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As a medium and high temperature heat storage medium, the thermal performance of
molten salt plays an important role in the thermal energy storage system. In order to
improve the specific heat capacity and thermal conductivity of molten salt, a mechanical
dispersion method is used to prepare a shape-stable composite phase change material for
thermal energy storage. Nitrate (NaNOs3) has a higher phase change latent heat, which was
chosen to combined with different nanoparticles (SiO», SiO>+TiO,) to improve its specific
heat capacity, and with expanded graphite (EG) as a carrier matrix to improve thermal
conductivity. Through the characterization of its chemical compatibility and thermophysical
properties, the results show that the nanoparticles, EG and NaNOg have good chemical
compatibility. Compared to NaNOg, the thermophysical properties of composite (NaNOs:
(SIOo+TiOL):EG = 84%:0.1% + 0.9%:15%, mass ratio) was improved obviously. The
average specific heat capacity before the phase change increased from 1.45 J/(g-K) to
1.81 J/(g-K), and the average specific heat capacity after the phase change increased from
1.69 J/(g-K) to 2.47 J/(g-K); The thermal conductivity is about 13.9 times higher than that of
NaNQg; in the range of 100-380°C, the heat storage density of the composites is about
679.2 kd/kg 300 thermal stability tests showed that the latent heat of the composites is
reduced by 7.4%, and the specific heat capacity before and after the phase change is
reduced by 6.1 and 6.0%, respectively. The research can provide a broad application
prospects in the field of medium temperature energy storage.

Keywords: molten salt, expanded graphite, nanoparticle, composite material, thermophysical properties

INTRODUCTION

In the end use of energy, more than 50% exists in the form of heat energy. How to use thermal
energy storage (TES) technology to make full use of discontinuous and unstable heat, such as
solar heat utilization (Ju et al., 2017)and industrial waste heat (Yang et al., 2018), has become an
important environmental protection technology to improve energy efficiency. Thermal energy
storage includes sensible heat storage, latent heat storage and thermochemical heat storage (Song
et al., 2018a). At present, thermochemical heat storage is still in the laboratory-scale basic
research, while sensible heat storage has been widely used in practical applications. However,
sensible heat storage still suffers from the problem of low energy storage density. Compared with
sensible heat storage technology, latent heat storage using phase change materials (PCM) has
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high energy storage density, and heat is stored/released in a
smaller temperature range, so latent heat storage is considered
as a very promising TES technology (Da Cunha and Eames,
2016; Gasia et al., 2016).

PCMs are divided into organic and inorganic (Kim et al.,
2016). Organic PCMs include paraffin (Li et al., 2014; Ling et al.,
2015), alkanes (Kim et al., 2016), fatty acids (Wen et al., 2016),
polymers (Mu et al., 2016a; Liu et al., 2016) and their mixtures
(Mu et al., 2016b; Wei et al.,, 2016), which are mainly used to
store low-temperature heat with T < 120°C. Inorganic PCM
mainly includes hydrated salt (mainly used for T < 120°C),
nitrate (Li et al., 2016), carbonate (Tao et al., 2015), chloride
(Tian et al., 2016), sulfate (Qin et al., 2015) and metals, which
can be used for medium and high temperature (200-1,400°C)
(Xiao et al., 2014; Zhong et al., 2014; Tian et al., 2015). Recently,
nitrates are widely used as TES materials in solar applications
such as concentrating solar power (CSP) because of its low
melting point, low causticity, high thermal stability and
reasonable commercial price (Farid et al, 2004). Sodium
nitrate seems to be a good material for the latent heat
storage. Its latent heat is relatively high. Moreover, it is a
single component with a high commercial availability and is
easier to manufacture than eutectic salt. However, molten
sodium nitrate is a solid-liquid phase change material, and it
is necessary to prevent leakage during the solid-liquid phase
change process. At the same time, poor thermal conductivity
and small specific heat capacity also limit its heat storage
performance (Zhuo and Wu, 2014; Fernandez et al., 2015;
Gimenez and Fereres, 2015).

At present, one method to improve the low thermal
conductivity and avoid the leakage of liquid phase is to
develop shape-stable PCM (SSPCM) composites (Zalba et al.,
2003; Qiao et al., 2021). Inorganic materials with a large surface
area and a microporous structure are selected as the carrier
material, and the liquid molten salt is inhaled into the
micropores through the capillary force of the micropores to
form a composite heat storage material (Liu et al., 2015; Tao
et al, 2020), which can not only improve the thermal
conductivity of the material, it can also reduce the leakage of
molten salt (Zhang et al., 2015). Expanded graphite (EG) has the
advantages of high thermal conductivity, large specific surface
area, loose pores, low density, good dispersibility, and good
corrosion resistance, so it is often selected as a carrier material
(Wang et al., 2009). Acem (Acem et al., 2010; Lopez et al., 2010)
prepared KNO;-NaNO;/EG composite phase change materials,
and found that the thermal conductivity of the composites can
be increased by 20 times when the addition amount of EG is
20 wt%. Ren (Ren et al., 2018) prepared Ca(NO;),-NaNO;/EG
composite phase change material and found that the thermal
conductivity of the composites containing 7 wt% EG can be
improved by 7.3 times higher than that of pure binary salt. Yu
(Yu et al,, 2020) prepared KNO;3;-NaNO3/SiO,/EG composite
material, and found that the thermal conductivity of the
composites added with 15wt% EG and 1.0wt% SiO,
nanoparticles is increased by 16.2 times. The above results
show that different methods combined with EG can
significantly improve the thermal conductivity of molten salt.

Preparation and Thermophysical Properties

In addition, the specific heat of molten salt is very important
for the storage of heat energy. Related studies have shown that
adding nanoparticles (Nano) to molten salt can increase the
specific heat capacity of molten salt (Shin and Banerjee, 2011;
Tiznobaik et al.,, 2015; Madathil et al,, 2016). Andreucabedo
(Andreu-Cabedo et al, 2014) added SiO, nanoparticles with
mass fraction of 0.5, 1.0, 1.5 and 2.0 wt% to solar salt. When
the mass fraction of SiO, was 1.0%, the specific heat could be
increased by 25%. Manila (Chieruzzi et al., 2013) added SiO,,
AlL,O3;, TiO, and SiO,-AL,O; nanoparticles to solar salt
respectively, and studied the effects of three mass fractions
(0.5, 1.0 and 1.5wt%) on the thermophysical properties of
molten salt. The results show that when the mass fraction of
each kind of nanoparticles is 1 wt%, the specific heat is improved
the most. In particular, the addition of SiO,-Al,O5 nanoparticles
has the largest increase in specific heat, with a 57% increase in the
solid phase and 22% increase in the liquid phase. The author’s
team also found that when 20 nm, 0.1 wt%SiO,+0.9 wt%TiO,
nanoparticles are added to quaternary nitrate, the specific heat
increase is greater than when SiO, or TiO, is added alone (Yu
et al, 2021). The above research shows that the addition of
nanoparticles can effectively improve the specific heat capacity
of molten salt, and the effect of adding two kinds of nanoparticles
at the same time is better than adding one kind of nanoparticles
alone. However, the defect of adding nanoparticles is that
nanoparticles will reunite during long-time standing. If the
nanoparticle-added molten salt is combined with EG, the
molten salt nanofluid can be adsorbed in the pores of EG,
which can not only avoid the agglomeration of nanoparticles
in the molten salt, but also improve its thermal conductivity and
specific heat (Yu et al,, 2020). In addition, combining molten salt
with nanoparticles and EG to form a shape-stable heat storage
material, while utilizing its latent and sensible heat, the heat
storage density is greatly improved. However, there is still a lack
of research on the influence of molten salt with different kinds of
nanoparticles combined with EG on the thermophysical
properties of molten salt.

Therefore, in this paper, NaNO; was selected as the phase
change material, two different nanoparticles (1.0 wt% SiO,, 0.1 wt
% SiO, + 0.9 wt% TiO,) were added to NaNOs3, and EG was used
as the carrier matrix, the NaNOs/Nano/EG composites is
prepared by mechanical dispersion method. Then, its chemical
compatibility and micro structure were characterized by X-ray
diffraction (XRD) and scanning electron microscopy (SEM). The
thermal performance of NaNOs;/Nano/EG composites was
investigated using differential scanning calorimeter (DSC),
Laser flasher (LFA). In addition, the stability of the NaNO,/
(Si0,+Ti0,)/EG composite was verified by thermal stability test.

MATERIALS AND METHOD

Materials

Sodium nitrate (AR, purity >99%) was purchased from Beijing
Tong guang fine chemical company. Silica nanoparticles (average
diameter 20 nm, specific surface area 200 m’/g, spherical,
purity>99%), titanium dioxide nanoparticles (average diameter
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FIGURE 1 | Experimental picture and schematic diagram for the nanofluid preparation. (A) Physical drawing of experimental device. (B) Schematic diagram of

Schematic diagram of experimental device

20 nm, specific surface area 30-50 m*/g, spherical, purity>99%)
and expandable graphite powder purchased from Beijing Deke
Dao jin Science and Technology Co., Ltd. The expandable volume
of expanded graphite powder is 300 ml/g and the particle size is
80 mesh. Using expandable graphite powder as raw material, EG
is prepared by microwave method.

Preparation and Optimization of Composite

Materials

Preparation of Nanofluids

Weigh a certain amount of sodium nitrate and silica
nanoparticles, and stir them with a mechanical stirrer in a
constant temperature salt bath at 400°C. The stirring speed is
750 r/min, and the stirring time is 15 min (Song et al., 2018b).
Finally, a molten salt nanofluid with a mass fraction of SiO, of
1wt% is obtained. The physical drawing and schematic
diagram of mechanical mixing device are shown in
Figure 1. The molten salt nanofluid with SiO, mass fraction
of 0.1 wt% and TiO, mass fraction of 0.9 wt% was prepared by
the same method.

Preparation of Composite Materials

The prepared NaNO3/SiO, molten salt nanofluid was placed in a
400°C constant temperature salt bath, and different mass
fractions (7, 10, 15, 20 wt%) of EG were added.

Stir with a stir bar until the liquid molten salt completely
enters the pores of the EG, and the stirring time is about 60 min;
take the mixture out, cool and grind in a desiccator, and then the
powdered NaNO;/SiO,/EG composite material can be obtained.

The powder is pressed into a shape with a pressing machine,
the molding pressure is 10 MPa, and the pressure holding time is
60 s (Yu et al., 2020), to form a cylindrical sample with a diameter
of 12.5 mm and a height of 2.5 mm. Put the pressed sample into a

muffle furnace for sintering. During sintering, the heating rate
between 30-150°C was 2°C/min (the slow heating rate was to
make a small amount of water in the original sample evaporate
completely); the heating rate is 5 °C/min between 150 and 400°C,
keep the temperature at 400°C for 90 min to make the composite
material fully adsorb and mix (Ren et al., 2018; Yu et al., 2020).
The sample was naturally cooled to room temperature, and a
sintered NaNO3/SiO,/EG composite material was obtained. The
process of preparing samples by mechanical dispersion method is
shown in Figure 2.

Optimization of Composite Materials
In order to explore the optimal addition amount of EG, the prepared
samples were characterized by morphology and mass analysis before
and after sintering. In this study, the composite phase change
materials with basically unchanged appearance before and after
sintering and high adsorption degree of EG to molten salt need
to be selected to determine the optimal addition amount of EG. The
sintered appearance of the composite material with different mass
fractions of EG is shown in Figure 3. The mass changes of
composites before and after sintering are shown in Table 1.
Combining Figure 3 and Table 1, it is found that the
composite material sample with 7wt% EG has a serious
leakage, and the mass loss rate is as high as 18.19%. The
mass loss rate of the composite material with 10 wt% EG is
11.03%, there are many small pits on the surface of the sample,
which is not enough smooth. The mass loss rate of the
composites with 15wt% EG and 20 wt% EG added is less
than 5%, and the sample surface is smooth and flat.
Therefore, this study determined that the optimal addition
amount of EG was 15 wt%. Using the same method, NaNO;/
(Si0,+TiO,)/EG composite material was prepared. The
addition ratios of SiO, nanoparticles, TiO, nanoparticles and
EG were 0.1, 0.9, and 15 wt%, respectively. In order to explore
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FIGURE 2 | The composite preparation process with mechanical dispersion method.
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FIGURE 3 | Morphology of composites with different EG content after sintering.
TABLE 1 | mass loss rate of composites with different EG content. Characterization

EG (wt%) Mass Mass Mass loss rate
before sintering (g) after sintering (g)

7 0.5633 0.4608 18.19%

10 0.7274 0.6472 11.03%

15 0.4049 0.3886 4.08%

20 0.3964 0.3883 2.04%
TABLE 2 | composition of different samples.

Sample Molten salt EG (wt%) SiO5(Wt%) TiOz(Wt%)
1 NaNO3 - - -

2 NaNOg — 1 —

3 NaNO3 - 0.1 0.9

4 NaNOz 15 — —

5 NaNO3 15 1 -

6 NaNOz 15 0.1 0.9

the effect of adding nanoparticles and eg on the thermophysical
properties of sodium nitrate, the comparison samples shown in
Table 2 were prepared in this paper.

SEM-EDS and XRD

The microstructures and elemental analysis for the composite
materials were characterized by scanning electron microscopy
(SEM, ZEISS Gemini 300) and energy dispersive spectrometry
(EDS). The sample is dried in a drying oven to prevent the effect
of small amount of moisture inhaled in the sample on the
characterization results. Due to the poor conductivity of the
molten salt itself, it is necessary to spray gold on the dried
samples to improve the conductivity of the samples.

The composites were characterized by X-ray diffractometer (XRD,
D8-ADVANCE, BRUKER/AXS, Germany) to determine its chemical
composition, crystal structure and other information of the sample.
The diffractometer uses Cu target, the scanning range is 20°-80°.

Characterization of Phase Transition Characteristics
and Specific Heat Capacity

The specific heat, latent heat and the phase change temperature of
the sample were measured by a synchronous thermal analyzer (STA-
449F3, NETZSCH). The sample was sealed in an aluminum crucible.
In order to ensure uniform heat transfer between the crucible and the
sample, the sample mass and heat ramp rate should be controlled at
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5-15mg and 10 K/min, respectively, with a nitrogen atmosphere
with a nitrogen flow rate of 50 ml/min. The sample was kept at a
constant temperature of 30°C for 10 min, and then heated from 30 to
400°C at a heating rate of 10 K/min, and kept at 400°C for 10 min.
The extrapolated starting temperature on the differential scanning
calorimetry (DSC) curve is selected as the melting temperature of the
sample. This temperature can be determined by the intersection of
the extension of the baseline and the tangent to the initial linear
portion of the peak. The latent heat of phase change is calculated by
integrating the area under the peak of the DSC curve. In the
determination of specific heat capacity, sapphire is usually used
as a standard material, and its data has been accurately determined.
By comparing the measured values of the standard sample
(sapphire) with known specific heat and the sample to be tested,
the specific heat capacity of the sample to be tested can be obtained.

In order to further ensure the reliability of the results, each
sample in the experiment was measured at least three times, and
the following equation was used to calculate the standard
deviation of the measurement results.

0

where, S is the standard deviation of the sample; X; is the
measured value of the sample; X is the average of three
measurements.

The heat storage density of composites can be calculated by

Formula (2).

T T
Qun = J me,dT + mAH + j me,dT
T, Tm (2)

=mc, (T, = T,) + mAH + mc, (T) - Tyy)

Where, Q,, means heat storage density (kJ/kg), m means mass
(kg), ¢, means specific heat (J/(gK)), T,, means melting
temperature (°C), T, means initial temperature (°C), T,
represents the termination temperature (°C), AH represents
the latent heat (J/g).

Characterization of Thermal Conductivity

Thermal diffusivity of the composites was characterized by a
laser thermal conductivity meter (LFA-45, NETZSCH).
During the measurement, the laser pulse is emitted to the
bottom of the sample through the laser beam, and after
absorbing the light energy, the temperature of the bottom
surface of the sample rises instantly. Suppose the heat
conduction is one-dimensional, and the heat is transferred
to the top surface. The temperature change of the center of the
top surface of the sample is measured continuously by infrared
sensor above the sample. The thermal diffusivity along the
thickness of the sample can be obtained by increasing the
surface temperature of the sample. The thermal diffusivity («)
can be calculated by Formula (3).

dZ

tip

3)

«
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FIGURE 4 | XRD patterns of EG, NaNOg and its composites.

Where, « represents the thermal diffusivity (mm?/s), d represents
the sample thickness (mm), and #;/, is the time for the maximum
temperature to rise by 50% (s).

According to Formula (4), the thermal conductivity can be
calculated.

A=a-p-c, (4)

Where, A represents the thermal conductivity (W/(mK)), p is the
density (g/m’) (Calculated based on the mass of the weighed
composite material and the measured volume), « is the thermal
diffusivity (mm?/s), ¢p is the specific heat (J/(gK)).

Thermal Stability Test

The thermal cycle stability of the composites was tested in a high
temperature muffle furnace. The corundum crucible containing the
sample was put into a muffle furnace, which was heated from room
temperature to 400°C at the heating ramp rate of 10 K/min to complete
the phase transformation endothermic process, and keep constant
temperature at 400°C for 10 min, then cooled to room temperature to
complete the exothermic process. This cycle is repeated 100 times.

RESULTS AND DISCUSSION

Chemical Compatibility of Composite

Materials

Figure 4 shows the XRD diffraction pattern of EG, NaNOs,
NaNOs/SiO,/EG  and NaNO3/(Si0,+Ti0,)/EG  composite
materials for chemical compatibility analysis. It can be seen
that there are only three peaks of NaNOj3, EG and TiO, in the
XRD spectrum, and all the peaks are in one-to-one
correspondence, indicating that no other new substances are
formed. SiO, is amorphous, so no SiO, peak is observed on
the XRD spectrum, and the content of TiO, is very few, so its
diffraction peak is also particularly small. At the positions of 20 =
32° and 260 = 67°, the intensity of the NaNOj diffraction peaks in
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FIGURE 5 | SEM image (A, B) EG, (C) NaNOs, (D) NaNOg/SiO5, (E) NaNOg/(SiOx+TiO,). (F) NaNOo/EG, (G) NaNOg/SIOo/EG, (H) NaNOg/(SiOx+TiOs)/EG.

the composite materials is observed to be reduced, which may be ~ small amount of nitrate. To sum up, the composites are only a
related to the influence of compression and sintering on the  physical mixture of NaNOs, EG and nanoparticles, and there is
crystal structure of the composites and the volatilization of a ~ no chemical reaction between them.
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NaNO3/(SiO>+TiO»)

NaNOs/Si02/EG

NaNO3/(Si02+TiO2)/EG

FIGURE 6 | EDS element mapping images of different samples. (A) NaNO3/SiO2. (B) NaNOz/(SiO»+TiO,). (C) NaNO4/SiO,/EG. (D) NaNOg/(SiOx+TiO.)/EG.

Microstructure Characterization and magnification, which can provide enough pores for adsorption of

Element Distribution of Composites molten salt. Figure 5C shows that NaNOj; exhibits a crystal block

Figure 5 shows the microstructure images of different samples by ~ structure of different sizes due to its uneven particle size. Figures
a scanning electron microscope. Figure 5A shows that EG is a  5D,E are SEM images of NaNO5/SiO, and NaNO5/(Si0,+TiO,)

wormlike structure at x100 magnification, and Figure 5B shows  composites, respectively. In the high-magnification SEM image, it
that EG contains abundant cellular network structure at x4,000 can be clearly seen that the nanoparticles are attached to the
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surface of NaNO;, forming a nanostructure with a larger specific
surface area and surface energy.

Figures 5F-H, are the images obtained by cutting the sample
along the center line to observe the cross section. Figure 5F is the
SEM image of the NaNO,/EG composite material. EG provides
many porous structures. It can be observed that NaNO; is embedded
in the pores of EG to ensure that it does not leak during phase
change. Figures 5G,H are SEM images of NaNO5/SiO,/EG and
NaNO3/(S8i0,+TiO,)/EG composites respectively. It can be seen that
NaNO; is adsorbed in the porous structure of EG, partly between the
surface layers of EG, and nanoparticles are attached to the surface of
NaNO; and EG, forming a dense network of nanostructures.

In order to further observe the distribution of nanoparticles in the
composite material, EDS element mapping was performed on the
area where the SEM images of different samples were located. As
shown in Figure 6A, the distribution of Si element in NaNO5/SiO,
composite is basically uniform, and local agglomeration occurs in
some areas, in this area, the content of Si element is 0.23wt%. As
shown in Figure 6B, the distribution of Si and Ti elements in
NaNOs/(Si0,+TiO,) composites is uniform in most areas, but
obvious agglomeration occurs in a small part of the area. In the
whole area, the contents of Si and Ti elements are respectively is
0.03wt% and 0.11 wt%. As shown in Figure 6C, the distribution of Si
element in the NaNO5/SiO,/EG composite is very uniform in the
whole area, in this area, the content of Si element is 0.3 wt%. As
shown in Figure 6D, the distribution of Si and Ti elements in
NaNOs3/(Si0,+TiO,)/EG composites is uniform in whole areas, and
the contents of Si and Ti elements are respectively is 0.06wt% and
0.17 wt%. In summary, it can be seen that if only nanoparticles are
added to NaNO;, the nanoparticles will be unevenly dispersed and
agglomerated. However, by adsorbing the NaNO; added with
nanoparticles in the pores of EG, the agglomeration of
nanoparticles can be effectively prevented, and the dispersion of
nanoparticles can be more uniform.

3.0
—e—sample 1 sample 2
28k —e—sample 3 —=— sample 4
sample 5 —e— sample 6
—~ 26
X
8 H%H’HW
= 241
5
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k=]
3
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FIGURE 8 | Specific heat after phase change of different samples vary
temperature.

Thermophysical Properties of Samples
Specific Heat of Samples

The phase change process of composites with temperature
includes three stages: solid state, phase change process and
liquid state. The specific heat of different samples before phase
transition is shown in Figure 7, which increases with the increase
of temperature. The specific heat of different samples before
phase transition is shown in Figure 8, which remains basically
unchanged with the increase of temperature. The standard
deviation of specific heat capacity of all samples is less than
4%. Table 3 shows the average specific heat capacity of different
samples in different temperature ranges according to the
measurement curve.

It can be seen from Table 3 that adding nanoparticles and EG
alone improves the specific heat of sodium nitrate, and the
influence of adding two kinds of nanoparticles is better than
adding one kind of nanoparticles. In addition, when adding
nanoparticles and EG at the same time, the increase in specific
heat is significantly greater than adding nanoparticles or
EG alone.

The specific heat of molten salt can be increased by adding
nanoparticles, because nanoparticles adhere to the surface of
molten salt to form semi-solid nanolayer. This kind of semi-
solid nanolayer has higher thermal performance than liquid,
which helps to increase the specific heat of nanofluid (Shin
and Banerjee, 2011; Lu and Huang, 2013). It can be seen from
the above SEM image that after adding SiO, (Si0,+TiO,)
nanoparticles to NaNOs, a dense solid-like nanostructure is
also formed. This structure has a large specific surface area
and specific surface energy, thereby increasing the specific heat
capacity of the composites. When Shin (Shin and Banerjee, 2014)
studied pure molten salt nanofluid, it was also found that similar
structures appeared on the surface. Luo et al. (Luo et al.,, 2022)
proposed a 3D hierarchical ultralight SiC foam with 1 wt% SiO,
added LiNO3/NaCl inside to achieve high specific heat capacity.
The average c, is 4.86% higher than that of pure PCMs due to the
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TABLE 3 | The specific heat of different samples.

Samples Component
Sample 1 NaNO3
Sample 2 NaNO3/SiO5
Sample 3 NaNOs/(Si0x+TiO,)
Sample 4 NaNOs/EG
Sample 5 NaNOs/SiO./EG
Sample 6 NaNO5/(SiO+TiOL)/EG
6
5k sample 1
sample 2
_ sample 3
%ﬁ 4F sample 4
= sample 5
\\E/ 3k sample 6
O
D
[a)
2
1
0 1 1 1 1 1 1
200 225 250 275 300 325 350 375

Temperature/°C

FIGURE 9 | DSC curves of different samples.

high surface energy and interfacial thermal resistance induced by
weak interaction between SiO, nano-particles and eutectics, as
confirmed by molecular dynamics (MD) simulations.

The addition of EG can increase the specific heat of sodium
nitrate. This is because the mechanical energy of NaNO; and EG
is converted into the interface energy of the composite by the
tablet press in the process of preparing the composite. The
increase of the interface energy may promote the specific heat
of the composites.

After adding nanoparticles and EG at the same time, the
nanoparticles adhere to the surface of molten salt and EG,
forming a dense network of nanostructures, and because the
molten salt is adsorbed by porous structure of EG, it
overcomes the phenomenon that the nanoparticles are not
uniformly dispersed in the molten salt and agglomeration
occurs in the process of long standing. Therefor the
nanoparticles more uniformly dispersed in the composites.
The synergy between nanoparticles and EG can greatly
increase the specific heat capacity of the composites. In
addition, on the basis of adding EG, the influence of
adding (SiO,+TiO,) nanoparticles is better than adding
only SiO, nanoparticles. This may be because molten salt
and EG have different forces on SiO, and TiO, molecules.
Therefore, when nanostructures are generated, the
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The average specific
heat (40-265°C) (J/(g-K))

The average specific
heat (320-400°C) (J/(g-K))

1.45 1.69
1.54 1.81
1.56 1.97
1.62 2.05
1.71 2.23
1.81 2.47

nanostructures generated by the former are more uniform
and continuous in the composites than the latter, which in
turn affects the specific heat of the composites.

Phase Change Characteristics and Heat Storage
Density of Samples
The phase change temperature and latent heat have an important
influence on the heat storage performance of the composite phase
change material. Figure 9 shows the DSC curves of different
samples. The thermophysical parameters obtained according to
the curve analysis are listed in Table 4. It can be seen from the
DSC curve that there is a solid-solid phase change peak of sodium
nitrate at about 275°C (Tamme et al., 2010), and another sharp
peak represents the solid-liquid phase change. It can be seen from
the table 4 that the phase change temperature of sodium nitrate is
306.9°C, the phase change temperature of the composites
remained basically unchanged after adding nanoparticles, and
after adding EG, the phase change temperature dropped by about
5°C. Wang (Wang et al., 2012) pointed out that the weak
interaction between EG and binary eutectic nitrate, such as
capillary force and surface tension, will cause a decrease in the
phase change temperature.

According to reference (Wang et al, 2012), the theoretical
latent heat of composites can be derived from Formula (5).

Acheory = (1 - ¢)AHPCM (5)

Where, AHeory is the theoretical latent heat of the composites;
¢ is the mass fraction of EG and nanoparticles; AHpcy is the
latent heat of sodium nitrate. It can be seen from Table 4 that the
addition of nanoparticles has little effect on the latent heat of the
composites, but when 15 wt% EG is added, the latent heat of the
composites decreases greatly. This is because the addition of EG
reduces the proportion of phase change materials in the
composites, and EG keeps solid without phase change, so it
has no contribution to the latent heat. On the other hand, the
measured value of the latent heat of the composites is
significantly lower than the theoretical value. The reason is
that during the sintering process of the sample, some phase
change material leakage is unavoidable. At the same time, Zhao
(Zhao et al., 2016) and Feng (Feng et al., 2011) pointed out that
the crystal arrangement and orientation of nitrate molecular
chain would be limited by space effect and resistance due to the
existence of insertion mechanism, which will lead to a decrease
in the regularity of the crystal line region and an increase in
lattice defects. As a result, compared with the theoretical value,
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TABLE 4 | Phase change temperature and latent heat value of different samples.

Preparation and Thermophysical Properties

Samples Component Phase change Measurement of Calculation value Measurement error
temperature/°’C latent heat/(J/g) of latent
heat/(J/g)
Sample 1 NaNO3 306.9 178.8 - -
Sample 2 NaNOz/SiO, 306.6 1751 177.012 1.09%
Sample 3 NaNO5/(SiOp+TiO,) 306.8 177.2 177.012 0.11%
Sample 4 NaNOz/EG 301.9 150.1 151.98 1.25%
Sample 5 NaNOg/SiO./EG 301.8 142.2 150.192 5.6%
Sample 6 NaNOz/(SiO+TiOL)/EG 301.9 147.8 150.192 1.62%
TABLE 5 | heat storage density of composite materials, Hitec salt and quaternary salt.
NaNO3/(SiO+TiO,)/EG Hitec salt Ca (NO3),4H,0-KNO; -
NaNO; -NaNO,
specific heat before melting (J/(g-K)) 1.81 — —
specific heat after melting (J/(g-K)) 2.47 1.4 1.62
onset melting point (°C) 301.9 142 84
termination melting point (°C) 312.8 146.7 169.2
heat of fusion (J/g) 147.8 80 80.28
Heat storage density (kJ/kg) 679.2 465.4 401
12
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FIGURE 10 | Thermal diffusivity of different samples vary temperature.
FIGURE 11 | Thermal conductivity of different samples vary
temperature.

the latent heat of phase change of the composites will be
reduced.

The decomposition temperature of industrial-grade NaNOj is
380°C, so the operating temperature should not exceed 380°C.
Assuming that the working temperature range of the composite
material is 100-380°C, the heat storage density of the composites
can be calculated by Formula (2). As shown in Table 5, the specific
heat, fusion heat, melting point and other physical parameters of
the composites studied in this paper and two commonly used low-
melting mixed nitrates are listed. Using Formula (2), the thermal
storage density of NaNOs;/(Si0,+TiO,)/EG composites was

679.2KkJ/kg. In the temperature range of 100-380°C, the heat
storage density of the commonly used low-melting Hitec salt is
465.4 k]/kg, and the heat storage density of the mixed quaternary
nitrate developed by this research group is 401 kJ/kg. It can be seen
that although the addition of EG reduces the heat of fusion of
sodium nitrate, because the specific heat capacity of the composite
heat storage material increases, when the sensible heat and latent
heat are used at the same time, the composite material still has a
high heat storage density, and the heat storage density is much
larger than two commonly used low melting point mixed nitrates.

Frontiers in Energy Research | www.frontiersin.org

June 2022 | Volume 10 | Article 878747


https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles

Song et al. Preparation and Thermophysical Properties

TABLE 6 | Thermal diffusivity (mm?2/s) of different samples.

Temp-erature Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6
200°C 0.159 (0.016) 0.171 (0.018) 0.183 (0.015) 1.803 (0.025) 1.906 (0.027) 2.186 (0.026)
250°C 0.162 (0.019) 0.173 (0.016) 0.186 (0.012) 1.817 (0.026) 1.952 (0.029) 2.297 (0.030)
300°C 0.176 (0.011) 0.182 (0.017) 0.191 (0.013) 2.207 (0.027) 2.453 (0.024) 2.687 (0.021)
350°C 0.174 (0.018) 0.179 (0.013) 0.189 (0.016) 2.15 (0.029) 2.317 (0.022) 2.570 (0.023)
400°C 0.172 (0.013) 0.175 (0.014) 0.182 (0.017) 2.108 (0.024) 2.276 (0.025) 2.542 (0.028)
Aver-age 0.1686 0.1760 0.1862 2.017 2.1808 2.4546

TABLE 7 | Thermal conductivity (W/(mK)) of different samples.

Temp-erature Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6
200°C 0.446 (0.024) 0.519 (0.029) 0.559 (0.028) 4.213 (0.029) 4.293 (0.036) 5.342 (0.034)
250°C 0.613 (0.026) 0.699 (0.026) 0.660 (0.029) 5.00 (0.031) 5.858 (0.030) 7.277 (0.029)
300°C 0.702 (0.023) 0.672 (0.021) 0.709 (0.022) 6.758 (0.035) 7.583 (0.034) 9.279 (0.031)
350°C 0.535 (0.027) 0.599 (0.028) 0.681 (0.021) 5.948 (0.036) 6.565 (0.035) 8.208 (0.034)
400°C 0.523 (0.023) 0.564 (0.027) 0.643 (0.020) 5.832 (0.032) 6.596 (0.033) 8.019 (0.032)
Aver-age 0.55 0.61 0.65 5.55 6.18 7.63

L1 [

L1 [

Internal heat transfer process of sodium Internal heat transfer process of composites

nitrate

FIGURE 12 | Schematic diagram of the internal heat transfer process of different materials. (A) Internal heat transfer process of sodium nitrate. (B) Internal heat
transfer process of composites.

Thermal Conductivity of Samples the composites sharply. At the same time, under the synergistic effect
Thermal conductivity is an important index to characterize the heat ~ of nanoparticles and EG, the influence of improving the thermal
transfer rate of materials. The thermal diffusivity of different samples  conductivity is the best.

is measured in the temperature range of 200-400°C. Figure 10 The addition of EG can improve the thermal conductivity of
shows the thermal diffusivity of different samples vary with  the composites, because it is evenly distributed in the composites,
temperature. Figure 11 shows the thermal conductivity of it forms an excellent heat transfer network. Heat can be quickly
different samples vary with temperature. In the range of  transferred to the inside of the nitrate along the mesh wall of EG,
200-400°C, the thermal diffusivity and thermal conductivity both ~  at the same time, EG itself has good thermal conductivity, and its
first increases and then decreases with the increase in temperature, ~ own temperature quickly rises to a temperature close to the
and the turning point is near the melting point. The measured  heating boundary. Therefore, in the subsequent heating
thermal diffusivity and calculated thermal conductivity are listed in ~ process, nitrate is heated by multiple heating surfaces at the
Tables 6, 7. The results show that the addition of nanoparticleshasa ~ same time, the rate of heat transfer can increase exponentially.
small increase in the thermal conductivity of NaNOj, while the ~ The schematic diagram of the heat transfer process is shown in
addition of EG can effectively increase the thermal conductivity of ~ Figure 12. On the other hand, after adding nanoparticles,
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FIGURE 14 | DSC curves of NaNOg/(SiO»+TiO,)/EG composites after
50 and 100 thermal cycles.

nanostructures similar to solids will be formed, and these
nanostructures will form channels that facilitate heat transfer
and increase the overall thermal conductivity of the composites.

Thermal Stability Test

The thermal cycling stability of the composites was analyzed by
performing 300 heating-cooling thermal cycling experiments on
three groups of samples in a muffle furnace. The mass change of the
NaNO;/(S5i0,+TiO,)/EG composite during 300 thermal cycles is
shown in Figure 13. The mass loss of composites is larger in the first
50 thermal cycles, changes less and less in the process of 50-150
thermal cycles, and shows a basically unchanged trend after 200
cycles. During the whole cycle, the mass loss rates of the three groups

Preparation and Thermophysical Properties

TABLE 8 | Changes in phase change temperature and latent heat of composites
during 100 thermal cycles.
Number of cycles

Phase change temperature/°’C Latent heat/J/g

0 301.9 147.8
100 301.6 142.9
200 301.5 138.7
300 301.7 136.9

32

—&— () thermal cycles
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FIGURE 15 | Variation of specific heat after multiple thermal cycles
(40-265°C).
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FIGURE 16 | Variation of specific heat after multiple thermal cycles
(320-400°C).

of NaNO3/(SiO,+Ti0,)/EG composites were 15.9,14.9 and 14.2%
respectively. The main reason is that a small amount of molten salt
on the surface of the sample is easy to leak at high temperatures, but
as the number of thermal cycles increases, after a small amount of
sodium nitrate on the surface leaks, the inside is adsorbed by the
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capillary force provided by the EG pores, and the mass changes little
or basically remain unchanged, so as to ensure that it has a good
thermal cycle and its stability.

Figure 14 show the DSC test curves of NaNOs/(SiO,+TiO,)/EG
composite after 300 heating cooling tests. The relevant physical
parameters obtained from DSC curve analysis are listed in Table 8. It
can be seen that during the cycle, the phase change temperature of
the composites remained basically unchanged, and the decrease did
not exceed 0.5°C. The latent heat of the NaNO;/(SiO,+TiO,)/EG
composites changed from 147.8 J/g to 136.9 /g, a decrease of 7.4%,
which indicating that the composites has good high temperature
stability.

The specific heat of NaNO3/(Si0,+Ti0,)/EG composites after
300 heating cooling cycles are shown in Figures 15, 16. It can be
seen that after 100 thermal cycles, the specific heat began to
decrease. The specific heat before phase change of NaNO,/
(Si0,+Ti0,)/EG composites dropped from 1.81]/(g-K) to
1.70J/(g'K), a decrease of 6.1%, the specific heat after phase
change of NaNO;/(SiO,+TiO,)/EG composites dropped from
2.47J/(g-’K) to 2.32]/(g'K), a decrease of 6.0%. In general, the
composites have good stability when it is lower than 400°C.

CONCLUSION

Sodium nitrate/Nanoparticles/EG composites with stable shape
were prepared by mechanical dispersion method. Sodium nitrate
with different nanoparticles (1 wt%SiO,, 0.9 wt%Ti0,+0.1 wt%
SiO,) were selected as phase change materials, and different mass
fractions of EG (7, 10, 15, 20 wt%) were added. After screening
out the best amount of EG added, the chemical compatibility,
microstructure, specific heat, phase change temperature, latent
heat, thermal conductivity and thermal cycle stability of the
composites were studied. The main results are as follows:

1) During the preparation process of composites, nanoparticles,
sodium nitrate and EG only have physical interactions and have
good chemical compatibility. Sodium nitrate and nanoparticles can
be uniformly dispersed in the pores of EG. When the EG content
reaches 15 wt%, the shape of the composites is stable, and the mass
loss rate before and after sintering is very small, which is 4.03%.
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