nanomaterials WW\D\Py

Article

Synthesis and Characterization of Molten Salt
Nanofluids for Thermal Energy Storage Application
in Concentrated Solar Power Plants—Mechanistic
Understanding of Specific Heat

Capacity Enhancement

Binjian Ma "*, Donghyun Shin ? and Debjyoti Banerjee 3

1 School of Mechanical Engineering and Automation, Harbin Institute of Technology (Shenzhen),

Shenzhen 518055, China
2 School of Engineering & Technology, Central Michigan University, Mount Pleasant, MI 48859, USA;
shinld@cmich.edu
Department of Mechanical Engineering, Department of Petroleum Engineering, Mary Kay O’Connor Process
Safety Center, Texas A&M University, College Station, TX 77843, USA; dbanerjee@tamu.edu
Correspondence: mabinjian@hit.edu.cn

Received: 13 October 2020; Accepted: 12 November 2020; Published: 16 November 2020 f‘r:,e(fgtz);

Abstract: Molten salts mixed with nanoparticles have been shown as a promising candidate as
the thermal energy storage (TES) material in concentrated solar power (CSP) plants. However,
the conventional method used to prepare molten salt nanofluid suffers from a high material cost,
intensive energy use, and laborious process. In this study, solar salt-Al,O3 nanofluids at three
different concentrations are prepared by a one-step method in which the oxide nanoparticles are
generated in the salt melt directly from precursors. The morphologies of the obtained nanomaterials
are examined under scanning electron microscopy and the specific heat capacities are measured
using the temperature history (T-history) method. A non-linear enhancement in the specific heat
capacity of molten salt nanofluid is observed from the thermal characterization at a nanoparticle
mass concentration of 0.5%, 1.0%, and 1.5%. In particular, a maximum enhancement of 38.7% in
specific heat is found for the nanofluid sample prepared with a target nanoparticle mass fraction of
1.0%. Such an enhancement trend is attributed to the formation of secondary nanostructure between
the alumina nanoparticles in the molten salt matrix following a locally-dispersed-parcel pattern.
These findings provide new insights to understanding the enhanced energy storage capacity of molten
salt nanofluids.

Keywords: molten salt nanofluid; specific heat capacity; one-step synthesis; T-history method;
secondary nanostructure

1. Introduction

With increasing concern about environmental quality and sustainable development, renewable
sources of energy such as wind, solar and hydropower are starting to play a significant role in the
modern energy supply. Among all sources of renewable energy, solar energy is considered to be the
most promising and suitable alternative for supplementing current energy consumption profiles due to
the potential for almost zero pollution, and cheap cost of deployment and operation [1]. The theoretical
limit for solar power on the surface of the Earth is 89,300 TW [2] which suggests that there is more
energy received by the Earth in one and a half hours than the world energy consumption in a year, say in
2013 (i.e., 108,170 TW-h equivalent) [3]. Concentrated solar power (CSP) is a widely used technique for
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converting solar radiation into electricity. Such a technique has also been successfully commercialized
in many different countries. CSP plants use mirrors and lenses to concentrate and focus sunlight onto
a thermal receiver. The receiver absorbs and converts sunlight into heat. The heat is then transported
to a steam generator or engine where it is converted into electricity. Since the performance of solar
energy is greatly affected by the climate condition and there is usually a significant difference in peak
time between the power generation period and power demand for electricity, thermal energy storage
(TES) has become an important and indispensable part of a CSP plant that can be used to shift off-peak
energy need and buffers during transient weather conditions. There are several candidate materials to
be used as potential heat transfer fluid (HTF) and TES medium. Among the commonly-used materials,
thermal oils have a relatively low density, low heat capacity and low maximum operating temperature
of 300 °C which makes power generation quite expensive [4]. Ionic liquid has good thermo-physical
properties, excellent chemical stability and little vapor pressure [5]. However, as a result of their high
cost, the usage of ionic liquid is still limited. Molten salts, with the high density, low vapor pressure,
high operating temperature, low chemical reactivity and moderate cost, has been used as the ideal
media for TES applications [6].

While molten salts have shown promising properties for high temperature application in a TES
system, most of these salts or their eutectics have a specific heat capacity of less than 2 J/g-K and
a density less than 2000 kg/m? [7]. As a consequence, the energy storage density of a molten salt
system is less than 1000 MJ/m3 for a typical operating temperature between 300 °C and 550 °C. In
comparison, the energy storage capacity of a thermochemical energy storage system involving redox
cycles of metal oxide can easily exceed 3000 MJ/m3 [8]. Due to the low energy density of molten salt,
huge storage tanks are often required in CSP plants to provide adequate TES capacity which incurs
significant additional operation & maintenance (O&M) cost. According to the report released by the
National Renewable Energy Laboratory in January 2019 [9], the 2030 target for CSP baseload plants
with a minimum of 12 h of energy storage is $0.05/kW-h which marks more than 60% reduction from
the current cost level at $0.182/kW-h [10]. Such a stringent requirement urges the development of
advanced energy storage material for TES system at a reasonable production cost.

The progress in nanofabrication and nanofluid technology provides pathways to thermophysical
property enhancement without replacing the original material completely. Nanofluids are stable
colloidal mixtures of nanoparticles (1~100 nm) with liquid solvent. Back in 1993, the pioneer study by
Masuda et al. [11] had already shown that dispersing a small percentage of nanoparticles in solvent
can bring anomalous improvement to its thermal conductivity. This work was further extended
by Choi and Eastman [12] in 1995 who first used the term “nanofluids” to describe heat transfer
fluids containing suspending metallic nanoparticles. Their study demonstrated that the high thermal
conductivity of nanofluids can potentially improve the heat transfer rate in a heat exchanger without an
increase in the pumping power. Subsequently, a plethora of combinations of nanoparticles and liquids
have been studied for enhancing transport phenomena and thermophysical properties. Most often,
inclusion of nanoparticles in the base solvent yields improved thermal conductivity [13-16] but at the
cost of greater viscosity [17-19]. However, the effect of nanoparticles on the specific heat capacity is
more intriguing. For aqueous solvents, the specific heat capacity has been reported to decrease with an
increasing concentration of nanoparticles [20-23]:

Conf = PupCpup + PfCp,f @

where ¢ is the mass fraction, ¢, is the specific heat capacity value, and the subscripts nf, np and f stand
for nanofluid, nanoparticle and base fluid. On the other hand, an increasing number of studies have
reported a radical enhancement in the specific heat capacity of non-aqueous solvent and in particular
molten salt [24-30]. For example, the early study by Shin and Banerjee reported an enhancement up
to 24% in the specific heat capacity of molten salt eutectic containing 1% SiO, nanoparticles [31,32].
The latest study by Baha El Far et al. has also shown a 19% improvement in the specific heat capacity
of binary carbonate salt mixture by dispersing SiO, nanoparticles [33].
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Although adding nanoparticles offers a straightforward method to improve the energy storage
capacity of molten salt in the TES system, procuring nanoparticles from vendors and dispersing them
in molten salt is not a favorable solution in engineering applications partially due to the high cost of
commercially available nanoparticle (~$1000/kg) and partially due to the intense energy use required
to dehydrate the molten salt solution during the dispersion process. In particular, the use of water to
dissolve the salt can potentially intensify the agglomeration of nanoparticles and introduce impurities to
the molten salt system. Figure 1 shows a typical two-step nanofluid synthesis protocol which involves
mixing of nanoparticles in the salt solution followed by 2~3 h” ultra-sonication and evaporation.
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Figure 1. Schematic diagram of two-step synthesis procedure used in past literature studies.

In recent years, different synthesis approaches have been developed to overcome the
aforementioned issues associated with the traditional wet dissolution method. For example, Grosu and
Nithiyanantham et al. [34,35] prepared molten carbonate and nitrate salt-based nanofluid using a
dynamic drying mixing approach. In their studies, the eutectic salt mixture was first prepared from the
individual salt components through mixing and melting at high temperature. Subsequently, the cooled
eutectic salt was ground to find powders and mixed with the nanoparticles in the dry form. Finally,
the solid mixture was subjected to a high-energy physical milling process to yield the nanofluid sample.
Navarrete et al. prepared molten salt nanofluid using a wet milling method in which the solar salt and
nanoparticles were milled in a ball mill with acetone [36]. A couple of other studies have achieved
direct mixing of nanoparticles in liquified molten salt at high temperature (i.e., above the melting point
of the salt eutectic). For example, Chieruzzi et al. [37] prepared molten salt nanofluids by mixing
Si0O; and Al O3 nanoparticles with NaNO3-KNOj solar salt at 300 °C in a micro-conical twin screw
compounder. Chen et al. [38] dispersed SiO, nanoparticles in liquified quaternary nitrate molten salt
at 400 °C using a magnetic stirrer. While these direct dispersion approaches eliminate the use of water
in the synthesis process, prefabricated nanoparticles are still required to prepare the nanofluid samples.
As an alternative, a number of studies have proposed the concept of synthesizing nanoparticles in-situ
in the molten salt from cost-effective precursors [39-42]. In other words, the synthesis and dispersion
of nanoparticles occur simultaneously in the solvent phase. As a consequence, the propensity of
nanoparticle agglomeration is minimized when the nanofluid is prepared following this one-step
method [43]. However, it is more difficult to control the morphology of the particles precisely as small
variations in the designed synthesis conditions (temperature, time, feeding rate, etc.) can drastically
alter the properties of the synthesized nanofluids due to variation in nanoparticle size distribution and
stability. Therefore, the optimal synthesis condition for preparing molten nanofluid with enhanced
specific heat capacity remains unclear. In particular, the optimal target concentration of nanoparticles
to be synthesized in-situ in molten salt remains to be determined. The choice of the proper nanoparticle
concentration requires a mechanistic understanding on the enhanced thermophysical property of
molten salt nanofluids. In this study, solar salt (NaNO3-KNOj5 eutectic)-based nanofluids containing
Al,O3 nanoparticles at three different concentrations are prepared by a one-step method in which
the oxide nanoparticles are generated in the salt melt directly from precursors. The morphological
structures of the nanomaterials obtained are examined under scanning electron microscopy and
the specific heat capacities are measured using the temperature history (T-history) method. Finally,
a hypothesized model is developed to rationalize the enhanced specific heat capacity of molten
salt nanofluids.
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2. Materials and Methods

2.1. Sample Preparation

In this study, the binary mixture of 60-wt.% NaNOj3 and 40-wt.% KNOj (solar salt) was used as the
base fluid for the nanofluid synthesis. The one-step method combines the nanoparticle generation and
dispersion into one single step in which nanoparticles are synthesized in the base fluid in-situ. This can
be achieved by either a physical approach or a chemical approach. One typical physical approach
is vapor condensation in which metal vapor is directly condensed to form nanoparticles inside the
base fluid by contacting the flowing vapor (at low pressures) within the liquid [12]. Other innovative
physical methods include submerged arc spray synthesis [44] and laser ablation [45]. These methods
produce well-dispersed nanofluids but require a complex set up which makes it impossible for scale-up
and large-scale deployment in industrial applications. By contrast, the wet chemical approach offers
a more convenient synthesis method in which chosen additives are mixed with the base fluid and
subsequently stimulated to yield nanoparticles. Some typical wet chemistry-based synthesis methods
include the chemical reduction method, the precipitation (ion exchange) method, the sol-gel (hydrolysis)
method, and the emulsion-polymerization method [43]. These methods have also been proven to
produce well-dispersed nanofluids with controllable particle size and shape. However, the direct
precipitation method usually requires a different base fluid from that of the target nanofluid (i.e., molten
salt in this case). Also, the introduction of additives risks the inadvertent contamination by impurities.
In this study, metal oxide nanoparticles were synthesized in high temperature molten salt in-situ
by thermal decomposition of precursors (e.g., unstable salts) mixed a priori with the salt powders.
Solar salts are shown to be stable in liquid form up to 600 °C [46] and the precursor are expected to
decompose and yield corresponding nanoparticles that are self-dispersed in the motlen salt system.
Prior to the test, the decomposition temperature and mass loss of more than 10 candidate precursors
were explored initially by thermogravimetric (TGA) analysis in a flux of nitrogen at 100 mL/min with
a scanning rate of 5 °C/min (SDT Q600, TA Instrument, New Castle, DE, USA, see Supplementary
Material S1 for the detailed information). Finally, aluminum nitrate nonahydrate was selected as the
optimum test precursor due to its low decomposition temperature and sharing the same anion with
the molten salt solvent. In other words, no exterior contaminations (e.g., chloride ions) are explicitly
introduced into the molten nitrate salt system after the precursor decomposes.

The synthesis started with mixing all salt components with the precursors in solid powder form
in the container. The mixture was stirred for around 1 min and baked in furnace at 550 °C directly
for 10 h to ensure complete reaction. As shown by the TGA test results, a complete decompostion of
AI(NO3)3-9H,0 into Al,Oj3 is attained at 400 °C where the final mass percentage left is 13.6%. Therefore,
heating the mixture at 550 °C can ensure a full decomposition of the precursor. Three different target
mass fraction of alumina nanoparticles including 0.5%, 1% and 1.5% were explored in this study.
The quantity of the precursor and salt powder used in the synthesis are listed in Table 1 in which
the mass of the nanoparticle precursor was determined from the stoichiometric values for the target
mass fraction of Al;O3 nanoparticles based on the assumption of complete thermal degradation of the
precursors. All chemicals were purchased directly from Sigma-Aldrich Inc. (St. Louis, MO, USA) with
a reagent grade ~99% purity and used directly without further purification.

Table 1. Mass of raw materials used in the synthesis.

Raw Material Mass (g) for Synthesis Final Product Mass (g)
Target Nanoparticle
Concentration NaNO3 KNO3 AI(NO3)3 9H20 Solar Salt A1203 Total
0.5% 20.895 13.93 1.287 34.825 0.175 35
1.0% 20.790 13.86 2.575 34.650 0.350 35

1.5% 20.685 13.79 3.862 34.475 0.525 35
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2.2. Material Characterization

Scanning electron microscopy (SEM) coupled with energy-dispersive X-ray spectroscopy (EDS)
techniques were used for materials characterization of the nanofluids samples. For SEM, two scanning
electron microscopes including QUANTA 600 FE-SEM (FEI Company, Hillsboro, OR, USA) and
JSM-7500F (JEOL Ltd., Akishima, Tokyo, Japan) were used to analyze the microstructure of the
samples. The comparison of the images obtained from SEM for pure salt samples and additive-doped
samples enable the visualization of the dispersion and morphological characteristics of nanoparticles
generated in these samples. The following procedures were followed for preparing the sample for
SEM characterization:

= Heat the container with sample on hot plate at 400 °C;

= Once the sample melt, remove them from hot plate and keep stirring/scratching the sample using
the spatula to prevent them agglomerating in the container;

. Load ~20 mg of sample in the aluminum pan;

=  Heat the pan on hot plate at 400 °C for few seconds until the sample melt, then quickly seal the
pan with lid;

. Put the newly-prepared sample pan in a furnace and heat at 550 °C for half hour;

= Remove the pan from the furnace. Wait it cool down and take to the SEM room;

. When examining sample in SEM facility, remove the lid and place the sample pan in SEM chamber
quickly to avoid absorption of moisture from the ambient.

EDS was performed to identify the elemental composition for different regions of the pure molten
salts and molten salt nanofluid samples. To be more specific, a regional EDS scan is employed to obtain
elemental mapping. In order to highlight the nano-cluster areas, point EDS analysis is employed to
differentiate between the chemical composition in the nano-cluster areas and the bulk salt areas.

2.3. Specific Heat Capacity Measurement

The specific heat capacity of the different samples were measured using a temperature-history
(T-history) method [47]. In the T-history method, the test sample and a reference sample were heated
under the same environmental conditions and the specific heat capacity ratio between these two
materials can then be calculated based on the difference in their temperature scanning rates. Such a
method was originally developed for characterizing the thermophysical properties of phase change
materials due to its capability of measuring the specific heat capacity and latent heat of a large quantity
sample (>10 g). By contrast, the conventional differential scanning calorimetry (DSC) method only
allows testing of samples at milligram scale which is less representative of the bulk energy storage
capacity of the material in a TES facility. Figure 2 shows the actual setup of the T-history test in
which two vials were filled with pure solar salt and solar salt nanofluid, respectively. The masses
of both samples were controlled to be 30 g using a Sartorius ELT-130 microbalance (Sartorius AG,
Gottingen, Germany) and the temperature of each sample was measured using a thermocouple
(10 KMQXL-062U-12, standard limit of error = +2.2 °C or 0.75%, Omega Engineering, Norwalk, CT,
USA) inserted in the middle of sample. Meanwhile, the environmental temperature in the furnace
was measured using three thermocouples installed at different locations. Prior to the actual test,
the testing and reference salt sample were preheated at 275 °C for 1 h to ensure a steady state condition.
Afterwards, the furnace temperature was set to increase from 275 °C to 650 °C with a heating rate of
20 °C/m. At the same time, the temperature changes of both samples were recorded at a sampling rate
of 5 Hz starting from the initial equilibration temperature (~275 °C) to an upper temperature limit of
550 °C. As soon as the temperature of the test sample approaches 550 °C, the temperature recording is
stopped, and the furnace is switched off and open to the ambient which allows the test samples to cool
down. After the temperature of the molten salt drops between 300 °C, the furnace is then re-set to
275 °C and the testing cycle is repeated following the same sequence.
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Figure 2. (a) Schematic of the T-history system; (b) experimental apparatus for T-history measurements.

As discussed earlier, the specific heat capacity ratio between molten salt nanofluids and pure
molten salt can be calculated by comparing the temperature history curve (T vs. t) of both nanofluid
sample and the reference salt sample. However, it is important to ensure that the temperature
distribution is uniform in the salt sample during the test. In our setup, a 1.0-inch diameter vial with a
nominal height of 1.25 inch was used to contain the salt samples. Therefore, the characteristic length
(volume/area) of the container is calculated to 0.178 inch. As shown in our early study [16], the thermal
conductivity of the pure solar salt was measured to range from 0.43 W/(m-K) to 0.56 W/(m-K) as the
temperature increases from 300 °C to 500 °C. Now, assuming a thermal conductivity of 0.5 W/(m-K)
and a natural convection heat transfer coefficient of 5 W/(m?-K), the Biot number of the pure molten
salt sample during the T-history test is calculated to be 0.045. Since molten salt nanofluid exhibits a
higher thermal conductivity, the Biot number of the molten salt nanofluid sample will be even smaller
than 0.045. Thus, both the pure salt and nanofluid sample satisfy the lumped capacitance assumption
and we can assume that the temperature of both samples remains spatially uniform in the container
during the test. During the T-history test, the test tubes are heated by both natural convection from the
air and conduction from the bottom plate. The thermal resistance associated with natural convection
on the side wall of the test tube is given by:

1
hairAside

Rsige = @
where, h;, is the natural convection heat transfer coefficient and Ag;;, is the surface area of the side wall
of the test tube. The conduction heat transfer through the bottom plate can be treated as an annual fin
problem and the associated thermal resistance is given by:

1

—_— 3
hm'rAfT]f ©)

Rpottom =
where Ay is the surface area of the glass disk exposed to air and 7y is the fin efficiency of the circular
disk. Based on the geometric parameters of the experimental setup used in this study, the fin efficiency
of the glass disk is estimated to be 25% (see Supplementary Material S2 for the detailed calculation).
Therefore, during the heating process, the total thermal resistance of both test samples is given by:

1 1
Riot = — = 4)
Rside + Rbottam hair(ASide + Af/4)

In this way, the temperature scanning rate of both samples could be explicitly expressed by:

, dTs hair(Aside + Af/4)(Tair - Ts)
T, = - = %)
MsCp,s
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where, T,;, is the instantaneous temperature of furnace air obtained by taking the average measurements
from the three thermocouples, T is the instantaneous temperature of the testing sample, 1 is the mass
of the testing sample, and ¢, s is the specific heat capacity of the sample. In our test, (Aside +As/ 4)
remains the same for both the pure molten salt sample and the nanofluid sample.

Considering that the variation of natural convective heat transfer coefficient between two samples
is negligible at the same sample temperature, the ratio of specific heat capacity of two samples at any

temperature can be expressed by:

i)
Cp,nano Myef ( dt Jref (Tair — TS)nano

oy Mo (), =Ty

nano

at any fixed T; (6)

where, Myef and 1,0 are the mass of the reference sample (pure molten salt) and nanofluid sample,
respectively. Prior to the experimental test, the T-history method was first validated by measuring
the specific heat capacity of propylene glycol and isopropyl alcohol. Both results are in excellent
agreement with the literature measurements (see Supplementary Material S3 for detailed information).
While molten salts may evaporate at elevated temperature, the evaporative mass losses of the pure
solar salt and solar salt nanofluid were measured to be less than 1.0% per hour (see Supplementary
Material 54 for the detailed analysis) at a constant temperature of 550 °C. Considering that the T-history
test generally lasted for less than 0.3 h and the salt temperature was slowly increased from 275 °C to
550 °C, Myef and 11,450 can therefore be assumed to be constant during the test. During data analysis,
the time derivative of the temperature is obtained by fitting the temperature history curve with an 8th
order polynomial function.

3. Results

3.1. Thermophysical Properties

Figure 3 shows the thermocouple response recorded during T-history experiments for temperature
of air, reference sample (pure solar salt) and test sample (pure solar salt nanofluid with alumina
nanoparticles generated from thermal decomposition of aluminum nitrate nonahydrate additives).
The samples were synthesized for three different concentrations of the alumina nitrate additive (3.5%,
6.9% and 10.1%; with target mass fraction of the alumina nanoparticles of 0.5%, 1% and 1.5%). A total of
10 repeated tests were conducted for each nanoparticle concentration (see Supplementary Material S5
for the complete temperature response of the molten salt nanofluids samples recorded over continuous
10 test cycles). As shown in the figure, there is a substantial time lag in the temperature rise of the
molten salt nanofluid sample compared to that of the pure molten salt. The faster temperature response
of the solar salt sample provides direct evidence of the enhanced thermal energy storage capacity
of the molten salt nanofluid sample. At any given instant during the heating cycle, it is evident
that the solar salt sample was at a higher temperature than the nanofluid sample which represents a
smaller temperature gradient formed between the pure salt sample and the ambient air. Therefore,
less heat is being transported from the ambient air to the pure molten salt sample. Meanwhile, visual
inspection suggests that the temperature curves of both the pure salt and nanofluid sample share similar
magnitude of slope during the intermediate and later stage of the heating process. These features
indicate that the molten salt nanofluid exhibits a higher specific heat capacity than the pure solar salt
sample considering that the mass of the molten salt used in the test is almost identical to that of the
solar salt nanofluid. Furthermore, as shown by the comparison between the three subplots in Figure 3,
the mismatch between the temperature curves between the pure solar salt samples and the nanofluid
sample is minimized at a nanoparticle concentration of 0.5%. As suggested by this characteristic,
the nanofluid samples synthesized with a target nanoparticle mass fraction of 0.5% exhibit the lowest
specific heat capacity among all three concentrations explored in this study. By contrast, the highest
specific heat capacity is found for the nanofluid sample synthesized with a target nanoparticle mass
fraction of 1%.



Nanomaterials 2020, 10, 2266

8 of 22

(a) (b)
600 600
=== Solar salt nanofluid -== Solar salt nanofluid
550F | -~ Pure molten salt . 550F | -.~ Pure molten salt P
S s — Air v 3) — Air 74
s 00 .{;/ s 500 o //
£ asof £ 450} -~
£ £
2 400f 2 400f
£ £
P )
&= 350F & 350}
300F 300¢F
Rt
2505 - —— 250 - - —
0 250 500 750 1000 1250 0 250 500 750 1000 1250
Time (s) Time (s)
(©
600
=== Solar salt nanofluid
350¢ =-= Pure molten salt /,/’
O 500f LT AN A
: /./’l’
3 450f il
£ 7 /"
2 400f g
E P
350F 0
Rd ’r'
300f oo
o/ ”
/;/—”’. : . .
2500 250 500 750 1000 1250
Time (s)

Figure 3. Temperature response recorded during T-history experiments for temperature of air, reference
sample (pure solar salt) and test sample (pure solar salt nanofluid with alumina nanoparticles generated
from thermal decomposition of aluminum nitrate nonahydrate additives). The mass fraction of additive
(alumina nitrate) used and the target mass fraction alumina nanoparticles, are: (a) 3.5% and 0.5%,
respectively; (b) 6.9% and 1%, respectively; and (c) 10.1% and 1.5%, respectively.

The specific heat capacity enhancement of the molten salt nanofluid samples synthesized at three
different nanoparticle concentrations can be calculated using Equation (6) based on the information
shown in Figure 3. The corresponding results are summarized in Figure 4. As shown in the plots,
the level of enhancement is reduced slightly with increasing temperature but remains relatively
constant when approaching the maximum testing temperature. To analyze the results in detail,
the average specific heat capacity ratio (SR) between the nanofluid and pure molten salt sample and
the corresponding standard deviations (osg) for each test cycle were calculated by:

_ " SR,
R===0"" 7
S . ()
" SR;
OsR = % 8)

where 7 is the total number of temperature data points recorded between 300 °C and 500 °C in each test
cycle. The grand average specific heat ratio (Grand Avg) and the grand standard deviation (Grand STD)
for the entire test results were calculated using the same set of equations but incorporating all the data
points collected over the 10 repeated test cycles (e.g., n becomes the total number of temperature data
points recorded between 300 °C and 500 °C in 10 repeated test cycles). The results are shown in Table 2.
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While certain level of data scattering was observed between the repeated test cycles, the grand standard
deviation was found to be in the same level of the stand deviation calculated from each test cycle
which suggests a good repeatability of the T-history test. In addition, the tests of the three different
molten salt nanofluid samples were affected by a consistent systematic uncertainty. Using one standard
deviation, the specific heat capacity of nanofluid samples with 0.5%, 1.0% and 1.5% target mass
concentration of Al,O3 nanoparticles were enhanced by (17.4 + 7.5)%, (38.8 + 7.5)%, and (31.8 + 9.7)%,
respectively, with a 68% confidence interval. It is evident that specific heat capacity enhancement was
most significant when the nanoparticle concentration is 1.0%. Assuming a continuous change of specific
heat capacity with increasing nanoparticle concentration, it is inferred that the optimal concentration
for maximizing the specific heat capacity enhancement for the solar salt nanofluids is in excess of 0.5%
and less than or equal to 1%. To further validate the results obtained from the T-history test, the specific
heat capacities of the molten salt nanofluid sampling containing 1.0% nanoparticles were also tested by
modulated differential scanning calorimetry (MDSC) at another facility independently. The results
demonstrated that the T-history experiments are consistent with the MDSC experiments with a relative
error less than 1% (see Supplementary Material S6 for detailed MDSC measurements).
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Figure 4. The specific heat capacity ratio between the nanofluid samples and the pure solar salt sample.
The mass fraction of additive (alumina nitrate) used and the target mass fraction alumina nanoparticles,
are: (a) 3.5% and 0.5%; (b) 6.9% and 1%; and (c) 10.1% and 1.5%, respectively.
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Table 2. The mass fraction of precursor used and the target mass fraction of alumina nanoparticles, are:
(top table) 3.5% and 0.5%; (middle table) 6.9% and 1%; and (bottom table) 10.1% and 1.5%, respectively.

Specific heat enhancement for solar salt nanofluid containing 0.5% alumina nanoparticles

Test number 300 °C 400 °C 500 °C Average STD
1 37.9% 17.6% 11.4% 20.8% 7.0%
2 28.2% 13.2% 9.7% 15.9% 6.0%
3 42.5% 18.1% 11.1% 20.8% 8.0%
4 26.3% 11.3% 6.6% 13.6% 51%
5 39.7% 19.5% 13.1% 22.1% 7.2%
6 39.3% 15.8% 8.5% 18.9% 7.9%
7 30.6% 16.6% 10.1% 17.7% 6.2%
8 28.1% 11.3% 6.0% 13.8% 6.3%
9 32.0% 12.5% 7.6% 15.3% 7.2%
10 36.0% 13.9% 7.0% 15.7% 7.8%
Average 34.1% 15.0% 9.1%
Grand Avg 17.4% Grand STD 7.5%
Specific heat enhancement for solar salt nanofluid containing 1.0% alumina nanoparticles
Test number 300 °C 400 °C 500 °C Average STD
1 44.5% 36.0% 28.1% 35.1% 5.1%
2 60.3% 34.7% 30.3% 37.6% 7.7%
3 53.6% 37.0% 31.2% 38.7% 6.7%
4 61.3% 36.9% 32.8% 41.6% 8.6%
5 54.3% 38.1% 34.1% 40.3% 6.0%
6 53.8% 35.5% 30.4% 38.5% 6.9%
7 57.4% 32.6% 28.7% 36.0% 7.5%
8 59.4% 34.7% 32.0% 38.7% 7.5%
9 52.6% 37.3% 31.7% 39.1% 6.4%
10 60.7% 36.2% 32.1% 41.8% 9.2%
Avg 55.8% 35.9% 31.2%
Grand Avg 38.8% Grand STD 7.5%
Specific heat enhancement for solar salt nanofluid containing 1.5% alumina nanoparticles
Test number 300 °C 400 °C 500 °C Average STD
1 46.5% 27.8% 20.2% 29.4% 7.0%
2 67.6% 29.6% 20.5% 32.8% 10.8%
3 53.1% 27.9% 20.3% 30.6% 8.3%
4 58.0% 28.7% 20.6% 31.2% 9.3%
5 52.1% 27.6% 21.6% 30.6% 7.9%
6 73.2% 30.9% 22.4% 35.6% 12.0%
7 58.6% 28.6% 22.3% 32.4% 9.7%
8 64.2% 27.7% 20.1% 32.3% 10.8%
9 56.1% 26.3% 19.6% 30.3% 9.4%
10 57.2% 28.8% 22.2% 32.2% 9.1%
Avg 58.7% 28.4% 21.0%
Grand Avg 31.8% Grand STD 9.7%

* The temperature measurement is subjected to an uncertainty of +0.75%.

3.2. Material Morphology

Figure 5 shows the SEM images of solar salt nanofluid samples at varying levels of magnification.
At low magnification (~400x), ridge-shaped microstructures are observed in these images and
the number of these ridge microstructures increases drastically with increasing value of the mass

concentrations of the alumina nitrate additive (i.e., with increasing values of the target mass
concentration of the alumina nanoparticles). The presence of aluminum elements in these ridge-shaped
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microstructures are confirmed by EDS analysis (see Supplementary Material S7 for the detailed
EDS characterization results). Another interesting observation is that the fraction of the total area
occupied by these ridge microstructures is significantly greater than the target mass concentration
of the nanoparticles. For example, for the nanofluid sample with target mass concentration of
nanoparticles of 1.5%, more than 50% of the area in the SEM image is occupied by the ridge-shaped
microstructures. This feature indicates that the alumina nanoparticles only contribute to a small fraction
of the ridge-shaped structures observed in the SEM images. Instead, the main component of these
ridge-shaped structures is a secondary nanostructure formed in between the alumina nanoparticles in
the base molten salt.

(2)

e

100 pm

1 pm

SSNF-Al-2

Figure 5. Scanning electron microscopy (SEM) image of the molten salt nanofluid samples. For samples
shown in (a,d), the mass fraction of additive (alumina nitrate) used and the target mass fraction alumina
nanoparticles are 3.5% and 0.5%, respectively; for samples shown in (b,e), the mass fraction of additive
used and the target mass fraction alumina nanoparticles are 6.9% and 1.0%, respectively; for samples
shown in (¢ f), the mass fraction of additive used and the target mass fraction alumina nanoparticles
are 10.1% and 1.5%, respectively.

The morphologies of these secondary nanostructures are better revealed at higher values of
magnification (~40,000x). As shown in the figure, these secondary nanostructures appear as a porous
foam (percolation network) in the solar salt nanofluid samples. The alumina nanoparticles are not
apparent in these SEM images which suggests that the nanoparticles are fully enveloped by the induced
secondary nanostructures. The size of the stem (i.e., length) of these nanostructures was estimated to
be ~50 nm from the SEM images obtained at higher magnification (see Supplementary Material S8 for
the detailed analysis). With increasing values of the target mass concentration of the nanoparticles,
the percolation networks in the SEM images—obtained at higher magnification—were observed to be
denser (i.e., regions with the amorphous phase intervening the percolation networks was observed to
decrease). This is indicative of the merger and aggregation of the secondary nanostructure induced by
the nanoparticles. This is probably due to higher nucleation density of the alumina nanoparticles at
higher concentration of the aluminum nitrate nonahydrate additive. This could also lead to higher
propensity for agglomeration and precipitation of the nanoparticles at higher mass concentrations
(i.e., for mass fractions exceeding 1%). Hence, the level of enhancement of the specific heat capacity was
reduced for the solar salt nanofluid samples with target mass fractions of nanoparticles exceeding 1%.
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4. Discussion

4.1. Mechanistic Understanding of Specific Heat Capacity Enhancement—The Role of Compressed Layer at
Nanoparticle Surface

In traditional mixing models, it is assumed that the specific heat capacity of a mixture (such as,
ananofluid) is a mass-fraction weighted sum of the specific heat capacity of the individual components
(i.e., both the solvent phase and the constituent nanoparticles):

[MxCy] + [(M — Mx)C/]
M

Crotal = )
where, M is the total mass of the mixture, x is the mass fraction of the nanoparticles, and C is the
specific heat capacity of the nanoparticle. The subscripts n and ! denote the properties of the bulk liquid
phase and nanoparticle, respectively. Typically, solids (and therefore nanoparticles) have significantly
lower values of specific heat capacity (less than 1 J/g-K) compared to that of liquids, such as molten
salts (e.g., in the range of 1~2 ]/g-K). Equation (9), therefore, would predict the degradation in the
values of specific heat capacity of solvents when mixed with solids, especially where the solid phase
is immiscible or does not form a colloidal suspension. However, experimental results contradict
this prediction where specific heat capacity values are enhanced on mixing with solid nanoparticles
(e.g., in the form of stable colloidal suspension). Modified models were, therefore, developed to
mitigate these discrepancies by accounting for the high surface energy of nanoparticles compared to
the bulk property values of the solid phase [48,49] and recognizing the existence of a “compressed
phase” or “compressed layer” that is induced on the surface of the nanoparticle by molecules of the
solvent phase that are adsorbed on the surface [50,51]. In the compressed layer, the dominance of the
adhesive forces over the cohesive forces causes the molecules of the solvent phase in the vicinity of
the nanoparticle surface to be packed into smaller volumes which results in a higher mass density
and a greater total potential energy. If we segment the total internal energy into the kinematic energy
(“KE”, resulting from translational motion of the constituent molecules) and the potential energy (“PE”,
resulting from the relative position of the constituent molecules), then the ratio between PE and KE for
molecules confined in the compressed layer can be increased by up to 10 times that of the molecules in
the bulk phase of the solvent (see Supplementary Material S9 for detailed quantitative analysis). Thus,
a larger amount of total energy (KE + PE) input is required for increasing the KE of the molecules in the
compressed phase (i.e., to the same level as the KE of the molecules in the bulk phase of the solvent).
Since temperature is a direct indication of KE, this analysis essentially implies that the molecules in the
compressed layer have higher values of specific heat capacity compared to that of the bulk phase of
the solvent. In other words, it becomes more difficult for the molecules in the compressed layer to
gain momentum, unless the energy input is large enough to overcome the potential energy barrier
of the compressed phase. This scenario closely resembles the melting process, in which a significant
fraction of the energy input is expended in overcoming the intermolecular bonds in the solid phase
(while a very small fraction of the total energy is available for increasing the kinematic energy of each
individual molecule in the solid phase as it transitions to the liquid phase). Hence, if we assume that
the inter-molecular structure of the compressed phase is similar to the solid phase of the pure solvent
(i.e., the molten salt or pure solar salt) at the phase transition point from solid to liquid, then the specific
heat capacity of the compressed phase can be estimated to be similar to that of the solid phase near
the melting point. Figure 6 shows that the specific heat capacity of pure molten salt measured by
modulated differential scanning calorimetry (MDSC) over four continuous cycles. According to the
results shown in the figure, the specific heat capacity of the compressed phase (as shown by the peak
value of the specific heat capacity curve at the melting point) is approximately 10 times that of the
liquid phase.
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Figure 6. The specific heat capacity curve of solar salt during the phase change process.

If the specific heat capacity of the compressed layer adsorbed on nanoparticle surface is to be
included as a distinctly separate component for predicting the specific heat capacity of molten salt
nanofluids, then the net value of the specific heat capacity of molten salt nanofluid is calculated by
adding the mass fraction weighted values of the specific heat capacity of the three constituents—the
nanoparticle, the compressed phase and the bulk liquid phase (solvent)—as shown below:

ms My I
— [MxCy] + [ 2= MxCy] 4]—\/1[(M Mix — 2 Mx)C) | .

where, (m,/m;,) is the ratio between the mass fraction of the compressed layer and the nanoparticle and
Cs is the specific heat capacity of the compressed layer. The calculation of this ratio can be performed
using the shape and size (i.e., morphology) of the nanoparticle. As an example, assume that the
compressed layer forms a concentric envelop with a thickness of 6 around a spherical nanoparticle
with a diameter of Dy, then Equation (10) can be re-written as:
2 \’
(1 + an) - 1}}Cl (11)

Crotal = [X]Cos + {(x%)[(l n éfp )3 _ 1]}@ + {1 —x- ("%)

As predicted by Equation (11), when diameter of the nanoparticle is much greater than the
thickness of the compressed layer, the volume fraction of the compressed layer on nanoparticle surface
will become sufficiently small such that the proportional contribution to the net value of specific heat
capacity will be negligible or insignificant. According to the past literature study, the thickness of the
compressed layer absorbed on nanoparticle surface is around 1 nm [52]. The specific heat capacity and
density of pure solar salt (i.e., NaNO3-KNOj eutectic) were measured to be 1500 J/kg-K and 2000 kg/m?,
respectively [53]. The specific heat capacity and density of the Al,O3 nanoparticles were estimated to
be 880 J/kg-K and 3890 kg/m?, respectively, according to US Research Nanomaterials, Inc. Substituting
these parameters in Equation (11), we can predict the specific heat capacity of molten salt nanofluid
containing different mass concentrations of nanoparticles, as shown in Figure 7.
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Figure 7. Numerical prediction for the percentage of specific heat capacity enhancement of solar
salt nanofluid (containing Al,O3 nanoparticles) as a function of nanoparticle size at five different
mass concentrations.

As shown by the results in Figure 7, the level of enhancement is highly sensitive to the mass
concentration and the diameter of the nanoparticles. In particular, the specific heat capacity is only
enhanced by a significant margin when the mass concentration of the nanoparticle is sufficiently large
and the size of the nanoparticle is sufficiently small. However, for the three mass concentrations
explored in this study, the predictions in Figure 7 only shows marginal change (<1%) in the value of the
specific heat capacity and the effect of the compressed phase (i.e., the contribution of the compressed
phase to the net specific heat capacity) is almost negligible when the size of the nanoparticle is greater
than 25 nm. This prediction is, therefore, inconsistent with the experimental results obtained in this
study (as well as prior reports in the literature)—since significant enhancement in specific heat capacity
values were observed for solar salt nanofluids with alumina nanoparticles at mass concentration of 1%
and for the diameter of the nanoparticles ranging from 10~50 nm. In other words, the contribution from
the compressed layer itself is insufficient for explaining the substantial enhancement in the specific
heat capacity.

4.2. Mechanistic Understanding of Specific Heat Capacity Enhancement—The Role of Secondary
Nanostructures

As stated earlier, an important feature observed from the SEM images in Figure 5 is that the
fraction of area occupied by the ridge-shaped microstructures is far greater than the mass concentration
of the nanoparticle in the molten salt. This characteristic essentially suggests that the presence of
the nanoparticle may induce a long-range effect in the molten salt which facilitates the formation
of secondary micro/nano structures. Molten salts are ionic liquids which typically dissociate into
positive and negative ions. In the liquid state, the solar salt is composed of free Na*, K* and NOj3
ions. Due to the exposed crystal facets and surface defects on a solid surface (such as a nanoparticle
surface), these ions can be adsorbed preferentially depending on the intermolecular affinity for each
ion for a given surface. The preferential adsorption of ions on a solid surface significantly alters its
apparent surface charge distribution resulting in accumulation of surface charges. Considering Al,O3
nanoparticle as an example, the NOj anion could be chemisorbed to the metal cation in the particle
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surface with three different bonding structures [54], as shown in Figure 8. In recent years, the importance
of ionic interaction on the specific heat capacity of molten salt nanofluid has been acknowledged
by a number of studies. For example, Mondragon et al. [55] performed Fourier transform infrared
spectroscopy tests to confirm the chemisorption of nitrate ions on silica and alumina nanoparticles in
molten salt nanofluids. They further measured the ionic exchange capacity (IEC) of the nanoparticles
and observed a positive relationship between the specific heat capacity enhancement of the nanofluid
and the IEC of the nanoparticle. Such a finding confirms the contribution of absorbed ions on the
specific heat capacity of molten salt nanofluids.

7N\ /\
. \/
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bridging nitrate bidentate nitrate monodentate nitrate

Figure 8. Possible chemisorption structure of nitrate ion on Al,O3 surface.

The preferential adsorption of NOj on the surface of the alumina nanoparticle causes progressive
build up of a net negatively charged surface potential (i.e., the nanoparticle develops a negative
charge with reference to the bulk solvent phase). This in turn, induces substantial electrostatic
attractive/repulsive forces near the particle surface as well as between nanoparticles in the vicinity
of each surface. Various reports in the literature have demonstrated that under the influence of a
strong electrostatic driving force, the ordered ionic liquid layer could extend to more than 10 nm in
thickness [56-58]. In certain cases, the ordered layer extends 1000 nm, in which strong preferential
alignments of molecules were revealed in the compressed layer where the adsorbed molecules can
align mutually to start mimicking the underlying crystal structure of the solid surface (i.e., an epitaxial
structure can form) [59]. Therefore, it is inferred that the mutual interactions in multi-body and
multi-component systems can cause these ordered layers to extend from the surface of each
nanoparticle and form “bridges” to other nanoparticles in the vicinity. These bridges (i.e., the secondary
nanostructures) will then cause the nanoparticles to become inter-connected and to form the foam-like
percolation networks, as shown in Figure 9. Similar types of feature have also been observed and
confirmed in our previous studies [16,60].

Considering that long-range secondary structures are observed in the solar salt nanofluid samples
(as shown in Figure 9), Equation (10) could be modified to predict the net heat capacity of molten salt
nanofluids by incorporating the additional effect arising from the long-range nanostructures induced
in the molten salt, as follows:

[MxCy] + | 2 MxCy | + [ MxCy | + [(M = Mx = 2 Mx - 22 Mx)C|

Ctotal = M (12)

where, mf/mn is the ratio of mass fraction between induced long-range nanostructures and nanoparticle,
while Cy is the heat capacity of the long-range nanostructure. The determination of mg/m, and C¢
would require some additional technique and exploration in the future. In particular, if the secondary
nanostructures are indeed composed of ordered ionic layers formed under the electrostatic driving
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force, then these nanostructures can have different elemental composition and structure from the
bulk amorphous phase which make it more difficult to estimate their thermophysical properties.
Nevertheless, since the mass fraction of the secondary nanostructures can be quite significant,
Equation (12) provides a potentially reasonable explanation to rationalize the significant specific heat
enhancement in molten salt nanofluid that is achieved at only a minute concentration of nanoparticles.
Similar type of model has also been proposed in the study by Reinhard Hentschke who introduced the
“interacting mesolayer” concept to account for the contribution from the long-range “solid-like” layer
structure formed in the molten salt nanofluid. While his model can also yield quite consistent specific
heat capacity enhancement with some experimental studies when using properly selected parameters,
the specific heat capacity of the long-range mesolayer structure remains unclear which restricts the
application of the model. Therefore, the endeavor to estimate the specific heat capacity of nanofluids,
particularly for molten salt nanofluids, needs to account for the material property values as well as
the molecular structure of the solvent molecules in both the compressed phase and the secondary
nanostructures that can be induced by the presence of the nanoparticles in the solvent medium. It is
possible that the chemical composition and molecular level ordering of the compressed phase and
secondary nanostructures can be very different from each other as well as from the bulk phase of
the solvent.

(@)

Free ions in bulk liquid

o

nanoparticle

Percolation network of
ordered ionic liquid layer

Figure 9. Formation of secondary nanostructure (percolation network) by extended ordering of
molecules from the chemisorbed anions on the surface of nanoparticles. (a) Schematic showing
the secondary nanostructures forming a percolation network between nanoparticles from free ions
(or molecules) in the bulk phase of the solvent. (b) SEM image showing percolation network formed by
secondary nanostructures in solar slat nanofluids with alumna nanoparticles.

4.3. Mechanistic Understanding of the Effect of Nanoparticle Concentration on Specific Heat
Capacity Enhancement

In a nanofluid sample (i.e., a stable nanoparticle colloidal suspension), the average inter-particle
distance shrinks with increasing mass fraction of the nanoparticles (for a fixed size of the nanoparticles).
If the secondary micro/nano structures are confined to the space between the nanoparticles, then the
mass fraction of the secondary nanostructures should be reduced with decreasing distance between the
nanoparticles. Considering an ideal scenario in which all nanoparticles of the same size are distributed
uniformly in a molten salt nanofluid sample and all the percolation network formed by the secondary
structures of a fixed diameter (say, in the form of cylindrical shape of a fixed diameter) are confined to
the shortest distance between any two adjacent nanoparticles (as shown in Figure 10a), then the volume
of the secondary nanostructures (Vecondary) i proportional to the inter-particle distance (Ajuter—particte)
and mass fraction of the nanoparticles (¢yp), as shown in the following equation:

Vsecondury & Ainter—particle'(Pnp (13)
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Assuming homogeneous distribution of the nanoparticles of a fixed size, the inter-particle distance
is negatively correlated to nanoparticle concentration as:

-y
Ainter—particle 53 (14)
np
Substituting Equation (14) in Equation (13) yields:
Vsecondary o« (Pnp2/3(1 - (Pnpl/g) (15)

Based on Equation (15), the variation of the volume of the secondary nanostructure with
nanoparticle concentration (mass fraction) is plotted in Figure 10b. The plot shows that the volume
fraction of secondary nanostructure starts to decline when nanoparticle concentration exceeds 30%.

In reality, the nanoparticles are not distributed uniformly in the molten salt nanofluid samples.
As shown by the SEM images in Figure 5, the nanoparticles tend to cluster into closely packed
ensembles (or parcels) and each of these parcels are dispersed throughout the volume of the nanofluid
samples in discrete groups. Secondary nanostructures are observed to form between the nanoparticles
in each parcel. However, secondary nanostructures are not generally apparent between different
parcels. Therefore, when the nanoparticles are inter-connected by these secondary nanostructures in a
parcel, they tend to be isolated from another parcel due to the steric effect. Such an effect prevents the
nanoparticle from being uniformly dispersed in the molten salt solvent at liquid state. This locally
dispersed parcel configuration, as shown in Figure 11, results in a higher value of effective nanoparticle
concentration in each discrete parcel (i.e., the local values of mass fraction in each of these parcels
are significantly higher than that of the global average value). Consequently, the optimum value
(i.e., the global average value) of the mass concentration of the nanoparticles is achieved at ~1% while
the local value of mass fraction for the nanoparticles (in a parcel) is probably in the vicinity of ~30%,
as predicted in Figure 10b. In addition, it can be observed in Figure 5 that as the global average value
of the mass fraction of the nanoparticles is increased from 0.5% to 1.5%, the void space between the
nanoparticles in a parcel is reduced significantly. Hence, from a purely geometric consideration it is
suggested that the optimal value of the mass fraction of the nanoparticles for maximizing the volume
(or mass fraction) of the secondary nanostructures is in the range of 0.5% to 1%.
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Figure 10. (a) Conceptual model of percolation network formed by the secondary nanostructures
(in yellow) between adjacent nanoparticles (in red) in a nanofluid sample (the bulk of the solvent phase
is in blue color). The diameter of the nanoparticles and the percolation network are shown to be of the
same fixed size. (b) Volume fraction of secondary nanostructures as a function of the mass fraction of
the nanoparticles (of a fixed size and distributed uniformly in the volume of the nanofluid sample).
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Figure 11. Heterogeneous distribution of nanoparticles in a molten salt nanofluid sample showing
locally-dispersed nanoparticles in each parcel and the parcels are dispersed throughout the sample in a
heterogeneous configuration. (a) Schematic diagram. (b) SEM image of solar salt nanofluid sample
obtained by one-step synthesis protocol from aluminum nitrate nonahydrate additive (with a target
mass fraction of 1% for alumina nanoparticles).

5. Conclusions

In this study, solar salt-Al,O3 nanofluids at three different concentrations were prepared by
a one-step method in which the oxide nanoparticles were generated in the salt melt directly from
precursors. The morphological structures of the obtained nanomaterials were examined under scanning
electron microscopy and the specific heat capacities were measured using the temperature history
(T-history) method. Electron microscopy revealed clustering of Al;O3 nanostructures in closely packed
ensembles which were dispersed throughout the volume of the nanofluid samples in discrete groups.
A non-linear enhancement in the specific heat capacity of molten salt nanofluid was observed from the
thermal characterization at a nanoparticle mass concentration of 0.5%, 1.0%, and 1.5%. In particular,
a maximum enhancement of 38.7% in specific heat was found for the nanofluid sample prepared
with a target nanoparticle mass fraction of 1.0%. According to the morphological characteristic of
the molten salt nanofluid sample observed in SEM images, it is hypothesized that the chemisorption
of free ions on the nanoparticle surface and the associated long-range ionic effect could induce the
formation of secondary nanostructures in the solvent phase of molten salt nanofluid. These secondary
nanostructures are believed to play a critical role in controlling the enhancement in the specific heat
capacity of the molten salt nanofluids. These secondary network structures are inherently an extension
of the compressed layer formed in the vicinity of the nanoparticle surface and can occupy a significant
fraction of the total volume in the molten salt nanofluid sample even at a very low nanoparticle
concentration. Hence, the contribution from these secondary nanostructures, which acts virtually as the
fourth phase in the molten salt nanofluid system (i.e., in addition to the bulk solvent, the nanoparticle,
and the compressed layer on the nanoparticle surface), should be taken into consideration when
analyzing the specific heat capacity enhancement in the molten salt nanofluid system. Finally, using a
simple mathematical model, it was shown that for a constant value and uniform size of the nanoparticles
the volume fraction of the third phase (i.e., these networks of secondary nanostructures forming
the percolation network between adjacent nanoparticles) can first increase and then decline with
increasing nanoparticle concentration. Such physical behavior implies that an optimal value exists for
nanoparticle concentration for maximizing the enhancement of the specific heat capacity of molten salt
nanofluid samples.
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Fundamentally, there are still many unknowns that need to be resolved in order to elucidate the
transport mechanisms that are responsible for the anomalous enhancement of specific heat capacity
and thermal conductivity of molten salt nanofluid samples. One critical issue is the knowledge of
how the ions are arranged/packed in the secondary nanostructures (compressed phase as well as the
percolation network), their nucleation, growth and assembly. The structure-property relationships
for these secondary nanostructures need to be modeled and validated experimentally. Studies in the
literature have alluded to the “ordering behavior” of room temperature ionic liquids in the vicinity of a
charged surface. However, similar studies for high temperature molten salt (>500 °C), involving both
experimental and numerical approaches, are still unavailable and are desired in future. Sophisticated
instrumentation that operates at these high temperatures needs to be developed in order to develop
enhanced cognition of the transport processes involved in the molten salt nanofluid samples. From the
practical perspective, ensuring a good stability of the nanofluid is also an important issue since the
properties of nanofluids could be drastically affected by the clustering and aggregation of nanoparticles.
However, keeping nanoparticles suspended uniformly in the base fluid for long enough is still a
challenging task, since clustering of nanoparticles in fluid is a natural and spontaneous process due
to the strong Brownian motion of liquid molecules which promote collision between nanoparticles,
while the high surface energy of nanoparticles promotes adhesion after collisions. For conventional
nanofluids based on water or organic solvents, some of the typical strategies utilized for ensuring
long-term stability include mechanical mixing (e.g., ultrasonication, high-pressure homogenizer),
adding dispersing agents, controlling the pH value of the solvent, and grafting functional groups on
the surface of nanoparticles [43]. For a molten salt system, however, the adsorption of free nitrate ions
on the nanoparticle surface naturally provides a strong electrostatic repulsive force between different
nanoparticles which reduces the possibility of agglomeration. Developing a quantitative relationship
between the ion adsorption to the surface and the stability of molten salt nanofluid will also be an
important topic to explore in the future.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/10/11/2266/s1.

Author Contributions: Conceptualization, D.S. and D.B.; methodology, B.M.; D.S. and D.B.; software, B.M.;
validation, D.S.; formal analysis, B.M.; investigation, B.M. and D.S.; resources, D.S. and D.B.; data curation,
B.M. and D.S.; writing—original draft preparation, B.M.; writing—review and editing, D.B.; visualization, B.M.;
supervision, D.B.; project administration, D.B. funding acquisition, D.S. and D.B. All authors have read and agreed
to the published version of the manuscript.

Funding: This research was funded by Alstom (currently part of General Electric/GE).

Acknowledgments: The authors gratefully acknowledge the discussions with personnel from Alstom, Zurich
(currently part of General Electric/GE) and GE-Power, Connecticut, USA; as well as with the researchers and
research-support-personnel at Texas A&M University (TAMU): such as the Microscopy and Imaging (MIC) center,
the Materials Characterization Facility (MCF)/Aggiefab, the Supercomputing Center/High Performance Research
Computing, etc.; that enabled the generation and optimization of the experimental data that are included in
this manuscript. This work was performed under sponsorship from GE-Alstom (Grant No. M1402238) as a
collaborative research project at the campuses of Texas A&M University (TAMU-CS), College Station (as the prime
recipient) and the University of Texas (UTA), Arlington (as the sub-recipient/ sub-contract). During the execution
of this project, B. Ma and D. Banerjee performed the research tasks at TAMU-CS and D. Shin at UTA.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Richter, C; Teske, S.; Short, R. Concentrating Solar Power Global Outlook 09. Available online: https://www.
greentechmedia.com/images/wysiwyg/News/Greenpeace_concentratingsolarpower2009.pdf (accessed on
26 July 2006).

2. Tsao,].; Lewis, N.; Crabtree, G. Solar Fags; US Department of Energy: Washington, DC, USA, 2006; Volume 13.

3. International Energy Agency. Key World Energy Statistics; International Energy Agency: Paris, France, 2015.

4. Gil, A,; Medrano, M.; Martorell, I.; Lazaro, A.; Dolado, P.; Zalba, B.; Cabeza, L.F. State of the art on high
temperature thermal energy storage for power generation. Part 1—Concepts, materials and modellization.
Renew. Sustain. Energy Rev. 2010, 14, 31-55. [CrossRef]


http://www.mdpi.com/2079-4991/10/11/2266/s1
https://www.greentechmedia.com/images/wysiwyg/News/Greenpeace_concentratingsolarpower2009.pdf
https://www.greentechmedia.com/images/wysiwyg/News/Greenpeace_concentratingsolarpower2009.pdf
http://dx.doi.org/10.1016/j.rser.2009.07.035

Nanomaterials 2020, 10, 2266 20 of 22

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Zhang, M.; Reddy, R. Evaluation of ionic liquids as heat transfer materials in thermal storage systems.
Mater. Sci. Technol. AIST 2007, 2, 1061.

Kearney, D.; Herrmann, U.; Nava, P; Kelly, B.; Mahoney, R.; Pacheco, J.; Cable, R.; Potrovitza, N.; Blake, D.;
Price, H. Assessment of a molten salt heat transfer fluid in a parabolic trough solar field. J. Sol. Energy Eng.
2003, 125, 170-176. [CrossRef]

Reddy, R.G. Novel Molten Salts Thermal Energy Storage for Concentrating Solar Power Generation; University of
Alabama: Tuscaloosa, AL, USA, 2013.

Block, T.; Schmticker, M. Metal oxides for thermochemical energy storage: A comparison of several metal
oxide systems. Solar Energy 2016, 126, 195-207. [CrossRef]

Murphy, C.; Sun, Y.; Cole, W.J.; Maclaurin, G.J.; Mehos, M.S.; Turchi, C.S. The Potential Role of Concentrating
Solar Power within the Context of DOE’s 2030 Solar Cost Targets; National Renewable Energy Lab. (NREL):
Golden, CO, USA, 2019.

International Renewable Energy Agency. Renewable Power Generation Costs in 2019; IRENA: Abu Dhabi, UAE, 2020.
Masuda, H.; Ebata, A.; Teramae, K. Alteration of thermal conductivity and viscosity of liquid by dispersing
ultra-fine particles. Dispersion of Al,O3, SiO; and TiO; ultra-fine particles. Netsu Bussei 1993, 7, 227-233.
[CrossRef]

Choi, S.U.; Eastman, J.A. Enhancing Thermal Conductivity of Fluids with Nanoparticles; Argonne National Lab.:
Lemont, IL, USA, 1995.

Ueki, Y.; Fujita, N.; Kawai, M.; Shibahara, M. Molten salt thermal conductivity enhancement by mixing
nanoparticles. Fusion Eng. Design 2018, 136, 1295-1299. [CrossRef]

Madathil, PK.; Balagi, N.; Saha, P; Bharali, J.; Rao, P.V.; Choudary, N.V.; Ramesh, K. Preparation and
characterization of molten salt based nanothermic fluids with enhanced thermal properties for solar thermal
applications. Appl. Therm. Eng. 2016, 109, 901-905. [CrossRef]

Ueki, Y.; Fujita, N.; Kawai, M.; Shibahara, M. Thermal conductivity of molten salt-based nanofluid. Aip Adv.
2017, 7, 055117. [CrossRef]

Ma, B.; Banerjee, D. Experimental measurements of thermal conductivity of alumina nanofluid synthesized
in salt melt. AIP Adv. 2017, 7, 115124. [CrossRef]

Garg, J.; Poudel, B.; Chiesa, M.; Gordon, J.; Ma, ].; Wang, J.; Ren, Z.; Kang, Y.T.; Ohtani, H.; Nanda, ]. Enhanced
thermal conductivity and viscosity of copper nanoparticles in ethylene glycol nanofluid. J. Appl. Phys. 2008,
103, 074301. [CrossRef]

Mishra, P.C.; Mukherjee, S.; Nayak, S.K.; Panda, A. A brief review on viscosity of nanofluids. Int. Nano Lett.
2014, 4, 109-120. [CrossRef]

Suganthi, K.S.; Anusha, N.; Rajan, K.S. Low viscous ZnO-propylene glycol nanofluid: A potential coolant
candidate. J. Nanopart. Res. 2013, 15, 1986. [CrossRef]

Namburu, P; Kulkarni, D.; Dandekar, A.; Das, D. Experimental investigation of viscosity and specific heat of
silicon dioxide nanofluids. Micro Nano Lett. 2007, 2, 67-71. [CrossRef]

Zhou, S.-Q.; Ni, R. Measurement of the specific heat capacity of water-based Al,O3 nanofluid. Appl. Phys. Lett.
2008, 92, 093123. [CrossRef]

Vajjha, R.S.; Das, D.K. Specific heat measurement of three nanofluids and development of new correlations.
J. Heat Transf. 2009, 131, 071601. [CrossRef]

Zhou, L.-P; Wang, B.-X; Peng, X.-F.; Du, X.-Z.; Yang, Y.-P. On the specific heat capacity of CuO nanofluid.
Adv. Mech. Eng. 2010, 2, 172085. [CrossRef]

Tiznobaik, H.; Shin, D. Enhanced specific heat capacity of high-temperature molten salt-based nanofluids.
Int. ]. Heat Mass Transf. 2013, 57, 542-548. [CrossRef]

Lu, M.-C.; Huang, C.-H. Specific heat capacity of molten salt-based alumina nanofluid. Nanoscale Res. Lett.
2013, 8, 292. [CrossRef]

Qiao, G.; Lasfargues, M.; Alexiadis, A.; Ding, Y. Simulation and experimental study of the specific heat
capacity of molten salt based nanofluids. Appl. Therm. Eng. 2017, 111, 1517-1522. [CrossRef]

Ho, M.X,; Pan, C. Optimal concentration of alumina nanoparticles in molten Hitec salt to maximize its
specific heat capacity. Int. |. Heat Mass Transf. 2014, 70, 174-184. [CrossRef]

Andreu-Cabedo, P.; Mondragon, R.; Hernandez, L.; Martinez-Cuenca, R.; Cabedo, L.; Julia, J.E. Increment
of specific heat capacity of solar salt with SiO, nanoparticles. Nanoscale Res. Lett. 2014, 9, 582. [CrossRef]
[PubMed]


http://dx.doi.org/10.1115/1.1565087
http://dx.doi.org/10.1016/j.solener.2015.12.032
http://dx.doi.org/10.2963/jjtp.7.227
http://dx.doi.org/10.1016/j.fusengdes.2018.04.121
http://dx.doi.org/10.1016/j.applthermaleng.2016.04.102
http://dx.doi.org/10.1063/1.4984770
http://dx.doi.org/10.1063/1.5007885
http://dx.doi.org/10.1063/1.2902483
http://dx.doi.org/10.1007/s40089-014-0126-3
http://dx.doi.org/10.1007/s11051-013-1986-6
http://dx.doi.org/10.1049/mnl:20070037
http://dx.doi.org/10.1063/1.2890431
http://dx.doi.org/10.1115/1.3090813
http://dx.doi.org/10.1155/2010/172085
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2012.10.062
http://dx.doi.org/10.1186/1556-276X-8-292
http://dx.doi.org/10.1016/j.applthermaleng.2016.07.159
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2013.10.078
http://dx.doi.org/10.1186/1556-276X-9-582
http://www.ncbi.nlm.nih.gov/pubmed/25346648

Nanomaterials 2020, 10, 2266 21 of 22

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Chieruzzi, M.; Cerritelli, G.F,; Miliozzi, A.; Kenny, ].M. Effect of nanoparticles on heat capacity of nanofluids
based on molten salts as PCM for thermal energy storage. Nanoscale Res. Lett. 2013, 8, 448. [CrossRef]
[PubMed]

Ercole, D.; Manca, O.; Vafai, K. An investigation of thermal characteristics of eutectic molten salt-based
nanofluids. Int. Commun. Heat Mass Transf. 2017, 87, 98-104. [CrossRef]

Shin, D.; Banerjee, D. Enhancement of specific heat capacity of high-temperature silica-nanofluids synthesized
in alkali chloride salt eutectics for solar thermal-energy storage applications. Int. J. Heat Mass Transf. 2011,
54,1064-1070. [CrossRef]

Shin, D.; Banerjee, D. Enhanced specific heat of silica nanofluid. J. Heat Transf. 2011, 133, 024501. [CrossRef]
El Far, B.; Rizvi, S.M.M.; Nayfeh, Y.; Shin, D. Investigation of heat capacity and viscosity enhancements of
binary carbonate salt mixture with SiO, nanoparticles. Int. . Heat Mass Transf. 2020, 156, 119789. [CrossRef]
Nithiyanantham, U.; Gonzalez-Fernandez, L.; Grosu, Y.; Zaki, A.; Igartua, ].M.; Faik, A. Shape effect of Al;O3
nanoparticles on the thermophysical properties and viscosity of molten salt nanofluids for TES application
at CSP plants. Appl. Therm. Eng. 2020, 169, 114942. [CrossRef]

Grosu, Y.; Nithiyanantham, U.; Gonzalez-Fernandez, L.; Faik, A. Preparation and characterization of
nanofluids based on molten salts with enhanced thermophysical properties for thermal energy storage
at concentrate solar power. In AIP Conference Proceedings; AIP Publishing LLC.: Melville, NY, USA, 2019;
p- 200021.

Navarrete, N.; Hernandez, L.; Vela, A.; Mondragén, R. Influence of the production method on the
thermophysical properties of high temperature molten salt-based nanofluids. J. Mol. Lig. 2020, 302, 112570.
[CrossRef]

Chieruzzi, M.; Cerritelli, G.F; Miliozzi, A.; Kenny, ] M.; Torre, L. Heat capacity of nanofluids for solar energy
storage produced by dispersing oxide nanoparticles in nitrate salt mixture directly at high temperature. Solar
Energy Mater. Solar Cells 2017, 167, 60-69. [CrossRef]

Chen, X.; Wu, Y.-T.; Wang, X.; Ma, C.-F. Experimental study on thermophysical properties of molten salt
nanofluids prepared by high-temperature melting. Solar Enerqy Mater. Solar Cells 2019, 191, 209-217.
[CrossRef]

Luo, Y,; Du, X.; Awad, A.; Wen, D. Thermal energy storage enhancement of a binary molten salt via in-situ
produced nanoparticles. Int. |. Heat Mass Transf. 2017, 104, 658—-664. [CrossRef]

Lasfargues, M.; Bell, A.; Ding, Y. In situ production of titanium dioxide nanoparticles in molten salt phase
for thermal energy storage and heat-transfer fluid applications. J. Nanopart. Res. 2016, 18, 150. [CrossRef]
[PubMed]

Huang, Y,; Cheng, X.; Li, Y.; Yu, G.; Xu, K,; Li, G. Effect of in-situ synthesized nano-MgO on thermal properties
of NaNO;3-KNOj. Solar Energy 2018, 160, 208-215. [CrossRef]

Lasfargues, M.; Stead, G.; Amjad, M.; Ding, Y.; Wen, D. In Situ production of copper oxide nanoparticles
in a binary molten salt for concentrated solar power plant applications. Materials 2017, 10, 537. [CrossRef]
[PubMed]

Ma, B.; Banerjee, D. A review of nanofluid synthesis. In Advances in Nanomaterials; Springer: Berlin/Heidelberg,
Germany, 2018; pp. 135-176.

Chen, L.-C.; Ho, C.-C. Submerged arc spray synthesis of TiO, nanoparticles with desired form sphericity
using process characterization and optimization. J. Nanosci. Nanotechnol. 2008, 8, 518-526. [CrossRef]
[PubMed]

Kim, H.J.; Bang, I.C.; Onoe, ]. Characteristic stability of bare Au-water nanofluids fabricated by pulsed laser
ablation in liquids. Opt. Lasers Eng. 2009, 47, 532-538. [CrossRef]

Bradshaw, R.W,; Siegel, N.P. Molten nitrate salt development for thermal energy storage in parabolic trough
solar power systems. In Proceedings of the Energy Sustainability, Jacksonville, FL, USA, 10-14 August 2008;
pp. 631-637.

Ma, B.; Kumar, N.; Kuchibhotla, A.; Banerjee, D. Experimental Measurement of the Effect of Particle
Concentration on the Specific Heat Capacity of Silica Nanofluids. In Proceedings of the 2018 17th IEEE
Intersociety Conference on Thermal and Thermomechanical Phenomena in Electronic Systems (ITherm),
San Diego, CA, USA, 29 May-1 June 2018; pp. 246-251.

Nanda, K.; Maisels, A.; Kruis, F,; Fissan, H.; Stappert, S. Higher surface energy of free nanoparticles.
Phys. Rev. Lett. 2003, 91, 106102. [CrossRef]


http://dx.doi.org/10.1186/1556-276X-8-448
http://www.ncbi.nlm.nih.gov/pubmed/24168168
http://dx.doi.org/10.1016/j.icheatmasstransfer.2017.06.022
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2010.11.017
http://dx.doi.org/10.1115/1.4002600
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2020.119789
http://dx.doi.org/10.1016/j.applthermaleng.2020.114942
http://dx.doi.org/10.1016/j.molliq.2020.112570
http://dx.doi.org/10.1016/j.solmat.2017.04.011
http://dx.doi.org/10.1016/j.solmat.2018.11.003
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2016.09.004
http://dx.doi.org/10.1007/s11051-016-3460-8
http://www.ncbi.nlm.nih.gov/pubmed/27358585
http://dx.doi.org/10.1016/j.solener.2017.11.077
http://dx.doi.org/10.3390/ma10050537
http://www.ncbi.nlm.nih.gov/pubmed/28772910
http://dx.doi.org/10.1166/jnn.2008.D248
http://www.ncbi.nlm.nih.gov/pubmed/18464365
http://dx.doi.org/10.1016/j.optlaseng.2008.10.011
http://dx.doi.org/10.1103/PhysRevLett.91.106102

Nanomaterials 2020, 10, 2266 22 of 22

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Yao, Y.; Wei, Y.; Chen, S. Size effect of the surface energy density of nanoparticles. Surf. Sci. 2015, 636, 19-24.
[CrossRef]

Jo, B.; Banerjee, D. Enhanced specific heat capacity of molten salt-based carbon nanotubes nanomaterials.
J. Heat Transf. 2015, 137, 091013. [CrossRef]

Kim, H.J.; Jo, B. Anomalous increase in specific heat of binary molten salt-based graphite nanofluids for
thermal energy storage. Appl. Sci. 2018, 8, 1305. [CrossRef]

Shin, D.; Banerjee, D. Enhanced specific heat capacity of nanomaterials synthesized by dispersing silica
nanoparticles in eutectic mixtures. J. Heat Transf. 2013, 135, 032801. [CrossRef]

Iwadate, Y.; Okada, I.; Kawamura, K. Density and heat capacity of molten sodium nitrite-potassium nitrate
mixtures. J. Chem. Eng. Data 1982, 27, 288-290. [CrossRef]

Zhang, X.; He, H.; Gao, H.; Yu, Y. Experimental and theoretical studies of surface nitrate species on Ag/Al,O3
using DRIFTS and DFT. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2008, 71, 1446-1451. [CrossRef]
[PubMed]

Mondragoén, R.; Julia, J.E.; Cabedo, L.; Navarrete, N. On the relationship between the specific heat enhancement
of salt-based nanofluids and the ionic exchange capacity of nanoparticles. Sci. Rep. 2018, 8, 7532. [CrossRef]
[PubMed]

Atkin, R.; Borisenko, N.; Driischler, M.; Endres, F.; Hayes, R.; Huber, B.; Roling, B. Structure and dynamics of
the interfacial layer between ionic liquids and electrode materials. J. Mol. Lig. 2014, 192, 44-54. [CrossRef]
Hayes, R.; Warr, G.G.; Atkin, R. Structure and nanostructure in ionic liquids. Chem. Rev. 2015, 115, 6357-6426.
[CrossRef]

Jurado, L.A.; Kim, H.; Arcifa, A.; Rossi, A.; Leal, C.; Spencer, N.D.; Espinosa-Marzal, R.M. Irreversible
structural change of a dry ionic liquid under nanoconfinement. Phys. Chem. Chem. Phys. 2015,17,13613-13624.
[CrossRef]

Anaredy, R.S.; Shaw, S.K. Long-range ordering of ionic liquid fluid films. Langmuir 2016, 32, 5147-5154.
[CrossRef]

Tiznobaik, H.; Banerjee, D.; Shin, D. Effect of formation of “long range” secondary dendritic nanostructures
in molten salt nanofluids on the values of specific heat capacity. Int. |. Heat Mass Transf. 2015, 91, 342-346.
[CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.susc.2015.01.016
http://dx.doi.org/10.1115/1.4030226
http://dx.doi.org/10.3390/app8081305
http://dx.doi.org/10.1115/1.4005163
http://dx.doi.org/10.1021/je00029a017
http://dx.doi.org/10.1016/j.saa.2008.04.015
http://www.ncbi.nlm.nih.gov/pubmed/18524669
http://dx.doi.org/10.1038/s41598-018-25945-0
http://www.ncbi.nlm.nih.gov/pubmed/29760478
http://dx.doi.org/10.1016/j.molliq.2013.08.006
http://dx.doi.org/10.1021/cr500411q
http://dx.doi.org/10.1039/C4CP05592F
http://dx.doi.org/10.1021/acs.langmuir.6b00304
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2015.05.072
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Sample Preparation 
	Material Characterization 
	Specific Heat Capacity Measurement 

	Results 
	Thermophysical Properties 
	Material Morphology 

	Discussion 
	Mechanistic Understanding of Specific Heat Capacity Enhancement—The Role of Compressed Layer at Nanoparticle Surface 
	Mechanistic Understanding of Specific Heat Capacity Enhancement—The Role of Secondary Nanostructures 
	Mechanistic Understanding of the Effect of Nanoparticle Concentration on Specific Heat Capacity Enhancement 

	Conclusions 
	References

