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specific heat capacity
enhancement of ternary carbonate nanofluids with
SiO2 nanoparticles: the effect of change in the
composition ratio

Lixia Sang, * Wenming Ai, Tai Liu, Yuting Wu and Chongfang Ma

Ternary carbonate nanofluids have proven to be a promising high temperature thermal energy storage and

transfer medium for solar thermal power. For the ternary carbonate K2CO3–Li2CO3–Na2CO3 (4 : 4 : 2, mass

ratio) with SiO2 nanoparticles prepared using a two-step solution method, the enhancement of the specific

heat capacity was up to 113.7% at 540 �C compared to the ternary carbonate prepared by a direct mixing

method. The present work aims to give insights into the marked enhancement of specific heat capacity.

The effect of evaporation temperature on the nanostructures formed in ternary carbonate nanofluids is

discussed for the enhancement of specific heat capacity. More importantly, based on an analysis of

inductively coupled plasma atomic emission spectrometry, it is revealed that the composition ratio of the

ternary carbonate, which can influence its specific heat capacity, was changed during the evaporation

process in an electrothermal drier. Besides a difference in the solubility of the carbonates in water, it is

demonstrated that the heating mode can affect the composition ratio of mixed molten salts.
1. Introduction

Solar energy is regarded as the best renewable source to solve
the problems of the energy crisis and environmental pollution,
with the characteristics of being clean and inexhaustible.1

Concentrated solar power (CSP) systems are promising tech-
nology for the collection and use of solar thermal energy to
generate electricity.2 Molten salts have been considered as good
candidates for a thermal energy storage medium or a heat
transfer uid in CSP plants due to their higher operating
temperature, better thermal stability and lower vapor pres-
sure.3,4 However, the main drawback of molten salts is their
relatively poor specic heat capacity, which is generally less
than 2 J g�1 K�1.5 If molten salts had a higher specic heat
capacity, they could enable a signicant improvement to heat
transfer efficiency and reduce the cost of CSP plants.6–8 Mixing
molten salts with nanoparticles to form nanouids is an effec-
tive approach to improving the specic heat capacity.9–16

Although nanoparticles in nanouids can enhance the
specic heat capacity, they aggregate easily and form clusters
owing to their large specic surface area and high specic surface
energy. Many experimental results have indicated that a good
dispersion of nanoparticles in molten salts plays a signicant
and Energy Conservation of Ministry of
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.cn
role in enhancing the specic heat capacity.17,18 To obtainmolten
salt nanouids with better dispersion homogeneity, various
nanoparticles with different sizes and concentrations have been
widely applied and investigated.19–24 Lasfargues et al.22 obtained
binary nitrate nanouids by a mechanical dispersion method
and found an increase of 10.48% in the specic heat capacity of
a binary nitrate with 0.1 wt% CuO nanoparticles (29 nm). By
mixing SiO2 nanoparticles (60 nm) with a ternary nitrate using
a two-step solutionmethod, the enhancement of the specic heat
capacity was 13% and the optimal concentration of SiO2 was
1 wt%.23 Through the two-step solution method, Shin et al.24

prepared chloride salt eutectic nanouids and found that the
enhancement of the specic heat capacity was 14.5% when
adding 1 wt% SiO2 with a 26 nm diameter. As shown above, the
two-step solution method has been usedmore in the preparation
of molten salt nanouids. In the second step, the sample solu-
tions were evaporated by a hot plate in most studies.17,18,23–27 Jo
et al.26 reported that the specic heat capacity of binary carbonate
eutectic-carbon nanotube nanouids increased linearly with the
hotplate temperature. However, in Shin’s study,27 for Li2CO3–

K2CO3 eutectic salt nanouids with 1 wt% SiO2 (10 nm), the
average specic heat capacity of samples heated at 60 �C was
higher than that of samples boiled at 100 �C. Explanation of the
variation in the thermophysical properties of the different
samples only referred to the amount of the agglomeration of the
nanoparticles, as well as the formation of a compressed phase
due to a different evaporation process. In fact, evaporation
processes with different temperatures and heating modes may
This journal is © The Royal Society of Chemistry 2019
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View Article Online
affect the composition ratio of molten salts. Differences in the
composition ratio ofmixedmolten salts can bring about different
specic heat capacities.28 Therefore, more studies should focus
on clarifying these factors for the enhancement of specic heat
capacity of molten salt nanouids.

In our previous work,19 in order to improve the Rankine cycle
efficiency of CSP, a ternary carbonate (TC) K2CO3–Li2CO3–Na2CO3

(4 : 4 : 2, mass ratio) with a relatively low melting point (410.5 �C)
and a high decomposition temperature (over 800 �C) was selected
as the base salts, and the specic heat capacity of the TC nano-
uids with different nanoparticles (SiO2, CuO, TiO2, and Al2O3) or
SiO2 with different sizes were investigated. Among the chosen
nanoparticles, SiO2 nanoparticles proved to be the most effective
additive in enhancing the specic heat capacity of the TC.19 In the
present work, we wanted to further explore the enhancement of
the specic heat capacity of the TC nanouids with SiO2 nano-
particles. The TC nanouids with SiO2 nanoparticles were
prepared using a two-step solution method. In the second step,
the solutions of the samples were heated in an electrothermal
drier rather than on a hot plate. The effects of the heating mode
and the evaporation temperature on the specic heat capacity of
the TC nanouids were studied. Furthermore, the composition
ratio changes of the as-prepared samples were analyzed, and their
inuence on the enhanced specic heat capacity was revealed.
2. Experimental
2.1. Preparation of the TC nanouids

The TC was prepared by a direct mixing method. All carbonates
were purchased from Tianjin Guangfu Technology Develop-
ment Co. Ltd, with purities above 99.0%, and were used without
further purication. SiO2 nanoparticles were selected from
Beijing DK Nanotechnology Co. Ltd. The average diameter of
the SiO2 nanoparticles, with a purity of 99.9%, was about 20 nm.
The TC nanouids with 1 wt% SiO2 nanoparticles were prepared
according to the steps in our previous work.19 Firstly, 25 mg of
SiO2 nanoparticles were added to 250 mL deionized water,
which was sonicated for 30 min. Then, 2.475 g ternary
carbonate was dissolved in the water solution, and sonicated for
120 min to get a uniform solution. At last, the obtained mixed
solution was evaporated in an electrothermal drier. Evaporation
temperatures were set as 160, 180, 200 and 240 �C, and the
corresponding samples were denoted as TC-SiO2-160, TC-SiO2-
180, TC-SiO2-200 and TC-SiO2-240, respectively. In addition, the
TC was also prepared using a two-step solution method with an
evaporation temperature of 180 �C, in order to explore the effect
Table 1 The pure TC and the TC nanofluids prepared by a two-step so

Samples Original constituents

TC (ternary carbonates) K2CO3–Li2CO3–Na2CO3 (4
TC-SiO2-160 K2CO3–Li2CO3–Na2CO3, 1
TC-SiO2-180 K2CO3–Li2CO3–Na2CO3, 1
TC-SiO2-200 K2CO3–Li2CO3–Na2CO3, 1
TC-SiO2-240 K2CO3–Li2CO3–Na2CO3, 1
TC-180 K2CO3–Li2CO3–Na2CO3 (4
TC-180 P K2CO3–Li2CO3–Na2CO3 (4

This journal is © The Royal Society of Chemistry 2019
of the preparation process on the property of the TC. The TC
heated in an electrothermal drier was denoted as TC-180, and
the TC heated on a hot plate was denoted as TC-180 P. All of the
as-prepared samples are listed in Table 1.
2.2. Measurement of the specic heat capacity

The specic heat capacities of the pure TC and the TC nanouids
were analyzed based on the sapphire method using a Simulta-
neous Thermal Analyzer (STA-449F3, NETZSCH). According to
the standard procedures of DIN51007, there should be a constant
temperature at the beginning and the end of the procedure.
Firstly, the temperature of the sample was heated at 40 �C for
15 min to ensure that the heat ux signal was stable. Secondly,
the temperature of the sample was ramped to 580 �C at a xed
ramp rate of 10 �C min�1. Lastly, the temperature of the sample
was maintained at 580 �C for 15 min to reach a stable condition.
The specic heat capacity of all of the samples was tested by the
same procedure. Since the instrument may be not stable aer
turning it on, the rst blank line with empty crucibles should be
discarded. The sample used for the measurement, with a weight
in the range of 10–15 mg, was dried at 140 �C for 2 h. In the
sapphire method, the heat ows of an empty crucible, a crucible
with sapphire and a crucible with the sample are measured in
sequence. Then, the specic heat capacity of the sample is
calculated by the three heat ow results and the specic heat
capacity of sapphire. The specic heat capacity of all of the
samples was measured three times to get the average value.

Uncertainties in the measurement are dependent on the
measurement deviations for each of the parameters, including
mass and heat ow. Taking f as a function of several independent
parameters fi, the n of the dependent parameter value is 2, and
the measurement uncertainty can be determined by eqn (1):14

dðlnf Þ ¼
Xn

i¼1

����
vlnf

vfi

����Dfi (1)

The accuracy of the electronic balance was �0.005 mg, and
the accuracy of the heat ow was �0.1 mW. Hence, the
measurement uncertainty of the specic heat capacity was
estimated to be less than 3% (relative).
2.3. Analysis of the microstructures and composition

The microstructures and EDS element mapping of the pure TC
and the TC nanouids were performed by scanning electron
microscopy (SEM) (S-3400N, Hitachi). The surface areas of the
lution method

Evaporation temperature

: 4 : 2, mass ratio) —
wt% SiO2 160 �C
wt% SiO2 180 �C
wt% SiO2 200 �C
wt% SiO2 240 �C
: 4 : 2, mass ratio) 180 �C (electrothermal drier)
: 4 : 2, mass ratio) 180 �C (hot plate)
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nanouids were analyzed using the Brunauer–Emmett–Teller
(BET) method (TriStar II 3020, Micromeritics).

Inductively Coupled Plasma Atomic Emission Spectrometry
(ICP-AES, 725E/Agilent) was used to measure the mass fraction
of elements (Li, Na, K) in the as-prepared samples with
a measurement uncertainty of less than 5% (relative). The
measurement was repeated three times to get the average value.
The composition ratio of the carbonates was calculated based
on the average value of the mass fraction of the elements.
3. Results and discussions
3.1. Effects of the evaporation temperature on the specic
heat capacity of the TC nanouids

During the preparation, the evaporation temperature in the
second step has a great inuence on the dispersion of SiO2
Fig. 1 Variation of specific heat capacity with temperature for the TC
evaporation temperature of 160 �C (b), 180 �C (c), 200 �C (d), and 240 �

5290 | RSC Adv., 2019, 9, 5288–5294
nanoparticles in the TC nanouids.18 Therefore, a suitable
evaporation temperature would need to be selected, and so this
was varied from 160 �C to 240 �C with temperature intervals of
20 �C during the preparation of the nanouids. To conrm the
accuracy of the instrument, the specic heat capacity of the
binary carbonate Li2CO3–K2CO3 (62 : 38, molar ratio) was
measured. The average value in the range of 525–555 �C was
1.59 J g�1 K�1, which is close to the previously reported value in
literature (1.60 J g�1 K�1).5 It is implied that this instrument and
temperature program for the measurement of specic heat
capacity is very reasonable. Fig. 1 shows the specic heat
capacity curves of the TC nanouids with SiO2 nanoparticles
prepared at different evaporation temperatures. For TC-SiO2-
160 and TC-SiO2-180, there was a good repeatability of the
specic heat capacity. However, the repeatability of the specic
heat capacity results of TC-SiO2-200 and TC-SiO2-240 was poor.
(a), and the TC nanofluids with SiO2 nanoparticles prepared at an
C (e).

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 EDS element mapping images of the TC-SiO2-180 (a–c) and TC-SiO2-240 (d–f).
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During the evaporation process, a pool boiling phenomenon
can be observed when the evaporation temperature is more
than 200 �C. In particular, the pool boiling phenomenon was
very evident at an evaporation temperature of 240 �C. In Shin
et al.’s research,29 they also mentioned that pool boiling can
cause the degradation of specic heat capacity due to agglom-
eration of the nanoparticles. Furthermore, EDS element
mapping of the nanouids was performed to analyze the
elemental distribution by scanning electron microscopy. As
shown in Fig. 2, the elements Na, K and Si in TC-SiO2-180 are
distributed uniformly, which indicates that the nanoparticles
can be effectively dispersed at an evaporation temperature of
Table 2 Comparison of specific heat capacities of the pure TC and the T
temperatures in the solid phase

Samples

Specic heat capacity, Cp (J g�1 K�1

320 �C

TC 1.37 (0.09)a

TC-SiO2-160 1.64 (0.12)a (19.7)b

TC-SiO2-180 1.70 (0.14)a (24.1)b

TC-SiO2-200 1.63 (0.09)a (19.0)b

a The standard deviation of three measurements of the specic heat capaci
the TC.

Table 3 Comparison of the specific heat capacities of the pure TC a
evaporation temperatures in the liquid phase

Samples

Specic heat capacity, Cp (J g�1 K�1

500 �C

TC 1.64 (0.08)a

TC-SiO2-160 2.79 (0.07)a (70.1)b

TC-SiO2-180 2.95 (0.10)a (79.9)b

TC-SiO2-200 2.18 (0.43)a (32.9)b

a The standard deviation of three measurements of the specic heat capaci
the TC.

This journal is © The Royal Society of Chemistry 2019
180 �C. However, the elemental distribution at a evaporation
temperature of 240 �C had signicant agglomeration. Consid-
ering the dependence of the enhanced specic heat capacity on
a homogeneous dispersion of the nanoparticles,17 it is deduced
that the pool boiling may cause the poor dispersion or
agglomeration of SiO2 nanoparticles in the TC.

Tables 2 and 3 show a comparison of the specic heat
capacities of the pure TC and the TC nanouids in the solid
phase and in the liquid phase, respectively. As listed in Table 2,
the specic heat capacities of TC-SiO2-160, TC-SiO2-180, and TC-
SiO2-200 in solid phase are greater than that of the pure TC. The
enhancement of the specic heat capacity of TC-SiO2-160 in the
C nanofluids with SiO2 nanoparticles prepared at different evaporation

)

340 �C 360 �C

1.27 (0.09)a 1.25 (0.09)a

1.66 (0.11)a (30.7)b 1.71 (0.11)a (36.8)b

1.72 (0.15)a (35.4)b 1.78 (0.14)a (42.4)b

1.65 (0.10)a (30.0)b 1.69 (0.10)a (35.2)b

ty. b The enhancement percentage of the specic heat capacity relative to

nd the TC nanofluids with SiO2 nanoparticles prepared at different

)

520 �C 540 �C

1.65 (0.09)a 1.61 (0.09)a

2.98 (0.10)a (80.6)b 3.36 (0.04)a (108.7)b

3.17 (0.10)a (92.1)b 3.44 (0.08)a (113.7)b

2.03 (0.31)a (23.0)b 2.06 (0.21)a (28.0)b

ty. b The enhancement percentage of the specic heat capacity relative to

RSC Adv., 2019, 9, 5288–5294 | 5291
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solid phase is similar to that of TC-SiO2-200, but both of them
are less than that of TC-SiO2-180. As shown in Table 3, the
specic heat capacity of samples in the liquid phase increases
more obviously, and the enhancement of the specic heat
capacity of TC-SiO2-160 and TC-SiO2-180 is up to 70.1–108.7%
and 79.9–113.7% in the range of 500–540 �C, respectively.
Moreover, the enhancement of the specic heat capacity for
liquid TC-SiO2-180 is higher than that of liquid TC-SiO2-160.
This is because raising the evaporation temperature can
shorten the evaporation time and reduce the agglomeration of
nanoparticles in the nanouids. However, when the evapora-
tion temperature rises to 200 �C, the enhancement of the
specic heat capacity of TC-SiO2-200 decreases to be 23–32.9%
in the range of 500–540 �C. The instability of TC-SiO2-200 in
liquid leads to a sharp increase in the standard deviation of
three measurements of the specic heat capacity. Therefore, an
evaporation temperature of 180 �C is more suitable to prepare
the TC nanouids with SiO2 nanoparticles.

3.2. Understanding enhancement of the specic heat
capacity of the TC nanouids

Although study of the enhanced specic heat capacity of molten
salt nanouids has been a hot topic, a widely recognized
mechanism has not been fully stated. As the specic heat
capacity of SiO2 nanoparticles (1.08 J g�1 K�1 at 334 �C (ref. 30))
is lower than that of the pure TC (1.65 J g�1 K�1 at 520 �C),
adding nanoparticles into the TC would lead to a decrease in the
specic heat capacity according to the thermal equilibrium
model,20 as follows:

Cp;nf ¼
VPrpCp;p þ VfrfCp;f

Vprp þ Vfrf
(2)
Fig. 3 SEM images of the pure TC (a) and the TC nanofluids: TC-SiO2-1

5292 | RSC Adv., 2019, 9, 5288–5294
where Cp is specic heat capacity, V is volume fraction, r is
density, and the subscripts nf, p, and f denote the property
values of the nanouid, nanoparticle, and base uid. However,
as shown in Section 3.1, the TC nanouids with SiO2 nano-
particles exhibit an enhanced specic heat capacity, which is
opposite to the calculated results based on the thermal equi-
librium model. There were no new substances produced in the
TC nanouids by X-ray diffraction (XRD), and there are no
inammatory reactions between the salts and SiO2 nano-
particles.19 This indicates that the enhancement of the specic
heat capacity of the TC nanouids needs to be analysed from
the view of physics. Generally speaking, the specic heat
capacity is directly related to the structure and phase of the
material. Therefore, we rstly observed the change of the
microstructure of the TC nanouids by scanning electron
micrography. Fig. 3 shows SEM images of the pure TC and the
TC nanouids prepared under different conditions.

It can be found from Fig. 3a that the surface of the pure TC is
at, and no special structure was formed. From Fig. 3e, the
morphology of TC-SiO2-240 was different from that of the TC,
which may be the result of pool boiling. For TC-SiO2-160, TC-
SiO2-180 and TC-SiO2-200 shown in Fig. 3b–d, it can be found
that needle-nanostructures are formed in these TC nanouids
with SiO2 nanoparticles. In previous literature,20 such special
nanostructures were proposed to explain the enhancement of
the specic heat capacity of molten salt nanouids. Due to the
OH� on the surface of the SiO2 nanoparticles, there is an elec-
trostatic interaction between the nanoparticles and each
compound of the mixtures, and then the salt mixtures are
separated. The separated salt further crystallizes on the surface
of the nanoparticles and forms nanostructures around these
nanoparticles. These nanostructures have a very large specic
60 (b), TC-SiO2-180 (c), TC-SiO2-200 (d), and TC-SiO2-240 (e).

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Variation of the specific heat capacity with temperature for
ternary carbonates (TC-180) prepared using the solution method with
an electrothermal drier at an evaporation temperature of 180 �C.
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surface area and specic surface energy, which will contribute
to enhancement of the specic heat capacity. As shown in
Fig. 3b–d, only a few nanostructures are formed in TC-SiO2-160
and TC-SiO2-200, and more needle-like nanostructures can be
found in TC-SiO2-180. The surface areas of the TC, TC-SiO2-160,
TC-SiO2-180, TC-SiO2-200 and TC-SiO2-240 are 24.38, 47.99,
49.48, 39.29 and 30.33 m2 g�1, respectively, which correspond to
the number of nanostructures shown in the SEM images. The
results showed that the surface area of the nanouids can be
increased by introducing SiO2 nanoparticles with good disper-
sion. It may cause the enhancement of the specic heat capacity
of TC-SiO2-180 to be higher than that of TC-SiO2-160 and TC-
SiO2-200 as shown in Tables 2 and 3. The signicant nano-
particle agglomeration in the nanouids prepared at an evap-
oration temperature of 240 �C results in a small surface area,
which is not conducive to improvement of specic heat
capacity. This may cause the enhancement of the specic heat
capacity of TC-SiO2-180 to be higher than that of TC-SiO2-160
and TC-SiO2-200 as shown in Tables 2 and 3. In Dudda et al.’s
studies,21 it was found that the specic heat capacity of binary
nitrate nanouids increased with increasing nanostructures.

More importantly, it is worthy to note that the enhancement
of the specic heat capacity of the TC nanouid with SiO2

nanoparticles prepared at an evaporation temperature of 180 �C
was up to 113.7% at 540 �C. Such a large enhancement of the
specic heat capacity cannot be found in similar systems.22–24

This cannot only be explained by the formation of nano-
structures with a better dispersion of nanoparticles. It was re-
ported that the composition ratio of the TC had a signicant
inuence on their specic heat capacity.28 Therefore, in order to
explain the marked enhancement of the specic heat capacity,
we analyzed the composition ratio of the ternary carbonate
nanouids by ICP-AES, and the results are shown in Table 4.

From Table 4, the composition of the molten salts in TC-180-
SiO2 is different from that of the TC prepared by the direct
mixing method. Relative to the mass ratio of the preparation,
the mass fraction of Li2CO3 in TC-180-SiO2 was increased more
than 32%. The specic heat capacity of ternary carbonates was
more related to the mass fraction of Li2CO3.28 A further question
is how to bring about this big change in the mass fraction of
Li2CO3. In the present work, the TC nanouids with SiO2

nanoparticles were prepared using the two-step solution
method. On the one hand, the solubility of the TC in water is
different, thus the salts can be crystallized in a different order in
Table 4 Comparison of the composition ratio of the pure TC and the
TC nanofluids prepared at an evaporation temperature of 180 �C

Samples

Mass ratio

K2CO3 Li2CO3 Na2CO3

TC 0.40 (22.80)a 0.39 (7.37)a 0.21 (9.26)a

TC-180-SiO2 0.24 (13.49)a 0.71 (13.44)a 0.11 (4.76)a

TC-180 0.19 (10.86)a 0.73 (13.84)a 0.14 (6.06)a

TC-180 P 0.41 (22.90)a 0.38 (7.28)a 0.22 (9.57)a

a Numbers in brackets show the average mass fractions of K, Li or Na in
samples measured by ICP-AES.

This journal is © The Royal Society of Chemistry 2019
the evaporation process. Due to having the lowest solubility of
the three carbonates (K2CO3–Li2CO3–Na2CO3), Li2CO3 can be
formed rst during evaporation. On the other hand, the sample
solution was heated in an electrothermal drier in the second
step, while the mixture solution was evaporated by a hot plate in
most previous studies.23,24 When heating by a hot plate, the
mixed solution can be only heated from the bottom. Unlike the
hot plate, the mixed solution in an electrothermal drier can be
uniformly heated in all directions by hot air, which may be of
benet for the carbonates to separate out. To verify this, we also
prepared TC-180 and TC-180 P using the solution method with
an electrothermal drier and a hot plate, respectively. The
composition ratios of TC-180 and TC-180 P were analyzed, and
the results are shown in Table 4. It is obvious that the compo-
sition ratio of TC-180 P is similar to that of the TC, and the
composition ratio of TC-180 is similar to that of TC-SiO2-180,
particularly the mass fraction of Li2CO3. The reason is clear for
the big change in the composition ratio of the resultant
samples. That is, this is caused by the heating mode in the
evaporation process. Although the composition ratio of TC-180
is similar to that of TC-SiO2-180, shown in Fig. 4, the specic
capacity of TC-180 is lower than that of TC-SiO2-180, which
proves the role of the nanostructures based on nanoparticles on
the specic capacity. Therefore, for TC-SiO2-180 nanouids, the
changes in the composition ratio as well as the formation of
nanostructures result in the marked enhancement of the
specic heat capacity.
4. Conclusions

In this study, nanouids of ternary carbonates K2CO3–Li2CO3–

Na2CO3 (4 : 4 : 2, mass ratio) with 1 wt% SiO2 nanoparticles
were prepared using a two-step solution method with different
evaporation temperatures (160, 180, 200 and 240 �C). When
evaporating at 180 �C in an electrothermal drier, the enhance-
ment of the specic heat capacity of TC-180-SiO2 was up to 79.9–
113.7% in the range of 500–540 �C, compared to the TC
prepared by a direct mixing method. On the one hand, the
evaporation temperature plays an important role on the
RSC Adv., 2019, 9, 5288–5294 | 5293
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formation of nanostructures in nanouids. On the other hand,
the marked enhancement of the specic heat capacity can also
be attributed to the changes in composition, particularly the
mass fraction of Li2CO3. The composition of the molten salts in
TC-180-SiO2 is different from that of the TC prepared by the
direct mixing method. The different heating modes in the
evaporation process, i.e. a hot plate and an electrothermal drier,
can also lead to the big change in the composition ratio of the
resultant samples. The present work reveals the effects of the
preparation method on the composition ratio of the TC nano-
uids, which will provide important information for developing
TC nanouids for application in CSP systems.
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