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Interfacial ion aggregation at SiO, nanoparticles
enhances thermal energy storage of chloride

molten salts: a molecular dynamics study
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*¢ and Mingyang Yang*®

Chloride molten salts have emerged as a promising heat transfer medium for concentrated solar power

plants owing to their low cost. However, their widespread adoption has been hindered by limited

specific heat capacity and thermal conductivity. In this work, the thermal properties of binary chloride

molten salts (NaCl-KCl) were enhanced by adding varying amounts of amorphous SiO, nanoparticles.

Molecular dynamics simulations were employed to investigate the effects of many-particle effects of

SiO, nanoparticles on the thermal properties of molten salts instead of the normal one-particle doped

model. The underlying mechanism for the improved thermal performance is elucidated by examining the

evolution of microstructure, thermal diffusivity, and energy variations. Results demonstrate that with

increasing nanoparticle content, the viscosity, specific heat capacity, and thermal conductivity are
enhanced by approximately 51.21%, 8.25%, and 7.08%, respectively. It is revealed that the selective
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adsorption of Na* and K* ions onto the surface of SiO, nanoparticles leads to the formation of

a compressed interfacial layer roughly 6 A in thickness, which contributes to the enhancement in
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1 Introduction

In the rapid urbanization and modernization process of the past
few decades, people have become increasingly concerned about
environmental pollution caused by the use of fossil energy. This
concern has further driven the urgent need for sustainable energy
alternatives.* Solar energy has attracted much attention due to its
huge potential reserves.® Large-scale photovoltaic cell arrays
directly convert solar energy into electricity, which has significant
advantages such as being renewable and clean without pollution.
This provides an important way to alleviate the energy crisis and
reduce greenhouse gas emissions.* According to the International
Energy Agency (IEA) report, the installed capacity of solar power
generation increased from 586 GW in 2019 to 1467 GW in 2023,
with a compound annual growth rate of 25.8%, and is expected to
reach 5365 GW by 2029.°> However, as an intermittent energy
source, the power generation of solar energy is greatly affected by
factors such as day and night alternation and weather changes,
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thermal conductivity. This study offers valuable insights for the design and optimization of chloride
molten salt-based hanocomposites for next-generation CSP systems.

showing obvious discontinuity and instability. Thermal energy
storage systems (TES) are technologies used to temporarily store
thermal energy, which can release thermal energy when needed,
thus realizing the temporal mismatch between energy supply and
demand. Concentrated solar power (CSP) technology generates
thermal energy for power generation by concentrating solar
radiation. With the help of its integrated TES system, it has real-
ized dispatchable solar power generation and shown broad
application prospects.®” To achieve stable supply of solar energy,
energy storage technology has become a key support for the
development of concentrated solar power stations.®

Among many energy storage technologies, molten salt
energy storage stands out with its unique properties. Molten
salts have high melting points, good thermal stability, large
heat capacity, and moderate viscosity, which enable efficient
heat storage and release at high temperatures. They are highly
compatible with the high-temperature heat collection systems
of CSP plants and have become one of the most promising
energy storage media in large-scale solar thermal power
generation systems.”'® Currently, nitrate and carbonate salts are
more commonly used as energy storage materials. Nitrate salts
have advantages such as low melting points and large specific
heat capacities, but their heat transfer coefficients are low, and
their working temperature range is narrow (300-600 °C),
making it difficult to adapt to higher temperature
conditions.'*** Carbonate salts have relatively high thermal
conductivity and low corrosiveness, but they are prone to
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decomposition when heated, and their viscosity is very high.****
At the same time, the working temperature requirements for
CSP plants are increasing. The U.S. Department of Energy has
launched a third-generation high-temperature CSP project, with
the operating temperature of the thermal power generation
system reaching above 700 °C. Nitrate and carbonate salts are
not suitable for higher working temperatures, so there is an
urgent need for high-performance heat transfer and energy
storage media in the high-temperature range.'®* Compared with
the above two types of molten salts, chloride molten salts that
have developed in recent years have advantages such as a wide
adjustable melting point range (about 500-800 °C) and higher
thermal stability (they can remain stable at around 800 °C)."”*®
Although the corrosion of equipment by chloride molten salts at
high temperatures will be enhanced, scholars have proposed
effective strategies such as molten salt purification treatment
and the use of corrosion inhibitors to control the corrosion rate
of equipment by molten salts, effectively promoting the prac-
tical application of chloride molten salts.**** Chloride salts are
widely considered to be the most promising high-temperature
energy storage materials for next-generation CSP plants.”
Most inorganic salts have the advantages of large phase
change enthalpy and high density, but they still have problems
such as low thermal conductivity and small specific heat
capacity.” These problems can affect the heat exchange rate,
reduce the heat storage capacity, and greatly limit the applica-
tion of latent heat energy storage technology in CSP plants. In
order to overcome these problems, domestic and foreign
experts and scholars have conducted research on the prepara-
tion of molten salts and the strengthening of their thermo-
physical properties, and found that adding high thermal
conductivity materials to molten salt materials is an effective
way to improve the heat transfer and heat storage properties of
molten salts, such as expanded graphite, nanoparticles, etc.>*>¢
To study the influence of nanoparticles on the thermal
properties of molten salts, a series of experiments have been
carried out by relevant researchers. Tao et al.”” added four
different microstructured carbon nanomaterials to binary
carbonate eutectic salts and found that single-walled carbon
nanotubes can increase thermal conductivity by 56.98%,
making it the best additive. Cui et al.?® investigated the effects of
carbon nanofibers (CNF) and carbon nanotubes (CNT) on the
thermal properties of phase change energy storage materials.
The results showed that 10 wt% of CNF and CNT can increase
the thermal conductivity of composite phase change materials
by more than 20%, and CNF is more effective due to its better
dispersibility. Qiao et al.** found that SiO, nanoparticles can
increase the specific heat capacity C,, of nitrates between 623 K
and 641 K, with the highest increase of 27.6% in the specific
heat of NaNO;. J. Navas et al.** added copper and nickel nano-
particles to nanofluids, and the thermal conductivity of copper
nanofluids was 11% higher than that of the base fluid. Aljaerani
et al.>* doped KNO;, NaNO,, and NaNO; ternary nitrate molten
salts with CuO nanoparticles of different mass fractions and
concluded that the optimal concentration was 0.1 wt%, with
a specific heat capacity increase of 5.6%. Han et al.** mixed
Al,O3, ZnO, and CuO nanoparticles with MgCl,-KCI-NaCl
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ternary chloride salts, and Al,0; nanoparticles can increase the
thermal conductivity A by 48%. Rizvi et al.** added SiO, nano-
particles to the LiCO;-K,CO; binary salt, and the specific heat
capacity was 25.1% higher than that of pure molten salt. The
enhancement of C}, is mainly attributed to the dendritic struc-
ture around high zeta potential cation nanoparticles. Despite
a large number of studies, it is still challenging to elucidate the
mechanism of thermal performance enhancement due to the
difficulty of analyzing ion movement through experiments.

Therefore, molecular dynamics (MD) simulations have also
been applied to reveal the mechanism of thermal performance
enhancement from a microscopic perspective. Song et al.®*
added SiO, nanoparticles to the binary molten carbonate
Na,CO3/K,CO;. The results showed that the addition of SiO,
nanoparticles can significantly increase the specific heat
capacity of the alkaline salts by up to 24.38%. The improvement
in thermal performance is attributed to the dense interfacial
layer formed by ions on the outer surface of the nanoparticles,
and is also related to the changes in the system's microstructure
after the addition of nanoparticles. Qiao et al.** found through
MD simulations that SiO, nanoparticles can form a compressed
layer in nitrates, leading to an increase in the density and
specific heat capacity of nitrates. J. Seo et al.*® added SiO,
nanoparticles and acicular Li,CO; nanomaterials to K,CO3;-
Li,CO; eutectic salts. The results show that both significantly
increased the specific heat of the eutectic salts, and it is spec-
ulated that this is due to the formation of a dense layer around
SiO,. Zhou et al.*” found that the thermal conductivity of NaCl
with Al,O; nanoparticles increased due to the enhanced colli-
sions within the dense ion layer around the nanoparticles. Yang
et al.’® found that the specific heat capacity of chloride molten
salts containing SiO, nanoparticles first increased and then
decreased with the doping ratio of SiO,, reaching a maximum at
1 wt% SiO,. The increase in the specific heat capacity of molten
salt-based nanofluids may be due to the mismatch in the rela-
tive number density of cations and anions in the SiO, interfacial
layer. Liu et al.*® found that the addition of SiO, nanoparticles
enhanced the specific heat capacity of solar salt, probably
because the accumulation of K* ions near SiO, particles formed
a compressed interfacial layer. Despite extensive MD studies on
the thermal performance enhancement of nanoparticles, there
is still a lack of comprehensive exploration of the mechanism of
thermal performance enhancement under high-temperature
conditions from the perspective of microscopic structure and
energy changes as well as thermal diffusion properties.

Due to the difficulty in experimentally investigating the micro-
scopic motion of ions, current molecular dynamics (MD) simula-
tions lack research on the impact of adding multiple nanoparticles
on the thermal properties of molten salts, as well as comprehensive
studies on the principles of thermal property enhancement. This
paper is based on a binary chloride molten salt (NaCl-KCI)
composed in a molar ratio of 1:1, with the addition of multiple
amorphous SiO, nanoparticles. The study investigates the effects of
different numbers of amorphous SiO, nanopatrticles (1, 3, 5, and 8)
on the thermal conductivity, viscosity, and specific heat capacity of
the NaCl-KCl composite thermal energy storage material under
high-temperature conditions (1000 K to 1800 K, with intervals of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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100 K) using molecular dynamics (MD) simulation methods. It also
explores the principles of how the addition of multiple nano-
particles affects the microstructure of the molten salt and enhances
its thermal properties, from the perspectives of microscopic struc-
tural changes, thermal diffusion properties, and energy variations.

2 Method

2.1. Model and methodology

The initial binary chloride molten salt of NaCl-KCl was
composed of NaCl and KCl in a molar ratio of 1: 1, containing
4222 Na', 4222 K', and 8444 CI~ ions. The simulation box
dimensions (Ly, Ly, L;) were all set to 90 A to eliminate the
influence of finite size on the prediction of thermal properties.
Subsequently, using the LAMMPS software and the molecular
templates for Na, K, and Cl, these three types of ions were
randomly distributed within the cubic box to form the binary
chloride molten salt.

Referring to relevant literature, a crystalline SiO, model was
constructed using the MS software. Through heating and cool-
ing operations, an amorphous SiO, model was ultimately ob-
tained.*** A SiO, nanoparticle model with a radius of 10 A was
then cut out from the amorphous SiO, model. Subsequently,
the SiO, nanoparticle model exported from Materials Studio
(MS) was converted into a simulation system data file readable
by LAMMPS. Amorphous SiO, nanoparticles were randomly
doped into the simulation box in quantities of 1, 3, 5, and 8 to
generate the SiO,/(NaCl-KCl) molten salt nanofluid model, as
shown in Fig. 1.

2.2. Force field

In this study, the Fumi-Tosi potential is employed to describe
the interactions between Na®, K*, and CI~ ions.? It can be
expressed by eqn (1):

iYj ij = lij Cl" Di'
U!-/' = qu +A,~,-exp(%) - (1)

y

90A

904
Si0,/NaCl-KCl
composite molten salt

NaCl-KCl
physical model

Fig. 1 (a) Randomly distributed SiO, nanoparticles with varied
numbers (n = 1-8) (b) simulation settings of NaCl-KCl molten salt/
SiO, nanoparticle composite system.
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Table 1 Fumi-Tosi potential parameters of binary NaCl-KCl**

K-K K-Na Na-Na K-Cl Na-Cl CI-Cl
Ay (Keal mol™) 6.08 6.08 6.08  4.86 4.86  3.65
oy (A) 2.926 2.663 2.340 3.048  2.755 3.170
Cyj(Kcal mol " A°) 349.46 91.88 24.16 690.30 161.07 1729.35
Dj (Kcal mol™* A%) 345.15 63.02 11.51 1049.83 199.90 3473.08

where g; g; are the charges of the ions, r;; is the distance between
g — T\ .
Y U) is used
P

to describe the short-range repulsion between ions. The
parameter Ay is used to adjust the strength and range of the
repulsion, and ¢ is the sum of the ionic radii. The term

them. The exponential repulsive term Aijexp(

Cj Dy . . .
—yﬁ — r—% is used to describe the long-range attraction between

Ty i

ions, where the r—y6 term represents dipole-dipole interactions,
14

and the f—i term represents dipole-quadrupole interactions
i
(Tables 1-3).

The energy of the amorphous SiO, nanoparticle system
consists of bonding energy and non-bonding energy. Among
them, the non-bonding energy is calculated using the BKS
potential energy. Currently, this method is widely used to
describe the interactions between atoms in SiO, nano-
particles.*** The expression of the BKS potential can be repre-
sented as eqn (2):

L Cy

- 4qi4;
Enon-bonded - Aije Py (2)
6
r,'j r,-]-

Among them, 4; and Cj; are used to adjust the strength and
range of the interaction between different atoms. r;; is the distance
between atom 7 and atom j, g; and g; are the charges of the atoms.

The bonding energy can be calculated by the following
formula, where K}, and K, are the force constants of the bond
length term and the bond angle term, respectively, and R and ¢
are the bond length and bond angle constants, respectively.

Table 2 Non-bonded parameters® and bonded*® parameters of SiO,

Non-bonded parameters

Ay (Keal mol™) pi (&) Cy (Kcal mol * A%)

Si-Si 72 460.64 0.351 14 415.29

0-0 15170.70 0.386 617.24

Si-0 33155.37 0.368 2982.90

Bonded parameters

Si-0 Ky, (Kcal mol ™' A™?) R, (A) = 1.68
=285.0

0-Si-0 Ky (Kcal mol ™" rad?) o (°) = 109.5
=100.0

Si-O-Si K, (Keal mol ™" rad ?) 0y (°) = 149.0
=100.0
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Table 3 L-J potential parameters for the chloride salt and silica in the
present study*>4¢

Atom &; (Keal mol ) oy (&)
Na 0.0860 2.730
K 0.0800 2.760
Cl 0.1001 4.400
Si 0.0400 4.053
(0] 0.2280 2.860
2 2
Eponda = Ko(R — Ro)” + Ky(6 — 6o) 3)

The interaction between chloride salts and SiO, is described
using the Coulomb term of the Lennard-Jones (LJ) potential.

o\ 12 o\ 6
u=4de; J) -2
Tij Tij

g; and g; represent the charges of the particles, while r; denotes
the distance between them. ¢; represents the depth of the
potential energy, indicating the strength of the interaction
between the particles. o is the diameter of the particles, rep-

+ 44 (@)

rij

12
. . gij
resenting the distance scale between them. The term (—y>
Tij
represents the repulsive force between the particles, and the

6

oji .

term (—r”) represents the attractive force between them. In the
i

system, the charge values of Na, K, Cl, Si, and O atoms are +1,
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View Article Online

Paper

+1, —1, +1.91, and —0.95 respectively. The interaction
between chloride salts is truncated at a distance of 15 A, while
the interaction within non-crystalline SiO, and the
interaction between chloride salts and SiO, are truncated at
a distance of 10 A.

2.3. Simulation details

All simulation tasks were conducted on the open-source molec-
ular dynamics simulation platform LAMMPS. The constructed
model includes molten chloride salts and amorphous SiO,
nanoparticles. Periodic boundary conditions (PBC) were applied
in the x, y, and z directions to maintain a stable number of
particles within the system and effectively avoid boundary effects.
The initial velocities of the particles were randomly distributed
and followed a Gaussian distribution. The velocity-Verlet algo-
rithm was used to solve Newton's equations of motion to obtain
the atomic trajectories. For long-range interactions, the Ewald
method for long-range dispersion was employed. The time step
in the simulation was set to 0.002 ps. Temperature control was
implemented using the Nosé-Hoover thermostat, while pressure
control was achieved via the Parrinello-Rahman barostat. To
make the simulation system more realistic, an annealing process
was performed at the beginning of the simulation: the system
was heated from 300 K to 1800 K, held at equilibrium at 1800 K
for 1 ns, and then gradually cooled to the target temperature. All
the above simulation processes were carried out under NPT
ensemble conditions at a pressure of 0.1 MPa with a temperature

change rate of 10 K ps'. Subsequently, at each set target
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Fig. 2 Simulation methodology in this work.
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temperature point, the system was run for 1 ns under NVT
ensemble conditions to ensure the system reached equilibrium.
Finally, thermal performance indicators and various energy data
were calculated and analyzed, and the results were compared
with corresponding experimental values to ensure the reliability
and accuracy of the obtained data. The technical route of this
work is shown in Fig. 2.

3 Results and discussion

3.1. Thermal conductivity

The thermal conductivity of molten salt materials is crucial for
their heat storage characteristics because high thermal conduc-
tivity enables rapid heat absorption during storage and quick and
uniform heat release during discharge. Therefore, it is essential
to study the thermal conductivity of CTES material. Due to the
challenges of measuring thermal conductivity experimentally at
ultra-high temperatures, MD simulations have been proven to be
a reliable method for predicting material thermal conductivity.
For the thermal conductivity calculations, the system was first
equilibrated in the NVT ensemble for 1 ns, followed by produc-
tion runs in the NVE ensemble. In this study, the Miiller-Plathe
(velocity exchange) method was used to predict thermal
conductivity, as illustrated in Fig. 3. The entire system was
divided into 20 layers along the Z direction, with the central
region defined as the hot zone and the regions on both sides of
the system defined as the cold zones. The velocities of atoms
moving slowly in the hot zone were exchanged with those of
atoms moving quickly in the cold zones, resulting in energy
transfer. After several steps, when the energy exchange rate
equaled the conduction rate and the temperature distribution
across the system reached equilibrium, the temperature gradient
was statistically analyzed to obtain the thermal conductivity data.
By calculating the thermal conductivity at different temperatures
for varying numbers of SiO, nanoparticles, the effects of the
number of SiO, nanoparticles and temperature changes on
thermal conductivity were determined. The thermal conductivity
A can be calculated using eqn (5).

Z im(l/hz—

v’)
___ transfer

2AL.L,(3T/0Z) (5)

Periodic boundary condition

The atom with the

lowest kinetic energy F,

———

b Swap Kinetic
2

Energy
O=E, E,

o

2

——

e atom with the
largest kinetic ene

X seveee BN I EEXXXX)

L) - 7Y - . L]
2" | Temperature increasing Temperature increasing

Y7 Cooling area Heating area Cooling area

Fig. 3 Schematic diagram of the RNEMD method for simulating A by
forming a temperature gradient through velocity exchange.
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The experimental thermal conductivity
for NaCl and KCI
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24.
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= A
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1000 1380 1475

Fig. 4 The experimental thermal conductivity for NaCl and KCl in ref.
48 and the resulting linear fit.

Among them, v,, and v, represent the velocities of the atoms
in the hot zone and the cold zone respectively. m is the mass of
the particle, At is the time for energy transfer. L, and L, are the
lengths of the system in the x and y directions respectively. 47/
dZ indicates the temperature change per unit distance in the Z
direction. The temperature gradient is calculated based on the
temperature difference between the hot zone and the cold zone.
By comparing the results of the thermal conductivity calculated
by the MD method with the experimental data, the accuracy of
the Reverse Non-Equilibrium Molecular Dynamics (RNEMD)
method for calculating the thermal conductivity A of the chlo-
ride salt melt is verified.*® As shown in Fig. 4. At the same time,
the thermal conductivities of KCI and NaCl measured in the
experiment at different temperatures were statistically analyzed,
and a linear fit was performed between temperature and
thermal conductivity, and the results are shown in Table 4.

A=AXxXT+B (6)

Finally, the thermal conductivity of the KCI-NaCl composite
molten salt was calculated using eqn (7).*

AkNacl, = WkciAkcl + WNaciANact — (ANact — Akcl)
[1 = (rnac)'] (7)

Here, Axc) and Anac) represent the thermal conductivity coeffi-
cients of KCl and NaCl respectively. wic; and wy,c represent the
mass fractions of KCl and NaCl respectively. The calculated
thermal conductivity results are shown in Fig. 5(a). The simu-
lated values of the thermal conductivity of the molten salt in the
range of 1000-1400 K are in good agreement with the experi-
mental values, with the maximum relative error being 9.66%
occurring at 1200 K. By comparing the experimental and

Table 4 Parameters in the egn (7) of NaCl and KCl thermal
conductivity

Molten salt Ax107* B

KCl
NaCl

1.7429 £ 0.2489
1.8176 4 0.1390

0.5657
0.7127
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(a) The thermal conductivity results calculated by MD simulation and experiment of CTES systems at different temperatures. (b) The

thermal conductivity results calculated by MD simulation of CTES systems at 1400 K.

simulated results in Fig. 4 and 5(a), it is demonstrated that the
selected simulation method and force field type can be used to
study the thermal conductivity issues addressed in this paper.

Specifically, the simulations revealed that the thermal
conductivity increased with the addition of SiO, nanoparticles
at different temperatures. At 1000 K, increasing the number of
SiO, nanoparticles did not significantly enhance the thermal
conductivity. At 1400 K, as the number of added SiO, nano-
particles increased from 1 to 8, the thermal conductivity
changes are shown in Fig. 5(b), with increases of 0.62% and
7.08%, respectively. It is noteworthy that the enhancement of
thermal conductivity by adding eight particles is 11.52 times
that of adding one particle. Adding eight particles can effec-
tively improve the heat transfer efficiency of the molten salt,
reduce the internal temperature gradient of the molten salt, and
make the temperature distribution within the molten salt more
uniform.

The calculation of thermal conductivity does indeed involve
statistical errors, especially at high temperatures (1700 K) or low
temperatures (1000 K) where system fluctuations are signifi-
cant—this is an inherent limitation of molecular dynamics
simulations. The ‘inversion’ phenomenon observed between
adding 8 particles versus 1 particle at certain temperatures likely
stems from a complex mechanism involving the dominance of
many-body effects superimposed with statistical errors.

3.2. Dynamic viscosity

The calculation of molten salt viscosity can be used to deter-
mine its fluidity, predict flow resistance, affect heat transfer
efficiency, and assist in optimizing the structural design of heat
exchangers and other equipment. Therefore, it is necessary to
conduct research on the influence of adding different amounts
of particles on the viscosity of molten salt. For the viscosity
calculations, the system was equilibrated in the NVT ensemble
for 1 ns, followed by production runs in the NVT ensemble. In
this paper, the prediction of viscosity adopts the RNEMD
method proposed by Miiller-Plathe in 1999.*° The schematic
diagram of the viscosity calculation principle is shown in Fig. 6.
The entire system is divided into 20 regions along the z-axis. The

19260 | RSC Adv, 2026, 16, 19255-19269

velocity gradient is constructed by exchanging the x-direction
momentum components of the atoms in the 1st and 20th
regions and the 11th region, thereby forming a shear field. At
the same time, the momentum transfer quantity in the z-
direction is counted for calculation.

Based on the calculation results, the viscosity of the system
varies with temperature and the quantity of SiO, nanoparticles.
The viscosity can be calculated using eqn (8).

Z (Px,l - Px‘ll)

transfer
8
2A1L,L,(3v,/3Z) (8)

7’:

Here, P, and P, 1, represent the x-component of the exchanged
momentum in regions 1 and 11 respectively. dv,/dZ indicates
the change in velocity (in the x-direction) per unit distance in
the z-direction.
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Fig. 6 Schematic diagram of the RNEMD method for simulating n by
forming a velocity gradient through velocity exchange.
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Fig. 7 The viscosity results calculated by MD simulation and experi-
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The viscosity characteristics of CTES material are signifi-
cantly affected by temperature changes. Fig. 7 shows the trend
of viscosity variation with temperature. The viscosity data ob-
tained through the RNEMD method were compared with the
experimental data measured using the oscillating ball
method.* As the temperature gradually increased, the agree-
ment between the simulation data and the experimental data
significantly improved. Especially at 1200 K, the error between
the two was only 7.6%, which proves that the RNEMD method is
reliable for calculating the viscosity of chloride-based fluids.

The viscosity of CTES material decreases with increasing
temperature, as the rise in temperature weakens the association
between cations and anions, reducing the fluid's resistance to
shear deformation. At the same temperature, the addition of
SiO, nanoparticles increases the viscosity because the nano-
particles enhance the association between cations and anions.
Specifically, at 1000 K, the addition of 1, 3, 5, and 8 SiO,
nanoparticles increases the viscosity by 10.36%, 17.62%,
30.74%, and 51.21%, respectively. At 1800 K, the same doping
levels result in viscosity increases of 4.09%, 8.81%, 13.21%, and
26.42%, respectively. This indicates that the effect of SiO,
nanoparticle doping on viscosity diminishes with increasing
temperature. Although increased viscosity can reduce heat
transfer efficiency, this effect gradually decreases at high
temperatures. This work elucidates the microscopic correlation
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mechanism between interfacial ionic layer formation and
viscosity increase, providing a theoretical foundation for
subsequent comprehensive evaluation of nanofluid engineering
applicability through performance evaluation criteria.

3.3. Specific heat capacity

The specific heat capacity is used to measure the heat storage
capacity of CTES material during the temperature variation
process. The calculation is carried out through formula (9) to
obtain the result.

AQ
G = (ATX pr)p

Here, AQ represents the total energy absorbed by the system, AT
is the range of temperature increase, V and p are the volume and
density of the simulated system. Firstly, the system is equili-
brated under the NPT ensemble at 1000 K, and then it is heated
from 1000 K to 1800 K. The temperature and total energy
changes during the heating process are recorded, and a linear

)

. . A
fit is performed to obtain A—g to ensure the accuracy of the heat

capacity calculation. The result of the linear fit is shown in
Fig. 8(a). The total energy gradient is determined, and the
subscript numbers indicate the number of added SiO, nano-

A
particles. Finally, the heat capacity is calculated using A—g, Vand

p, as shown in Fig. 8(b).

Firstly, the specific heat capacity of the NaCl-KCl composite
molten salt obtained from the simulation calculation is
compared with the experimental measurement data. The high-
temperature (T greater than 1000 K) experimental data of pure
chloride molten salts are from ref. 51 and 52, where the specific
heat capacity of NaCl is 1.1559 J (g K) ' and that of KCl is 0.9872
J (g K)~'. Then, the specific heat capacity of the mixed molten
salt can be derived from the calculation formula (10):

C

p_KNaCl, = ¥Nacl X Cp Nnac1 T Xka1 X Cp_kal (10)

Here, xnac1 and xgc represent the mole fractions of NaCl and
KCI respectively. The experimental value of the specific heat
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(a) The total energy of CTES systems counted by MD simulation during the heating process. (b) The absorbed energy AQ and specific heat
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capacity of the mixed molten salt is 1.0716 J (g K) ', while the
simulation result is 1.1282 J (g K)". The specific heat capacity
of the NaCl-KCl composite molten salt simulated by the
method is 5.28% different from the experimental value. This
indicates that the selected simulation method and force field
type can be used to study the specific heat capacity issues
involved in this paper.

Fig. 8(b) shows the calculated results of the absorbed energy
and specific heat capacity during the heating process. It is
evident that increasing the number of nanoparticles increases
the energy absorbed by the molten salt system within the same
heating interval, indicating that the use of nanoparticles can
effectively enhance the material's heat storage capacity. As the
number of SiO, nanoparticles increases from 0 to 1, 3, 5, and 8,
the specific heat capacity of the molten salt increases by
0.443%, 2.46%, 5.27%, and 8.25%, respectively. Notably, the
enhancement of specific heat capacity by adding eight particles
is approximately 19 times that of adding one particle. The
absorbed energy of the molten salt increases by 0.60%, 5.84%,
8.30%, and 11.25%, respectively.

3.4. Microstructure evolution

In order to investigate the influence of the incorporated
nanoparticles on the distribution of ions in the molten salt,
the atomic number density n in the outer spherical region of
SiO, nanoparticles was calculated using the MATLAB program.
Since the SiO, nanoparticles are in a non-fixed state, the
position of their center of mass needs to be determined first.
Then, by calculating the distance between the basic liquid ions
and the center of mass, and subtracting the radius of the
nanoparticle, the distance d between the basic liquid ions and
the surface of SiO, can be obtained.”® Within the distance
range of 0-10 A, for the spherical shell region with a thickness
of 1 A, the number N of basic liquid ions in this region was
counted. The number density is obtained by dividing the
number of ions in the spherical shell region by the volume of
the region, that is, n = N/V.

Taking a temperature of 1400 K as an example, Fig. 9 shows
the function graph of the molten salt density as a function of
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Fig. 9 Distribution of number density with distance d. (insets) SiO,
spherical shell structure model.
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distance when a single nanoparticle is added. From the graph,
it can be seen that when d is small, the density increases with
the increase of distance, reaching the average number
concentration level of the NaCI-KCl composite molten salt at
3.5 A. This is because some basic fluid ions are adsorbed on
the surface of the nanoparticles. In the distance range of 3.5 A
to 6 A, the density is significantly higher than the average
density of the NaCI-KCl composite molten salt, which indi-
cates that a compressed interface layer with a thickness of
approximately 6 A has been built on the surface of the nano-
particles. Once d exceeds 6 A, the density of the basic liquid is
consistent with the average density of the NaCI-KCl molten
salt, thus indicating that the influence of nanoparticles on the
local microstructure is limited to the area outside the surface
of the nanoparticles by about 6 A.

The radial distribution function g(r) is an important
parameter for studying the orderliness of the microscopic
structure of substances. By analyzing the radial distribution
function, the changes in the microscopic structure of the basic
nanofluid before and after adding 0 or 8 SiO, nanoparticles at
1400 K were investigated, as well as the g(r) of Na-Cl with
different amounts of SiO, nanoparticles added. The expression
of the radial distribution function g(r) is as shown in eqn (11):
1 [dN!-,-(r)}

- dmpr? | dr

g;i(r) (11)
Here, p; represents the density of atom j, and Nj; is the average
number of type j atoms in a spherical region with a radius r of
type 7 atom centers.

Fig. 10(a) shows the calculation results of the g(r) of the basic
liquid ions before and after adding 8 nanoparticles at a temper-
ature of 1400 K. The RDFs all exhibit the following characteris-
tics: the fluctuation amplitude after the first peak gradually
becomes less and less, and it approaches 1 at a greater distance,
indicating that the nanofluid presents a clear short-range
ordered and long-range disordered amorphous structure in the
molten state. After adding nanoparticles, the area of the g(r) curve
for all basic fluid ions pairs has increased, which means that the
coordination number has increased, thereby confirming the
existence of the compressed interface layer shown in Fig. 9.
Fig. 10(b) presents the difference in radial distribution functions
between the 8-nanoparticle and 0-nanoparticle systems. Positive
peaks indicate relative enrichment of ions at that distance in the
8-nanoparticle system, while negative values denote relative
depletion. The figure clearly shows a pronounced positive peak at
r = 2.5 A, confirming that nanoparticle addition leads to
enhanced ion accumulation in this region; a negative peak
appears at a slightly larger distance of r = 4.5 A, reflecting the
migration of ions from the bulk region toward the interface. This
differential curve intuitively quantifies the impact of nano-
particles on ion distribution, consistent with the potential energy
reduction mechanism discussed in the main text.

Fig. 10(c) is the RDF curve of 0-8 particles of Na-Cl. At
a temperature of 1400 K, as the doping amount increases, the
first peak of gna-ci(r) gradually shifts to the left and the peak
height increases, indicating that with the increase in the
number of SiO, nanoparticles added, the distance between the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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anions and cations in the center ion Na' coordination layer
decreases, the number of ligands Cl™ in the coordination layer
of the center ion Na* gradually increases, and the interaction
between the anions and cations strengthens, making the
structure more dense.

3.5. Thermal diffusion properties

In order to quantitatively analyze the influence of atomic
diffusion on the heat transfer characteristics, under the NVT
ensemble, the evolution of the mean square displacement
(MSD) of the molten salt system with different amounts of
nanoparticles at different temperatures was recorded over time.
At the same time, the corresponding self-diffusion coefficient
(D) was calculated based on MSD to characterize the movement
ability of atoms at different temperatures. The calculation basis
of MSD and D is the Einstein relationship,* and the formulas
are as follows: eqn (11) and (12):

MSD = (|r(r) — r(0)[) (12)

D= 1im6i<|r(z) - r(0)|2>

t— o0t

(13)

Here, r(t) and r(0) represent the position vectors of the particle
at time ¢ and 0 respectively. The MSD and D of the molten salt at
different temperatures are shown in Fig. 11.

Fig. 11(a)-(e) shows the MSD at different temperatures
within 200 ps. The MSD increases linearly with time and
becomes larger with increasing temperature, indicating that the
nanofluid is in a molten state and the diffusion ability of the

© 2026 The Author(s). Published by the Royal Society of Chemistry

(a) The g(r) of ions outside the SiO, whenn =0 and n = 8; (b) the g(r) difference map between 8 nanoparticles and O nanoparticles (c) the

atoms increases with temperature. Temperature and nano-
particle concentration significantly affect atomic mobility,
which is also reflected in the self-diffusion coefficients.

The calculated D are shown in Fig. 11(f), and D increases with
temperature. Table 5 lists the D values at 1000 K and 1800 K.
The results show that increasing the number of SiO, nano-
particles decreases the D, and this trend is more pronounced at
high temperatures. When the temperature increases from 1000
K to 1800 K, the D for 0, 1, 3, 5, and 8 nanoparticles increase by
357.5%, 354.2%, 364.0%, 376.8%, and 370.8%, respectively.
However, the D of the molten salt nanofluid decreases with
increasing SiO, nanoparticle concentration. At 1800 K, as the
number of nanoparticles increases from 1 to 8, the D of the
molten salt decreases by 2.88%, 6.83%, 10.82%, and 17.35%,
respectively. This indicates that the addition of nanoparticles
suppresses the average distance traveled by atoms in the
simulated system, and this suppression effect increases signif-
icantly with the number of doped nanoparticles. This conclu-
sion is corroborated by the RDF calculation results in Section
3.5, indicating that the compressed interfacial layer enhances
the optimization effect of nanoparticles on the system's heat
transfer characteristics. Furthermore, the existence of micro-
convection effects is inferred based on kinetic evidence from
the nonlinear variation of self-diffusion coefficients.

3.6. Energy analysis

Since the thermodynamic state of atoms in the system is always
influenced by energy changes, studying the variations of various
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atomic energies is helpful for understanding the formation
mechanism of the compressed interface layer. Therefore, the
calculation and analysis of the average atomic energy of ions
after adding different amounts of nanoparticles were carried
out. In the MD simulation, the energy of each atom is composed
of kinetic energy E\ and potential energy Ep, and the specific
expression of the energy is as shown in formula (14):

Etolal = Ep + Ey (14)

The average atomic kinetic energy and potential energy of
the ions after adding different amounts of nanoparticles were
calculated and analyzed. Fig. 12 shows the E, and Ey of K*, Na",
and Cl™ ions in the composite molten salt at 1400 K.
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lonic diffusion abilities: (a—e) MSD of ions when n = 0-8; (f) D of ions when n = 0-8.

The results show that the kinetic energy fluctuations of the
three types of ions are relatively small. According to the fluc-
tuation-dissipation theorem in statistical mechanics and the
calculation of statistical errors, the average atomic Kkinetic
energy is roughly the same, indicating that the calculation
results are consistent with the equipartition theorem.*® The
potential energy of the ions changes with the number of SiO,
nanoparticles. As the number of nanoparticles increases from
0 to 8, the average potential energy of K' and Na" ions decreases
by 2.33% and 1.65%, respectively, while the average potential
energy of Cl™ ions increases by 1.45%. This is due to the
attraction and repulsion of cations and anions by SiO, nano-
particles, respectively. Therefore, increasing the number of
nanoparticles can effectively enhance the association between

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Self-diffusion coefficients of CTES materials at 1200 K and
1800 K

Temperature (K) Number of SiO, D10 ¥ m?*s™)

1000 0.6895
0.6745
0.6334
0.5899
0.5537
3.1542
3.0635
2.9388
2.8129
2.6069

1800

0 Ul Wk O WU Wk o

cations and anions, and the formation of the compressed
interfacial layer is due to the accumulation of Na“ and K" on the
surface of the nanoparticles. The accumulation of cations at
nanoparticle surfaces is well documented in the literature. Both
experimental and theoretical studies consistently demonstrate
that monovalent cations (including Na* and K') enrich at the
interface of negatively charged nanoparticles. For instance,
Kewalramani et al.*® directly probed the radial distribution of
cations around spherical nucleic acid-gold nanoparticle
conjugates using small-angle X-ray scattering (SAXS) combined
with classical density functional theory (DFT). They reported
that the average cation concentration in the SNA shell could be
enhanced by up to 15-fold, depending on the bulk solution ionic
concentration. This study provides direct experimental valida-
tion that Na" and K" indeed accumulate at nanoparticle
surfaces in a distance-dependent manner. Although species-
resolved density distributions would constitute ideal evidence,
the overall consistency with the literature supports our
conclusions.

The observed decrease in system potential energy with
increasing nanoparticle number is consistent with the conclu-
sion that cation-enriched layers form at SiO, interfaces,
a phenomenon extensively documented in the literature.
Svobodova-Sedlackova et al*” discovered through molecular
dynamics simulations that semi-ordered ionic layers rich in Na*
cations form around nanoparticles in SiO,-doped NaNOj;
molten salts, with this microstructure directly resulting in
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Fig. 12 Average kinetic energy and potential energy of molten salt
ions in the systems.
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a 26% enhancement in specific heat capacity at 1 wt% doping
concentration. Similarly, simulation studies by Wen et al.>® on
SiO,-embedded nitrate (NaNO;-KNOj3) and carbonate molten
salts revealed that the surface charge of nanoparticles induces
ordered stratified distribution of molten salt ions near the
interface, leading to elevated local electrostatic potential energy
at the nanoparticle surface. Consequently, ionic layers of the
same charge type become more prone to expansion upon
heating, generating larger local thermal expansion coeffi-
cients—the microscopic origin of thermal property
enhancement.

The surface charge mechanism attracting cations has been
quantified experimentally: Jeong and Jo* measured the zeta
potential of SiO, nanoparticles in nitrate solutions, finding that
zeta potential increases linearly with NaNO; composition, and
demonstrated through electrical double layer analysis that the
electrical double layer interaction potential in the vicinity of
nanoparticles governs the specific heat capacity enhancement
of molten salt nanofluids. Gmiir et al.*® conducted quantitative
investigations of surface potential and charge density at silica
nanoparticle-electrolyte interfaces using potentiometric titra-
tion, ATR-FTIR, and XPS, conclusively confirming that under
negatively charged SiO, conditions, the identity of cations (Li",
Na*, K', Cs') significantly influences surface charge density and
surface potential. This effect can be explained by the closest
approach distance determined by cation hydration diameters.
The consistency between our observations and these estab-
lished research findings supports the interpretation that
“compressed ionic interfacial layers drive thermal property
enhancement”.

4 Discussion

(1) This work employs a classical force field based on the pair-
potential approximation, where cross-interaction parameters
are obtained from mixing rules without rigorous DFT valida-
tion. Future research could utilize ab initio molecular dynamics
(AIMD) or machine learning potentials for precise fitting of ion-
surface interactions to further validate the quantitative accuracy
of the present findings.

(2) Although the present work provides qualitative evidence
for ion accumulation at the nanoparticle interface, future
studies should focus on quantitative characterization,
including (i) calculation of excess ion numbers within the first
coordination shell (=6 A) via molecular dynamics simulations
following the approach of Svobodova-Sedlackova et al.,*” and (ii)
experimental measurement of zeta potential for SiO, nano-
particles in molten salt environments as demonstrated by Jeong
and Jo* to directly correlate surface charge with thermal prop-
erty enhancement.

(3) It should be noted that there exists an optimal concen-
tration range for nanoparticle addition, beyond which perfor-
mance improvements may saturate or even deteriorate. In this
study, although performance continued to increase at n = 8, the
factors determining this optimal concentration are multifac-
eted: First, matrix properties significantly influence the optimal
loading. Chen et al.®* found that viscosity changes in polymer/
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nanoparticle composites exhibit a melt chain length depen-
dence, with longer chains showing more pronounced nano-
particle effects. This indicates that the molecular characteristics
of the matrix are one of the key parameters determining the
optimal doping concentration. Second, interfacial interactions
are crucial. Geng et al.®> demonstrated that carbon nanoparticle
incorporation disrupts interfacial molecular packing density,
reducing mechanical properties. In this study, the saturation of
the ionic interfacial layer may be an intrinsic factor limiting
continuous performance enhancement. When interfacial ion
concentration becomes too high, similar reductions in packing
density or disruption of ordering may occur, leading to dimin-
ished performance gains. Therefore, determining the optimal
doping concentration requires comprehensive consideration of
matrix properties, interfacial physics, and multi-parameter
coupling. This work reveals the microscopic mechanism of
ionic interfacial aggregation, providing a theoretical foundation
for subsequent systematic optimization of doping conditions
through response surface methodology.

(4) A phenomenon worthy of in-depth discussion is that with
increasing number of nanoparticles, the average potential
energy of K" and Na" decreases, while that of Cl~ increases. This
may seem counterintuitive given the overall compaction of the
system (increased coordination number), but it is actually an
inevitable consequence of charge redistribution and the
competition between different ion-ion interactions induced by
the negatively charged interface. The surface of SiO, nano-
particles carries a negative charge, which strongly attracts
cations. Cations accumulate in the interfacial region, and their
enhanced attraction to the surface and to surrounding anions
leads to a decrease in their potential energy. In contrast, anions
are repelled by the surface and are forced to distribute outside
the cation layer or within interstices between cations. As the
number of nanoparticles increases, the overall ion density rises,
reducing the average distance between anions and thereby
enhancing anion-anion Coulomb repulsion. The theoretical
framework of Harris et al.®® clearly identifies three types of
velocity cross-correlations in molten salts: cation-anion,
cation-cation, and anion-anion; the cross-correlations between
like-charged ions contribute significantly to the system's prop-
erties. Simultaneously, the accumulation of cations at the
interface forms a positive charge layer that screens anions from
the surface, so that anions primarily experience the mean field
of the cation layer rather than direct strong attraction. Walz and
van der Spoel® showed that variations in the strength of cation-
anion bonds in molten salts affect the effective potential field
experienced by ions. Moreover, the responses of anions and
cations to changes in interfacial structure are decoupled. Sarou-
Kanian et al.* studied molten fluorides and found that the self-
diffusion coefficients of anions and cations exhibit different
trends with composition, indicating that their sensitivity to
structural changes differs. Therefore, opposite trends in the
potential energies of cations and anions are fully consistent
with the fundamental principles of molten salt physical chem-
istry. In summary, the increase in anion potential energy arises
mainly from enhanced anion-anion repulsion and changes in
the effective potential field, which does not contradict the
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decrease in cation potential energy due to surface attraction.
Together, these effects paint a complete picture of the rear-
rangement of the interfacial ionic layer.

(5) Within the temperature range of 1000-1800 K, the surface
chemical state of silica nanoparticles remains stable without
significant surface chemical reactions. The interfacial layer
thickness shows no obvious variation, while ion density
decreases with increasing temperature. The physical enhance-
ment of ionic thermal motion is the dominant mechanism
responsible for the decline in ion density.

(6) This study employed the original BKS charge parameters,
which were fitted based on first-principles calculations and
represent the field standard for silica simulations. Systematic
charge sensitivity analysis has not been conducted in this work,
which constitutes one of the limitations of this study. As di-
scussed, the core qualitative conclusions (the opposite trends in
anion/cation potential energy changes, and the existence of
micro-convection) originate from the physical nature of the net
negative surface charge; therefore, they are expected to remain
robust against reasonable variations in charge parameters.
Future research will further quantify the influence of charge
parameters on interfacial properties through sensitivity analysis
or polarizable force fields.

5 Conclusions

Taking NaCl-KCI composite molten salt as the research object
and using amorphous SiO, as the doping nanomaterial,
multiple nanograins were randomly doped into the molten salt.
A microscopic physical model for the CTES material was
established. Molecular dynamics studies were carried out on its
thermal properties. The thermal performance parameters,
microstructural parameters, and energy parameters of the CTES
material were calculated, and the microscopic mechanism of
the enhanced thermal performance was revealed. The main
conclusions obtained are as follows:

(1) As the number of SiO, nanoparticles increases from 0 to
8, the thermal conductivity, viscosity, and specific heat capacity
of the molten salt nanofluid all exhibit significant enhance-
ment. The maximum improvements are 7.08% for thermal
conductivity, 51.21% for viscosity, and 8.25% for specific heat
capacity. The observed increase in viscosity is a direct macro-
scopic manifestation of the formation of compressed ionic
layers at the nanoparticle surface. This phenomenon corrobo-
rates the strengthening of interfacial microstructure, although
in practical engineering applications, increased viscosity typi-
cally implies additional pumping power consumption. The
tension between such microscopic mechanistic evidence and
engineering performance metrics represents the core trade-off
that must be carefully balanced in nanofluid research.
Furthermore, the enhancement in specific heat capacity ach-
ieved by adding 8 SiO, nanoparticles is approximately 19 times
that obtained by adding a single nanoparticle, which further
confirms the pronounced influence of nanoparticle number on
thermal performance.

(2) Microconvection effects were observed in the nanofluid.
As the temperature increased, the diffusion ability of ions in the
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molten salt was significantly enhanced. When the temperature
was raised from 1000 K to 1800 K, the MSD of the base molten
salt nanofluid increased by 357.5%, indicating that the ion
diffusion behavior was intensified with increasing temperature.
On the other hand, increasing the number of SiO, nanoparticles
enhanced the association between cations and anions in the
molten salt, making the structure more compact. At 1800 K,
adding 8 nanoparticles reduced the D of the molten salt by
17.35%, indicating that the addition of nanoparticles to some
extent restricted the ion diffusion behavior.

(3) The enhanced thermal performance of the NaCl-KCl
molten salt nanofluid was attributed to the accumulation of Na*
and K' on the surface of SiO, nanoparticles, forming
a compressed interfacial layer with a thickness of approximately
6 A. The presence of the interfacial layer altered the micro-
structure of the molten salt nanofluid, thereby improving its
thermophysical properties.
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