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A B S T R A C T   

Molten salts and their based nanofluids are important media for heat transfer and thermal energy storage in 
concentrated solar power (CSP) system. To improve the overall efficiency of the CSP plants, it is important to 
increase the specific heat capacity of molten salt to the extent possible. Nanomaterials have been doped in molten 
salt to enhance the specific heat capacity of molten salt; however, the mechanism of enhancement in specific heat 
capacity caused by doping of nanoparticles in molten salt is still unclear. In this work, the Buckingham force field 
parameters for alkali metal chloride molten salts (KCl, NaCl, LiCl) were first derived and carefully validated. The 
specific heat capacities, viscosities, and self-diffusion coefficients of pure molten salts and the specific heat ca
pacities of molten-salt-based nanofluids with SiO2 nanoparticles were investigated by molecular dynamics (MD) 
simulations. The calculated thermophysical properties of the chloride molten salts using the derived Buckingham 
potential parameters are in good agreement with the experimental data, and the overall prediction performance 
is better than that of the BMH potential. Results show that the specific heat capacity of molten salt first increases 
and then decreases with increasing SiO2 doping ratio, reaching a maximum value at 1 wt%. The specific heat 
capacities of KCl, NaCl and LiCl nanofluids with 1 wt% SiO2 nanoparticle are increased by 6.2 %, 8.6 % and 19.8 
% compared to the base salts, respectively. Number density, radial distribution function, coordination number 
curves, and energy of the nanofluid system were systematically analyzed. It is found that the increase of the 
specific heat capacities of the molten salt-based nanofluids can be explained by the energy and coordination 
number change caused by the number density mismatch of cations and anions. Interestingly, the local delami
nation of cations around SiO2 nanoparticle surfaces in LiCl-SiO2 nanofluids is clearly observed and visualized for 
the first time; it is a phenomenon well explained by the analysis of number density and contributes to the further 
enhancement of the heat capacity. The findings of this work could provide important fundamentals in under
standing and designing more efficient molten salt nanocomposites for thermal energy storage in future studies.   

1. Introduction 

Concentrated solar power technology (CSP) is increasingly impor
tant [1], and molten salt has been used as thermal energy storage (TES) 
and heat transfer material in CSP [2–6]. Compared with traditional heat 
transfer substances such as oil and steam, molten salt has many useful 
properties, including large specific heat capacity, high thermal stability, 
low cost, low pressure, and negligible toxicity. Studies of chloride 

molten salt as a high-temperature heat storage material and a heat 
transfer medium for CSP have been reported [7–9]. For engineering 
applications, the most important property of molten salt is its specific 
heat capacity [10]. It is therefore important to increase the specific heat 
capacity of molten salt to the extent possible. 

To enhance the specific heat capacity of molten salt, nanomaterials 
have been doped in molten salt [11,12]. Tiznobaik et al. [13] doped 1 wt 
% of SiO2 nanoparticles in the mixed salt of K2CO3 and Li2CO3 (molar 

* Corresponding authors. 
E-mail addresses: xuemingyang@ncepu.edu.cn (X. Yang), caoby@tsinghua.edu.cn (B. Cao).  

Contents lists available at ScienceDirect 

Journal of Energy Storage 

journal homepage: www.elsevier.com/locate/est 

https://doi.org/10.1016/j.est.2023.107015 
Received 2 January 2023; Received in revised form 6 February 2023; Accepted 27 February 2023   

mailto:xuemingyang@ncepu.edu.cn
mailto:caoby@tsinghua.edu.cn
www.sciencedirect.com/science/journal/2352152X
https://www.elsevier.com/locate/est
https://doi.org/10.1016/j.est.2023.107015
https://doi.org/10.1016/j.est.2023.107015
https://doi.org/10.1016/j.est.2023.107015
http://crossmark.crossref.org/dialog/?doi=10.1016/j.est.2023.107015&domain=pdf


Journal of Energy Storage 63 (2023) 107015

2

ratio 38:62), and found the specific heat capacity of the mixed salt to be 
increased by 25 %. Lai et al. [14] increased the specific heat capacity of 
HITEC salt by 30 % by doping 5 wt% Sn/SiO2 core-shell in it. Ho et al. 
[15] doped HITEC salt with 0.063 wt% Al2O3, and found the specific 
heat capacity of HITEC salt to be increased by 19.9 %. Dudda et al. [16] 
doped solar salt with SiO2 nanoparticles with a doping ratio of 1 wt% 
and with different nanoparticles sizes (5, 10, 30, and 60 nm). They found 
that the SiO2 nanoparticles with a diameter of 60 nm had the greatest 
impact on the solar salt’s specific heat capacity, increasing it by 27 %. 
Shin et al. [17] doped 1 wt% SiO2 nanoparticles in a quaternary mixed 
chloride molten salt (BaCl2, NaCl, CaCl2, LiCl), which resulted in a 14.5 
% increase in specific heat capacity. Such an increase in specific heat 
capacity of molten salts doped with nanofluids contradicts the result 
calculated from a theoretical formula for mixtures as follows [18]: 

Cp,mixture =
mpCp,p + mf Cp,f

mp + mf
(1)  

where Cp, mixture is the specific heat capacity of the mixture, Cp, p is the 
specific heat capacity of the nanoparticles, Cp, f is the specific heat ca
pacity of the molten salt, mp is the mass of the nanoparticles, and mf is 
the mass of the molten salt. At present, some mechanisms have been 
proposed to explain this phenomenon such as compressed liquid layer 
[11], Brownian motion of nanoparticles [12], aggregation of nano
particles [15], nanostructures formed in the nanomaterials [16], effect 
of specific surface energy, semi-solid liquid layer [17], etc. However, the 
mechanism of a change in specific heat capacity caused by doping of 
nanoparticles in molten salt is not fully understood. 

As an effective tool, molecular dynamics (MD) simulation has been 
widely used in the investigation of thermodynamic properties and 
microscopic mechanisms of fluids such as molten salt [19,20], fuels 
[21], and other mixtures [22,23]. Anagnostopoulos et al. [24] predicted 
the density, thermal conductivity, self-diffusion coefficient, shear vis
cosity, and surface tension of KNO3 and NaNO3 using MD simulation, 
and reported that the differences between their simulation results and 
measured properties were all below 10 %. Ding et al. [25] simulated the 
thermophysical properties of molten alkali carbonate K2CO3—including 
density, thermal expansion coefficient, specific heat capacity, shear 
viscosity, thermal conductivity, and ion self-diffusion coefficient—at 
1200–1600 K. Pan et al. [26] used the reverse non-equilibrium MD 
(RNEMD) method to simulate the shear viscosity and thermal conduc
tivity of the molten salt of alkali metal chlorides, and got results basi
cally consistent with experimental data, with differences of 5.2 % and 
17.1 %, respectively. In terms of molten salt nanofluid, Hu et al. [27] 
performed MD simulations on the specific heat capacity of a nanofluid of 
binary nitrate eutectic salt doped with SiO2. They reported that the 
specific heat capacity of solar salt increased the most when the doping 
ratio of SiO2 nanoparticles was 1 wt%, which is consistent with their 
experimental results. Jo et al. [28] used molecular dynamics to simulate 
the specific heat capacity of binary carbonate (K2CO3 + Li2CO3) doped 
with carbon nanotubes and found that the increase of specific heat ca
pacity is related to a compressed liquid layer formed in the solvent near 
the nanoparticles. 

To date there have been only very few MD studies of alkali metal 
chloride molten salt doped with oxide nanoparticles; this is because of a 
lack of suitable potential functions with which to accurately describe the 
interactions of both the alkali metal chlorides and oxide. Yu et al. [29], 
using the COMPASS force field, simulated the thermophysical properties 
(excluding specific heat capacities) of NaCl-based SiO2 nanofluids. 
However, this force field gave large errors in describing thermophysical 
properties such as melting point, density, and viscosity near the melting 
point of NaCl. Moreover, COMPASS force field is not a freely available 
force-field, it is in an encrypted database of the Materials Studio soft
ware. There are currently two main forms of potential used in simulating 
ionic solids, the Born-Mayer-Huggins (BMH) potential [30] and the 
Buckingham potential [31,32]. The Buckingham potential is the most 

commonly used potential for describing atomic interactions in ionic 
materials [33], and is suitable for the vast majority of oxides, e.g., Al2O3, 
Fe2O3, TiO2, ZnO [34], and crystalline SiO2 [35]. However, it has some 
difficulty in MD simulation of alkali metal chloride molten salt due to 
the lack of corresponding potential parameters. In contrast, the BMH 
potential can well simulate alkali metal chlorides molten salt, however it 
was reported that it is only suitable for an amorphous state of SiO2 rather 
than crystalline SiO2 [36]. In this paper, the Buckingham potential pa
rameters for alkali metal chloride molten salt are derived and validated, 
and thermodynamic properties of alkali metal chloride molten salt are 
calculated via MD simulations. Also, specific heat capacities of chloride 
molten salt-silica nanofluid are predicted and mechanisms of increasing 
the specific heat capacity of nano-SiO2 on alkali metal chloride molten 
salt are analyzed. 

2. Methodology 

2.1. Force field 

In this work, the Buckingham potential with Coulomb interaction is 
used for the alkali metal chloride molten salt, and the parameters of the 
Buckingham potential are calculated from the parameters of the BMH 
pair potential. The expressions of BMH potential [37] and Buckingham 
potential [32] are as follows: 

UBMH
ij =

qiqj

rij
+ABMH

ij exp
(σij − rij

ρ

)
−

CBMH
ij

r6
ij

−
DBMH

ij

r8
ij

(2)  

UBUCK
ij =

qiqj

rij
+ABUCK

ij exp
(− rij

ρ

)
-
CBUCK

ij

r6
ij

(3)  

where the formal charges qi and qj can be +1 (alkali metal ion) or − 1 
(chloride ion); rij is the distance between two ion centers; Aij

BMH and Aij
BUCK are, respectively, the repulsion parameters in the BMH potential 
and the Buckingham potential; σij = σi + σj, where σi and σj are the ionic 
radii of the crystal; ρ is the hardness parameter; Cij

BMH and Dij
BMH are van 

der Waals parameters in the BMH potential; and Cij
BUCK is the van der 

Waals parameter in the Buckingham potential. 
The Buckingham potential can be derived from a BMH potential 

when Dij
BMH is set to zero. In fact, numerous studies using the BMH po

tential ignored the term Dij
BMH/rij

8even the whole dispersion term 
[38,39]. Gruenhut et al. [40] derived the Buckingham potential for 
fluoride glasses from a BMH potential, and their work showed that the 
Buckingham potential can well reproduce fluoride-based simulation by 
the BMH potential. The input parameters for the BHM potential can be 
converted into their equivalent Buckingham form as follows, 

ABUCK
ij = ABMH

ij exp
(σij

ρ

)
, CBMH

ij = CBUCK
ij (4) 

In this study, the BMH potential parameters for KCl, NaCl, and LiCl 
are taken from Ref. [37], and the Buckingham potential parameters are 
taken from Refs. [32,35] in which a validation had been made for SiO2 

Table 1 
Buckingham potential parameters for SiO2, LiCl, NaCl, and KCl.a  

Pair qi(e) Aii(kcal⋅mol− 1) ρij(Å) Cii(kcal⋅mol− 1⋅Å6) 

Li-Li  1  1142.28  0.342  1.051 
Na-Na  1  9778.06  0.317  24.18 
K-K  1  36,197.98  0.337  349.9 
O-O  − 0.955209  15,170.70  0.386  617.24 
Si-Si  1.910418  72,460.64  0.351  14,415.29 
NaCl(Cl-Cl)  − 1  80,475.21  0.317  1669.02 
KCl(Cl-Cl)  − 1  44,379.87  0.337  1791.32 
LiCl(Cl-Cl)  − 1  38,212.20  0.342  1597.88  

a For the Buckingham potential, the cross-terms were computed using the 
following mixing rules: Aij = (Aii⋅Ajj)1/2,Cij = (Cii⋅Cjj)1/2, 1/ρij = (1/ρii + 1/ρjj)/2. 
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[35]. The derived values of parameters in the Buckingham potential for 
KCl, NaCl, and LiCl via Eq. (5) are listed in Table 1. 

2.2. Simulation details 

MD simulations are performed on systems of single-component NaCl, 
KCl, and LiCl, and on molten alkali chloride salts doped with SiO2 
nanoparticles, all using the large-scale atom/molecule massively par
allel simulator (LAMMPS) package [41]. As shown in Fig. 1a, the 
number of atoms in a single-component system is 5000. The modeling 
process flow of SiO2 nanoparticles doped in alkali metal chloride molten 
salt is shown in Fig. 1b and c. In the process, a unit cell of SiO2 is first 
created; then the unit cell is expanded into a cubic crystal with a side 
length of 20 Å; finally, a cutting program is used to cut the crystal into a 
spherical structure with a diameter of 1 nm, containing 40 oxygen atoms 
and 20 silicon atoms. In fact, due to the simulation cost, many MD 
simulation studies [29,32] on the molten salts nanofluids have chosen 1 
nm as the nanoparticle size, in which the conclusion should be suitable 
for other nanoparticle sizes. This procedure changes the doping ratio of 
molten salt-based nanofluid by changing the number of SiO2 
nanoparticles. 

The simulations are carried out in a 3D cubic box with periodic 
boundary conditions applied along the x-, y- and z-directions. The long- 
range Coulomb interactions are computed by utilizing the Ewald 
method [42] with a cutoff distance of 20 Å and an accuracy of 10− 6. In 
the MD simulations, the simulation system was first heated to 1600 K 
and then cooled to desired temperatures; then, the system was equili
brated in the isothermal-isobaric ensemble (NPT) ensemble for 100 
million timesteps at corresponding temperature and the atmospheric 
pressure, and the temperature and stress damping parameters were set 
to be 100 and 500 fs, respectively. [25] The initial velocities are 
randomly assigned and obey a Gaussian distribution. The Newtonian 
equation is solved using the Verlet algorithm, with a time step of 1 fs. 
When calculating the specific heat capacity, the result is evaluated via 
NPT ensemble fluctuation [43], and the duration is 1 million time steps 
[32]. When calculating viscosity, self-diffusion coefficient, mean square 
displacement, and radial distribution function, the simulations initially 
run in NPT ensemble to control the pressure and temperature of the 
system at a given pressure and given temperature for 1 ns; then switch to 
the NVT ensemble to equilibrate the system at the given temperature for 
another 1 ns; finally, it is switched to the NVE ensemble, the first 1 ns is 
performed to relax the system, and next 1 ns is used to compute the 
properties. 

2.3. Evaluated properties 

2.3.1. Radial distribution functions 
The radial distribution function (RDF) is used to describe the liquid 

structure, which is defined as [44]: 

gαβ(r) =
1

4πρβr2

[
dNαβ(r)

dr

]

(5)  

where ρβ is the numerical density of β particles, Nαβ(r) is called as the 
coordination number curve which is the number of β particles in a 
sphere with a radius of r with α particles at the center. 

2.3.2. Coordination number 
The coordination number (Nαβ) is one of the most important pa

rameters for characterizing the local structure. It is the average number 
of β-type ions in a sphere with α-type ions as the center and a radius of 
rmin which is the position of the first valley of the RDF. Nαβ can be 
calculated from RDF using the following equation [44]: 

Nαβ = 4πρβ

∫ rmin

0
gαβ(r)r2dr (6)  

2.3.3. Shear viscosity 
Shear viscosity is a measure of the ability of the fluid to resist 

deformation under shear stress. In our study, the Green-Kubo formula 
[45] and equilibrium molecular dynamics (EMD) simulations were used 
to calculate the viscosity of the fluid. The viscosity can be calculated by 

η =
1

kBTV

∫ ∞

0

〈
Pxy(0)Pxy(t)

〉
dt (7)  

where η is the shear viscosity, V and T are respectively the volume and 
temperature of the system, and kB is Boltzmann constant, which is equal 
to 1.3806504 × 10− 23 in standard units. The angle bracket 〈〉 denotes the 
average value of the autocorrelation function. Pxy(t) is the pressure 
tensor component in the XY direction at time t, and its expression is as 
follows: 

Pxy(t) =
∑N

i=1

[

mivxivyi +
1
2
∑

j∕=i

xijfy
(
rij
)
]

(8)  

where mi is the mass of ion i, and vxi and vyi are the velocity components 
of particle i in the x- and y-directions; xij is the displacement distance of 
the x component; and fy(rij) is the force fijexerted in the y direction by ion 

Fig. 1. Simulation systems. (a) NaCl. (b) Modeling process of silica nanoparticle. (c) Alkali metal chloride molten salt doped with SiO2 nanoparticles.  
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j on ion i. 

2.3.4. Self-diffusion coefficient 
According to the Einstein equation [46], the ion self-diffusion coef

ficient determined by the time-dependent mean square displacement 
(MSD) can be used to calculate the ion transmission characteristics as 
follows: 

D =
1
6

dM(t)
dt

(9)  

M(t) =
〈
|ri(t) − ri(0) |2

〉
(10)  

where M(t) is the overall average and ri(t) is the position of ion i. 

2.3.5. Specific heat capacity 
The specific heat capacity is determined principally by the enthalpy 

value. Its formula is as follows [47]: 

Cp =

(
∂H
∂T

)

p
≈

(
ΔH
ΔT

)

p (11) 

The enthalpy of the system, H, is calculated by the following formula: 

H = U +PV (12)  

where U is composed of the potential energy and internal energy of the 
system, representing the total internal energy of the system. 

3. Results and discussions 

3.1. Validation of Buckingham potential parameters 

In order to verify the reliability of the derived Buckingham potential 
parameters for chloride molten salts, MD simulations were carried out to 
calculate the RDFs and thermodynamic properties of three alkali metal 
chloride molten salts (KCl, NaCl, and LiCl) by using both Buckingham 
potential and BMH potential. To clarify the comparison and facilitate 
discussion, the absolute relative errors (AREs) between MD simulation 
results and experimental data were calculated as ARE = |Asim − AEXP|/ 
AEXP × 100%, where Asim and AEXP respectively denote the values from 
MD simulations and experiments. 

3.1.1. RDF comparison 
RDF is an effective and common way to compare force fields for 

specific structures at the molecular level. We calculated and compared 
the RDFs of three alkali metal chloride molten salts using the Bucking
ham potential with the derived parameters, and compared them with 
those determined using the BMH potential. Fig. 2a shows the RDFs of 
ions of KCl, NaCl, and LiCl at a temperature of 1100 K with the Buck
ingham potential and the BMH potential. It can be seen that the KCl, 
NaCl, and LiCl structures shown in the RDFs given by the Buckingham 
potential are in good agreement with those of the BHM potential. Thus, 
it can be concluded that the Buckingham potential with the derived 
parameters can reproduce the RDF data obtained by the BMH potential 
for alkali metal chloride molten salts. 

Fig. 2. RDFs and specific heat capacities of the pure molten salts. (a) Comparisons of the calculated RDFs using the Buckingham potential and BMH potential. The 
scatter diagram is for the Buckingham potential and the curve is for the BMH potential. (b) Comparisons of the calculated heat capacities of (b) KCl, (c) NaCl, and (d) 
LiCl with the reference data at different temperature. 

X. Yang et al.                                                                                                                                                                                                                                    



Journal of Energy Storage 63 (2023) 107015

5

3.1.2. Simulation of specific heat capacities of KCl, NaCl, and LiCl 
Specific heat capacities of KCl, NaCl, and LiCl were calculated via 

MD simulations using Eq. (11). The results obtained are shown in Fig. 2. 
The variations of specific heat capacity of the alkali-metal-chloride 
molten salts above their melting point are very small. In Fig. 2b,c, and 
d, the average specific heat capacities of KCl, NaCl, and LiCl in the given 
temperature range are shown to be 0.93 J/(g⋅K), 1.15 J/(g⋅K), and 1.50 
J/(g⋅K), respectively. It can be observed that the simulation results of the 
three chloride molten salts agree well with the experimental and earlier 
simulation results. The average AREs of the simulation values and 
experimental data of the specific heat capacity of KCl, NaCl, and LiCl 
[48] are 3.22 %, 0.79 %, and 1.69 %, respectively, which are less than 
those using BMH potential in earlier MD studies [26,49] with the 
average AREs values of 6.34 %,1.91 %, and 4.41 %. This shows that the 
Buckingham potential is reasonable for calculating the thermophysical 
properties of the molten state of a chloride. 

3.1.3. Shear viscosity 
Viscosities of KCl, NaCl, and LiCl were calculated via EMD simula

tions. The strategies of EMD simulations adopted are similar to those in 
our previous work [50,51]. To overcome the uncertainties of the results 
using EMD simulations, the viscosity was evaluated by averaging the 
values for six independent runs of simulations with different initial 
velocities. 

Fig. 3a-c shows, respectively, the calculated values of the viscosities 
of KCl, NaCl, and LiCl, and their comparisons with experimental data 
and EMD results using the BMH potential. The total average ARE be
tween the simulated and experimental values of all three chloride 
molten salt viscosities is 3.8 % [52,53]. The average AREs of the simu
lated and experimental values of the individual viscosities of KCl, NaCl, 
and LiCl are 6.21 %, 0.92 % and 4.53 %, respectively. It can be observed 
from Fig. 3d that the prediction accuracy of the EMD simulation with the 
Buckingham potential is better than that with the BMH potential [54]. 

For example, as shown in Fig. 7(a), the average ARE of the viscosity of 
the EMD simulations with the BMH potential is 12.3 %, which is worse 
than that of the Buckingham potential with the derived parameters. 
Moreover, the viscosity of the three chloride molten salts decreases with 
increasing temperatures. This indicates that an increase of temperature 
causes an increase of distance between ions and thus reduces the ability 
of the system to resist shear deformation. 

3.1.4. Self-diffusion coefficient 
Fig. 4a, b, and c respectively shows the calculated mean square 

displacements (MSDs) of ions of K+, Na+, and Li+. Figs. 4d, e, and f show 
the MSDs of ions of Cl− in, respectively, KCl, NaCl, and LiCl. It can be 
observed that the MSDs of the four ions all increase nonlinearly with an 
increase of temperature. The self-diffusion coefficients can be obtained 
through the MSD calculated above using Eq. (9). Comparisons of the 
simulation results of the self-diffusion coefficients of KCl, NaCl, and LiCl 
with the experimental values [55,56] is shown in Fig. 4g. The total 
average AREs of the self-diffusion coefficient between MD and the 
experimental values is 6.11 %. In addition, the self-diffusion coefficients 
of LiCl are the maximum among the three chloride molten salts, fol
lowed by KCl and NaCl. The simulated self-diffusion coefficients for each 
chloride molten salt increase with the temperature. This is because that 
as the temperature increases, the structure of the molten salt system 
becomes loose, reducing resistance to the diffusion of ions to the sur
roundings and promoting the diffusion of ions. Moreover, the trend of 
self-diffusion coefficients obeys the Stokes-Einstein (S-E) model [57], 
which can be expressed as: D = 2KBT/(πCSEση), where η is the shear 
viscosity, T is the temperature, KB is the Boltzmann constant, σ is the 
hydrodynamic diameter, CSE is the S-E coefficient, and D is the self- 
diffusion coefficient. 

Fig. 3. Comparisons of the calculated viscosities at different temperature of (a) KCl, (b) NaCl, and (c) LiCl with the reference data. (d) The average AREs of the 
calculated viscosities using the Buckingham potential and BMH potential. 
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3.2. Local structure analysis 

The RDFs are calculated to provide a better understanding of the 
thermophysical properties of alkali metal chloride molten salts at a 
molecular level. Fig. 5 shows the RDFs of three alkali metal chlorides 

above the melting point, including the RDF of cation-cation, cation- 
anion, and anion-anion. The first peak of the RDF of KCl, NaCl, and LiCl 
is the largest; the peaks of each pure molten salt gradually decrease as 
distance increases, until they attenuate to about 1.0. This implies that 
the chloride molten salts above their melting point are characterized by 

Fig. 4. The temperature dependence of the MSDs and self-diffusion coefficients for ions of pure molten salts for (a) K+, (b) Na+, (c) Li+, (d) Cl− in KCl, (e) Cl− in NaCl 
and (f) Cl− in LiCl. (g) Self-diffusion coefficients of molten KCl, NaCl, and LiCl. 

Fig. 5. RDFs and the coordination-number curves for (a) KCl, (b) NaCl, and (c) LiCl at different temperatures.  

X. Yang et al.                                                                                                                                                                                                                                    



Journal of Energy Storage 63 (2023) 107015

7

short-range order and long-range disorder. 
For different alkali metal chlorides, the positions of the first peaks of 

the RDF of cation-cation, cation-anion, and anion-anion are different. 
This indicates that different alkali metal chlorides have different degrees 
of aggregation at short range. The smaller the rmax (the distances of 
maximum RDF) is, the higher degree of aggregation is. As shown in 
Fig. 5, at a given temperature, rmax of Li-Li in the RDF of cation-cation is 
the smallest, and rmax of K-K is the largest, while the same trend holds for 
the RDFs of anion-anion. For example, when the temperature is 1100 K, 
the locations corresponding to the first peaks of the cation-cation RDF of 
KCl, NaCl, and LiCl are at 4.55 Å, 4.15 Å, and 3.75 Å, respectively. This is 
in contrast to the trend of the specific heat capacities of the three alkali 
metal chlorides shown in Fig. 2. These indicate that the shorter the 
distance between the same ions, the greater the degree of ion aggrega
tion and the higher the value of the specific heat capacity. 

The peaks values of the RDF between cation-cation and anion-anion 
decrease with increasing temperature, and the peaks position moves to 
the right. The peak values of the RDF between cation and anion also 
decreases with increasing temperature, but the peak positions shift to 
the left. This means that the ion-pairs structure of the three alkali metal 
chlorides changes as the temperature increases. As the temperature in
creases, the distance between cations and anions becomes shorter, and 
the distance between ions in the same ion cluster becomes larger. For 
instance, taking the RDF of Na-Na as an example, as the temperatures 
increase from 1100 K to 1600 K, and the first peak positions are at 4.15 
Å, 4.18 Å, 4.23 Å, 4.25 Å, 4.28 Å, and 4.35 Å, respectively, and the 
corresponding peak values of RDF are 1.71, 1.67, 1.63, 1.60, 1.57, and 
1.54. 

Fig. 5 also plots the coordination number curves for three alkali 
metal chlorides at temperatures above the melting point. It can be seen 
that the coordination number curves of the three chloride molten salts 
all decrease with increasing temperature. This indicates that as the 
temperature increases, the system becomes looser. Moreover, it can be 
observed that the coordination number of KCl is the most strongly 
temperature-sensitive among the three chloride molten salts, which in
dicates that KCl’s microstructure is more easily affected by temperature 
than those of NaCl and LiCl. 

The coordination numbers of the three chloride molten salts were 
then calculated using the coordination number curves and Eq. (6). As 
shown in Table 2, at the same temperature, K-Cl has the highest coor
dination number and Li-Cl the smallest. This indicates that under the 
same conditions, K+ in KCl needs more Cl− to make the structure sta
ble—that is, LiCl is easier to form a stable ion-pair structure than KCl. 
Moreover, the coordination number of the three alkali metal chlorides 
decreases with increasing temperature; it is consistent with the results of 
the above calculated RDFs, which means that the structure of the molten 
salt system becomes looser and more disordered with the increasing of 
temperature. 

3.3. Analysis of specific heat capacity of molten salt-based nanofluid 

3.3.1. Specific heat capacity 
By using the Buckingham potential with the derived parameters, 

specific heat capacities of chloride molten salt-silica nanofluids were 
calculated and analyzed with MD simulations. The heat capacities are 

simulated for the KCl-SiO2 and NaCl-SiO2 nanofluids in a temperature 
range of 1100 K -1600 K and the LiCl-SiO2 nanofluids in a temperature 
range of 900 K–1300 K, with SiO2-doping ratios of 0.5,1, 2, 3 wt%. It is 
found that the heat capacities of each molten salt-silica nanofluid vary 
very little in the investigated temperature ranges, which are similar as 
those for the three pure molten salts. The average values of predicted 
specific heat capacities of three kinds of alkali metal chlorides doped 
with SiO2 nanoparticles in different proportions are shown in Fig. 6a. 
The results show that the specific heat capacity of a nanofluid is the 
greatest when the doping ratio of SiO2 nanoparticles is 1 wt%. Doping 1 
wt% SiO2 nanoparticles in KCl, NaCl, and LiCl increases the specific heat 
capacity by 6.2 %, 8.6 %, and 19.8 %, respectively. The specific heat 
capacities of the KCl-SiO2, NaCl-SiO2 and LiCl-SiO2 nanofluids all in
crease first and then decrease as the doping ratio increases. This is 
consistent with the experimental results in ref. [26] showing that the 
enhancement of the specific heat capacity by doping of SiO2 nano
particles in solar salt followed a similar trend. However, it should be 
noted that this result does not obey the mixing law of specific heat ca
pacities in Eq. (1). Moreover, specific heat capacity of the molten salt 
nanofluids with 0.5 wt% SiO2 added in KCl, NaCl, and LiCl were simu
lated and investigated. In the simulations, we used the same SiO2 
nanoparticle as that in the case of the molten salt nanofluids with 1 wt% 
SiO2, while the total number of atoms of the molten salt was doubled 
compared to those of the molten salt nanofluids with 1 wt% SiO2. The 
results show that the specific heat capacity of KCl, NaCl, and LiCl molten 
salt nanofluids added with 0.5 wt% SiO2 increases by 2.1 %,3.5 % and 
13.6 % compared to those of the base salts, respectively, which is lower 
than the specific heat capacity of the molten salt nanofluids with 1 wt% 
SiO2. So far, the mechanism of the changes of specific heat capacity 
caused by doping of nanoparticles in the molten salt is still not fully 
understood. Consequently, in the following sections the mechanisms are 
comprehensively explored and discussed in terms of energy, radial dis
tribution function, coordination number, and number density. Finally, 
new insights of heat capacity enhancement of nano-SiO2 for alkali metal 
chloride molten salt: local delamination and number density mismatch 
of cations and anions, are presented. For convenience in the discussions 
below, NaCl-SiO2 nanofluid at a temperature of 1100 K is taken as a 
typical example and described in detail. 

3.3.2. Energy analysis 
The system energy of a chloride molten salt-SiO2 nanofluid consists 

of a kinetic energy part (Ekin) and a potential energy part (EP). To analyze 
the effect of the doping ratio of the SiO2 nanoparticles on energy, the 
potential energy EP, kinetic energy Ekin, Van der Waals energy Evdw, 
Coulombic energy Ecoul, and long-range K-space energy Elong are calcu
lated and analyzed. As shown in Fig. 6b, as the doping ratio of the SiO2 
nanoparticles increases, the kinetic energy, Van der Waals energy, and 
long-range K-space energy of the system do not change significantly. 
Therefore, in the molten-salt-based nanofluid, the change in potential 
energy is caused mostly by the change in Coulombic energy. As the 
doping ratio increases, the absolute values of potential energy and 
Coulombic energy in the system first increase and then decrease, 
reaching maximum values at 1 wt%, which is consistent with the vari
ation law of the specific heat capacities. 

3.3.3. RDFs and coordination number curves analysis 
The Coulombic force affects the ion arrangement on the surfaces of 

SiO2 nanoparticles. To analyze the distribution of alkali metal chloride 
ions on these surfaces, RDF calculations are performed on the NaCl 
nanofluids doped with different proportions of SiO2 nanoparticles. The 
results are shown in Fig. 6 c. The magnitudes of the first peaks of the RDF 
between cation-cation, anion-anion, and anion-cation in the system in
crease with the increasing of the doping ratio of the SiO2 nanoparticles, 
but the locations of these first peaks for the ions do not move. Such a RDF 
analysis of the ions cannot clearly explain the mechanism of change of 
the specific heat capacity of the molten salt-based nanofluid. 

Table 2 
Coordination numbers of alkali metal chlorides at different temperatures.  

T/K KCl NaCl T/K LiCl  

1100  5.03  4.87  900  3.98  
1200  4.89  4.77  1000  3.91  
1300  4.74  4.66  1100  3.83  
1400  4.60  4.55  1200  3.75  
1500  4.44  4.41  1300  3.65  
1600  4.33  4.30    
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To extend the analysis, coordination number curves of Na-Cl for the 
nanofluid at a temperature of 1100 K was calculated, as shown in 
Fig. 6d. It can be observed that the ordinate value of coordination 
number curve for NaCl first increases and then decreases as SiO2 doping 
ratio increases. The coordination number curves reach a maximum 
value at 1 wt%, then gradually decreases with increasing doping ratio, 
which coincides with the variation trend of the specific heat capacities. 

It should be noted that the coordination number of the ions pair Na-Cl in 
the nanofluid with doped SiO2 is larger than that of pure NaCl at the 
investigated temperature. This means that the number of ions around a 
certain ion as the centre is greater in the nanofluid than in pure NaCl. It 
also suggests that aggregation in the system occurs when doping SiO2 
nanoparticles. To clarify such a phenomenon of aggregation, the number 
densities of ions around the surface of SiO2 nanoparticles were 

Fig. 6. Heat capacity enhancement of 
nano-SiO2 for alkali metal chloride molten 
salt and the analysis via energies, RDFs 
and coordination number curves. (a) The 
variation of specific heat capacity of the 
molten salts with the mass fraction of SiO2 
nanoparticles. (b) Variation of the energies 
in NaCl nanofluid with different mass 
fraction of SiO2 nanoparticles. (c) RDFs for 
NaCl nanofluids with different mass frac
tion of SiO2 nanoparticles at 1100 K; (d) 
Coordination number curves for NaCl 
nanofluids with different doping ratios of 
SiO2 nanoparticles at 1100 K.   

Fig. 7. The relative number densities of different systems at a temperature of 1100 K: (a) pure KCl; (b) pure NaCl; (c) pure LiCl; (d) KCl doped with 1 wt% SiO2 
nanoparticles; (e) NaCl doped with 1 wt% SiO2 nanoparticles; (f) LiCl doped with 1 wt% SiO2 nanoparticles: (I) Image of the interfacial layer around nanoparticle 
surface from MD simulation of molten salt-based nanofluid: Subplot (II) ion distribution around nano-SiO2 within a distance of 2.5 Å; Subplot (III) ion distribution 
around nano-SiO2 within a distance of 3.5 Å. 
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investigated as discussed in the following subsection. 

3.3.4. Local delamination and number density mismatch of cations and 
anions 

It should be noted that SiO2 nanoparticles occupy only a small pro
portion of the doped system and RDF corresponds to the overall degree 
of aggregation in the system. Therefore, to analyze the local aggregation 
around the SiO2 nanoparticles, we also performed statistical calculations 
on the ions around a SiO2 nanoparticle. Here the surface of the SiO2 
nanoparticle was used as the starting point to expand outward, and the 
accumulated number densities of the external space within a distance X 
from the surface of the nanoparticles were calculated. The number 
density is the ratio of the number of atoms to the volume. The statistics 
and calculated results of the relative number density curves for pure 
molten salts and their doped with 1 wt% nano-SiO2 are compared and 
shown in Fig. 7. In this figure, n is the accumulated number density 
corresponding to a distance of X, and n0 is the averaged number density 
of the system corresponding to the region of X = 0-Xmax (Xmax = 15 Å), 
and X’ is the distance from the centre of the system. As shown in Fig. 7a- 
c, in the three pure molten salt systems at 1100 K, anions and cations are 
uniformly distributed in the entire system. The statistics and calculated 
results of the relative number density curves for KCl, NaCl, LiCl doped 
with 1 wt% nano-SiO2 at 1100 K are shown in Fig. 7d-f. 

It can be seen that the addition of nanoparticles changes the micro
structure of molten salt around nanoparticles. In the system of KCl, 
doped with 1 wt% SiO2 nanoparticles, cations appear at 2.5 Å from the 
surface of SiO2 nanoparticles, and the number density reaches the 
maximum at 4.5 Å from the surface with a maximum value of 1.10; For 
NaCl-SiO2 nanofluid, cations appear at 2.25 Å, and the number density 
peaks of cations locates at 3.5 Å from the surface of the nanoparticle, 
with a peak value of 1.24; In the system of LiCl, doped with 1 wt% SiO2 
nanoparticles, cations appear at 1.65 Å, the cation occurs at 1.65 Å from 
the surface of the silica nanoparticles and the number density reaches a 
maximum of 1.42 at the surface 3 Å. It indicates that the position of 
appearance and the position of first peak of cations are closer to the 
surface of the nano-SiO2 in the following sequence: KCl-SiO2, NaCl-SiO2 
and LiCl-SiO2. Moreover, the value of the first peak of the cations in
creases in the following sequence: Na+ < K+ < Li+. We speculate that 

this phenomenon may be related to the atomic weight of the cation. The 
smaller the atomic weight, the more easily the particles are attracted by 
the nanoparticles, and the compression layer is more obvious, leading to 
the greater specific heat lift appreciation. 

In particular, when LiCl is doped with 1 wt% SiO2 nanoparticle, the 
anions and cations in the system appear to be obviously delaminated in 
the interfacial layer around SiO2 nanoparticle. Such a delamination 
phenomenon images from MD simulation of the interfacial layer around 
SiO2 nanoparticle surface can be directly observed with VMD software 
[58], as shown in Fig. 7f. It can be seen from the subplot I of Fig. 7f that 
no Cl- and only Li+ ions appear around nano-SiO2 within a distance of 
2.5 Å. It suggests that the molten salt Li+ are attracted by nanoparticles 
and form an obvious cationic compression layer. It should be noted that 
such a delamination phenomenon of the cations in the interfacial layer 
around SiO2 nanoparticle surface is directly and clearly observed and 
visualized for the first time. 

Fig. 8a-c shows the RDFs of the atoms O and ions of base salt in KCl- 
SiO2, NaCl-SiO2 and LiCl-SiO2 systems, respectively. The location of the 
first peaks of O-K+, O-Na+, and O-Li+ are respectively at 3.15 Å, 2.65 Å 
and 2.00 Å, decreasing successively. This is in line with the conclusions 
of the analysis by the number densities that the cations are more and 
more close to the surface of the SiO2 in a sequence of K+, Na+ and Li+ in 
the three nanofluids system. Moreover, the first peak value of the RDFs 
for LiCl-SiO2 systems are higher than those for KCl-SiO2 and NaCl-SiO2 
systems. It suggests that short-range order and degrees of aggregation 
are much more pronounced in LiCl-SiO2 systems than those in the KCl- 
SiO2 and NaCl-SiO2 systems, leading to a more significant enhancement 
in specific capacity. 

The accumulated number densities cannot show the local distribu
tion of the cations and anions directly, therefore the local number 
density was calculated for the molten salt systems with 1 wt% SiO2 
nanoparticle, as shown in Fig. 8d-g. In the figure, nL is the calculated 
local number density at a distance of X with an interval 0.5 Å or 1 Å. It 
can be observed that for KCl-SiO2, NaCl-SiO2, and LiCl-SiO2 nanofluids, 
the maximum nL of the ions appears at the layer of cations, with nL/n0 
values of 2.84, 3.27, 3.67, respectively. It is consistent with the 
increasement of the specific heat capacities of the three nanofluids. In 
addition, the presence of compressible layers [59–61] around 

Fig. 8. RDFs for NaCl, KCl and LiCl doped with 1 wt% SiO2 nanoparticles at 1100 K: (a) O-K, O-Cl (b) O-Na, O-Cl (c) O-Li, O-Cl (d) Schematic diagram of local 
number density calculation; The local number densities of different systems at a temperature of 1100 K: (e) KCl doped with 1 wt% SiO2 nanoparticles; (f) NaCl doped 
with 1 wt% SiO2 nanoparticles. (g) LiCl doped with 1 wt% SiO2 nanoparticles; (h) Calculated mismatch degree. 
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nanoparticles can be observed more intuitively by local number density 
curves. The thickness of the compressible layers for the three nanofluids 
system ranges from 5 to 7.5 Å. 

Here we present a new mechanism of an enhancement in specific 
heat capacity caused by doping of nanoparticles in molten salt, i.e., the 
mismatch of the relative number densities between the anions and cat
ions in the three systems leads to the phenomenon of enhancement in 
specific heat capacity. To quantify the analysis of the mismatch of the 
relative number densities, a mismatch degree of the relative number 
densities [62] between the anions and cations are calculated as follows. 

S =

∫
|n+(X) − n− (X) |dX

( ∫
n+(X)dX

∫
n− (X)dX

)1/2 (13)  

where S is the degree of mismatch in the number density, X is the dis
tance from the surface of the nano-SiO2, n+ is the number density of 
anions and n− is the number density of cations. 

As shown in Fig. 8h, for the accumulated number densities in Fig. 7d- 
f, the calculated S for KCl-SiO2, NaCl-SiO2 and LiCl-SiO2 systems is 
0.058, 0.089 and 0.156, respectively; while those for the local number 
densities in Fig. 8e-g are 0.294, 0.429 and 0.532, respectively. The ob
tained values of the mismatch degree, especially for the accumulated 
number densities, are better consistent with the increasement of the 
specific heat capacities of the three nanofluids. Moreover, for the LiCl- 
SiO2 system, the local delamination of cations around SiO2 nanoparticle 
surfaces lead to the highest mismatch degree of the relative number 
densities between the anions and cations, which contribute to the 
further enhancement of the heat capacity. This indeed illustrates that the 
heat capacity enhancement of nano-SiO2 for alkali metal chloride 
molten salt correlate strongly with the mismatch degree of the number 
densities between the anions and cations. 

4. Conclusions 

In this paper, the Buckingham potential parameters were derived 
from the BMH potential to describe the interactions in the alkali metal 
chlorides molten salts. The goal was to make the Buckingham potential 
suitable for simulating both the chloride molten salts and their oxide- 
based nanofluids. The Buckingham potential with derived parameters 
was validated and compared with the BMH potential. The specific heat 
capacity, viscosity, and self-diffusion coefficient of pure chlorides 
molten salts (KCl, NaCl, LiCl) were calculated by MD simulations. Re
sults show that the simulated values of the specific heat capacity and 
self-diffusion coefficient of the three alkali metal chloride molten salts 
differ from the experimental values by1.90 % and 6.11 %, respectively. 
The average errors of viscosity of KCl, NaCl, and LiCl molten salts were, 
respectively, 6.21 %, 0.92 %, and 4.53 %. It was found that the Buck
ingham potential with derived parameters has better prediction accu
racy than BMH potential for the specific heat capacity and shear 
viscosity of KCl, NaCl, and LiCl. 

The specific heat capacities of KCl, NaCl, and LiCl molten salts doped 
with SiO2 nanoparticles were calculated via MD simulation using the 
Buckingham potential with the derived parameters. It was found that the 
specific heat capacities of the molten salts first increase and then de
creases with increasing of SiO2 doping ratio, reaching maximum values 
at 1 wt%. Number density, radial distribution function, and energy of 
the nanofluids system were analyzed. It was concluded that the increase 
of the specific heat capacity of the molten salt-based nanofluid can be 
well explained by the energy change of the nanofluids system and the 
number density mismatch of cations and anions in the interfacial layer 
around SiO2 nanoparticle surface. Interestingly, the delamination phe
nomenon of cations in the interfacial layer around SiO2 nanoparticle 
surface in LiCl-SiO2 nanofluids is directly and clearly observed and 
visualized for the first time. The observed delamination agrees well with 
the results of the analysis of number density. The findings of this work 
provide deeper insight into the specific heat capacity enhancement of 

molten salts doped with nanoparticles and should contribute to the 
design of more efficient molten-salt nanocomposites for thermal energy 
storage. 
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