Were recorded of 208.18°C and 249.29°C with 0.31% ~. Dur-

s ing the decomposition process, the hydrocarbon chains of pure RT-35HC breakdown into

14
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monomers (CH3CH:CH+CH,) because of evaporation. The detailed summary of T, and
T naz.degradation 0f RT-35HC, mono and hybrid NePCMs are provided in Table . The max-
imum 7 of 4.60% and 3.26% were obtained for NePCM oyt and NePCMgypyvwonT,
respectively, and remained constant subsequently. For mono and hybrid NePCMs, the
GNP, GO, rGO, MWCNT, GNP+MWCNT, GO+MWCNT and rtGO+MWCNT create a
protective layer on RT-35HC surface. This protective layer delays the vaporization of RT—
35HC during the thermal degradation. The DTGA curves of RT-35HC, mono and hybrid
NePCMs are shown in Figure [7b| and revealed that addition of GNP, GO, rGO, MWCNT,
GNP+MWCNT, GO+MWCNT and rGO+MWCNT nanoparticles have improved the ther-
mal stability. There is no decompositions was observed in samples until ~140°C. The TGA
and DTGA results revealed that hybrid NePCMs have the best thermal and chemical stabil-
ity which can be potentially used for thermal management of applications. This improved
capability of thermal stability can be explained by the following reasons: (i) the T,,ser s
related to the entire specific heat capacity of NePCMs which can be raised by the specific heat
capacity of GNP, GO, rGO, MWCNT, GNP+MWCNT, GO+MWCNT and rGO+MWCNT
nanoparticles, and (ii) enhanced thermal conductivity of NePCMs which can transfer heat

faster and uniformly within the PCM [35].

Table 2: The decomposition temperatures and residual amount of carbon—additives mono

and hybrid NePCMs.

Sample Tonset <OC> Tmax.degradation (OC) Y (%>
RT-35HC 208.18 249.29 0.31
NCPCMg¢go 225.21 260.60 0.60
NePCMgosmwonT 225.93 262.12 1.02
NePCM, o 223.38 258.25 3.34
NePCMrGO—i—MWCNT 218.53 258.45 2.98
NePCMgnp 227.27 263.14 1.65
NePCMGNP+MWCNT 219.88 260.26 3.26

3.5. Phase—change thermal properties analysis

The endothermic and exothermic peaks of RT-35HC, mono and hybrid NePCMs were
analysed to determine the phase-change thermal properties, as shown in Figure[§l Figure[8a]
and [8b| present the heating and cooling curves, respectively, of RT-35HC, mono and hybrid
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Figure 7: (a)-TGA and (b)- DTGA thermograms of carbon—additives mono and hybrid

NePCMs and measured values of latent—heat of melting/solidification and phase-transition
temperatures are summarized in Table There is slight variation in peak melting and

solidification temperatures observed of RT-35HC because of addition of GNP, GO, rGO
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and MWCNT nanoparticles. Moreover, due to the addition of nanoparticles latent—heat of
melting and solidification of NePCM i ont, NePCMao, NePCMaosviwent, NePCM,.¢o,
NePCM,co+mwent, NePCMgnp and NePCMaypiprwont were decreased expectedly. [t
can be revealed from Figure that single endothermic peaks are obtained of RT-35HC,
mono and hybrid NePCMs which is indicating an isomorphous crystalline form of RT-35HC
either in a pristine state or in nanocomposite form. Contradictory, during the solidification
process a bimodal crystallization behaviour is obtained of all samples. The first smaller peak
represent to the crystallization temperature while second peak corresponds to the modifi-
cation or transition of lattice structure from triclinc structure to the hexagonal structure
[36, B7]. This two phase transformation phenomenon is attributed due to the appearance
of a metastable rotator phase prior to completing the complete crystallization as a results
of the heterogeneous nucleation during the cooling process [38, 29]. Below the melting
temperature of paraffins always exist in crystalline form either they exist in pure single
chemical compound or in composite form [39]. According to the magnitude and parity of n

in n—alkanes, Cs,, Hy, + 2 are crystallized in four isostructural sets for n > 6 [40]:
e Triclinic, for n (even) < 26 [41]
e Monoclinic, if the paraffin is pure, for 26 < n (even) < 36 [42]
e Orthorhombic, if the paraffin is not pure, for 26 < n (even) < 36 [42]
e Orthorhombic, for 11 < n (odd) < 39 [43]

Figure presents the comparison of phase—change enthalpies while melting (AH,,) and
solidification (AH;) of RT-35HC, mono and hybrid NePCMs. For RT-35HC, the AH,,, and
AH, are obtained of 255.88 and 260.06 J/g, respectively. It can be seen that latent—heat en-
thalpies of hybrid NePCM were decreased higher than the mono NePCMs. The reduction in
AH,, was obtained of 7.21%, 8.02% and 9.79% for NePCMgormwont, NePCM,.cormwonT
and NePCMgnpivwont, respectively, compared with RT-35HC. Similarly, the reduction
in AH, was 7.30%, 8.33% and 9.95% for NePCMgo,mwenr, NePCM,cormwent and
NePCMgyprvwenTt, respectively, compared with RT-35HC. This reduction in AH,, and
AHj are because of the dispersion of mono (GNP, GO, rGO and MWCNT) and hybrid
(GO+MWCNT, rGO+MWCNT and GNP+MWCNT) nanoparticles. The mass fraction
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(w) of crystallized RT-35HC in NePCMs is determined by the Equation [1}

_ AIJN@PCM

x 100 1
AHpcon (1)

Where, AHyn.pcy and AHpeyy are the endothermic latent—heat of NePCM and pure PCM,
respectively. While synthesising of NePCMs, mono (GNP, GO, rGO and MWCNT) and hy-
brid (GO+MWCNT, rtGO+MWCNT and GNP+MWCNT) nanoparticles replace the RT—
35HC molecules. As a consequence, the latent—heat capacity of NePCM is reduced which
lead to the absorption or release of more energy.

Figure presents results of degree of subcooling (AT) of RT-35HC, mono and hybrid
NePCMs. In case of RT-35HC, the peak melting (T,,) and crystallization (T.) temperatures
are obtained of 36.09 °C and 31.71 °C, respectively. The results of AT of mono and hyrid
NePCMs revealed a fluctuating trend which is because of the type of nanoparticles. Since,
the loading content of mono (GNP, GO, rGO and MWCNT) and hybrid (GO+MWCNT,
rGO+MWCNT and GNP+MWCNT) nanoparticles is constant. The deviations in T,, in
case of hybrid for NePCM¢goirywent, NePCM,.cormwent and NePCManpivwont are
found of 0.06%, 1.33% and 0.22%, respectively, compared to the RT-35HC. The variation
in T,, and T. are due to the crystallization confinement of mono (GNP, GO, rGO and
MWCNT) and hybrid (GO+MWCNT, rGO+MWCNT and GNP+MWCNT) nanoparti-
cles surface layers within the NePCMs. In addition, the interfacial surface layers causes to
form the imperfect RT-35HC and results in a slight variation in T,, and T.. These factors
cause an increase in AT. The heterogeneous nucleation may be favoured because of the
addition of nanoparticles at the cost of crystallization point depression [38]. It has been
extensively reported that the high AT is evidently disadvantageous for utilization of PCM
in thermal management because it can result in a hysteresis response to heat transfer.

The effect of experimental and calculated latent—heats of melting and solidification of RT—
35HC and NePCMs are illustrated in Figure [8¢, The Equation [2] was used to calculate the
theoretical values of latent-heats [44], 29)]:

ALyepev = ALpoy - w = ALpopy (1 — ) (2)

52 where, ALy.pcy is the calculated latent—heat of melting and solidification of NePCM,

33 ALpcys represents the latent—heat of pure PCM, w and ¢ are the mass fraction of pure
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PCM and nanoparticles, respectively. The results reveal that measured values of latent—
heats of melting and solidification are lower than the calculated values. The deviations in
values are because of the surface morphology, particle size, shape, crystal structure and
thermophysical properties (i.e. density, surface area, thermal conductivity, specific heat
ete.) of mono (GNP, GO, rGO and MWCNT) and hybrid (GO+MWCNT, rGO+MWCNT
and GNP+MWCNT) nanoparticles. Since the mass fraction of all nanoparticles in constant
in mono and hybrid NePCMs. The relative error (RE) in experimental and calculated values
of latent—heat of melting and solidification was obtained of 3 ~ 9% for all NePCMs, given
in Table [3} Similar deviations in experimental and calculated latent-heats of melting and

solidification have been reported in previous studies [29, [43], 46| 47, [44] (48], 49].
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Figure 8: The results of (a) heating (b) cooling (c) phase—change enthalpies (d) degree
of subcooling and (e) comparison of experimental and calculated latent-heats of carbon—
additives mono and hybrid NePCMs.
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su 3.6. Thermal conductivity analysis

Thermal conductivity and thermal conductivity enhancement of RT-35HC, mono (NePCM yywent,
NePCMgo, NePCM,.go and NePCMgyp) and hybrid (NePCMgo s ywent, NePCM,.cormwenT,
and NePCM¢gnpymweont) NePCMs were measured as a function of temperature from 20
°C to 55 °C, as shown in Figure [0} The result showed a monotonic behaviour of thermal
conductivity by dispersing the MWCNT, GO, rGO and GNP nanoparticles. The thermal
conductivity of NePCMs was increased because of higher thermal conductivity of MWCN'T,
GO, rGO and GNP nanoparticles, as shown in Figure Average thermal conductivity
of RT-35HC, mono and hybrid NePCMs was measured for three different phases of solid—
phase, phase—change and liquid—phase at different temperature ranges of 20-30 °C, ~35 °C
and liquid phase (40-55 °C, respectively. A constant trend was achieved in enhancement
in thermal conductivity of all samples both in solid and liquid phases and higher thermal
conductivity was obtained in solid phase. This shows that thermal conductivity is strongly
depended on temperature change. The higher thermal conductivity in solid—phase is be-
cause of the orderly microstructure of RT-35HC, mono and hybrid NePCM compared to the
disorderly microstructure exists in liquid—phase. Since, the heat flow, in solid and liquid, is
associated with the lattice vibration and motion of the free electron as the molecules vibrate
within their lattice structures. This lattice vibration and free electron motion is stronger
in solids than the liquids. Thus, RT-35HC and NePCMs exhibit the higher thermal con-
ductivity in solid-phase than liquid—phase. A sudden increase in thermal conductivity
was observed at ~35 °C for all samples. The phenomenon of sharp increase of thermal
conductivity is associated with phase transition process of RT-35HC. At phase—transition
temperature, the random motion of molecules occur within disordered microstructure of
matrix in solid-liquid phase transformation. This molecular motion collapse the percola-
tion network established by nanoparticles under the solid phase [50, 13]. In solid—phase
at 20 °C, the maximum thermal conductivities of 0.214, 0.374, 0.373, 0.378, 0.354, 0.408,
0.428 and 0.443 W/m.K were obtained for RT-35HC, NePCM¢o, NePCM,¢o, NePCManp,
NePCMuywent, NePCMgormuwent, NePCM,coymwont, and NePCMeonpyymwenT, Te-
spectively. At phase—change temperature (~35 °C), the maximum thermal conductivities
were found of 0.340, 0.957, 0.935, 0.966, 0.921, 0.961, 0.965 and 0.970 W/m.K were obtained
for RT-35HC, NePCMgo, NePCM,.q0, NePCMgnp, NePCM yrwont, NePCMeorywenT,
NePCM,co+mwent, and NePCMeanpyvmwonT, respectively. Since the temperature be-

tween 34-36 °C is the phase transition temperature range of RT-35HC at this point all the
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samples are metastable condition. At phase transformation temperature range, the crystal
structure of RT-35HC becomes unstable. With the increase of temperature, the molecu-
lar vibrational motion accelerate with lattice results in increases the thermal conductivity
sharply at melting temperature (~ 35°C) [51], [13]. It be seen that hybrid NePCMs have the
thermal conductivity compared to the mono NePCMs. More further, the higher thermal
conductivity was achieved for NePCMgn popweont compared with NePCMgo 4 ywent and
NePCM,¢o+mwent in case of hybrid NePCMs. The results of percentage enhancement in
thermal conductivity of mono and hybrid NePCMs is shown in Figure [Thl The Equation
was used to calculate the thermal conductivity enhancement factor (1) of mono and hybrid

NePCMs.
_ kEnepcv — kpomr

x 100 (3)
kpcm

where, kneporr and kpcoys are the thermal conductivity of the NePCM and pure PCM, re-
spectively.

Figure b illustrates that the percentage enhancement of thermal conductivity increases
for the case of mono and hybrid NePCMs. The Higher enhancement was achieved at phase
transition temperature followed by solid-phase and then liquid—phase. The relative per-
centage enhancement in thermal conductivity was obtained of 74.9%, 77.7%, 77.%, 66.0%,
90.8%, 100.2%, and 107.6% for NePCMgo, NePCM,co, NePCM¢anp, NePCMywonT,
NePCMgos+mwent, NePCM,.cormvwont, and NePCMayprpywent, respectively, at 20°C
compared with RT-35HC. However, the maximum enhancement in thermal conductivity
was achieved at phase—change temperature of ~ 35°C. The maximum enhancement was
obtained of 181.5%, 174.9%, 184.2%, 170.7%, 182.7%, 183.8%, and 185.3% for NePCMgo,
NePCM,qo, NePCMgnp, NePCMywont, NePCMgosvwont, NePCM, oy mwent, and
NePCMgn pirmvwenT, respectively, compared with RT-35HC. Moreover, it can be seen from
Figure [7D] that hybrid NePCMs have the highest thermal conductivity enhancement com-
pared with mono NePCMs. The variation in thermal conductivity results of mono and hy-
brid NePCMs is because of the surface morphology, particle size, shape, crystal structure,
thermophysical properties (i.e. density, surface area, thermal conductivity, specific heat etc.)
as well as the inherent thermal conductivity of mono (GNP, GO, rGO and MWCNT) and
hybrid (GO+MWCNT, rGO+MWCNT and GNP+MWCNT) nanoparticles. Furthermore,
the thermal boundary layer resistance between the nanoparticles and matrix molecules have

significant factor of discrepancies [52].
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Figure 9: The results of (a) thermal conductivity and (b) thermal conductivity enhancement
factor of carbon—additives mono and hybrid NePCMs as a function of temperature.
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The thermal conductivity enhancement of NePCMs is based on several factors due to the dif-
fusion of nanoparticles such as concentrations, Brownian motion, clustering, interfacial ther-

mal resistance, purity, high aspect ratio and intermolecular interaction [I2]. At phase trans-
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mission of NePCMs, the thermal conductivity enhancement is higher because of the constant
kinetic energy despite of phase change occurrence [12]. In addition of this, the mechanism
of thermal conductivity of hybrid (GO+MWCNT, rGO+MWCNT and GNP+MWCNT)
nanoparticles in RT-35HC is shown Figure [10l An ideal schematic representation of 1D
(MWCNT) and 2D (GO/rGO/GNP) nanoparticles structural arrangement is presented that
illustrating a three-dimensional (3D) structural matrix. This 3D matrix of hybrid NePCMs
form the 3D path for which the phonon transmission and lattice vibration transport the heat
effectively in all directions of the RT-35HC [19, 29]. In non-metallic PCMs, the vibration
of crystal lattice is the main mechanism of heat conduction. Consequently, the phonons
are the main carriers of heat flow in the PCM [13]. More further, the thermal boundary
resistance is reduced in hybrid NePCMs between nanoparticles and PCM which enhances

the heat flow, resulting in improves of the thermal conductivity.

Nanoparticles

GO/rGO/GNP (2D)

MWCNT (1D)

3D thermal conductive structural
arrangement of 2D and 1D
nanoparticles

Figure 10: Schematic representation of 3D thermal conductive arrangement of carbon—
additives hybrid NePCMs.
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3.7. Specific heat capacity analysis

Figure illustrates the specific heat capacity (C,) of RT-35HC, mono and hybrid
NePCMs for both solid and liquid phases. The results are presented as a function of tem-
perature from temperature range 10 —60°C. Although the C, has less effect in total thermal
energy storage density because of less thermal energy storage in sensible heating phase.
However, the C, contributes the additional effects during heat transfer rate within a PCM
based system, calculated by Equation 4| as follows:

Tom Ty
Q= mCy.dt + mao, AH,, + mC,,.dt (4)

T; Tm
where, @) (J) is the quantity of total heat stored, T; (°C),T,, (°C) and T (°C) are the initial,
melting and final temperatures, respectively, m (kg) mass of the heat storage medium, C,
(J/kg.K) is the specific heat capacity, a,, is the faction of melted mass and AH,, (J/kg)
is the heat of fusion per unit mass. It can be evaluate from Equation [ that specific heat
capacity is important thermal property to investigate the heat transfer and heat storage

analysis.

The comparison of C, of RT-35HC, mono and hybrid NePCMs shows that C, increases
gradually with temperature between 14°C to 30°C in solid—phase while it remains constant in
liquid—phase, as shown in Figure and respectively. Similar trend in enhancement in
C,, has been reported in previous studied [28, 53] 54]. The C, of RT-35HC is obtained of 1.88
and 1.77 J/g°C for solid and liquid phases, respectively. The C,, results of mono and hybrid
NePCMs reveal that C, increases both in solid and liquid phases. The C,, values of 2.40, 2.61,
1.77, 2.0, 2.34, 2.33 and 2.14 were determined for NePCM y;ivont, NePCMgo, NePCM, .o,
NePCMgnp, NePCMagotmwent, NePCM,cormwent, and NePCMan pymvwont, Tespec-
tively, in solid-phase at 25°C. Whereas, for liquid-phase at 50°C, the C, values of 2.22, 2.25,
1.61, 2.02, 2.67, 2.65 and 2.80 were obtained for NePCM ;weont, NePCMgo, NePCM, .o,
NePCM¢anp, NePCMaot+vwent, NePCM,qo+vwent, and NePCMan p4vrwent, Tespec-
tively. The polynomial equations are generated for solid phase from 14°C to 30°C for
RT-35HC, mono and hybrid NePCMs after curve fitting the experimental data mentioned

in Equation [f and coefficients are given in Table [4

Cp=AT*+ BT* +CT + D (5)

The comparison result of C, and C, enhancement factor (¢) of RT-35HC, mono and hy-
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Figure 11: Specific heat capacity curves of carbon-additives mono and hybrid NePCMs: (a)
solid-phase (b) liquid-phase.

brid NePCMs are presented in Figure 7?7 and 77, respectively. The specific heat capacity

enhancement factor ({) is calculated to evaluate the effect of nanoparticles in enhancement
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Table 4: Coefficients of the third—order polynomials in solid-state, C, (J/q.°C).

A B C D R?
RT-35HC 0.0006 | -0.0349 | 0.6687 | -2.9832 | 0.9988
NePCMywent 0.0009 | -0.0489 | 0.9319 | -4.1725 | 0.9979
NePCM¢o 0.0010 | -0.0566 | 1.0788 | -5.0226 | 0.9981
NePCM, o 0.0007 | -0.0380 | 0.7278 | -3.5055 | 0.9986
NePCMgnp 0.0007 | -0.0385 | 0.7426 | -3.3195 | 0.9976
NePCM¢o+mwent | 0.0010 | -0.0534 | 1.0192 | -4.5702 | 0.9981
NePCM, co+mwent | 0.0010 | -0.0548 | 1.0453 | -4.7404 | 0.9979
NePCMgnprmwent | 0.0010 | -0.0556 | 1.0507 | -4.9125 | 0.9990

of heat transfer rate in the PCM, as given by Equation [6}

C: CPNePC]VI — CPPCM % 100 (6)
CPPCM

where, Cp,_pcn a0nd Cp,,, are the C, of the NePCM and PCM, respectively. The enhance-
ments in C, are obtained of 27.65%, 38.54%, —6.22%, 6.37%, 24.27%, 23.58% and 13.75% for

NePCMywent, NePCMao, NePCM, ¢o, NePCMayp, NePCMaoyvwent, NePCM,co+mwonT,

and NePCMgnprmwonT, respectively, in solid-phase at 25°C compared to the RT-35HC.
Similarly, the enhancements in C, for NePCM sy eonr, NePCMgo, NePCM, ¢o, NePCManp,
NePCMaosmwent, NePCM,cosmwent, and NePCMan povrwent are determined of 25.21%,
27.02%, —8.95%, 13.76%, 50.81%, 49.61% and 58.09%, respectively, in liquid—phase at 50°C
compared to the RT-35HC. From Figure [I2] it is revealed that variations in C, are signifi-
cantly depends on the type of nanoparticles and its inherent C, in pure form. In addition,
the nanoparticles size, density, surface area and morphology contribute the most prominent
effects in enhancement in C,.

The enhancement in C,, is associated with the following reasons: (i) an enhanced anhar-
monicity of the atomic interaction due to their volume expansion, (ii) impurities [55], (iii)
the grain boundaries of nanosized materials which possess an excess volume with respect
to the perfect crystal lattice and (iv) the high specific surface energies related to the high
surface area of the nanoparticles per unit volume [56, 57]. Theoretically, the C, of mate-
rials is directly related to crystal structure, or its vibrational and configurational entropy
which significantly affected by the nearest—neighbour configurations. Nanosized materials
are structurally characterized by the metastable grain boundaries in which the nearest—
neighbour configurations are much different from the coarse-grained state [56].

The anomalous enhancement in C, can be elaborated by three independent inter-molecular
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Figure 12: (a) Comparison of specific heat capacity and (b) specific heat capacity enhance-
ment of carbon—additives mono and hybrid NePCMs.

w3 interaction mechanisms (or modes), as shown in Figure

404 e Higher C, of nanoparticles compared to the bulk material due to higher
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specific surface energy: Since, the size of nanoparticles lies in nanometer scale and
C, predicted from theoretical thermal equilibrium model for mixture, given in Equa-
tion [7], should be the function of the nominal nanoparticle diameter. In a crystalline
lattice of the nanoparticles, the surface atoms are less constrained because of the less
number of bonds. As the bonding between the atoms can be visualized acting like
spring, the surface atoms vibrate at a higher amplitudes and lower natural frequency
resulting in the higher surface energy. Therefore, phonon spectrum of nanoparticles
can be analysed and have discrete numbers which depends on the size of the nanopar-
ticles. When the size of the nanoparticles is decreased the specific heat capacity of the

nanoparticles is enhanced [56], 57).

C,y = PoPpCpp + 5P Cp (7)
Pppp + Dspy

where, C,; is the effective C, of NePCM, C,, and C, ; are specific heat capacities

nanoparticle and fluid (PCM), respectively, p, and p; are densities of nanoparticle
and fluid (PCM), respectively and ¢, and ¢ are volume fractions of nanoparticle and

fluid (PCM), respectively.

Interfacial interaction energy of solid—fluid: Since, the nanoparticles have
the highly surface area per unit mass which cause to increase the interfacial interac-
tion between the nanoparticles and surrounding liquid molecules resulting in increases
the interfacial thermal resistance and capacitance. This highly interfacial thermal re-
sistance and capacitance enhance the additional thermal energy storage mechanism
due to the vibrational energies between the nanoparticles atoms and adhering liquid

molecules [50, 58].

Adhesive semi—solid layering of liquid molecules adhering to the nanopar-
ticles: The liquid molecules of molten PCM adhering on the surface of the nanopar-
ticles create a semi—solid liquid layer. The thickness of that adhesive semi—solid liquid
layers depend on the surface energy of the nanoparticles and possess smaller inter-
molecular spacing on the surface compared to the higher inter-molecular spacing in
the bulk liquid. Hence, this layering have higher thermal transport than the bulk PCM
and increases the effective C, of NePCMs. In addition to this, the number of adhered

layers of the liquid molecules are the function of surface energy of the crystalline inter-
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face. The nanoparticles of smaller size with constant weight concentration, the mass
fraction of adhered semi—solid liquid layer molecules is increased proportionally on the

nanoparticles surface [59] 60].

MODE-I

High vibration frequency

O’FQ"‘ Q"r‘ Low vibration frequency

Nanoparticle Q‘l (High surface energy)

Higher mean free path

Nanoparticle - ' (Low specific heat)

“Semi-solid” liquid layer
(High specific heat)

Distance

Interfacial interaction
(Energy storage)

Figure 13: Schematic representation of inter-molecular interaction modes in NePCMs causes
the enhancement in specific heat capacity (a) MODE-I: High surface energy of the surface
atoms in the lattice, (b) MODE-II: Interfacial interactions between the lattice atoms and
liquid molecules, (¢c) MODE-III: A layer of semi-solid molecules adhering to the surface of
lattice—atoms.

4. Concluding remarks

This experimental study presents the development of carbon—-additives nano—enhanced
phase change materials (NePCM) for the application of efficient thermal management sys-
tems (electronics, PV modules, Li—ion batteries etc.) and solar—thermal energy storage. The
two major schemes of mono (MWCNT, GO, rGO and GNP) and hybrid (GO+MWCNT,
rGO+MWCNT and GNP+MWCNT) nanoparticles were dispersed in PCM (RT-35HC)
having constant mass concentration of 1.0 wt.%. The chemical, physical and thermal prop-
erties were determined using ESEM, FTIR, XRD, TGA, DSC and TCA and critical findings

are summarized as follows:
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The ESEM and XRD results of microstructure and crystalline phase reveal the pres-

ence of MWCNTs, GO, rGO and GNP nanoparticles in both mono and hybrid NePCMs.
More further, the uniform dispersion of both mono (MWCNT, GO, rGO and GNP)

and hybrid (GO+MWCNT, rGO+MWCNT and GNP+MWCNT) nanoparticles was

observed in all NePCMs.

No chemical interaction and peak shifting were observed neither in mono (NePCM yswon,
NePCMgo, NePCM,.go and NePCMgyp) nor in hybrid (NePCMao+pywent, NePCM,.cormvwent
and NePCMgnpimwont) NePCMs. Thus, it can be proved that there is only physical

interaction of all mono and hybrid nanoparticles with RT-35HC.

The best chemical and thermal stability were achieved through TGA and DTGA anal-
ysis of all mono and hybrid NePCMs. Further, it was observed that hybrid NePCMs

were more stable than mono NePCMs because of 3D morphological nature of hybrid

(GO+MWCNT, rGO+MWCNT and GNP+MWCNT) nanoparticles.

The enhanced thermal conductivity results were obtained of hybrid NePCM with
thermal conductivities of 0.408, 0.428 and 0.443 W/m.K for NePCMgosnwenT,
NePCM,cormwent, and NePCMgaypspywent, respectively, compared with mono
NePCMs. The enhancement was achieved of 90.8%, 100.2% and 107.6% for for
NePCMgo+mwent, NePCM,go+ywent, and NePCMagy po pywonT, respectively, com-
pared to the RT-35HC. It can concluded that hybrid NePCMgnpyprweonr with mass
percentage ratio of 75%/25% has the highest thermal conductivity enhancement be-
cause of the optimum mass ratios, type and morphology of GNP+MWOCNT nanopar-

ticles.

The DSC results reveal that latent—heat of fusion and solidification were decreased with

the addition of both mono (MWCNT, GO, rGO and GNP) and hybrid (GO+MWCNT,
rGO+MWCNT and GNP+MWCNT) nanoparticles in all NePCMs. The latent—heat

of fusion for NePCMgo, NePCM,.¢0, NePCMgn p, NePCM yrwent, NePCMaorvwent,
NePCM,co+mwent, and NePCMan popyrwenT were obtained of 240.83, 245.16, 243.85,

246.28, 237.42, 235.35 and 230.82 J/g, respectively. The latent—heat of solidification

of 244.57, 247.79, 248.48, 249.88, 241.08, 238.39 and 234.19 J/g were predicted for
NePCMgo, NePCM, ¢o, NePCManp, NePCMyrwent, NePCMaormwent, NePCM,co+mwenT,

and NePCMgy popywenT, respectively. Since, the hybrid NePCMgnpiarweont has the

32



477

478

479

480

481

482

483

484

488

489

490

491

492

493

494

thermal conductivity and optimum capacity of latent—heat of fusion/solidification, the
less degree of subcooling of 3.47°C was achieved which showed the best NePCM melt-
ing and cooling heat transfer process. The deviation in peak melting temperature was

observed of 022% for hybmd NePCMGNerMWCNT.

e The specific heat capacity results of mono and hybrid NePCMs reveal the increasing
trends of compared with RT-35HC. The enhancement of 13.75% was achieved with
hybrid NePCMgnprvwent compared to RT-35HC in solid—phase. The enhancement
in specific heat capacity is based on three modes: (i) higher specific heat of nanoparti-
cles, (ii) interfacial interactional layers between solid-liquid and (iii) semi-solid liquid

layers of molecules adhering to the surface of nanoparticles.

From the above mention key findings conclude and suggest that carbon—-additives hybrid
nanoparticles (GO+MWCNT, rtGO+MWCNT and GNP+MWCNT) dispersed NePCMs
have the best thermal performance in terms of thermal management and thermal energy
storage. More specially, the GNP+MWCNT dispersed hybrid NePCM has the optimum
capacity of latent—heat storage and higher thermal conductivity which improve the heat
transfer rate in conduction and convection modes and heat absorption capacity. Hence,
hybrid NePCMs can be potentially used for thermal management and thermal storage ap-

plications.
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