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ABSTRACT: Nano-enhanced phase change materials are highly
employed for an enhanced heat-transfer process. The current work
reports that the thermal properties of solar salt-based phase change
materials were enhanced with carbon nanotubes (CNTs). Solar salt
(60:40 of NaNO3/KNO3) with a phase change temperature and
enthalpy of 225.13 °C and 244.76 kJ/kg, respectively, is proposed
as a high-temperature PCM, and CNT is added to improve its
thermal conductivity. The ball-milling method was employed to
mix CNTs with solar salt at various concentrations of 0.1, 0.3, and
0.5% by weight. SEM images display the even distribution of CNTs
with solar salt, with the absence of cluster formations. The thermal
conductivity, phase change properties, and thermal and chemical
stabilities of the composites were studied before and after 300
thermal cycles. FTIR studies indicated only physical interaction between PCM and CNTs. The thermal conductivity was enhanced
with an increase in CNT concentration. The thermal conductivity was enhanced by 127.19 and 125.09% before and after cycling,
respectively, in the presence of 0.5% CNT. The phase change temperature decreased by around 1.64% after adding 0.5% CNT, with
a decrease of 14.67% in the latent heat during melting. TGA thermograms indicated the weight loss was initiated at about 590 and
575 °C before and after thermal cycling, after which it was rapid with an increase in temperature. Thermal characterization of CNT-
enhanced solar salt indicated that the composites could be used as phase change materials for enhanced heat-transfer applications.

1. INTRODUCTION
Solar energy, an ideal heat source with countless advantages
and solar energy utilization, is an efficient way to significantly
reduce the energy requirement and problems caused by the
usage of fossil fuels. The solar-based thermal renewable energy
source can reduce the dependence on fossil fuels.1 Thermal
energy can be stored through sensible heat storage (SHS)
(specific heat is utilized in storing heat),2 chemical heat storage
(CHS) (heat is stored and released based on chemical
reactions and possesses high stability and energy storage
density),3 and latent heat storage (LHS) (energy is stored in
the form of latent heat and has the advantage of a high energy
storage density).4 LHS-based thermal energy storage (TES)
systems find application in hot water for domestic buildings,5

utilization of solar energy,6 and waste heat recovery.7 Phase
change materials (PCMs) are employed as heat storage media
in TES systems with the advantages of a high energy storage
density, constant temperature operation, low price, and a wider
range of temperature availability.8,9 PCMs are classified mostly
by the melting point and thermal conductivity with respect to
the application. Overall, PCMs are categorized into organic,

inorganic, and eutectic materials. Paraffin and nonparaffin
compounds come under the category of organic PCMs.10 Salts,
salt hydrates, and metal alloys come under inorganic PCMs.11

In the literature, significant attention has been focused on low-
and medium-temperature PCMs with fewer studies on high-
temperature PCMs.12 Certain measures need to be taken to
augment the heat-transfer rate of PCMs and increase their
thermal conductivity. Recently, the accumulation of highly
conducting nanomaterials has been proved to improve the
thermal conductivity of PCMs.13 The addition of nanomateri-
als such as carbon nanotubes (CNTs) or metal or metal oxide
nanoparticles augments the thermal conductivity as they
possess a low density and enormous surface area.14 CNTs
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possess high thermal conductivity (2000−6000 W/mK) and
are dispersed in PCMs. Van der Waals attraction between the
narrowed molecules and the constraining wall of CNTs holds
the PCM molecules.15 Recently, carbon-based allotropes have
received major attention, increasing their usage. CNTs are
lightweight materials with small particle sizes and large surface
areas, which improve the molecular captivity of PCMs.16

Recently, single-walled CNTs (SWCNTs) and multi-walled
CNTs (MWCNTs) were added to hexadecyl acrylate (HDA)
PCMs as thermal conductive fillers17 through an innovative
method using solvent-free Diels−Alder (DA) reaction, which
showed enhancements of 134 and 339%, respectively, for
SWCNTs and MWCNTs as compared to HDA. MWCNTs
were dispersed in palmitic acid (PA) through mechanochem-
ical reaction treatment along with ball-milling of a mixture of
potassium hydroxide and pristine CNTs,18 and it is reported
that 0.01% CNT enhanced thermal conductivity by 46 and
38% at 25 and 65 °C, respectively, compared to PA. Various
CNT concentrations were added to paraffin for cold storage,19

and after adding 3% CNT, the thermal conductivity was
reported to be enhanced by 30.3 and 28.5%, respectively, in
the solid and liquid phases with corresponding enthalpy drops
of 9.3 and 8.9%. Graphene and MWCNTs were mixed at
various ratios with paraffin for the thermal management of
lithium-ion batteries,20 and it was reported that with a mass
ratio of 3:7 of MWCNT/graphene, the thermal conductivity
was enhanced by 31.8, 55.4, and 124%. Various mass fractions
of MWCNTs were added to poly(ethylene glycol) 8000
(PEG8000) to investigate their thermal properties,21 and a
gradual enhancement in the thermal conductivity from 0.295
to 0.531 W/mK by adding 0.5 to 5 wt % MWCNT was
reported. A series of eutectic mixtures of palmitic acid−stearic
acid was prepared with mass fractions of CNTs ranging from 5
to 8 wt %,22 and thermal conductivity enhancements of 20.2,
26.2, 26.2, and 29.7% were reported for 5, 6, 7, and 8% CNTs,
respectively, along with high thermal reliability. Shile Shen et
al.23 studied the influence of modified CNTs with erythritol.
They reported an augmentation in thermal conductivity from
0.19 to 0.98 W/mK in the presence of 1% MWCNTs. The
nanoparticles were found to have a negligible effect on the
phase transition temperatures and their corresponding
enthalpies and greatly improved the thermal conductivity and
supercooling.

Various researchers have reported the augmentation of
thermal conductivity after adding nanomaterials. Thermal
properties such as phase transition temperatures, latent heat,
and viscosity also vary with the addition of nanomaterials.24

The change in latent heat is mainly due to intramolecular
forces between nanomaterials and PCMs and the nanomateri-
als not undergoing melting during the charging process.25

Comparatively, inorganic PCMs have more advantages than
organic PCMs, such as a high energy storage density, sharp
melting point, and high thermal conductivity with significant
limitations of corrosiveness, supercooling, high phase-transi-
tional volume changes, phase segregation, and incongruent
melting. The encapsulation process and the addition of
nanomaterials that act as nucleating agents were found to
suppress the supercooling behavior in inorganic PCMs.26

Molten salts are inorganic PCMs that are employed as heat-
transfer media in high-temperature SHS systems and as PCMs
in LHS systems.27 A review article on the usage of
nanoparticles with molten salts as their thermophysical
property enhancers28 provided significant insights into the

various types of nanoparticles used and the way they impact
the thermal and physical properties of PCMs. Solar salt (60:40
NaNO3: KNO3), which melts around 222−225 °C and has
great thermal stability, is a typical heat-transfer fluid in solar
applications.29,30 Here, we recommend them as the energy
storage media. Zhang et al.31 synthesized nanohexagonal boron
nitride-based solar salt composites and found that 0.8% boron
nitride enhanced the thermal conductivity of solar salt by
16.03% and broadened the working temperature of the PCM.

Our previous studies were on the encapsulation of solar
salt32 and the addition of Al2O3 and TiO2 nanoparticles with
solar salt.33 This work is an extended study on the
incorporation of carbon nanotubes (CNTs) in solar salt. The
aim is to enhance the thermal conductivity of solar salt (60:40
of NaNO3:KNO3) by adding carbon nanotubes (CNTs) at
various weight concentrations of 0.1, 0.3, and 0.5% and
accelerate the heat-transfer process. In addition, thermal
cycling was performed to investigate the thermal reliability of
the sample for the subsequent 300 cycles. Chemical
compatibility and thermal characterizations, such as thermal
conductivity and phase change temperatures, along with
enthalpy and decomposition studies were reported for the
pure and thermal cycled salts.

2. EXPERIMENTAL SECTION
2.1. Selection of Materials. In the current work, a

eutectic mixture of sodium nitrate (NaNO3) and potassium
nitrate (KNO3) in the weight ratio of 60:40, popularly
recognized as solar salt, is selected as the PCM and was
procured from Spectrum Chemicals, India. Carbon nanotube
(CNT) was chosen as the thermal conductivity enhancer for
the PCM and was procured from Sigma Aldrich. The materials
were used without any additional purification.

2.2. Preparation of the Eutectic Mixture. A low-energy
ball-milling process was utilized to synthesize the eutectic
mixture of nitrate salts. A sample holder was filled with the
measured quantity of the salts. Three steel balls were
positioned inside the sample container. The sample holder
was rotated with the principle of centrifugal force. The speed
was fixed at 300 rpm for 200 min to produce the solar salt.

2.3. Preparation of the Nano-Enhanced Solar Salt.
The solar salt prepared in Section 2.2 will be used for further
preparations. A low-energy ball-milling process was employed
to prepare the nano-enhanced solar salt. CNT was weighed
based on the concentration, and the same was added to the
solar salt in the sample holder of the ball-milling process. Then,
the rotation was done for another 150 min with a speed of 300
rpm, producing the nano-enhanced solar salt. The same
procedure was repeated to prepare other nano-enhanced PCM
composites.

3. THERMAL PROPERTIES OF THE NANO-ENHANCED
SOLAR SALT

Thermal properties studied in the current work and the
specifications of the instruments used to study the same are
listed in Table 1.

4. RESULTS AND DISCUSSION
4.1. Microstructure Studies of the Composites.

Scanning electron microscopy (SEM) (VEGA 3 TESCAN)
was performed to examine the morphology of the synthesized
composites (Figure 1). Before the addition of carbon
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nanotubes (CNTs), the solar salt appeared white at room
temperature. However, after adding CNTs, the composites
exhibited a dark appearance due to the presence of CNTs. The
SEM image in Figure 1a shows the crystal structure of the solar
salt to be nonuniform. In Figure 1b, the SEM image depicts the
solar salt after adding 0.1% CNT. We can observe that the
CNT adhered to the surface of the solar salt and was
consistently dispersed without clustering.

Table 1. Instruments and their Specifications Used to Study
the Thermal Properties

properties instrument and specification

morphological
study

VEGA 3 TESCAN scanning electron microscope
intensification of 2.5−1,000,000 X with an extreme field of

view of 70.00 mm
Accelerating voltage: 200−30 kV

thermal
conductivity

LFA 467 laser flash apparatus
working temperature range: −100 to 500 °C
thermal diffusivity: 0.001−2000 mm2/s
thermal conductivity: 0.1−4000 W/m K
operated in a nitrogen atmosphere at room temperature

chemical
compatibility

Perkin Elmer spectrum 2 infrared spectrophotometer
wave number range: 500−4000 cm−1

phase change
temperatures
and enthalpies

DSC 6000 Perkin Elmer
working temperature range: −180 to 450 °C
heating and cooling rates: 0.1−100 °C/min
sample is packed in an aluminum cubicle and data

measured in a nitrogen atmosphere
thermal

deterioration
TGA 4000 Perkin Elmer
working temperature range: 30−1000 °C
heating rate: 0.1 and 200 °C/min
heating is carried out in a nitrogen atmosphere

thermal cycling PCM is escalated from room temperature to a
temperature above its melting point and then cooled
down to room temperature.

temperature was measured using a steadfast thermal
cycling prearrangement consisting of a flat plate heater
(1000 W) and a K-type thermocouple (±0.50 °C).

sample is heated from room temperature to a temperature
of 230 °C.

Figure 1. SEM images of pure (A) and CNT-enhanced solar salt (B).

Table 2. Thermal Conductivity of Pure and Nano-Enhanced
Phase Change Materials

thermal conductivity
(W/mK) augmentation (%)

material

before
thermal
cycling

after thermal
cycling

before
thermal
cycling

after thermal
cycling

pure salt 0.809 0.780
salt + 0.1%

CNT
1.035 1.019 27.93 25.95

salt + 0.3%
CNT

1.410 1.398 74.29 72.80

salt + 0.5%
CNT

1.838 1.821 127.19 125.09

Figure 2. Thermal conductivity of pure and nano-enhanced phase
change materials.
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4.2. Enhancement of Thermal Conductivity. Thermal
conductivity is a critical parameter in designing and fabricating
a TES system to store heat. Inorganic PCMs have moderate
thermal conductivity compared to organic PCMs. A low
concentration of nanoparticles is added to the base PCM to
enhance the thermal properties. High-conducting nanoparticles
will form a thermal network with the PCM, enhancing thermal
conductivity. Thermal conductivity was measured at ambient
temperature in a nitrogen atmosphere using a Laser flash (LFA
467) apparatus, adapting a procedure from our previous
study.32 Table 2 and Figure 2 display the thermal conductivity
of the nano-enhanced PCM with regard to thermal cycling.

It is quite apparent that the thermal conductivity was
augmented linearly with the concentration of CNTs. The
major reason for thermal conductivity improvement is the
formation of a network structure between the CNTs and
PCM34 and CNTs moving toward the grain boundary of PCM
and forming continuous quasi-2D bundles.35 Pure salt was
found to have thermal conductivities of 0.809 and 0.780 W/
mK before and after thermal cycling, respectively. A significant
increase was found after the addition of carbon nanotubes.
Thermal conductivity was enhanced by 27.93, 74.29, and
127.19%, respectively, after adding 0.1, 0.3, and 0.5% CNTs
before thermal cycling compared with pure salt.

Thermal cycling was found to have a negligible influence on
thermal conductivity. After thermal cycling, the thermal
conductivity enhancement was found to be 25.95, 72.80, and
125.09% in the presence of 0.1, 0.3, and 0.5% CNTs,

respectively. We found that the addition of CNTs led to the
formation of a network that holds the PCM and increases the
thermal conductivity. From the cyclic thermal studies, we can
conclude that the accumulation of nanoparticles has a lesser
impact on the thermal conductivity of the solar salt after 300
cycles.

4.3. Chemical Compatibility of Phase Change
Composites. FTIR spectral peaks were used to study the
chemical composition of the phase change composites. The
conventional KBr disk method was employed to measure the
FTIR spectra in the frequency region ranging from 400 to
40 000 cm−1. Figure 3a,b depicts the FTIR spectral peaks of
the samples before and after thermal cycling, respectively. It
can be clearly seen that all of the curves are quite similar in the
spectral region. The characteristic peaks at 2432.41 and
1386.92 cm−1 indicate the presence of nitrate in KNO3. For all
composites, a peak is found at 3467.03 cm−1, which is
attributed to the hydroxyl (O-H) stretching, and another
bending of δ-OH at 1785.86 and 1735.17 cm−1, suggesting the
evaporation of water from the sample. The broad peak 3
formed at 1386.92 cm−1 indicates the ν3̅NO3̅ stretch. The
peak formed at 847.75 cm−1 is strong and shows the presence
of sodium nitrate crystals. From the FTIR spectra of pure and
encapsulated samples upon cycling, it is evident that the
frequency remained quite identical in both the functional
group and fingerprint regions. The results confirm that only
physical interaction took place between the salt and CNTs,
with an absence of any chemical reaction.

4.4. Phase Conversion Properties of Phase Change
Composites. Differential scanning calorimetric analysis was
performed to determine the phase-transition temperatures and
their corresponding enthalpies. The samples were heated from
ambient temperature to a temperature above their melting
point and then chilled to room temperature at set heating and
cooling rates. Three cycles of heating and cooling were
performed, and the average was taken as the actual reading.
The quantity of heat absorbed or released was measured for
the sample with respect to a reference sample, and latent heat

Figure 3. FTIR spectral peaks of pure and nano-enhanced phase change materials.

Table 3. Phase Change Properties before Thermal Cycling

melting solidification subcooling

phase change
material Tm (°C)

ΔHm
(kJ/kg) Ts (°C)

ΔHs
(kJ/kg) Tsc (°C)

pure salt 225.13 136.81 218.40 107.95 6.72
salt + 0.1% CNT 226.10 130.87 218.62 103.85 7.48
salt + 0.3% CNT 218.10 122.78 212.01 98.49 6.09
salt + 0.5% CNT 218.57 118.62 210.68 95.61 7.89
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was calculated by integrating the onset and offset peaks during
the phase transition.

Two peaks were observed for the pure and nano-enhanced
salts. A minor peak in the temperature range of 110−120 °C is
correlated to the solid−solid conversion. A major peak in the
temperature range of 215−230 °C is correlated to the actual
solid−liquid phase change from which the phase change
temperatures and their latent heat values are calculated. Table
3 presents the phase-transition properties of the PCM before
thermal cycling. Figure 4 depicts the DSC thermograms of the
samples before thermal cycling. Samples were packed in an

aluminum crucible and heated from room temperature to a set
temperature of 250 °C. The heating and cooling rates were
fixed at 10 °C/min. Pure solar salt was found to thaw and
freeze at 225.13 and 218.40 °C with a subcooling of 6.72 °C.
The latent heat values were calculated to be 136.81 and 107.95
kJ/kg for the melting and solidification processes, correspond-
ingly.

The presence of nanoparticles caused a minor decline in the
thermal properties of the PCM. Increasing or stabilizing the
latent heat after the addition of nanoparticles is highly difficult.
After adding CNTs to PCM, heterogeneous nucleation is
induced, leading to an increase in nucleation points, thereby
reducing the grain size of the PCM. The melting process is
associated with the destruction of the molecular assembly. As a
result of the addition of CNTs, the crystallization process
creates an orderly arrangement of the molecules of PCM,
which may require more heat energy to break them, leading to
an increase in the melting temperature. In contrast, the melting
temperature decreases with a reduction in the grain size during
the crystallization process.36

Figure 4. DSC Thermograms of the pure and nano-enhanced phase change materials before thermal cycling.

Table 4. Phase Change Properties after Thermal cycling

melting solidification subcooling

phase change
material Tm (°C)

ΔHm
(kJ/kg) Ts (°C)

ΔHs
(kJ/kg) Tsc (°C)

pure salt 224.53 131.52 219.83 106.75 4.70
salt + 0.1% CNT 226.47 128.11 220.20 101.85 6.27
salt + 0.3% CNT 228.84 120.56 222.08 96.75 6.76
salt + 0.5% CNT 228.83 116.75 219.35 91.98 9.48
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After adding nanoparticles, the composite PCM was found
to liquefy and harden at 226.10 and 218.40 °C, respectively, in
the presence of 0.1% CNT, with the corresponding latent heat
values being 130.87 and 103.85 kJ/kg, respectively. The
change in latent heat after the addition of CNTs is due to the
salts undergoing a phase change process after absorbing heat.
CNTs did not undergo any phase change during the process,
thus limiting their overall latent heat. Therefore, we can
understand that the latent heat is mainly dependent on the
PCM and not on the addition of nanomaterials. The melting

temperature decreases with an increase in CNT concentration.
The melting and solidification temperatures were found to be
218.10, 212.01 °C and 218.57, 210.68 °C with 0.3% and 0.5%
CNTs, respectively. The latent heat also decreased with an
increase in CNT concentration. The latent heat values were
found to be 122.78, 98.49, and 118.62, 95.61 kJ/kg during
melting and solidification with the addition of 0.3 and 0.5%
CNTs, respectively. The accumulation of CNTs has enhanced
the thermal conductivity of the base salt and slightly decreased
the latent heat storage capacity.

Thermal cycling was found to have a momentous influence
on the thermal properties of salt. Table 4 presents the phase
change properties of the composites after thermal cycling, and
Figure 5 depicts the DSC thermograms of the composites after
thermal cycling. After 300 thermal cycles, pure salt was found
to thaw and freeze at 224.53 and 219.83 °C, with their latent
heat values being 131.52 and 106.75 kJ/kg, respectively. After
cycling, the melting temperature of composites increased
compared to that of pure salt. The latent heat decreased
compared to that of the composites before thermal cycling.

Figure 5. DSC thermograms of the pure and nano-enhanced phase change materials after thermal cycling.

Table 5. Percentage Change in Thermal Properties after
Thermal Cycling

melting (%) solidification (%)

phase change material Tm ΔHm Ts ΔHs

pure salt 0.26 3.87 0.65 1.11
salt + 0.1% CNT 0.59 6.36 0.82 3.80
salt + 0.3% CNT 1.65 11.88 1.68 10.38
salt + 0.5% CNT 1.64 14.67 0.43 14.80
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With 0.1% CNT, the salt melted and solidified at 226.47 and
220.20 °C and possessed latent heat values of 128.11 and
101.85 kJ/kg, respectively. The melting temperature further
increased with an upsurge in the CNT concentration. Melting
and solidification temperatures were found to be 228.84,
222.08 °C, and 228.83, 219.35 °C with 0.3 and 0.5% CNTs,
respectively. The latent heat values were found to be 120.56,
96.75, and 116.75, 91.95 kJ/kg during melting and solid-
ification for 0.3 and 0.5% of CNTs, respectively. The
percentage change in the thermal properties of the nano-
enhanced PCM compared to the pure salt is presented in
Table 5. After thermal cycling, we can find a minor change in
the thermal properties of composites.

The melting and solidification temperatures were found to
vary from 0.20 to 1.70%, which is a minor change in large-scale
applications. The latent heat was found to decrease with an
increase in CNT concentration. In the presence of 0.5% CNTs,
the latent heat was reduced by 14.67 and 14.80% during
melting and solidification, correspondingly, compared to that
of pure solar salt.
4.5. Subcooling Degree. Subcooling temperature denotes

the temperature variance between the melting and solid-

ification points. The subcooling temperature must be minimal
for thermal energy storage applications. Solar salt was found to
have subcooling temperatures of 6.72 and 4.70 °C before and
after thermal cycling, respectively. This subcooling temperature
has a direct influence on the crystallization rate of the PCM.
The subcooling temperatures were found to be 7.48, 6.09, and
7.89 °C in the presence of 0.1, 0.3, and 0.5% CNTs,
respectively. After thermal cycling, the subcooling temper-
atures were found to be 6.27, 6.76, and 9.48 °C after adding
0.1, 0.3, and 0.5% CNTs, respectively. The change in the
subcooling temperature was minimal on applying these
composites in a thermal energy storage system.

4.6. Thermal Steadiness of Phase Change Compo-
sites. The thermal steadiness of a PCM is a vital parameter to
determine the temperature range that can be employed
without affecting its weight change. Thermogravimetric
analysis is the method used to study the thermal degradation
of the sample with reference to increased temperature. The
samples are loaded in a capsule and heated from ambient
conditions to a set temperature of 750 °C with a heating rate
of 10 °C/min, and the weight loss is calculated with respect to
the increase in temperature.

Figure 6. TGA thermograms of the composites before thermal cycling.
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Figure 6 displays the TGA thermograms of composites
before thermal cycling. All of the composites were found to
have a single weight loss with respect to temperature. The
weight loss was minimal till a temperature of 590 °C for pure
salt, and the maximum weight loss was found at 720 °C. After
the addition of CNTs, the temperature of weight loss initiation
and the maximum weight loss changed significantly compared
to that of pure salt. Afterward, the weight loss of 0.1% CNTs
originated at 544 °C, which was much lower than that of pure
salt and showed maximum weight loss until 725 °C. As the
CNT concentration increases, the initiation temperature and
maximum weight loss temperature did not change much
compared to that of pure salt. In the presence of 0.3% CNTs,

the weight loss began at 588 °C, and the maximum weight loss
was seen at a temperature of 722 °C. After adding 0.5% CNTs,
the weight loss was initiated at 592 °C, and the maximum
weight loss was observed at a temperature of 727 °C.

TGA analysis of pure composites indicated that they could
be utilized in systems with a maximum working temperature of
600 °C, beyond which the composites will exhibit weight loss,
which can lead to a lowering of the energy storage density of
the PCM on a larger scale. Figure 7 displays TGA
thermograms of the composites after thermal cycling.
Compared to the composites before thermal cycling, the
weight loss of the composites after thermal cycling also
followed the same trend. All composites exhibited a single
weight loss curve.

After thermal cycling, pure salt exhibited a weight loss at 578
°C and the maximum weight loss at 701 °C. A deviation of 20
°C was found in the temperatures related to pure salt before
thermal cycling. The addition of CNTs was found to have the
same impact on the PCM, similar to that before thermal
cycling. After adding 0.1% CNTs, weight loss initiated at 526
°C and was severe until 700 °C. The temperatures increased
with an increase in the concentration of CNTs. In the presence

Figure 7. TGA thermograms of the composites after thermal cycling.

Table 6. Summary of TGA Data

before thermal cycling after thermal cycling

phase change material Twi (°C) Tmax (°C) Twi (°C) Tmax (°C)

pure salt 594.21 719.75 578.38 701.34
salt + 0.1% CNT 544.15 724.16 526.48 700.60
salt + 0.3% CNT 588.32 722.69 572.87 704.28
salt + 0.5% CNT 592.74 727.11 580.59 710.18
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of 0.3% CNTs, weight loss commenced at 572 °C and
maximum weight loss occurred at 704 °C. After adding 0.5%
CNTs, the composites exhibited a weight loss at 580 °C with
the maximum weight loss at 710 °C. We can infer from the
thermal analysis that the composites could withstand 300
thermal cycles without any change in thermal degradation
behaviors, which is a highly promising aspect for their
application in high-temperature energy storage applications
for enhanced heat transfer. Table 6 summarizes the TGA data
of composites before and after thermal cycling. Twi and Tmax
indicate the temperature of weight loss initiation and
temperature of maximum weight loss, respectively.

5. CONCLUSIONS AND FUTURE STUDIES
Solar salt has been utilized as a direct heat-transfer fluid in
high-temperature solar-based applications. We propose solar
salt as a phase change material for high-temperature
applications due to its high energy storage capacity. To
improve its thermal conductivity, varied carbon nanotube
(CNT) concentrations were added to the salt using the ball-
milling method. Thermal properties of composites were
studied before and after 300 thermal cycles. The thermal
conductivity, phase change properties, and thermal steadiness
were studied using an LFA 467 analyzer, a DSC 6000 Perkin
Elmer analyzer, and a TGA 4000 Perkin Elmer analyzer,
respectively, and the significant findings are listed below,

• Pure salt possesses thermal conductivities of 0.809 and
0.780 W/mK before and after thermal cycling. The
enhancements in thermal conductivity were found to be
27.93, 74.29, and 127.19% with the addition of 0.1, 0.3,
and 0.5% CNTs, respectively. After thermal cycling, the
enhancements were 25.95, 72.80, and 125.09% com-
pared to that of pure salt.

• Pure salt liquefied and hardened at 225.13 and 218.40
°C. After thermal cycling, the same were 224.53 and
219.83 °C, respectively. Latent heat values were found to
be 136.81 and 107.95 kJ/kg before thermal cycling, and
they reduced by 3.87 and 1.11% after thermal cycling.

• Minor changes in phase change properties were found
after the addition of CNTs. In the presence of 0.5%
CNTs, the composite was found to thaw and freeze at
218.57 and 95.61 °C, correspondingly. Enthalpies were
reduced by 14.67 and 14.80% before and after thermal
cycling compared to those of pure salt.

• The presence of CNTs increased the thermal stability of
the composites. The composites were thermally stable
until a temperature of 600 °C, after which there was a
rapid weight loss. In pure salt, weight loss initiated at
594.21 °C, and after thermal cycling, it was 578.38 °C.
After adding 0.5% CNTs, weight loss was initiated at
592.74 °C and was rapid till 580.59 °C.

Thermal characterization of solar salt and CNT-based solar
salt composites revealed that the composites could be involved
in superior heat transfer in high-temperature solar-based
energy storage systems. Furthermore, the problem of the
salts having low conductivity was overcome to some extent by
the accumulation of nanomaterials. This has further led to
additional research on the lowering of latent heat. Subsequent
studies can be conducted with the addition of a wider range of
nanomaterials to solar salt, along with the study of the
mechanism of lowering of the latent heat in the presence of
nanomaterials.
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