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The addition of nanomaterials to molten salts can significantly improve their thermal performance. To explore the enhancement
mechanisms, this work prepared carbonate salt nanofluids with binary carbonate as base salt and 20 nm SiO2 and 20 nm MgO
nanoparticles as additives by the commonly used aqueous solution method. Then, the key performance and micromorphology
of the carbonate salt nanofluids are characterized by differential scanning calorimetry, thermal gravimetric analysis, laser flash
analysis, and micromorphology analysis. Results showed that the 20 nm SiO2 nanomaterials instead of the 20 nm MgO
nanomaterials exerted higher effects on latent heat while the 20 nm MgO nanomaterials instead of the 20 nm SiO2
nanomaterials exerted higher effects on the sensible heat, thermal conductivity, and high-temperature stability of carbonated
salt. In addition, different nanostructures were observed in SiO2-based and MgO-based molten salt nanofluids, respectively.
Innovatively, formation mechanisms of molten salt nanofluids were proposed based on cloud nuclei to explain the different
enhancements in this work.

1. Introduction

As efficient thermal energy storage (TES) materials, molten
salt has been widely used in the fields of waste heat recovery,
concentrating solar power, and valley power utilization [1,
2]. In recent years, researchers observed that nanomaterials
can further improve the TES performance of molten salts
and reduce the size of TES systems which will save initial
investment cost greatly from investors [3].

In the development process of molten salt nanofluids,
Shin and Banerjee conducted the first work and found the
anomalous effect of nanomaterials on carbonate salt [3]. In
their innovative work [3], Shin and Banerjee added SiO2
nanoparticles to binary carbonate salt (61.5mol.% Li2CO3-
37.5mol.% K2CO3) and found a maximal increase of 24%

in specific heat. Moreover, they attributed the anomalous
increase to the percolation networks observed in their car-
bonate salt nanofluid. Later, nanomaterials like SiO2, MgO,
Al2O3, SiC, carbon nanotubes (CNTs), graphene, TiO2,
and their mixtures have also been used as additives [4]. Shin
and Banerjee [5] added 1.0wt.% of 10 nm Al2O3 nanoparti-
cles to the above binary carbonate salt by the aqueous solu-
tion (AS) method, and they obtained that the maximum
specific heat increased by about 33% as well as a large num-
ber of chain-like nanostructures. Shin and Banerjee [6] pre-
pared carbonate salt nanofluids by dispersing 1.0wt.% of
SiO2 nanoparticles to the binary carbonate eutectic via the
AS method. They observed maximal increases of 14.59% in
specific heat and 47% in thermal conductivity, respectively.
Shin and Banerjee [7] found high-dense network
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substructures in alkali chloride nanofluids with SiO2 nano-
particles and proposed the three-mode mechanism: (a) the
specific heat of nanoparticles is higher than that of the bulk
of SiO2; (b) solid-fluid interaction energy; and (c) liquid
molecules are layered on the surface of the nanoparticles,
forming a semi-solid layer. Now, the first mode has been
confirmed to be not applicable to some molten salt nano-
fluids. Tiznobaik and Shin [8] found needle-like structures
in binary carbonate salt nanofluids with SiO2 nanoparticles,
and they concluded that the high specific surface area of the
embedded nanoparticles and the nanoparticle-induced
needle-like structures appear to be related to the enhance-
ment of specific heat. Shin and Banerjee [5] considered that
the chain-like nanostructures in molten salt nanofluids were
responsible for the improvement of specific heat of molten
salt nanofluids and that the specific heat can only be
improved by the secondary long-range nanostructures
formed in carbonate salt nanofluids. Shin and Banerjee [6]
attributed the increased thermal conductivity of carbonate
salt nanofluids to the observed percolation networks with a
higher density phase. Shin et al. [9] considered that a salt
component electrostatically interacts with nanoparticles to
lead to a microseparation phenomenon of the molten salt
mixture, and then, the separated component salt crystallizes
on the nanoparticle surface to form the fractal-like fluid
nanostructures, which enhance the specific heat of molten
salt nanofluids. They also observed the theoretical thermo-
dynamic mixing model [10], thermal conductivity by
Hamilton-Crosser model [11], and Maxwell-Garnett model
[12] for traditional nanofluids that do not match with the
molten salt nanofluids. Rizvi and Shin [4] proposed the the-
ory “development of dendritic structure” to describe the for-
mation of molten salt nanofluids based on theories of the
electric double layer and the microsegregation of a binary
mixture due to electrostatic interaction and explained how
the specific heat of molten salt nanofluids is increased. This
theory considers that the dendritic structure on nanoparti-
cles is only one component salt molecule in the molten salt
mixture. However, this mechanism is difficult to explain
other enhancements like the heat of fusion and the thermal
conductivity. Tiznobaik and Shin [13] dispersed 1.0wt.% of
SiO2 nanoparticles to binary carbonate (62mol.% lithium
carbonate-38mol.% potassium carbonate) and observed that
the specific heat was increased by about 26%. They also con-
cluded that the carbonate salt nanofluids are a mixture of
solid nanoparticles, solid nanostructures near nanoparticles,
and liquid salt while nanostructures are the cause of increase
of specific heat.

Moreover, researchers all over the world are devoted to
molten salt nanofluids. Tiznobaik et al. [14] compared the
specific heat of the above binary carbonate salt with
1.0wt.% of different 10nm nanoparticles, and they observed
that the specific heat of MgO, SiO2, and Al2O3 nanoparticles
increased by 22%, 27%, and 33%, respectively. Tiznobaik
et al. [14] considered that the great specific surface of nano-
particles induced the secondary long-range nanostructures
in molten salt nanofluids, and the secondary long-range
nanostructures primarily dominated the improvement of
specific heat of carbonate salt nanofluids. Jo and Banerjee

[15] dispersed 0.1wt.% of 50nm graphite nanoparticles to
the above binary carbonate and obtained the maximum
increase of specific heat of 57%. They also found dense com-
pressed layers on the surface of graphite nanoparticles by
scanning electron microscopy (SEM). Jo and Banerjee [16]
investigated the effect of multiwalled CNTs on the specific
heat of above carbonate salt and found the maximal
increases of 15% and 12% in specific heat in liquid and solid
state, respectively. Kwak et al. [17] added 2.5wt.% of SiO2
nanoparticles to a binary carbonate (62mol.% lithium
carbonate-38mol.% potassium carbonate) by the AS
method, and a maximal increase of 14.59% in specific heat
was observed. Based on their research results, Keblinski
et al. [18] considered that both the ballistic and the direct
or fluid-mediated clustering effects provide a way for rapid
heat transport. In addition, they thought that the liquid layer
at the liquid/particle interface should be at least several
nanometers. Xue et al. [19] found that the thickness of layer-
ing of the simple liquid atoms at the liquid-solid interface
was several atoms using molecular dynamic simulations
and thought that the layering of the simple liquid atoms at
the liquid-solid interface did not have any noticeable effect
on the heat transport properties. Nevertheless, they also
thought that the thickness of the complex liquid atom layer-
ing at the liquid-solid interface could extend over longer dis-
tances from the interfaces. Oh et al. [20] found the ordered
molecule layer at the liquid aluminum/sapphire interface
by TEM tests. Using LiNO3 liquid and 10-nm Al2O3 nano-
particles, Matthew [21] calculated the thickness of adsorbed
layer on the interface. A thickness of 7:1 ± 0:6 nm for
enthalpy of fusion and a thickness of 5:3 ± 0:5 nm for spe-
cific heat are obtained for 1.0% Al2O3 nanoparticles while
a thickness of 7:1 ± 0:6 nm for enthalpy of fusion and a
thickness of 6:7 ± 0:6 nm for specific heat are obtained for
2.0% Al2O3 nanoparticles. This thickness is in the order as
what has been reported in literatures [20, 22]. Hentschke
[23] argued that the impact of nanoparticles on surrounding
liquid was of long range (100 nm or farther) and the formed
interfacial mesolayers interacted with each other, which
improved the specific heat of molten salt nanofluids. Our
recent work [24] found that SiO2 nanoparticles can also
enhance the heat of fusion, specific heat, thermal conductiv-
ity, and upper operating temperature of single component
salts. Sang and Liu [25] studied the effect of different nano-
particles on a ternary carbonate salt (40wt.% K2CO3-
40wt.% Li2CO3-20wt.% Na2CO3), and maximal increases
of 116.8%, 73.9%, 56.5%, and 66.5% in specific heat were
observed by adding SiO2, CuO, TiO2, and Al2O3 nanoparti-
cles. Meanwhile, they attributed the increase of specific heat
to the dispersion state and quantities of the formed needle-
like nanostructures.

It is concluded from the above review that the increased
levels in latent heat, specific heat, and thermal conductivity
obtained by different researchers are quite different while
different microstructures are observed although the nano-
particle, the base salt, and the preparation method employed
by these researchers are the same. Therefore, explanations
on the enhancement mechanisms of nanoparticles on base
salt by different authors are abhorrent.
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To explain the enhancement mechanisms of nanoparti-
cles on molten salts, innovatively, this work proposed the
formation mechanisms of molten salt nanofluids from the
perspective of molecules according to the experimental
results in this work and publications and attempted to inter-
pret the mechanism of enhancing the thermal performance
of molten salts by adding nanoparticles.

2. Materials and Methods

To provide a basis for the formation mechanisms proposed
in Section 3.4, some experiments have been done based on
the existing composition of molten salt nanofluid in pub-
lished literatures.

2.1. Material Preparation. In this work, analytical reagents
(Li2CO3 and K2CO3) were used as component salts to pre-
pare base salt. MgO nanoparticles and SiO2 nanoparticles
were added as additives to prepare carbonate nanofluids,
respectively. The purity of the component salts is above
99.0% while the SiO2 nanoparticles and the MgO nanoparti-
cles were selected with the purity of over 99.8%. MgO and
SiO2 nanoparticles with a mass fraction of 1.0 were dispersed
into the base salt (62mol.% Li2CO3-38mol.% K2CO3),
respectively. Table 1 shows the specific properties of compo-
nent salts and nanomaterials.

In this work, the base salt (binary carbonate salt) is pre-
pared with the following steps:

(1) Dried component salts of sodium carbonate and
potassium carbonate in a muffle furnace at 300 °C
for at least 24 h

(2) Weight the dried component salts based on the
appropriate mass ratio by an analytical balance
(ME 104/02, Mettler Toledo, 0.1mg) [24],
respectively

(3) Ground the component salts in a high-speed disinte-
grator for 10 s to form a base salt to prepare molten
salt nanofluids

(4) Dried the base salt in a drying oven at 170 °C for the
next preparation process

Molten salt nanofluids containing SiO2 and MgO nano-
particles are prepared by the AS method, respectively, as
described below (Figure 1):

(1) Weighted the base salt and nanoparticles according
to preset mass ratio by an analytical balance,
respectively

(2) Dispersed different mass ratios of nanoparticles into
deionized water at a mass ratio of 1 : 10 and then stir-
red the solution for 2 h through an ultrasonic agita-
tor to form a homogeneous suspension

(3) Dissolved the base salt into the nanoparticle suspen-
sion and stirred until completely dissolved

(4) Evaporated the suspension in a vacuum drying oven
at 95 °C for dehydration to form carbonate salt
nanofluid powers

(5) Further dried the carbonate salt nanofluid powers at
170 °C for 24h to ensure complete dehydration of
material

Carbonate nanofluids containing SiO2 nanoparticles are
coded as SiO2-nfs, and carbonate nanofluids containing
MgO nanoparticles are coded as MgO-nfs.

To evaluate homogeneity of nanoparticle dispersion in
molten salt nanofluids, three samples were taken from three
different locations (P1, P2, and P3), as illustrated in Figure 2.
For SiO2-nfs, samples taken from the three locations were
coded as samples s11, s12, and s13 while samples taken from
the three places were coded as samples s21, s22, and s23 for
MgO-nfs.

2.2. Characterization Methods and Uncertainty Analysis. To
analyze the dispersion uniformity of nanoparticles in molten
salt nanofluids, three samples were taken from different loca-
tions of the beaker for every carbonate salt nanofluid. In this
work, a synchronous thermal analyzer (STA 449 F3, NETSCH)
[24]) was performed to obtain the specific heat, melting point,
and heat of fusion of the base salt and molten salt nanofluids
using high-purity nitrogen (99.999%) as protective gas and
purge gas. Three melting-solidification cycles were carried out
at 10K/min intervals for each sample, and aluminum crucibles
were used for the tests. The continuous thermal cycle experi-
ment of the sample is carried out in STA 449 F3, and measure-
ments were repeated seven times for each sample under the
same conditions. The sample was heated from 200 to 550 °C
and then cooled to 200 °C in the furnace of the STA 449 F3, dur-
ing which the heating rate and cooling rate were both 10K/min.

A laser flasher (LFA 467, NETSCH) was performed to
obtain the thermal diffusivity of the base salt and molten salt
nanofluids using high-purity nitrogen (99.999%) as protec-
tive gas and purge gas, and the thermal conductivity of sam-
ple was calculated according to the formula in the literature
[27]. Each temperature point was measured seven times, and
platinum-rhodium crucibles were used for the tests. Scan-
ning electron microscopy (SEM, SU8000, Hitachi) was per-
formed to observe the micromorphology of base salt and
molten salt nanofluids to find potential reasons for the dif-
ferences in the samples.

Table 1: Specific properties of the component carbonates and
nanomaterials.

Materials Purity
Size,
nm

Tm,°C
ΔHm,
kJ/kg

λ, W/
(m·K) Manufacturer

K2CO3 ≥99% — 898 200 1.88

Ref. [26]
Na2CO3 ≥99% — 858 280 1.84

SiO2 ≥99.8% 20 — — —

MgO ≥99.8% 20 — — —
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The experimental measurement uncertainty was calculated
according to themethod in the literature [28]; with comprehen-
sive consideration of the standard uncertainty of classes A and
B, the measurement uncertainties of the melting point, latent
heat, specific heat, and thermal conductivity were calculated
to be 0.31 °C, 0.55 J/g, 0.025 J/(g·K), and 0.023W/(m·K), respec-
tively, in this work.

2.3. Homogeneity and Thermal Stability of Molten
Salt Nanofluids

2.3.1. Homogeneity of Nanoparticles. To evaluate the dispers-
ing homogeneity of nanoparticles in carbonate nanofluids,
three samples are taken from the three different locations for
each nanofluid as described in Section 2.1, and their specific
heats are measured, respectively. Table 2 shows the average
solid and liquid state specific heats of carbonate nanofluids.
In this table, the test results in the first three lines are the aver-
age of three cycles.

Table 2 shows that by addingMgO nanoparticles, the aver-
age specific heats of the three samples from the three locations
are 27.5% and 34.1% higher than those of the base salt in solid
state and liquid state, while by adding SiO2 nanoparticles, the
average specific heats of the three samples from different places
are only 11.0% and 20.7% higher than those of the base salt in
both solid and liquid states. Especially, the standard deviations
of the three samples of MgO-nfs are 0.012 J/(g·K) in solid state
and 0.054 J/(g·K) in liquid state, while the standard deviations of
the three samples of SiO2-nfs are 0.022 J/(g·K) in solid state and
0.036 J/(g·K) in liquid state. These standard deviations indicate
that the dispersion of nanoparticles in the three locations is
homogeneous.

2.3.2. Thermal Stability. To investigate the thermal stability of
both carbonate nanofluids, the carbonate nanofluid samples

were measured repeatedly through ten continuous heating-
cooling cycles of 200-560-200 °C. Excluding the phase change
process, the average specific heat of carbonate salt nanofluids
in solid state and liquid state is shown in Figure 3.

Figure 3 indicates that the average specific heat of both
carbonate salt nanofluids keeps generally constant and no
obvious variation is found in the specific heats of both car-
bonate nanofluids after undergoing ten continuous
heating-cooling cycles. This indicates that both carbonate
nanofluids have excellent thermal stability.

The thermogravimetric curves of both carbonate nano-
fluids during the heating process are shown in Figure 4. It
is observed that the mass losses are 3.49% for MgO-nfs
and 4.32% for SiO2-nfs, respectively, as the carbonate nano-
fluids are heated up to 1000 °C. The mass loss of base salt is
greater than that of both carbonate nanofluids. Obviously,
during the heating process, the mass loss of MgO-nfs is less
than that of SiO2-nfs, especially, as the heating temperature
is above 800 °C. This indicates that MgO-nfs has better ther-
mal stability than SiO2-nfs.

3. Results and Discussion

3.1. TES Capacity. To investigate the influence of nanoparti-
cles on the phase change process, the melting point and the
latent heat have been measured. Figure 5 depicts the heat
flow of the base salt and nanofluids over temperature.

It is clear from Figure 5 that the heat flow curve of SiO2-
nfs moves obviously to the right while the heat flow curve of
MgO-nfs keeps nearly unchanged. However, the melting
peaks of the base salt are lower than the melting peaks of
both nanofluids. Figure 5 indicates that both the MgO nano-
particles and the SiO2 nanoparticles have an effect on the
melting process, but the effects are obviously different.

To verify the equipment, the melting temperature and
the latent heat of the base salt were measured and are listed
in Table 3, which are consistent with those in refs. [29, 30].

Table 3 indicates the melting temperature and mean
latent heat of the carbonate nanofluids. It is observed that
the change of the melting point of SiO2-nfs is significantly
smaller than that of MgO-nfs. On the contrary, the increase
of the latent heat of SiO2-nfs is larger than that of MgO-nfs.
This confirms the fact again that SiO2 nanoparticles have lit-
tle impact on the melting point of molten salts [28].

Nanomaterial

Nanomaterial
suspension

Scale Scale

Stirring

Deionized
water

Base salt
Preset stirring time

Ultrasonic agitator

Molten salt nanofluid
solution

Evaporate at 95°C Keep at 170°C for
at least 24 hours

Vacuum dryer Vacuum dryer

Figure 1: Preparation process of molten salt nanofluids by the AS method.

P1

P3

P2

Figure 2: Carbonate nanofluid sampling locations inside the
beaker.
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Apparently, to increase the TES capacity, the SiO2-nfs is
more beneficial than the MgO-nfs.

In addition, higher specific heat means larger sensible heat
to be stored in a TES system. Figure 6 illustrates the specific
heat of the base salt, SiO2-nfs, andMgO-nfs. It is observed that
the specific heat of both carbonate nanofluids is all larger than
that of the base salt either before or after the phase change.
However, the specific heat of MgO-nfs is much higher than
that of SiO2-nfs. This means that the MgO nanoparticles have
a greater influence on the sensible heat storage capacity of car-
bonate nanofluids than that of the SiO2 nanoparticles. Further,
the increases in specific heat of both carbonate nanofluids
before the phase change are smaller than those after the phase
change, respectively. In addition, the specific heat of both
nanofluids increases near linearly over temperature in liquid
state.

Figure 6 illustrates that the addition ofMgO nanoparticles
is superior to the SiO2 nanoparticles to the binary carbonate
for the purpose of sensible heat improvement.

The total TES capacity by the carbonate salt nanofluids
consists of the specific heat of the low-temperature ramp-up
section, the specific heat of the high-temperature ramp-up sec-

tion, and the latent heat and the latent heat. Therefore, the
total TES capacity can be calculated by equation (1):

qTES = qL + qs,s + qs,l, ð1Þ

where
qs,s =

Ð Tmelt
T init

cp,sdT , qs,l =
Ð Tmax
Tmelt

cp,ldT , qL = hm:

In this work, the initial calculating temperature for TES cal-
culation was 350 °C and the terminal calculating temperature
was 550 °C. Figure 7 presents the TES capacity of carbonate
nanofluids prepared in this work at different temperatures in
the test temperature range.

It is observed that the TES capacity of MgO-nfs increases
faster than that of SiO2-nfs in solid state. This is because the for-
mer has higher specific heat than the latter. However, since the
latent heat of the MgO-nfs is smaller than that of SiO2-nfs, the
TES capacity of MgO-nfs is close to that of SiO2-nfs with the
termination of the melting process. Further, MgO-nfs also has
higher specific heat than SiO2-nfs in liquid state; therefore, the
TES capacity of MgO-nfs increases still faster than that of
SiO2-nfs in the liquid state.

In all, from the point of view of total TES capacity, MgO-
nfs are superior to SiO2-nfs.

3.2. Thermal Conductivity. Thermal conductivity of samples
has a decisive influence on heat conduction and convective
heat transfer in TES devices, and an improvement in thermal
conductivity significantly enhances the heat transfer perfor-
mance. The thermal conductivity of samples in this work
was calculated according to the equations in the literature
[27]. The average measured thermal diffusivity of binary car-
bonate salt is 0.217mm2/s. The average thermal diffusivity
and the thermal conductivity at different temperatures are
illustrated in Figure 8. Obviously, the thermal diffusivities of
binary carbonate salt nanofluids are all higher than those of
their base salt while the thermal diffusivity of MgO-nfs is
higher than that of SiO2-nfs. Similarly, the thermal conductiv-
ities of the binary carbonate salt nanofluids are all far higher
than those of their base salt while the thermal conductivity
of MgO-nfs is far higher than that of SiO2-nfs.

Table 4 indicates the detailed values of thermal diffusivity
and thermal conductivity. From Table 4, it was observed that
the thermal conductivity of MgO-nfs increased by a maxi-
mum of 55.7%, which is 26.1% higher than that of SiO2-nfs.
Therefore, MgO-nfs is superior to SiO2-nfs in terms of heat
transfer performance.

3.3. Microscopic Analysis. In Section 2.3, the homogeneity of
nanoparticles in molten salt nanofluids has been verified by
at least 18 measurements of the specific heat of 6 samples.
To determine the micromorphological differences between
the two molten salt nanofluids, a SEM was performed to
observe the micromorphological of both carbonate nano-
fluids. The microstructures of binary carbonate salt and car-
bonate nanofluids are shown in Figure 9.

Figures 9(a) and 9(b) show the microstructure of the
base salt at different magnifications. It is observed that the
surface of the binary carbonate salt is relatively smooth
and dense with an ice-like surface. There is no other special

Table 2: Specific heat of the carbonate salt nanofluids.

Material
Base salt + MgO, J/

(g·K)
Base salt + SiO2, J/

(g·K)
Solid Liquid Solid Liquid

S11/S21 1.576 2.090 1.378 1.913

S12/S22 1.599 2.141 1.362 1.849

S13/S23 1.586 2.033 1.405 1.908

Average value 1.587 2.088 1.382 1.880

SD 0.012 0.054 0.022 0.036

Increment by 27.5% 34.1% 11.0% 20.7%
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Figure 3: Specific heat of nanofluids after solid-liquid cycles.
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Table 3: Latent heat and melting temperature of base salt, SiO2-nfs, and MgO-nfs.

Material
Melting temperature Latent heat, J/g

Avg. value, °C SD Increase by, °C Avg. value SD Increased by, %

Base salt 488.1 0.32 — 351.2 0.64 —

+1.0 wt.% SiO2 (20 nm) 488.7 0.57 +0.6 381.4 0.8 8.6

+1.0 wt.% MgO (20 nm) 486.9 0.75 −1.2 355.2 0.95 1.1
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structure found in the base salt. Figures 9(c) and 9(d) show
the microstructure of MgO-nfs. Compared to the binary car-
bonate salt, massive honeycomb-like crystals are observed.
These crystals are almost uniformly distributed. In addition,
this carbonate salt nanofluid seems sparse with pore-like
structures. Therefore, the specific surface area is increased
greatly. It seems that nanoparticles were evenly dispersed

in molten salt. Figures 9(e) and 9(f) show the micromor-
phology of SiO2-nfs. For this carbonate nanofluid, the
microstructure is completely different from the base salt
and MgO-nfs. These crystals are with sharp thorns and are
covered by the emulsion-like substance, which seems to be
raised stalactite. Moreover, these crystals are evenly distrib-
uted. Obviously, the specific surface area of this molten salt
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Figure 6: Specific heat of the base slat, SiO2-nfs, and MgO-nfs.
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nanofluid is between the base salt and MgO-nfs. In addition,
it is found that no obvious agglomeration of nanoparticles is
observed in both carbonate nanofluids.

3.4. Mechanisms of Formation and Performance
Enhancement. The above results show that both types of
nanoparticles have significant but different impacts on the

thermal performance and the micromorphology of base salt.
However, how do the molten salt nanofluids form? What is
the mechanism of enhancement?

3.4.1. Formation of Molten Salt Nanofluid. As nanoparticle
size approaches atom size, atom density on the nanoparticle
surface is very high. Therefore, there are a lot of free bonds
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Figure 7: TES capacity of base salt, SiO2-nfs, and MgO-nfs variates over temperature.
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Figure 8: Thermal diffusivity and thermal conductivity of base salt, SiO2-nfs, and MgO-nfs variates over temperatures.
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connecting free atoms which lack coordination atoms. This
causes the nanoparticles to have high unsaturation, high
chemical activity, high specific surface energy, and strong
hydrophilicity. Therefore, nanoparticles can easily interact
with water and form hydroxyl groups on their surface.

According to the AS method presented in Section 2.1,
nanoparticles (as illustrated in Figure 10(a)) firstly are dis-
persed into deionized water by ultrasonic agitation.

As nanoparticles meet water molecules, free atoms on
nanoparticle surface will split water molecules into -OH
groups and -H atoms to fill unsaturated free bonds and form
the first layer, namely, the hydroxyl group layer, on the
nanoparticle surface (from Figure 10(b)). Meanwhile, the
ultrasonic agitation accelerates the formation of hydroxyl
groups. This layer is also depicted by the green annulus in
Figures 10(d)–10(f).

SiO2 nanoparticles with amorphous space structure have
irregular Si-O tetrahedral branched network. As can be seen
from Figure 10(c), hydroxyl groups with space distance less
than 3Å in a nanoparticle and between adjacent nanoparti-
cles will interact with each other to form hydrogen bonds
while water molecules will also interact with isolated
hydroxyls and pair hydroxyls on nanoparticle surface to
form additional hydrogen bonds with the increase of mixing
time. However, for MgO nanoparticles, the free atoms and
the formed hydroxyl groups are equal in the pace distance,
which is more than 3Å. Therefore, there are no hydrogen
bonds formed by adjacent hydroxyl groups on the same
nanoparticle. This is one of the main differences between
SiO2 nanoparticles and MgO nanoparticles during the inter-
action with water molecules. Moreover, during the ultra-
sonic agitation process, the soft-agglomerated nanoparticle
clusters will break up into individual nanoparticles and
smaller nanoparticle clusters, while some individual nano-
particles will collide with each other and form hard-
agglomerated nanoparticle clusters with different sizes. They
also form hydroxyl groups and then hydrogen bonds on the
surface of hard nanoparticle clusters. At this stage, the inter-
action flux between nanoparticles and water molecules
reduces to zero while the nanoparticle surface is full of water
molecules connected by hydrogen bonds.

As we know, it is not easy for molten salt ions to interact
with hydrogen bonds on nanoparticle surface. As base salts
are added, under the interaction of Van der Waals between
nanoparticle and molten salt ions and the electrostatic force

between hydrogen bonds and molten salt ions, the molten
salt ions move closer to the nanoparticle surface, as illus-
trated in Figure 10(e). Figure 10(e) shows that the molten
salt ions are adsorbed to the nanoparticle surface layer by
layer to form cloud nuclei. Massive cloud nuclei, centered
with nanoparticles and surrounded by molten salt ions, form
in molten salt nanofluid until the interaction between the
outermost molten salt ions and surrounding nanoparticles
reaches a dynamic thermodynamic equilibrium [24]. How-
ever, more potassium ions will be adsorbed by the centered
nanoparticles due to their larger zeta potential. Therefore,
the ratio of potassium ions to sodium ions in cloud nuclei
is larger than that in the base salt, which has been verified
by the literature [4]. These cloud nuclei suspend in salt-
water solution which appears translucent. During the mixing
process, insufficient agitation time cannot produce the max-
imum number of cloud nuclei and some nanoparticles may
not form saturated cloud nuclei while too long agitation
would destroy some cloud nuclei and cause some cloud
nuclei to agglomerate hardly.

In engineering applications, to produce molten salt
nanofluid for convenient transportation, water must be
evaporated completely. During this process, the molten salt
nanofluid will crystallize and the solid cloud nuclei will form
as the water evaporates completely. Before molten salt nano-
fluids are charged into the TES tanks, the molten salt nano-
fluids have to be melted into liquid at first.

As mentioned above, molten salt ions located at the edge
of cloud nuclei are in dynamic equilibrium. When the tem-
perature of the molten salt nanofluid rises to its terminal
melting temperature, the molten salt ions located outside
the cloud nuclei melt completely. With a further increase
of the molten salt nanofluid temperature, molten salt ions
inside the cloud nuclei gradually lose their dynamic equilib-
rium and melt starting from the edge to the center of the
cloud nuclei. As the temperature of molten salt nanofluid
rises to some level above the melting point, the molten salt
ions adsorbed by Van der Waals force inside the cloud
nuclei melt completely. At this time, water molecules are still
adsorbed by the hydrogen bonds between hydroxyl groups
and water molecules and the Van der Waals force between
the nanoparticle and water molecules. Therefore, water mol-
ecules are still difficult to leave the nanoparticle surface.
When the temperature of molten salt nanofluid rises to a
higher level, the hydrogen bonds start to break. As the

Table 4: Thermal conductivity and thermal diffusivity of base salt, SiO2-nfs, and MgO-nfs.

Material 525 °C 550 °C 600 °C 650 °C 700 °C

Base salt
α (mm2/s) 0.207 0.212 0.230 0.223 0.217

λ (W/(m·K)) 0.641 0.651 0.700 0.671 0.644

MgO-nfs

α (mm2/s) 0.242 0.236 0.239 0.250 0.248

λ (W/(m·K)) 0.997 0.967 0.969 1.002 0.983

Enhancement (%) 55.7 48.6 38.4 49.3 52.5

SiO2-nfs

α (mm2/s) 0.218 0.215 0.243 0.230 0.234

λ (W/(m·K)) 0.807 0.793 0.885 0.830 0.835

Enhancement (%) 26.0 21.9 26.4 23.7 29.6
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hydrogen bonds inside the cloud nuclei are broken, the
adsorbed water molecules will leave the cloud nuclei and
evaporate from molten salt nanofluid while hydroxyl groups
will form again on the nanoparticle surface. However, as the
temperature for hydroxyl groups to leave the nanoparticle is
far higher than the operating temperature of the molten salt
nanofluid, hydroxyl groups will keep being adsorbed on the
nanoparticle surface. Therefore, the cloud nuclei in the mol-
ten salt nanofluid prepared by the AS method consist of
three parts: the centered nanoparticle, the hydroxyl groups
(middle layer), and the molten salt (outer layer), as illus-
trated in Figure 11.

The other difference between the SiO2 nanoparticles and
the MgO nanoparticles is that both types of nanoparticles
have completely different physicochemical properties.
Therefore, the cloud nuclei that they formed in their molten
salt nanofluids are completely different in size and structure.
This also leads to the difference of cloud nuclei in micromor-
phology in SiO2-nfs and MgO-nfs.

3.4.2. Enhancement of Specific Heat. The carbonate nano-
fluids are prepared to undergo some melting/high-tempera-
ture-heating/solidification cooling cycles. Through the above
experiments, the authors observed that the specific heat of

SU8000 9.1 mm ×5.00 k10.0 kV SE (U) 5/16/2018 10.0 um

(a) Base salt (5000x)

SU8000 9.1 mm ×10.00 k10.0 kV SE (U) 5/16/2018 5.00 um

(b) Base salt (10,000x)

SU8000 9.1 mm ×5.00 k10.0 kV SE (U) 5/16/2018 10.00 um

(c) Base salt + 1.0% MgO (5000x)

SU8000 9.1 mm ×10.00 k10.0 kV SE (U) 5/16/2018 5.00 um

(d) Base salt + 1.0% MgO (10,000x)

SU8000 9.1 mm ×5.00 k10.0 kV SE (U) 5/16/2018 10.00 um

(e) Base salt + 1.0% SiO2 (5000x)

SU8000 9.1 mm ×10.00 k10.0 kV SE (U) 5/16/2018 5.00 um

(f) Base salt + 1.0% SiO2 (10,000x)

Figure 9: Micromorphology of the base salt, SiO2-nfs, and MgO-nfs.
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the carbonate nanofluids increased abnormally. Based on the
formation mechanisms proposed in Section 3.4.1, the anom-
alous increase in the specific heat can be explained as
follows.

After the bulk salt melts completely with the temperature
increase of bulk salt, the salt inside the cloud nuclei starts to
melt gradually from the edge to the inside of the cloud nuclei
due to the total interaction between the centered nanoparti-
cle and the molten salt ions inside the cloud nuclei that is
larger than that between the centered nanoparticle and the
bulk molten salt ions outside the cloud nuclei. In addition,
with the reduction of distance between the centered nano-
particle and the molten salt ions inside the cloud nuclei,
the total interaction between the centered nanoparticle and
the molten salt ions inside the cloud nuclei increases rapidly.

As we know, when the temperature rises up to some
level, the molten salt nanofluid system will reach a new
molecular dynamic equilibrium. With the further increase
of bulk nanofluid temperature, the distance between nano-
particles and molten salt ions inside the cloud nuclei will
become larger and larger. Then, molten salt ions will leave

the cloud nuclei and the diameter of cloud nuclei will be
smaller and smaller, as illustrated in Figure 12, which is con-
sistent with the layer-by-layer desorption scenario [21]. Dur-
ing this process, much more heat is needed, which explains
why the specific heat of molten salt nanofluid increases. Oth-
erwise, more heat will be released during the overall temper-
ature reduction. Due to the formation of the cloud core
structure, the specific heat of carbonate nanofluids prepared
by the aqueous solution method increases sharply after
layer-by-layer analysis, with an increase of ~121.85% [31].

3.4.3. Enhancement of Heat of Fusion. Undeniably, when the
molten salt nanofluid system reaches some molecular
dynamic equilibrium, the centered nanoparticles interact
not only with molten salt ions inside the cloud nucleus but
also with those molten salt ions in the bulk salt. The main
difference between the molten salt ions inside the cloud
nuclei and the bulk molten salt ions is that molten salt ions
in both fields are in different molecular dynamic equilibria.
Once pure thermal energy is input into the molten salt
nanofluid system, the equilibria will be broken and new
equilibria tend to form. Therefore, the melting of bulk mol-
ten salt has to overcome the interaction force between nano-
particles and bulk molten salt ions. At this moment, some
more thermal energy has to be supplied. This means that
the latent heat of molten salt nanofluid increases. However,
because the interaction force between nanoparticles and
bulk molten salt ions is very weak, this increase of the heat
of fusion is very small. The review shows that the latent heat
increases by 33% when different nanoparticles are added to
binary carbonate [14]. The increase in latent heat is much
smaller compared to the increase in specific heat.

3.4.4. Enhancement of Thermal Conductivity. As can easily
be imagined, there is an interaction force between different

SiO2 NP

SiO2 NP
SiO2 NP

SiO2 NP

SiO2 NPContact with water stir with water

Stir with saltDynamic equilibrium

(a) (b) (c)

(f) (e) (d)

Salt m ole cu el s

SiO2 NP

Figure 10: Formation mechanism of molten salt nanofluids prepared by AS method. (a) SiO2 nanoparticle. (b) SiO2 nanoparticle with
hydroxyl groups. (c) SiO2 nanoparticle with hydroxyl groups and water molecules. (d) Thumbnail of Figure 10(c). (e) Molten salt ions
move toward nanoparticle. (f) Formed cloud nucleus with three attached layers.

SiO2 NP

Figure 11: Structure of cloud nuclei in the molten salt nanofluid by
the AS method after a high-temperature heating/solidification
cycle.
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cloud nuclei. This interaction force will cause some adjacent
cloud nuclei to approach and form different shapes of chains
made up of cloud nuclei, as illustrated in Figure 13. These
chains are very small relative to the great volume of the car-
bonate salt nanofluid, and therefore, the distribution of these
chains in the carbonate salt nanofluid is random.

According to the ballistics in nanoparticles and the direct
or fluid-mediated clustering effects [18], phonons can trans-
port heat through nanoparticles and cloud nuclei and finally
transport through the chains of cloud nuclei rapidly. There-
fore, the thermal diffusivity and the thermal conductivity of
carbonate salt nanofluids are increased greatly.

However, because the cloud nuclei formed in SiO2-nfs
are different from those formed in MgO-nfs, the increased
levels of both carbonate salt nanofluids are different. In addi-
tion, different mixing times, different evaporation con-
tainers, ratio of water to nanoparticles, and other factors
will form different cloud nuclei in size and structure, which

will cause the different increase levels of carbonate salt nano-
fluids. It indicated that the addition of nanoparticles (SiO2
and carbon nanotubes) to carbonate increased the thermal
conductivity by 50% [32]. The increase in thermal conduc-
tivity is also different with the addition of different
nanoparticles.

3.4.5. Effect on Microstructure. As we know, SiO2 is an atom
crystal while magnesia is an ionic crystal. Also, as mentioned
above, SiO2 nanoparticles with an amorphous space struc-
ture have an irregular Si-O tetrahedral branched network
while MgO nanoparticles have a regular space structure. In
addition, both the SiO2 nanoparticles and the MgO nano-
particles have different physicochemical properties. There-
fore, the cloud nuclei in both molten salt nanofluids have
different sizes and different crystal structures though struc-
tures of the cloud nuclei in both molten salt nanofluids look
similar. The difference in structure inevitably leads to the
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Figure 12: Diameter change of cloud nuclei over temperature.
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difference in micromorphology of SiO2-nfs and MgO-nfs.
This is also sure for molten salt nanofluids with the same
type but different concentrations of nanoparticles by differ-
ent mixing times. Though the base salt and nanoparticles
are the same, the cloud nuclei also have different sizes and
different structures in these molten salt nanofluids, which
are caused by the different mixing time and other factors.

4. Conclusions

This work innovatively proposed the formation mechanisms
of molten salt nanofluids based on a molecular perspective,
and the formation mechanisms were used to explain the
enhancement mechanisms of nanomaterials on carbonate
salt based on experimental data obtained in this work. Some
conclusions are made as follows:

(1) Specific heat is improved by maximal 20.7% and
34.1% by SiO2 and MgO nanoparticles while the ther-
mal conductivity is increased by maximal 29.6% and
55.7%, respectively. The high-temperature stability of
MgO-nfs is better than that of SiO2-nfs while the
two types of molten salt nanofluids have excellent
homogenization

(2) Different nanostructures have been observed in SiO2-
nfs andMgO-nfs, which are formed because of the dif-
ferent sizes and structures of cloud nuclei and led to
the different enhancement of their thermal energy
storage performance

(3) Cloud nuclei formed in the molten salt nanofluid dur-
ing the preparation process by the AS method, which
is made of four parts: the centered nanoparticle, the
hydroxyl groups (middle layer), the water molecules,
and the molten salt (outer layer). After a high-
temperature heating/solidification cycle, the cloud
nuclei are simplified into three parts: the centered
nanoparticle, the hydroxyl groups (middle layer), and
the molten salt (outer layer). These cloud nuclei are dif-
ferent due to the different nanomaterials, mixing time,
and some other factors

(4) Interaction between nanoparticles and bulk molten
salt enhances the heat of fusion while the process
of molten salt molecules leaving or approaching the
cloud nuclei enhances the specific heat of molten salt
nanofluids and the chains of cloud nuclei enhance
the thermal conductivity of molten salt nanofluids

4.1. Future Work. In the following work, we will further
investigate homogenization after a long-time static place-
ment and fluid flow. More detailed formation mechanisms
will be explored and analyzed further.
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