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A B S T R A C T   

Phase change materials (PCMs) are effective thermal energy storage materials; however, their low thermal 
conductivity nature tends to affect heat storage performance. Salt hydrate being inexpensive, incombustible and 
ensuring high phase change enthalpy, are highly attractive for energy storage. The potential of multi-walled 
carbon nanotubes (MWCNTs) in improving the thermophysical properties of salt hydrate PCMs makes it a 
hotspot of current research. Therefore, in this research article, MWCNTs and functionalized multi-walled carbon 
nanotubes (FMWCNTs) nanoparticles were dispersed with inorganic salt hydrate at different concentrations (0.3, 
0.5, and 1.0 wt%), in the presence and absence of surfactant. The role of surfactant with salt hydrate PCM has 
been discussed extensively. The results obtained have ensured an enhancement in melting enthalpy of prepared 
composites by 4.92 %, and 28.5 % for 0.5 wt% MWCNT dispersed PCM (SHM0.5), and 0.5 wt% FMWCNT 
dispersed PCM (SHF0.5), respectively. Furthermore, the maximum thermal conductivity was enhanced by 50.0 % 
and 84.78 % for 0.5 wt% MWCNT dispersed PCM with surfactant (SHMS0.5), and SHF0.5 respectively, compared 
to salt hydrate PCM. From the improvement in thermal conductivity, light absorptance, thermal stability, latent 
heat, and chemical stability, it is evident that the prepared nanocomposite is a potential candidate for solar 
thermal energy storage applications.   

1. Introduction 

The energy demand is increasing due to the increase of population, 
rapid industrialization, change in life style, technological developments 
etc. Today, most energy demands are met by burning fossil fuels such as 
natural gas, coal, crude oil, etc., which is not a sustainable or renewable 
energy source. Studies have clearly shown that fossil fuel shortage will 
be unavoidable in 70 to 100 years due to its greater usage for over 200 
years [1,2]. Therefore, alternate energy sources are required to fulfil the 
global energy requirement and minimize the globate climate issues. 

Different types of renewable energies are available like wind, solar, 
tidal, geothermal energy, [3]; these energies have promising applica
tions and potential to fulfil the required energy demand without 
polluting the environment. Out of all renewable energies, solar energy is 
one of the most promising, environment-friendly and abundant source 
of energy. However, the solar energy can be harnessed only in the day 
time as it is intermittent in nature and proper method of its storage is 
required to make the solar energy technology more viable and user 
friendly [4]. Thermal energy storage (TES) is an extensively used energy 
storage (ES) technique in different energy conversion and management 
[5]. Phase Change Materials (PCMs) are one of the most attractive latent 
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heat (LH) storage materials [6,7]. Because of their diverse temperature 
range, wide-ranging thermophysical properties and low cost, inorganic 
salt hydrates are one of the widely used PCMs for TES applications [8,9]. 
The heat energy can be accumulated when the materials changes its 
phase from solid to liquid, and the stored heat energy can be released 
when the material changes its phase from liquid to solid at an almost 
constant temperature. PCM stores the heat energy when solar energy is 
available and releases the heat energy when solar energy is unavailable. 
The stored heat energy can be used for medium-temperature applica
tions like water heating, industrial applications, dishwashing, heating, 
ventilation and air conditioning (HVAC), crop drying [10]. However, 
the major drawback of this PCMs is their low thermal conductivity (TC), 
leading to low heat transfer rate and TES ability [11]. To enhance the 
thermophysical performance of the PCM, researchers have suggested 
dispersing nanoparticles such as metallic particles, oxides [12] and 
carbon-based particles into the base PCM [13,14]. Further research 
[15,16] has shown that the dispersion of Functionalized multi-walled 
carbon nanotubes (FMWCNTs) in PCM gives excellent dispersion sta
bility, thermal conductivity, light absorptance, thermal stability and life 
cycle. In addition, more studies [4,17,18] have confirmed that the 
addition of surfactant improves the dispersion capability and reduces 
the agglomeration of particles in PCM. For example, Graham et al. [19] 
reported that the inorganic Magnesium nitrate hexahydrate (Mg 
(NO3)2.6H2O) is an excellent energy storage material with higher heat 
storage capacity and is a potential thermal energy storage material for 
TES applications. In addition, it was noticed that the LH decreased 
minimally after 100 thermal cycles. Ranjbar et al. [18] have studied the 
thermal performance and dispersion stability of multi-walled carbon 
nanotubes (MWCNTs) and FMWCNTs dispersed PCM for ES applica
tions. It was seen that MWCNTs has excellent dispersion stability and 
thermophysical properties for non-polar PCMs like Paraffin wax, Steric 

acid, etc. At the same time, surface modified MWCNT has outstanding 
properties in polyethylene glycol. Mayilvelnathan et al. [20] have 
studied the thermal performance of graphene nanoparticles (NPs) 
enhanced erythritol PCM for TES applications. It was noted that a 
remarkable improvement in TC by 53.1 % at 1.0 wt% graphene and the 
melting enthalpy was slightly decreased. In addition, the nano
composites are thermally and chemically stable even after 100 heating 
and cooling cycles. Liu et al. [17] have performed experiments with 
nano dispersed highly stable PCM with surfactant, used for TES. It was 
stated that the developed nano dispersed PCM significantly decreases 
the supercooling effect. Furthermore, researcher used two different 
surfactants by phase inversion temperature method (PIT). Brij-4 as a 
main surfactant and Polyethylene-black-Polyethylene glycol (PE-b- 
PEG), or Tween-60 or Tween-80 as a secondary surfactant. The viscosity, 
droplet size, dispersion, PIT point and stability of these nano particles 
depends on the surfactant ratios. In addition, Pinto et al. reported that, 
the supercooling effect on salt hydrate PCMs can be reduced by adding 
nanoparticles [21]. 

Karaipekli et al. [22] have analyzed the expanded perlite/CNTs 
dispersed eicosane (C20) organic PCM for enhancing the thermo phys
ical properties of PCM. It was observed dispersion of expanded perlite in 
C20 PCM had excellent thermal stability. And the use of CNTs improves 
the TC without disturbing the TES performance, and the thermal sta
bility is higher than Exp/C20 nanocomposites. Chen et al. [23] described 
that the TC was increased by 54.1 % when using 5 wt% of MWCNTs. 
Also, it was noticed that the nanoparticle concentration increases with 
an increase in the TC. Mishra et al. [24] have studied Palmitic acid (PA)- 
dimethylformamide (DMF) PCM with four different nanoparticles like 
carbon black nanopowder, graphene nanoplatelets, multi-wall carbon 
nanotube and Aluminum dioxide (Al2O3) for TES applications. It was 
reported that carbon black nanoparticles (CBNP) have higher TC than 

Nomenclature 

Nanocomposite codes 
SH salt hydrates (PlusICE-S50) phase change materials 
SHM MWCNT dispersed PCM 
SHF FMWCNT dispersed PCM 
SHMS MWCNT dispersed PCM with surfactant 
SHFS FMWCNT dispersed PCM with surfactant 
SHM0.3 0.3wt%MWCNT dispersed PCM 
SHM0.5 0.5wt%MWCNT dispersed PCM 
SHM1.0 1.0wt%MWCNT dispersed PCM 
SHF0.3 0.3wt%FMWCNT dispersed PCM 
SHF0.5 0.5wt%FMWCNT dispersed PCM 
SHF1.0 1.0wt%FMWCNT dispersed PCM 
SHMS0.3 0.3wt%MWCNT dispersed PCM with surfactant 
SHMS0.5 0.5wt%MWCNT dispersed PCM with surfactant 
SHMS1.0 1.0wt%MWCNT dispersed PCM with surfactant 
SHFS0.3 0.3wt%FMWCNT dispersed PCM with surfactant 
SHFS0.5 0.5wt%FMWCNT dispersed PCM with surfactant 
SHFS1.0 1.0wt%FMWCNT dispersed PCM with surfactant 

Abbreviations 
DSC differential scanning calorimetry 
TGA Thermo Gravimetric Analysis 
FT-IR Fourier transmission Infrared 
UV–Vis Ultraviolet Visible Spectrum 
TEM transmission electron microscopy 
[Ni(NH3)6](NO3)2 nickel nitrate hexamine 
Al2O3 aluminum dioxide 
Fe2O3 iron oxide 
SiO2 silicon dioxide 

TiO2 titanium dioxide 
PCM Phase Change Materials 
PV photovoltaic 
TES thermal energy storage 
NePCMs Nano enhanced Phase Change Materials 
MWCNTs multi walled carbon nanotubes 
SDBS sodium dodecyl benzene sulfonate 
FMWCNTs functionalized multi walled carbon nanotubes 
TEM transmission electron microscopy 
TC thermal conductivity 
LH latent heat 
DMF di-methyl formamide 
CBNP carbon black nano powder 
PIT phase inversion temperature 
PE-b-PEG Polyethylene-block-Polyethylene glycol 
HVAC heating ventilation and air conditioning 
xGnP exfoliated graphene nanoplatelets 
MgO magnesium oxide 
CSM ceramic skeleton materials 
GA graphene aerogel 
NPs nanoparticles 
CNTs carbon nanotubes 
ES energy storage 

List of symbols 
k thermal conductivity (Wm− 1K− 1) 
T temperature in (◦C) 
t time in s 
μ microns 
g grafted  

R. Kumar R et al.                                                                                                                                                                                                                               



Journal of Energy Storage 55 (2022) 105654

3

other metallic and carbon nanotubes. Harikrishnan et al. [25] have 
analyzed the thermophysical performance of stearic acid with titanium 
dioxide (TiO2) nanoparticles. The results revealed that the TC increases 
with an increase in the weight concentration of NPs. Thermal conduc
tivity was enhanced by 70.53 % when adding 0.3 wt% TiO2 nano
particles. The DSC results show that after adding TiO2 NPs to the PCM, 
the solidification and melting temperatures were reduced in all con
centrations. A step by step thermal degradation of inorganic PCMs, like 
Mg(NO3)2.6H2O, nickel nitrate hexamine and [Mg(NH3)6](NO3)2, were 
analyzed by Mikuli et al. [26]. It was reported that the decomposition of 
Mg(NO3)2.6H2O decomposes in two stages. The first stage shows 
decomposing of the hydrates around 60 ◦C to 300 ◦C, and the second 
stage decomposes magnesium nitrate around 450 ◦C; the remaining 
leftover is magnesium oxide & carbon residues. Again, the first stage 
breaks down into two steps; the first step decomposes 5H2O, and in the 
next step, the remaining H2O decomposes. Masoumi et al. [27] analyzed 
the performance of TiO2 dispersed stearic acid PCM for TES applications. 
The developed nanocomposites had excellent thermophysical properties 
even after 250 cycles. It was described that the TC of developed NePCM 
was enhanced to 27 % more than pure stearic acid PCM. Daneshazarian 
et al. [28] have investigated exfoliated graphene nanoplatelets (xGnP) 
dispersed Octadecane PCM at various concentrations to enhance ther
mal properties. It was found that the melting temperature decreased by 
9.7 %, and melting enthalpy increased by 12.6 %, respectively, at 0.5 wt 
% xGnP. The heat transfer performance of PCM depends on relative 
changes in thermophysical characteristics like viscosity, TC, LH, density 
and specific heat of PCM. Sandeep Kumar et al. [29] have investigated 
hybrid nanoparticles Al2O3 and copper oxide (CuO) dispersed with 
paraffin to increase the thermophysical performance of PCM. Researcher 
used the various mixing ratio 75:25, 50:50, and 25:75 at various weight 
concentrations (0.5 %, 1.0 %, 2.0 %, and 3.0 %) with paraffin wax. It 
was reported that excellent thermophysical properties were obtained at 
Al2O3:CuO (75:25) with paraffin at 2 wt% concentration. A magnesium 
oxide (MgO) and graphite flakes dispersed eutectic NaLiCO3 PCM were 
prepared and characterized for TES applications [30]. The prepared 
nanocomposite had higher thermal conductivity, excellent mechanical 
strength, also found rigid structure even after thermal cycling. Singh 
et al. [31] have analyzed functionalized graphene nanoparticles 
dispersed eutectic PCM for efficient solar absorption and TES. The 
developed composite PCM's TC enhanced by 104 % than pure LiNO3-KCl 
(50:50) eutectic PCM. The specific heat enhanced by 80 % than pure 
eutectic PCM in solid phase. Zhou et al. [32] have examined the prop
erties of zinc oxide (ZnO) and graphene aerogel (GA) based poly
urethane PCMs for energy harvesting, energy conversion management, 
etc. and reported an excellent improvement in latent heat from 86.8 to 
108.1 kJ/kg. Further, the developed nanocomposite was found to be 
excellent in thermal stability, reliability, and photo-thermal conversion 
efficiency. 

Thermophysical properties of an inorganic PCM with various metal 
oxide nanoparticles were investigated by Gupta et al. [33]. This research 
used magnesium nitrate hexahydrate as a PCM and TiO2, Fe2O3, SiO2, 
and ZnO as nanoparticles. The experimental outcome shows that the 
thermal conductivity of nano PCM composite increased by 147.5 %, 55 
%, 62.5 %, and 45 % for 0.5 wt% of TiO2, Fe2O3, ZnO, and SiO2 
respectively. The supercooling effect was decreased and the melting 
enthalpy was maintained in the range. A novel nanocarbon dispersed 
PCM was prepared for solar TES applications [34], in which nano
graphene and coconut shell charcoal nano powder were used as nano
particles. Oleic acid and span- 80 were used as dispersants to minimize 
the agglomeration of nanocomposites. The TC was increased with an 
increase in nanoparticle weight concentration. There was no change in 
melting and solidification enthalpy, which is almost similar to base 
paraffin. The thermal performance of MWCNTs/graphene nanoplatelets 
enriched Polyethylene glycol-6000 was investigated for TES applica
tions [35]. The TC was enhanced by 61.73 % and 84.48 % for MWCNT/ 
PEG6000 and Graphene nanoplatelets/PEG-6000, respectively. 

From the above literature, many researchers [18,28,30,35] reported 
that the adding nano-sized particles increase the thermal conductivity of 
PCMs, optical capabilities, and thermal stability; while, a few of the 
researchers [18,21,36,37] are formulated MWCNT and FMWCNTs 
dispersed PCM and the thermophysical properties were characterized. 
Ahmed et al. [36] studied the properties grafted MWCNT with Octade
canol PCM - the thermal conductivity was increased to 263 % and the 
latent heat reduces to 234.5 from 269.3 at 5.0 wt% MWCNTs. Pinto et al. 
[21] reported that, use of salt hydrate and NPs enhances the TC, phase 
segregation eradicated, and reduced the supercooling. Ranjbar et al. 
[18] studied and compared the properties of MWCNT and FMWCNT 
with three different PCMs viz. stearic acid, paraffin wax and poly
ethylene glycol. The results have shown that MWCNTs had higher sta
bility with non-polar PCMs and FMWCNTs have higher stability in polar 
PCMs. As per above literature review and to the best of author's 
knowledge, a detailed study of the thermal performance of salt hydrate 
with MWCNT and FMWCNT with and without surfactant is hardly to be 
found in recent literature; also, there is no literature found on the effect 
of surfactant in salt hydrates PCM in the melting range of 50 ◦C with 
MWCNTs and FMWCNTs. Therefore, in this work, salt hydrates PCM 
with a melting point range of 50 ◦C, MWCNTs, and acid-treated MWCNT 
known as FMWCNT as nanoparticles and Sodium dodecylbenzene sul
fate (SDBS) as surfactant/stabilizer were used. Additionally, the 
FMWCNTs nanoparticles were chosen because of their well-known 
higher dispersion stability, photocatalytic properties and reduced 
infrared transmittance. So, the novelty of the present work lies in 
reporting the effect of surfactant on MWCNT and FMWCNTs with salt 
hydrate and first time conducting the effect of surfactant in functional
ized and non-functionalized MWCNT with salt hydrate PCM melting 
temperature in the range of 50 ◦C and comparing the thermophysical 
performance of developed composites. The objective of this research is 
to fabricate nanocomposites in different weight concentrations (0.3, 0.5, 
and 1.0 %) with and without surfactant and examine their thermal 
stability, TC, LH, light transmission, and thermal reliability of the 
developed composites. To ensure the thermal reliability of the nano
composites a 500 thermal cycling was done. The results demonstrated 
that Salt hydrate with FMWCNT (SHF) has better TC, solar energy ab
sorptions, melting enthalpy, and other thermal properties compared to 
salt hydrate with MWCNT (SHM), with MWCNT and surfactant (SHMS), 
and with FMWCNT and surfactant (SHFS) composites. This research has 
potential applications such as cooling of electronic components (40.2 ◦C 
to 80 ◦C) [38], solar desalination, household solar air and water heaters 
(38 ◦C to 78 ◦C) [39,40], pavement cooling (42 ◦C to 78 ◦C) [41], solar 
collectors (60 ◦C to 68 ◦C) [4], automotive cooling [42] and photovol
taic thermal systems (35 ◦C to 65 ◦C) [43]. 

2. Materials and methods 

2.1. Thermophysical properties of the used materials 

High-grade inorganic salt hydrate PlusICE-S50 has been used as a 
PCM. It has a melting temperature of 50 ◦C (from supplier); therefore, it 
can be employed in solar thermal TES applications. The multi-wall 
carbon nanotube (MWCNT) has an average nanoparticle size of 10–20 
nm outside diameter and 10–30 μm length (Cheap Tubes Inc., USA). 
SDBS was purchased Sigma-Aldrich (M) Sdn Bhd, and high-grade nitric 
and sulfuric acid were purchased from EMSURE, Germany; the acid 
concentrations were about 65 % and 97 %, respectively. The thermo- 
physical performance of salt hydrate, MWCNTs, and SDBS are shown 
in Table 1. 

2.2. Functionalization of MWCNTs 

To begin with, a flask was filled with 0.5 g of MWCNT, followed by a 
mixture of H2SO4 and HNO3. Next, the composition of the MWCNT and 
the chemicals were mixed using a bath sonicator for 1 h at room 
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temperature. In addition, the composition mixture was refluxed for 24 h 
at 65–70 ◦C at 300 rpm. Furthermore, the solution was diluted with 
distilled water and centrifuged several times to reach the solution pH 
value of 5.5. Later the solution is dried using a vacuum oven for 12 h at 
50 ◦C temperature and 100 mbar pressure. Finally, COOH group com
pounds were added to MWCNT and were investigated further. 

2.3. Fabrication of nano-enhanced PCM with and without surfactant 

The MWCNT/SH and FMWCNT/SH PCMs were developed by 
dispersing various weight % of nanoparticles in pure PCM. In this 
investigation, various weight concentrations like 0.3, 0.5, and 1.0 wt% 
MWCNTs were dispersed into salt hydrate PCM. The NePCMs were 
developed using the two-step method, as shown in Fig. 1. In this method, 
a conical flask with salt hydrate PCM was placed on the hot plate and 

stirred and heated above the melting point by adding the required wt% 
surfactant (SDBS). The mixture was sonicated for 1 h by adding 
MWCNTs, ensuring the temperature was not less than the melting point 
to get good dispersion and avoid the agglomeration of nanoparticles. A 
similar method was adopted by preparing various concentrations (0.3, 
0.5, and 1.0 wt%) of MWCNT without surfactant, MWCNT with a sur
factant, FMWCNT without surfactant, FMWCNT with surfactant. 

2.4. Characterization techniques 

Thermal properties analyzer (TEMPOS Thermal analyzer SH-3, 
METER Group) was used to determine the TC of PCM nanocomposites 
at room temperature with a measurement of about ±5 %. Transmission 
electron microscope (TEM) (Model: FEI Tecnai G2 20 TWIN Holland, 
200 kV, emitter LaB6) was used to identify particle's structure, size as 
well as their distribution. It also analyzes the elemental mapping, lat
tices and fringes viewing and the diffraction pattern of particles and 
compounds. The chemical composition of the nanocomposite was 
examined by using Fourier transform infrared (FTIR); on a Perkin Elmer, 
instruments were taken in the transmittance mode with 64 scans to 
4000 cm− 1 from 400 cm− 1. The thermal degradation behaviour of salt 
hydrate and nano PCM was determined using Thermogravimetric ana
lyser (TGA). Measurements were taken from 28–30 ◦C to 650 ◦C, with a 
ramp of 10 ◦C/min under N2 atm. The stability was performed by using 
Perkin Elmer TGA-4000. The enthalpy, melting, and freezing tempera
ture of salt hydrate and its nanocomposites were examined by differ
ential scanning calorimetry (DSC). DSC has performed 100 thermal 
cycles in N2 atm with a ramp of 5 ◦C/min between 30 and 120 ◦C, using 
DSC-1000/◦C. The light transmission of prepared nanocomposite was 
evaluated by LAMBDA-750, ranging from 220 nm to 2000 nm. The 
elemental analysis and elemental mapping of the developed nano
composites were assessed by Energy Dispersive X-ray Spectroscopy 
(EDX) (Model: K-Max,880, Oxford Instrument). Using a large electric 
current allows short time analysis without degrading the quality of 
analysis accuracy or elemental map. 

3. Results and discussion 

3.1. Morphological behaviour 

The TEM image in Fig. 2 shows the microstructure and morphology 
of pristine MWCNTs and FMWCNTs. Initially, the size of MWCNT is 
noted between 10 and 20 nm, and prior to acid functionalization, the 
size of the MWCNT is slightly increased; almost the same result was 
reported by Le et al. [44]. Furthermore, the FMWCNTs looks straight 

Table 1 
Properties of Salt hydrate PCM and MWCNTs.  

Properties Materials 

PlusICE- 
S50 

MWCNTs SDBS 

Thermal 
conductivity 
(k) in 
Wm− 1K− 1 

0.44 2990 – 

Phase transition 
temperature 
◦C 

50 3649–3696 204–207 

Heating 
enthalpy J/g 

100 – – 

Color White Black White 
Surface area 

m2/g 
– 216 – 

Density g/mol – 2.1 0.18 
Appearance – – Flake 
Molecular 

weight g/mol 
– – 348.48 

Size – Outer 
Diameter 
(D0): 10–20 
nm 
Length (l): 
10–30 μm 
Purity: ˃95 
wt%  

Molecular 
structure 

– – 

Fig. 1. Fabrication method of nano-enhanced PCM with and without surfactant.  
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and have more smooth surfaces than pristine MWCNT. Results, the 
COOH group is attached to the surface of the MWCNTs. The EDX anal
ysis examined the prepared composite's homogeneity and establishes 
several dominating elements. A high-quality result was obtained by 

transmitting the X-ray emitted by the detector, which is plotted on the Y- 
axis concerning the energy level of the counts as gauged in the X-axis in 
keV. The EDX image of salt hydrate PCM in weight % and atomic % of N, 
O, Mg were 23.93 %, 68.99 %, 7.08 %, and 27.07 %, 68.32 %, 4.61 %, 

Fig. 2. TEM images of (a) MWCNTs (b) FMWCNTs.  

Fig. 3. FESEM-EDX analysis-Percentage of elements (a) SH, (b) SHM1.0, (c) SHMS1.0, (d) SHF1.0, (e) SHFS1.0.  
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respectively. It is obvious from the image that carbon elements not 
appeared in the PCM. The weight percentage of SHM1.0 composites for 
N, O, Mg and C are 22.87 %, 67.75 %, 7.34 %, and 2.05 %, respectively. 
Similarly, the weight % of SHMS1.0 composites for N, O, Mg and C are 
19.71 %, 68.99 %, 9.51 %, and 1.79 %, respectively. Correspondingly, 
the weight % of SHF1.0 composites for N, O, Mg and C were 23.35 %, 
68.65 %, 6.39 %, and 1.61 %, respectively. Conversely, the weight % of 
SHFS1.0 composites for N, O, Mg, and C are 21.26 %, 66 %, 7.93 %, and 
3.7 %, respectively, while testing with a maximum intensity of 10 keV. 
The tested EDX spectrum of SH/MWCNT/FMWCNT composites is shown 
in Fig. 3(a)–(e), evidently showing the carbon particles and magnesium 
nitrate hexahydrate. The results confirmed that carbon particles exist in 
the prepared SHM1.0, SHMS1.0, SHF1.0, and SHFS1.0 nanocomposites. 
Also, there was not much difference in elements present with surfactant 
and without surfactant in the composite due to a very less amount of 
SDBS added in the composites. 

Furthermore, the FESEM-EDX spectrum of MWCNTs and FMWCNTs 
embedded salt hydrate PCM with surfactant and without surfactant have 
revealed the same peak of N, O, Mg, and C mostly from respective 
carbon-based materials and pure salt hydrate PCM. There were no other 
elements related to impurities that appear in the spectrum. To ensure the 
dispersion of MWCNT and FMWCNT with salt hydrate matrix, elemental 
mapping was performed. The elemental analysis of SHF1.0 was 
demonstrated in Fig. 4(a)–(d). It was obvious from the figures that the 
dopant was well disseminated in base PCM. 

3.2. Nanocomposite chemical composition 

In nature, MWCNT has a very weak peak of C––C aromatic ring that 
stretch at the wavelength of 1600 cm− 1 [44]. Fig. 5 illustrates the FTIR 
graph of MWCNTs and FMWCNTs functional peaks at different wave
numbers. The graph shows 2 different bands, placed at 3224 cm− 1 & 
1623 cm− 1. The wavelength band at 3224 cm− 1 ensure the stretching of 
hydroxyl group (-OH) from phenol group and carboxylic group 

(-COOH), while the wavelength band at 1623 cm− 1 identified as the 
carbonyl (C=O) absorption, overlapped with (C=C) representing the 
backbone of CNTs [45]. From the graph ensures MWCNTs show a peak 
at wavelength 2345 cm 1, which illustrates the structure of CNTs; the 
same peak decreased and is represented in the FMWCNTs FTIR curve. It 
implied that the bond is broken and added new functional group. In 
addition, the peak should exist to make sure that MWCNT and no fatal 
damage after surface modification. However, the stretching of carbonyl 
(C=O) band would be influenced by carboxyl group (-COOH) linked 
with outside structure of MWCNTs. A tiny peak 2116 cm− 1 denotes -OH 
group stretched from H-bond-COOH [46]. Moreover, a tiny peak is 

Fig. 4. FESEM-EDX elemental mapping of SH/FMWCNT composite (a) C, (b) N, (c) O, and (d) Mg.  

Fig. 5. FTIR results of Salt hydrate PCM, SDBS, MWCNT and FMWCNT.  
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observed between wavelength 1000 cm− 1 and 1400 cm− 1, which dis
played the presence of O–H from hydroxyl groups [44]. The peaks 
indicated the strong attachment of COOH group to MWCNT surfaces. 
The FTIR spectrum curve of SH has distinctive peaks for O–H stretching 
at 3244 cm− 1, N––O bending at 1646 cm− 1, a mixture of N–O stretching 
and bending of N––O at 1330 cm− 1and a sharp peak for NO3− at 819 
cm− 1. 

The FTIR mainly analyzes the advancement of new bonds and 
functional groups of SHM and SHMS, as shown in Fig. 6(a) and (b). The 
FTIR spectrum of salt hydrate has distinctive peaks for O–H stretching 
at 3244 cm− 1, N––O bending at 1646 cm− 1, a combination of N–O 
stretching and bending of N––O at 1330 cm− 1and a sharp peak for NO3

−

at 819 cm− 1. No sudden peaks or shifts are found in NePCM with sur
factant and without surfactant compared with salt hydrate PCM. This 
obviously has shown that there was no chemical reactivity among salt 
hydrate PCM and MWCNT nanoparticles, and the nanoparticles and salt 
hydrate PCM were purely physically mixed and formed a stable com
posite. Similar findings were described by Wu et al. [47]. Also, the 
characteristic peak for O–H stretching at 3244 cm− 1 confirmed unsat
urated or aromatic compounds. Similarly, the FTIR spectrum of SH, SHF, 
SHFS for all weight percentages is displayed in Fig. 6(c) and (d). A long 
characteristic peak for O–H is stretching at 3244 cm− 1, N––O bending 
at 1330 cm− 1, along with C–O peaks at 1030 cm− 1, and a sharp peak 
NO3

− at 819 cm− 1. It was observed that the composites were physically 
mixed together, and there were no new peaks obtained compared to base 
PCM. This confirmed that the prepared nano dispersed PCM composite 
was chemically stable. The absorption bond 3244 cm− 1 indicates the 

existence of O–H bond. It confirms the occurrence of aromatic or un
saturated compounds [47]. From the above discussion, it is evident that 
all the composites were physically well mixed, and no additional peaks 
were obtained in all samples. So, the prepared nanoparticle dispersed 
PCMs were found to be good for solar TES applications. 

3.3. Latent heat capacity analysis 

DSC analysis determines the impact of MWCNT and FMWCNT par
ticle addition on the thermophysical property of salt hydrate PCM, 
containing the phase transition temperature and LH. The downward 
peak indicated the melting of PCM from solid-liquid. The sensible heat 
storage (solid to solid) occurs in the range of 32–40 ◦C. The DSC curve of 
pure salt hydrate PCM shows the phase transition appears onset at 40 ◦C 
and ends at 56–58 ◦C. The curve area below the phase change peak is 
considered to determine LH of salt hydrates. The LH capacity of base 
PCM was found to be 93.4 J/g and the melting temperature was 49.6 ◦C. 
The phase-changing temperature was computed by draw a tangent on 
the left side slope drawn across the peak of the graph. Fig. 7(a) shows the 
DSC graph of PCM with distinct weight concentration of 0.3, 0.5, and 
1.0 % MWCNTs. The onset phase transition temperature started at 
42.0 ◦C and ends at a range of 56–60 ◦C; the melting enthalpy was found 
at 98, 92, and 78 kJ/kg for SHM0.3, SHM0.5, SHM1.0, respectively. At a 
lower concentration, the latent heat increased, but the LH decreasing 
trend at higher concentration. The melting temperatures were also 
found to be having a slightly increasing trend. Similarly, Fig. 7(b) pre
sents the DSC graph of salt hydrate PCM with various weight 

Fig. 6. FT-IR results of SH and its composites (a) SHM, (b) SHMS (c) SHF (d) SHFS.  
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concentrations of 0.3, 0.5, and 1.0 % MWCNTs with SDBS. The onset 
phase shift occurred at 40 ◦C and ends at 55–58 ◦C, and the measured LH 
were 92, 88, and 78 kJ/kg for SHMS0.3, SHMS0.5, SHMS1.0, respec
tively. It was found that the latent heat increases at a lower concentra
tion, but at higher concentrations, it showed a decreasing trend. The 
melting temperatures were found to be shaving lightly increasing trend, 
except for SHMS1.0 composites. 

Similarly, the DSC graph of salt hydrate PCM with several percent
ages of FMWCNTs is displayed in Fig. 7(c). The onset phase transition 
temperature starts at 39 ◦C and ends at 56–60.5 ◦C and the measured LH 
are 120, 97.22, and 78 kJ/kg for SHF0.3, SHF0.5, and SHF1.0, respec
tively. It was found that the latent heat increased at lower concentra
tions and decreased at higher concentrations. The melting temperatures 
were slightly increased for all composites, except SHF1.0 composite; 
also, Fig. 7(d) exhibits the DSC graph of salt hydrate PCM with various 
weight concentrations of FMWCNTs with SDBS. The onset phase tran
sition temperature occurs at 37 ◦C and ends at 57–61 ◦C, and the 
measured LH were 101, 96, and 75 kJ/kg for SHFS0.3, SHFS0.5, and 
SHFS1.0, respectively. It was found that the latent heat increases at 
lower concentrations, but it decreased at higher concentrations. The 
melting temperatures were also found to be slightly increasing in all 
composites than pure salt hydrate PCM. The melting points of all com
posites were found to be largely identical to those of base PCM. This 

could be due to the nature of contact between PCM and the nano
particles and the isotropic porous structure of carbon nanotubes. 
Further, it was because of the significant interaction between the fluid 
and the matrix's surface, resulting in a melting temperature shift. Similar 
findings are reported by Hari Krishnan et al. [48]. Due to their increased 
stability, FMWCNT dispersed PCM melted at a greater temperature than 
pristine MWCNT embedded PCM. 

It is observed that the higher content of nanoparticle embedded 
PCM, latent heat was decreasing in all cases because the presence of the 
unchangeable solid nanocarbons and in case of a lower percentage of 
nanoparticles, the latent heat improved. The maximum increment in LH 
was observed at 98 kJ/kg, 120 kJ/kg and 101 kJ/kg, and the corre
sponding melting temperatures were 52.6 ◦C, 52.5 ◦C, and 46 ◦C for 
SHM0.3, SHF0.3, and SHFS0.3, respectively. The improvement in LH 
may be due to the interaction among the NPs and PCM. This may be due 
to the greater surface area of NPs between salt hydrate PCM and 
nanoparticles [49,50]. Also, higher molecular density of the MWCNT/ 
FMWCNT and its large surface area were the reasons behind the greater 
intermolecular attraction in the PCM and NPs, which resulted in their 
enhanced latent energy; the heat absorbed by the NPs and PCM may be 
greater than the intermolecular force among PCM particles [21]. A 
result, additional energy needs to be provided to the nanocomposites to 
convert them from solid phase to liquid phase. Indeed, the SHF 

Fig. 7. Latent heat of prepared composites at various percentages (a) SHM, (b) SHMS, (c) SHF, (d) SHFS.  
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composites have a higher LH than SHM. The functionalization of 
MWCNT decreases the surface resistance and increased interaction be
tween PCM and NPs. Furthermore, the heat of fusion increased with the 
addition of 0.3 wt% FMWCNT/FMWCNT with SDBS and decreased for 
higher content. This can be described by the thermodynamic formulae 
dH = dU + VdP and dU = TdS − PdV. When FMWCNTs were dispersed 
into the salt hydrate PCM, the mixture tending to be in a chaotic state, 
and the entropy of PCM increased; for less content of NPs in the PCM, the 
increase in volume is negligible TdS ˃ PdV and dU ˃ 0. On the basis of 
the relationship dH = dU + VdP, it was evident that dH ˃ 0. Thus, the 
addition of less amount of NPs increased the LH, and the addition of 
higher content of NPs increased the volume of the nanocomposite; PdV 
would be increasing more than TdS, due to which dH and dU decreased 
[37]. Also, the surfactant/stabilizer reduced the LH in both cases due to 
the higher melting temperature of SDBS and the presence of un
changeable solid phase of SDBS. Moreover, FMWCNT dispersed PCM 
had higher melting enthalpy due to higher dispersion stability NPs in the 
PCM. 

3.4. Light transmission capability 

The photo transmissibility potential of pristine inorganic PCM with 
distinct weight concentrations of MWCNT composite were analyzed 
using an Ultraviolet Visible spectrometer (LAMBDA 750, Perkin Elmer) 
as depicted in Fig. 8(a) and (b). In solar thermal applications, PCM 

nanocomposite can act as a volumetric absorber. From the experiments, 
the PCMs were turned into a liquid stage; thus, steady state temperature 
mainly depended on the absorption ability of liquid PCM. In this 
research, the transmittance percentage was tested for wavelengths 
ranging from 250 nm to 2500 nm. To comprehend light transmission 
from the composites equated to solar spectrum data taken from NREI 
[51]. When comparing to solar spectral range, light transmission per
centage of SH, SHM0.3, SHM0.5, SHM1.0, SHMS0.3, SHMS0.5, and 
SHMS1.0 were 62.71 %, 6.99 %, 7.69 %, 5.499 %, 7.7 %, 7.77 %, and 
6.1 %, respectively. Moreover, the percentage reduction of samples was 
88.8 %, 87.7 %, 91.15 %, 87.7 %, 87.6 %, and 90.27 %, respectively than 
salt hydrate PCM. It was apparent that the addition of MWCNT signifi
cantly reduced light transmission. Owing to this higher reduction of 
light transmission and increased absorption ability, these samples can be 
considered as attractive option for direct solar applications. 

Similarly, the light transmission percentage of prepared FMWCNT 
nano-PCM composites were compared to the solar spectrum, as illus
trated in Fig. 8(c) and (d). It was found that the percentage of trans
mission of prepared samples are 6.375 %, 5.73 %, 4.76 %, 22.17 %, 11.5 
%, and 10.5 % for SHF0.3, SHF0.5, SHF1.0, SHFS0.3, SHFS0.5, and 
SHFS1.0, respectively; also, the percentage reductions of developed 
samples transmission were 89.83 %, 90.86 %, 92.41 %, 91.75 %, 91.56 
%, and 91.22 %, respectively, than pure hydrate PCM. The maximum 
reduction was observed in FMWCNT dispersed salt hydrate PCM. From 
the discussion, it was evident that FMWCNT dispersed PCM composite 

Fig. 8. Light transmission curve of (a) SHM, (b) SHMS, (c) SHF, (d) SHFS.  
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had higher reduction than other composite samples. The maximum 
reduction is observed at 1.0 wt% in all cases. It can be inferred that the 
amount of light absorbed depended on the weight percentage of NPs 
present in the salt hydrate PCM. Photo transmissibility of MWCNT, and 
FMWCNT dispersed PCM (with and without surfactant) composite 
decreased with a rise in weight concentrations of NPs, and the different 
weight concentrations of NePCM optical transmittance was less than the 
pristine PCM. From the above the discussion, it can be concluded that 
the addition of MWCNT/FMWCNT with and without surfactant, into the 
salt hydrate has good improvement in all the cases; also, there was no 
marked difference in terms of absorptivity with surfactant and without 
surfactant in the composite due to excellent dispersion stability, and the 
black color property of MWCNTs added in the composites. Due to 
increased absorption and reduction in transmission, the MWCNT 
/FMWCNT with salt hydrate PCM composite can be a suitable composite 
for solar thermal applications. 

3.5. Thermal stability analysis 

TGA (Perkin Elmer TGA-4000) is used to study the thermal decom
position performance of salt hydrate PCM, NePCM with and without 
surfactant with various concentrations of MWCNT and FMWCNT 
ranging from 0.3 to 1.0 wt% as shown in Fig. 9. From the EDX results, 
the element present in the salt hydrate may be Magnesium Nitrate 
hexahydrate (Mg(NO3)2.6H2O). According to the literature, salt hydrate 
PCM decomposes into two stages. Stage one is freeing water molecules 

around 290–300 ◦C; the second stage was decomposing of the remaining 
Mg(NO3)2; the remaining left is magnesium oxide (MgO) and carbon 
residues. 

In the TGA graph, PCM begins to degrade around 64 ◦C, thereby 
contributing to a drop in 26.4 % mass by 151 ◦C, which related to loss in 
water (5H2O); the remaining water particles were lost around 291 ◦C. 
The remaining mass was lost at around 455 ◦C, in this temperature, 
magnesium nitrate decomposed, and remaining left were 9.54 % which 
may be magnesium oxide (MgO) and residue of carbon. The percentage 
of mass that remained after 650 ◦C was 8.64 %, mainly containing 
carbon residue and oxides. TGA graph of base PCM with different con
centrations of MWCNTs is displayed in Fig. 9(a). The starting and ending 
degradation temperature has significantly improved by the addition of 
MWCNT with PCM. The thermal degradation initiates at 69.1 ◦C, 67 ◦C, 
and 68.2 ◦C and ended at 459 ◦C, 461 ◦C, and 470 ◦C for SHM0.3, 
SHM0.5, and SHM.01, respectively. In first stage, water molecule 
reduction happened two steps; in first step, 5H2O water molecules 
decomposed at 132.0 ◦C, 145.0 ◦C, and 140.0 ◦C and the weight 
reduction was 17.5 %, 18 %, and 20.4 %, respectively. The remaining 
water molecules (H2O) decomposed at 298.0 ◦C, 276.0 ◦C, and 307.0 ◦C. 
Similarly, the weight concentrations of remains after degradation were 
11.95 %, 14.66 %, and 12.08 %. After heating 650 ◦C, the percentage 
reduced to 10.0 %, 10.67 %, and 10.10 %, containing of carbon residues 
and some oxides. It is noticed that the decompose temperature increased 
after adding up nanoparticles to the PCM. Similarly, Fig. 9(b) shows the 
step-by-step decomposition temperature of MWCNT dispersed salt 

Fig. 9. Thermal stability curve of (a) SHM, (b) SHMS, (c) SHF (d) SHFS.  
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hydrate PCM with surfactant with various concentrations. The starting 
and ending degradation temperatures have noticeably increased by 
adding MWCNT and surfactant with SH PCM. The degradation began at 
73.89 ◦C, 63.41 ◦C, and 76.9 ◦C and ended at 460 ◦C, 455 ◦C, and 433 ◦C 
for SHMS0.3, SHMS0.5, and SHMS1.0, respectively. The first step loss of 
weight at 165 ◦C, 152 ◦C, and 152 ◦C were 18.5 %, 18 %, and 23 %; this 
is due to 5H2O water molecule freeing. The remaining H2O water mol
ecules loss were at 291 ◦C, 280 ◦C, and 283 ◦C, respectively. After 
decomposition the weight percentage of residues were 12.44, 13.0 %, 
and 17.0 %, respectively. Once heated 650 ◦C, the left mass percentage 
were 9.24 %, 10.47 %, and 14.7 % for SHMS0.3, SHMS0.5, and 
SHMS1.0, which consisted of carbon residues and some oxides. 

Correspondingly, Fig. 9(c) shows the step-by-step decomposition 
temperature of FMWCNT dispersed salt hydrate PCM with various 
concentrations. The decomposition initiated at 75 ◦C, 70 ◦C, and 68 ◦C 
and ended at 459 ◦C, 461 ◦C, and 470 ◦C for SHF0.3, SHF0.5, and 
SHF1.0, respectively. The initial percentage mass reductions of 17 %, 
17.3 %, and 20.4 % corresponding temperatures at 145 ◦C, 145.9 ◦C, and 
142 ◦C, respectively, were due to the 5H2O water molecules freeing. The 
remaining H2O water molecules were freeing at 293 ◦C, 299 ◦C, and 
307 ◦C, respectively. After decomposing the Mg(NO3)2, the remaining 
weight percentage were 12.96 %, 14.15 %, and 12.08 %. Similarly, 
Fig. 9(d) illustrates the step-by-step decomposition curve of FMWCNT 
and SDBS with PCM. The degradation started at 77.8 ◦C, 72.8 ◦C, and 
69.1 ◦C and ended 471 ◦C, 458.2 ◦C, and 465 ◦C for SHFS0.3, SHFS0.5, 
and SHFS1.0, respectively. For the initial stage reduction weights of 22 
%, 17 %, and 21.8 % corresponding temperatures are153◦C, 141 ◦C, and 
145 ◦C, due to freeing of 5H2O. The remaining water molecules were 
freeing at 297 ◦C, 293 ◦C, and 291 ◦C, respectively. After decomposing 
Mg(NO3)2 the weight percentage left was 13.2 %, 14.35 %, and 18.2 %, 
respectively. The developed NePCM composite onset temperatures were 
greater than the pure PCM, revealing its thermally stable. The 
enhancement in thermal stability could be ascribed to the thermal bar
rier creation between PCM and NPs. This formation of thermal barrier 
was because of accumulation of MWCNT, and FMWCNT particles may 
delay the breakage polymer chain to monomers; therefore, thermal 
stability increased [27]. This is due to the addition of MWCNT and 
FMWCNT NPs into the salt hydrate PCM. The thermal degradation 
happened at higher temperatures than salt hydrate PCM in all cases. This 
displayed that MWCNT and FMMWCNT with and without SDBS can 
extend the thermal stability of the PCM. A decrease or increase of sta
bility depends on two reasons: first, one formation of the thermal barrier 
due to the adding MWCNT and second one creation of oxygen vacancy of 
NPs due to thermal excitation. The first one overshadows the increase in 
thermal stability and the second one overshadows the decrease in 
thermal stability. 

From the above analysis, the initial degradation was delayed for 
MWCNT and FMWCNT with SDBS. The final decomposition was almost 
similar for all cases. In all cases, the final decomposition was increased, 
which implied the improvement in thermal stability. This was due to the 
presence of MWCNTs and FMWCNTs in the composite, which has 
exhibited excellent thermal stability. This stability of NePCM against the 
thermal decomposition contributed to the additional heat capacity. 

3.6. Thermal conductivity analysis 

The TC of the NePCMs mainly depended on the degree of dispersion 
of the NPs into the PCMs. The effective dispersion of nanoparticles 
depended on the length of stirring and the duration of ultrasonication of 
composite mixture. The TC was examined using Thermal Analyser (SH- 
03, METER) at ambient temperature with a percentage error of ±5 %. 
Fig. 10 shows the four different combinations of composite PCM with 
various weight percentage concentrations. The TC of pure salt hydrate 
was 0.46 Wm− 1 K− 1, and it has been increased to 0.64 W/mK, 0.66 W/ 
mK, and 0.64 W/mK for SHM0.3, SHM0.5, and SHM1.0 and the TC of 
salt hydrate with MWCNT and surfactant was 0.67 W/mK, 0.69 W/mK, 

and 0.65 W/mK for SHMS0.3, SHMS0.5, and SHMS1.0, respectively. 
It has been seen that the TC increased with an increase weight 

fraction of MWCNT, about 0.5 wt% and then decreased for higher 
concentrations for both samples. The decrement was due to the homo
geneous mixture and agglomeration of NPs in the PCM. The agglomer
ation was the major reason for decreasing the TC as it leading to 
breaking the thermal network and reducing the TC or increasing the NPs 
scattering as the concentration increased. The dispersion of MWCNT in 
palmitic acid TC increased with a rise in the concentration of nano
particles and the extreme increment was 67 % as described by Ji et al. 
[52] and increment of 60.5 % was reported by Manoj Kumar et al. [50] 
M. Noori et al. [53] reported that the TC increased with an increase of 
nanoparticle concentration up to 3 wt% of CuO, then decreased. The 
percentage enhancement of SHM and SHMS were found to be 39.13 %, 
43.48 %, 39.13 % and 45.65 %, 50.0 %, 41.3 % for 0.3, 0.5, and 1.0 wt%, 
respectively than pristine salt hydrate PCM. The maximum enhance
ment was 43.48 % and 50 % for SHM0.5 and SHMS0.5, respectively. It 
has to be noted that the incorporation of SDBS increased the intermo
lecular free mobility of particles, which made the NePCM more stable of 
MWCNTs, due to which the TC increased. 

In addition, the TC of SHF were 0.73 W/mK, 0.85 W/mK, and 0.83 
W/mK for SHF0.3, SHF0.5, and SHF1.0, respectively and the TC of SHFS 
were 0.72 W/mK, 0.83 W/mK, and 0.82 W/mK for SHFS0.3, SHFS0.5, 
and SHFS1.0, respectively. The percentage enhancement of SHF and 
SHFS were found to be 58.7 %, 84.78 %, 80.43 and 56.52 %, 80.4 %, 
78.3 % for 0.3, 0.5, and 1.0 wt%, respectively than pristine salt hydrate 
PCM. The TC was increased with an increase of weight concentration up 
to 0.5 wt% then decreased for higher concentration for both cases. The 
reduction of TC may be due to the uneven dispersion, and the agglom
eration of NPs in PCM can result in non-uniform composite formation 
due to which the TC is decreasing. In this case, after adding a surfactant, 
the TC was not improved because the functionalized MWCNTs are 
already having excellent stability in the base PCM. There is no need to 
use a surfactant to the FMWCNT dispersed PCM; it gave a negative 
impact on the composite PCM due to which the TC decreased [54]. 

The functionalized MWCNT has a higher TC, about 84.78 %, than all 
other cases, due to FMWCNT showing better dispersion than the pure 
MWCNT dispersed PCM. Surface modified functional group can 
generate a chemical bond between nanoparticle and PCM matrix; also, it 
can form a robust and rigid bond in the process of the PCM curing effect. 
There was a strong covalent bonding between MWCNT and PCM, 
forming a heat flow network that can decrease the larger number of 

Fig. 10. Thermal conductivity of MWCNT, FMWCNT dispersed salt hydrate 
PCM with surfactant and without surfactant. 
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interfacial thermal network throughout the nano PCM; the addition of 
little amount of NPs enhances TC. Furthermore, there were two crucial 
factors for improving the TC of FMWCNT dispersed PCM; (i) Surface- 
modified MWCNT form a covalent bond between nanoparticles and 
PCM and it is a very important factor for enhancing the TC and (ii) the 
well dispersed and well compatibility of FMWCNT and PCM matrix; 
large MWCNT from the heat flow network, thereby have a higher TC due 
to external area of FMWCNT contact area. 

On the other hand, most of the studies reported that the nanoparticle 
size of the MWCNTs directly impacts thermal performance [55]. In this 
research, it was observed that long-walled nanotubes have higher con
ductivity enhancement than short-walled MWCNTs. Moreover, the TC 
enhancement was non-linear to the weight % of NPs. This non-linearity 
was due to the random agglomeration and uneven dispersion of NPs 
when the weight % of NPs increased. The same pattern of the result was 
reported when the author used Al2O3 as a nanoparticle and paraffin as a 
PCM [56]. However, the maximum enhancement of TC of nano 
dispersed PCM was depending on the configuration of NPs, concentra
tion rate, and dispersion of nanoparticles- they have to be prudently 
selected, and more attention to be paid to the solid phase PCM. 

3.7. Thermal cycle test 

Thermal cycling test was used to ensure the thermal reliability of 
formulated nanocomposites. A custom-made thermal cycler (Model: 
Labs Thermal Cycler Tester-AIBS) with three compartments to run three 
different samples at the same time was used to run the samples. The 
samples were placed in a crucible and a thermocouple electronically 
manipulated was inserted into the samples. The maximum temperature 
was set to be 70 ◦C, the temperature greater than melting temperature of 
the developed samples. The crucible was heated from below the crucible 
holder to achieve the maximum temperature. Once the maximum tem
perature was achieved the heater is automatically turn off, activating the 
cooling system of the cycler. A fan was used to cool the crucible and 
samples. Once the minimum temperature 30 ◦C was reached, the cooling 
system automatically turns off. The amount of 500 cycles sample taken 
was very small, so that the maximum temperature reached within 2 min 
and the cooling time was around 3 min. The thermal cycling was carried 
out with pure salt hydrate PCM, and SHMS0.5 composite PCM. The 
Table 2 shows the latent heat values and melting temperature of selected 
samples, and Fig. 11 shows the DSC graph of after and before thermal 
cycling of S50, and SHMS0.5 nanocomposites. The LH and melting 
temperatures of SH, and SHMS0.5 are 93.39 kJ/kg, 88 kJ/kg, and 
49.6 ◦C, 50.1 ◦C, respectively for 0 cycle. The LH and melting temper
ature of SH, and SHMS0.5 were 100 kJ/kg, 84.35 kJ/kg and 52.1 ◦C, 
51.9 ◦C, respectively for 500 thermal cycles. The LH was increased for 
SH and decreased for SHMS0.5 samples after 500 thermal cycling. The 
increasing latent heat may be attributed that the solid-solid transition 
region is absent in the heating cooling cycles; the absence of solid-solid 
transition due to the rearrangement of the molecules of the PCM com
posites. The decreasing latent heat may be attributed to the particle 
agglomeration caused by repeated phase changes of nanocomposite. 
Furthermore, the melting temperature was increasing in all cases after 
500 thermal cycling. It is may the attributed the following reasons: (i) 
nanoparticles present in the sample, (ii) impurities in the sample, (iii) 

formation of C––C. In the case of SH, the NPs are not doped in SH PCM, 
therefore, the increase in temperature is may be the formation of C––C 
and the impurities present in the PCM. The Figs. 12 and 13 show the 
FTIR and TGA graphs of 500 heating cooling cycles of pure salt hydrate 
PCM, and S50MS0.5 composites, respectively. The FTIR spectrum 
graphs have revealed that there is no or additional functional groups 
were found, thus ensuring the prepared composite was chemically stable 
even after 500 thermal cycles; also, the TGA results displayed that the 
thermal decomposition-initiated onset temperatures of 64 ◦C, 66 ◦C, and 
ended at 478 ◦C, 468 ◦C for S50, and S50MS0.5 after 500 cycles. After 
the degradation, the weight percentage of residues was 10.3 %, and 
10.34 %, respectively, mainly containing magnesium oxide and carbon 
residues. It was observed that the developed S50MS0.5 nanocomposite 
decomposition temperature was higher than base salt hydrate PCM. The 
stability of salt hydrate was increasing trend which may be due to the 
C––C formation; therefore it delayed the breakage of chain into the 
monomer. In the case of SHMS0.5 the stability was slightly reduced than 
SH after 500 cycling. The reduction may be due to the agglomeration of 
nanoparticles, due to that the thermal barrier effect reduced, so that the 
thermal stability reduced. Also, found that after 500 heating and cooling 
cycles the prepared nanocomposites are chemically and thermally sta
ble, the melting enthalpy also slightly varied. The above discussion 
shows that the developed nanocomposites were excellent candidates for 
thermal energy storage applications. 

Table 2 
Melting enthalpy and melting temperature of salt hydrate and optimum nano
composite at 0 and 500 heating cooling cycles.  

Composites Latent heat (kJ/ 
kg) 

Melting 
point (◦C) 

Difference 
in LH (kJ/ 
kg) 

Difference in 
melting 
temperature 
(◦C) 0 500 0 500 

SH  93.39  100  49.6  52.1  6.61  2.5 
SHMS0.5  88  84.35  50.1  51.9  − 3.65  1.8  

Fig. 11. DSC graph of SH, SHMS0.5 and SHF0.5 at 0 and 500 heating cool
ing cycles. 

Fig. 12. FTIR graph of SH, SHMS-0.5 and SHF-0.5 at 0 and 500 cycles.  
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4. Conclusions 

In this present work, MWCNT/FMWCNT dispersed salt hydrate PCM 
with and without surfactant was prepared, and thermophysical prop
erties were investigated and the effect of surfactant was discussed 
thoroughly. The critical findings are enumerated as below: 

The TEM images have shown the size of CNTs before and after 
functionalization; the size of MWCNT was noted between 10 and 20 nm, 
and prior to acid functionalization, the size of the MWCNT is slightly 
increased up to 31.1 nm; it confirmed the attachment of the -COOH 
group on the surface of the MWCNTs. The uniformity of dispersed CNTs, 
existing elements in the composites was confirmed by EDX analysis. The 
FTIR results have shown that the prepared nano PCM was physically 
well mixed, and no chemical action appeared in the developed com
posite PCM. The thermal conductivity of formulated SHMS0.3, 
SHMS0.5, SHMS1.0, SHF0.3, SHF0.5 and SHF1.0 was 0.67, 0.69, 0.65, 
0.73, 0.85 and 0.83 Wm− 1 K− 1, respectively. The thermal conductivity 
was enhanced up to 0.5 wt% after which there was a decreasing trend in 
all cases. The thermal conductivity was higher for SHMS0.5 by 50.0 % 
and SHF0.5 by 84.78 % than pure salt hydrate. The thermal conductivity 
was higher for the addition of surfactant with SH/MWCNT composites. 
The increase the intermolecular free mobility of particles made the 
NePCM more stable of MWCNTs. Furthermore, the thermal conductivity 
of SHF composites has higher thermal conductivity compared to all 
other composites. FMWCNT has shown better dispersion than the pure 
MWCNT dispersed PCM. Surface modified functional group can 
generate a chemical bond between nanoparticle and PCM matrix; also, it 
forms a strong and rigid bond in the process of the PCM curing reaction. 
The strong covalent bonding between MWCNT and PCM forms a heat 
flow network that can decrease the large number of interfacial thermal 
network throughout the nano PCM network, results increase the thermal 
conductivity. 

The latent heat of formulated SHM0.3, SHM0.5, SHM1.0, SHF0.3, 
SHF0.5 and SHF1.0 was 98, 92, 78, 120, 97.22 and 78 kJ/kg, respec
tively. The LH was higher for a lower concentration of nanoparticles 
embedded into the salt hydrate PCM. The latent heat was increased up to 
0.3 wt% concentration and afterwards, was showing a decreasing trend 
for SHM, SHF and SHFS composites. In this case, adding surfactant/ 
stabilizer decreases the latent heat capacity for all cases. From the TGA 
result, the prepared composites had higher thermal stability than pure 
salt hydrate PCM. It has been found that composite without SDBS 
exhibited a higher thermal stability. The reduction of light transmission 
of prepared composites was 91.15 %, 92.41 %, 90.27 %, and 91.22 % for 

SHM1.0, SHF1.0, SHMS1.0, and SHFS1.0, respectively than pure salt 
hydrate PCM. Further, it confirmed that SHMS and SHF had higher re
ductions in light transmission. In addition, it was revealed that the 
developed nanocomposites are stable up to 468 ◦C after 500 thermal 
cycling, revealing that the prepared nanocomposites could be used for 
long-term solar thermal energy storage applications. Thus, the FMWNT 
enhanced salt hydrate PCM had excellent thermal conductivity, LH, light 
absorption and thermal stability. In addition, MWCNT dispersed salt 
hydrate with surfactant nanocomposite PCM had better thermal con
ductivity, lower LH, better light absorption, excellent thermal stability, 
and good dispersion and chemical stability than MWCNT dispersed salt 
hydrate PCM. 

Finally, functionalized MWCNTs enhanced nano PCMs has higher 
and excellent performance than other composite PCMs. In the future, the 
FMWCNT needs to be established in real-world solar thermal 
applications. 
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