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Abstract: In recent years, heat storage technology has attracted wide attention in the fields of
renewable energy storage for its relatively high melting point, high heat storage capacity and economy,
NayCO3 and eutectic salt mixtures containing NayCOj3 are promising candidates in the field of solar
energy storage. In this paper, a molecular dynamics (MD) simulation of NayCO3; was conducted
with the Born—-Mayer potential function. The simulated solid-liquid phase change temperature is
1200 K, and the error is 5.4%. The heat capacity at constant pressure (Cp) is higher in liquid than
in solid, the average C,, of solid is 1.45 ] /g and that of liquid is 1.79 ] /g, and the minimum error is
2.8%. The simulation results revealed the change rules of density and thermal expansion coefficient
of Nap,COj in the process of heating up, and these changes were analyzed by radial distribution
functions (RDF) and angular distribution functions (ADF). Moreover, the RDF and ADF results show
that the atomic spacing of Nay,COj increases, the coordination number decreases, and the angle
distribution between atoms becomes wider as the temperature rises. Finally, this paper examined
the microscopic changes of ions during the phase transition of Na,COj3 from solid to liquid. It is
concluded that the angle change of CO? in the liquid state is more sharply. This study improves
the understanding of the thermodynamic properties and local structure of Na,CO3 and provides
theoretical support for Na,COj3 heat storage materials.

Keywords: molecular dynamics; Nay,COs; local structures; thermodynamic properties; phase change

1. Introduction

With the development of society and the progress of science and technology, the energy
demand is increasing year by year, and the waste of energy is becoming more and more
serious. The overexploitation of fossil energy (coal, oil, etc.) has not only led to the energy
crisis but also caused serious pollution problems [1,2]. Solving the energy crisis has become
a global consensus. Therefore, it is urgent to seek renewable energy [3-5]. Heat storage
technology is an important part of renewable energy, and heat storage materials play a key
role in heat storage technology [6]. Due to the intermittency and instability of solar and
wind power generation, as well as the peak and trough of power consumption during the
day and night, it is urgent to develop efficient energy storage technologies [7-10].

Phase change materials (PCMs) are the core of energy storage technology. For PCMs,
the absorption and release of heat energy are carried out during the charging and dis-
charging process, which is accompanied by melting [11]. In the aspect of solar energy
utilization, PCMs can directly convert solar energy into sensible heat and phase change
latent heat of materials. There is a wide range of applications for organic, inorganic salts
and their hydrates in low temperature applications of solar energy such as building space
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insulation and cooling [12]. In the aspect of medium and high temperature applications
of solar energy, except for parabolic trough systems with relatively low working temper-
atures (use nitrate, 673.15 K to 773.15 K, thermal decomposed above 773.15 K), there are
two other major methods used to use solar energy, which both have higher maximum
working temperatures. One method is a solar tower surrounded by thousands of small
mirrors. The upper limit temperature of the solar tower is 773.15 K to 1223.15 K. The other
method, a solar dish, is a large reflective parabolic dish which has a receiver set on its focal
point. The upper limit temperature of the solar dish is 973.15 K to 1473.15 K. However,
chloride salts, which corrode pipes, heat exchangers, tanks and other thermal components
at high temperatures, are difficult to apply despite their high melting point [13]. Due to its
relatively high melting point and high heat storage capacity and economy, Na,COj3 and
eutectic salt mixtures containing Na,COj3 are promising candidates in the field of solar
energy storage [14,15].

Good thermal characteristics such as wide working temperature range, large heat
capacity and excellent thermal stability make the molten salt an ideal material for thermal
energy storage [16-19]. Some salts used in the heat storage industry are displayed in
Figure 1 according to their thermophysical properties. It shows that the phase change
temperature of nitrate is low, and the low phase change temperature, which limits its
application range; the latent heat of NaCl and MgCl, is high, but chloride is very corrosive.
When used for a long time, it will cause great pollution to the system and environment.
Therefore, carbonate with low corrosivity has obvious advantages. Among various carbon-
ates, Li;COj3 has high latent heat, but its cost is too high, and it is difficult to be widely used,
and low-cost heat storage materials such as Na,CO3 have received extensive attention from
researchers. Nobuyuki [20] and Feng [21] studied phase change materials (PCMs) with
NayCO3 as the heat storage medium. However, the macroscopic thermophysical properties
of molten salt are determined by its microstructure. By studying the microstructure of
molten salt, you can gain a deeper understanding of its thermophysical properties as well as
explore its molecular motion state at high temperatures [22], which has important guiding
significance for further studying the variation law between thermophysical properties and
temperature of molten salt.
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Figure 1. Comparison of thermophysical properties of some salts [23-26].

The change law of local structure and thermodynamic properties of salts can be ex-
plored by the Molecular Dynamics (MD) simulation [27]. Wang [22] studied the transport
characteristics of liquid chloride and explained the local structure and transport character-
istics of chloride at high temperatures. Du [28] and Ding [29] simulated the thermophysical
properties of NapCOs in a liquid environment by the MD method and described the chang-
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ing trends of microstructure and thermophysical properties of carbonate in the liquid state.
However, the local microstructure and thermophysical properties of Na,COj3 in solid and
during the transformation from solid to liquid have not been studied, which will help us to
deeply understand the thermophysical properties of NayCOs.

In this study, we used MD simulation to study the thermophysical properties (phase
change temperature, heat capacity at constant pressure (C,), and density, etc.) of Na,COs
in solid-state and the process of solid-state transformation into the liquid state and verified
the reliability of the model by comparing with the experimental data and literature results.
Through the simulation of local microstructure (radial distribution functions (RDF) and
angular distribution functions (ADF)), the law of local structure transformation of Na,COs
during heating and the relationship between local transformation and thermophysical
properties were clarified.

2. MD Simulation Methods and Experimental Details
2.1. Interaction Potential and Parameter Setting

In the MD simulations of this study, the effective pair potential was a Born-Mayer
type combined with a Coulomb term, which was proposed by M.P. Tosi [30,31] in 1964.
The thermophysical properties of molten salts are often calculated using this effective
potential [32,33]:
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where, r;; is the distance between the centers of two particles i and j; a (3.45 A) and
b (4.865 kcal /mol) are constants, representing the softness parameter and the pre-exponential
term, respectively. Furthermore, z; is the valence of ion i, n; is the number of ion’s electrons
in the outer shell, ¢ is the electronic charge unit and ¢; is the ion’s effective radius. In this
study, the parameters of the relevant potential model for Na;CO3 simulation are listed in
Table 1, which were obtained by Janssen [34].

Table 1. Parameters of Na,CO3 in MD simulation.

Atom Na C (0}
z(e) 1.00 1.54 ~1.18
n 8.00 2.46 7.18
o(A) 1.07 1.10 1.33

In this paper, the open-source program LAMMPS is used as the MD simulation tool,
and the model Na,COjs refers to the work of Arakcheeva [35]. The lattice structure constants
of NapyCOj3 are shown in Table 2, and a cubic box containing 1500 ions is used as the MD
simulation system. O, C and Na are distributed in a ratio of 3:1:2 in the box.

Table 2. The lattice constant of Na,COs.

Salt a,b,c(A) o, B,y ()
Nay;CO3 8.851, 5.240, 6.021 90.000, 101.080, 90.000

A Nose-Hoover thermostat was used to balance the simulation system under the
NVT ensemble, followed by a range of temperatures from 300 K to 1600 K. The short-range
interaction cutoff distance was set at 15 A, which is half the simulation box length, to
maintain a constant number of particles. The particle numbers were maintained by a
periodic boundary condition. The method of eliminating truncation error in K-space was
based on the Ewald summation, an accuracy of 1.0 x 10~ was achieved in the calculation
of force. Initial velocity follows a Gaussian distribution and is randomly distributed. The
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Verlet algorithm was used to solve the Newton equation of motion and the time step was
set to 1 fs. To ensure a good statistical representation of the required characteristics, it has
been run 5 million times in the NPT ensemble environment.

2.2. Evaluation of Properties
2.2.1. Phase Change Temperature and Heat Capacity at Constant Pressure

In this study, the self-diffusion coefficient (D) was used to verify the phase change
temperature of NayCOs [36,37]. The D increases as temperature rises, which means that
the fluidity of particles increases gradually [38,39]. Einstein’s law describes D as Equation
(2), where M(t) is the mean square displacement (MSD) which was shown in Equation
(3), where r; is the position of ion i at different temperatures. The sign of phase change
is marked by a significant change of D, and with the change of temperature, the D curve
appears a turning point [40,41].

_ 1dM(t)
T 6 dt 2)
M(t) = (|ri(t+ to) — (1)) ©)

Heat capacity at constant pressure (Cy) is determined by the change of enthalpy with
temperature, and the C, of Na,COj can be calculated as shown in Equation (4), where H is
the enthalpy, T is the temperature.

oH

Cp = (ﬁ)p

4)

2.2.2. Density and Thermal Expansion Coefficient

From initial NPT simulations, the densities p of Na;CO3 could be determined by the
following Equation (5), where n is the particle number, N is the total number of atoms
in the simulation box, N4 denotes the Avogadro constant, M is the molar mass of the
simulated molten salt, and VE is the equilibrated volume of the simulation cell at the given
temperature in the NPT ensemble simulations. The thermal expansion coefficient depends
on the volume changes with temperature, and Equation (6) is used to evaluate it, where T
is the temperature, V is the volume of the simulation box, p is the density, the subscript P
indicates the constant pressure and f is thermal expansion coefficient.

_ NMng,co,
P = nNAVE (5)
Cafavy _ 1fa
p=v (), =5 (50), ©

2.2.3. The RDF and ADF of Na,CO3

The RDF and the ADF [28], which are defined by Equation (7) and Equation (10), can
be used to describe eutectic salt’s local microstructure.

The RDF expression is shown in Equation (7), where Nj;( r) was the number of j-type
ions inside a spherical cavity with a radius of r centered on i-type ion, and p; was the ideal
number density of j-type ion around i-type ion, and r,,;,, was the position of the first peak
valley of the RDF. It could be calculated from the RDF through the following formula as
Equation (8),

1 [dNj(r)
gij(r) = prcp, [ d]r ] 7)
Njj(r) = 4mp; '/Or gij(r)r*dr ®)

Because RDF and coordination number can only describe the probability of atomic
pairing, they do not contain the orientation information between atoms. To analyze the
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local structure further, the ADF of Na,CO3 can be characterized. The ADF expression is
shown in Equations (9) and (10), where r is used to represent the atomic spacing, n(6) is
the number of the angle i-j-k in the range between 6 and 6 + Af, and N is the total number
of the angle i-j-k in the sphere, and based on the corresponding RDE, r,,;, represents the
position of the first peak valley.

o Tij + Tik = Tjk
0;jx = arccos (21’ij7’ik ) 9)
~ 14dn(0)
p(0) = N a8 % 100 (10)

2.3. Experimental details

The phase change temperature and C, were measured by differential scanning calorime-
try (DSC) and thermal gravity analyzer (STA449F5, NETZSCH, Selb, Germany). The weight
of sample was 15 £ 2 mg. The phase change temperature was tested with an alumina
crucible, and the Cp was tested with a platinum-rhodium crucible. The test environment is
N2, and the temperature was heated from 500 K to 1100 K at the heating rate of 10 K/min.

3. Results and Discussion
3.1. Thermophysical Properties of Na;CO3
3.1.1. Phase Change Temperature and Specific Heat Capacity of Na,CO3

There is a corresponding relationship between the value of MSD and the atomic self-
diffusion coefficient (D). The MSD has a linear relationship with time, and its slope has a
relationship with D as Equation (2). The MSD curves of Na,COj at different temperatures
are shown in Figure 2a, from which we can know that the slope of MSD increases gradually
as the temperature rises, which shows that the movement of Na,CO3 atom increases grad-
ually with the increase of temperature. Figure 2b shows that the self-diffusion coefficient
(D) has a turning point at 1200 K obviously. Figure 3 shows the phase change temperature
tested by Nap,COs, it shows that the phase change temperature is 1135 K, and the simulation
error is 5.42% compared with the experimental test.

— 900K

25 4

(b)

T

100 150
Time(fs)

T T T ll T T
900 1,000 1,100 1,200 1,300 1,400

Temperature(K)

Figure 2. Simulation results of Na,COj: (a) MSD change with time; (b) D change with temperature.
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Figure 3. Phase change temperature tested by Na,COs3.

By simulating the enthalpy and temperature, the C, of NapCO3 can be determined.
Figure 4a shows the average C, between 500-1100 K is 1.45 ] /(g-K). As shown in Figure 4b,
the C, of Na;COj3 (500~1100 K) obtained by simulation calculation is basically consistent
with the results of experimental tests and literature reports [42], the C, of NayCO; has a
peak value between 700~800 K, and this peak may be caused by crystal transformation.
The C; of liquid NayCOjs is shown in Figure 5. It can be seen that the C;, is 1.79 ] /(g-K). As
shown in Table 3, the minimum error between the simulated and experimental values of C,
is 2.8%, and the maximum error is 16.26%, which has good fitting results. The simulation
shows that the enthalpy of Na,COj increases as temperature rises, and the specific heat
capacity (Cp) is higher in liquid than in solid.

-33,500 1.8
—— MD results 1 ¥D "
. —e— Tes
—— Liner fit of H
L7 4|—a— reference
1.6 4
—34,000 =
P <
2 S0 1.5 1
S 2
= =
1]
1.4 4
~34,500 1.3 4
(b)
T T T T T T T T T T T T T T T T T
500 550 600 650 700 750 800 850 900 950 1000 1050 1100 500K-600K 600K-700K 700K-800K 800K—900K 900K~-1,000K 1,000K~1,100K

Temperature(K)

Figure 4. Heat capacity at constant pressure (Cp) of solid Na,COs: (a) simulation; (b) experimental
(reference and MD).
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Figure 5. Simulation results of heat capacity at constant pressure (C) of liquid Na;COs.

Table 3. The solid Cp of NayCOs.

Temp. Simulation C, Error (with Test)
K Ji(g-K) Test C, J/(g-K) %
500-600 1.34 1.27 5.22
600-700 1.43 1.47 2.80
700-800 1.50 1.59 6.00
800-900 1.23 1.43 16.26
900-1000 1.49 1.43 4.03
1000-1100 1.48 1.30 12.16
500-1100 1.45 1.42 2.07

3.1.2. Density and Thermal Expansion Coefficient of Na,COj3

The density—temperature curve in the NapCO3 simulation system is shown in Figure 6.
It shows that the density is about 1.8 g/cm? at 500 K. In the range of 500 K to 1100 K, the
density decreases linearly with the temperature. Its density decreases rapidly and tends to
be stable after 1400 K when the temperature is greater than 1200 K.

1.8

1.7+

Density(g/cm?)
S~
1 1 1

W
1

o
1

1.1

T T T T T
600 800 1,000 1,200 1,400 1,600
Temperature(K)

Figure 6. The density of Na,COj at different temperatures.
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Table 4 shows the simulated calculation values of the thermal expansion coefficient
of NayCOjs in different temperature ranges. The thermal expansion coefficient of NayCOs
is 2 x 107* K~! between 500~900 K. The thermal expansion coefficient of NayCOj3 is
3.5 x 10~* K~! between 1000~1200 K. When the temperature is higher than 1200 K, the
change of thermal expansion coefficient intensifies, and the maximum thermal expansion
coefficient appears between 1200~1400 K and is 22 x 10~* K~!. The thermal expansion
coefficient drops to 7 x 10~* K~! when the temperature is greater than 1400 K. It shows
that the thermal expansion coefficient increases sharply, and the density decreases rapidly
during phase transition.

Table 4. Coefficient of thermal expansion of Na,COs at different temperatures.

Temp. (K) 500~900 900~1000 1000~1200 1200~1400 1500~1600
B(A0—* K™Y 2 1 35 22 7

3.2. Local Microstructure
3.2.1. The RDF of Nay,COj3

The relationship between the microstructure and temperature of Nay,COj is the key
to the study, and RDF can be used to reveal the change law of Na,COj in the process of
solid-liquid phase change. The variation laws of RDF function and coordination number of
Na,COj at different temperatures are illustrated in Figure 7, and Table 5. As the temperature
rises, the long-range peak (the peak after the fourth peak) of the RDF curve weakens and
disappears, and the short-range peak (the first four peaks) of the RDF curve widens. The
long-range ordered structure of NapyCOj5 crystal will gradually collapse to disappear as the
temperature rises. Whenever the temperature falls below 1200 K, there is a long-range peak
in the RDF curve, and the solid Na;COj crystal presents a long-range ordered structure;
when the temperature is 1200~1500 K, the long-range peak of the RDF curve disappears
and only the short-range peak (the first four peaks), and the liquid Nap,COj3 presents a
long-range disordered and short-range ordered structure. During the solid-liquid transition
of sodium carbonate, the RDF curve changes in growth range peak and short-range peak.
When the solid-state changes to the liquid state, the long-range peak disappears, and the
short-range peak widens. Moreover, the degree of short-range peak broadening increases,
and the order of short-range structure becomes worse as the liquid temperature rises.

Table 5. Characteristic parameters for local structures of Na;COs.

Temp.(K) Na-Na Na-C Na-O c-C c-0 0-0

500 347 3.65 257 3.74 248 3.56

700 3.56 3.65 257 3.74 248 356

900 3.56 3.65 248 3.74 239 3.56

. 1100 3.56 3.65 248 3.83 239 3.65

Tmax (A) 1200 3.65 3.65 248 3.83 239 3.65
1300 3.56 3.74 248 3.83 239 3.65

1400 3.65 3.74 248 3.83 239 3.65

1500 3.65 3.74 248 3.83 239 3.65

500 518 5.09 338 5.00 3.29 5.09

700 5.09 5.18 347 5.18 338 5.09

900 5.09 5.18 347 5.09 338 5.18

) 1100 518 518 3.56 5.09 338 518

Tmin (A) 1200 518 5.18 3.56 5.18 338 518
1300 518 5.18 3.56 5.18 338 518

1400 5.7 5.7 3.56 5.18 338 518

1500 536 5.7 3.56 5.18 347 5.18
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Table 5. Cont.

Temp.(K) Na-Na Na-C Na-O C-C C-O0 0-0

500 9.83 4.88 4.86 4.53 5.12 14.42

700 9.48 5.12 5.09 4.75 5.31 14.47

900 9.03 4.94 4.86 431 5.07 14.33

NGo) 1100 8.98 4.70 4.86 4.22 491 13.71
i 1200 8.97 4.51 4.77 4.48 4.87 13.47
1300 8.68 4.44 4.69 4.35 4.82 13.17

1400 8.80 4.55 4.59 4.15 473 12.85

1500 8.26 4.40 4.50 4.09 4.78 12.52
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Figure 7. The RDF and coordination number of Na,COj3: (a) Na-Na; (b) Na-C; (c¢) Na-O; (d) C-C;

(e) C-O; (f) O-O.
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As shown in Figure 7 and Table 5, the 7y, at the first peak of the RDF curve of
NayCOj; increases as the temperature rises, which shows the distances between Na-C,
Na-Na, C-C, and O-O in the Na,COj3 system increase as the temperature increases, and in
the process of solid-liquid transition, the coordination number curve shows an obvious
right shift trend, and the coordination number of atoms decreases. This also explains
that the molar volume of Na,COj3 increases as the temperature rises, resulting in the
decrease of its density, the increase of thermal expansion coefficient and the change of
other thermophysical properties. When the temperature is higher than 900 K, 7, hardly
changes. As the temperature increases, the peak width becomes wider, which shows that
the C-O stretching vibration and the out-of-plane bending vibration of C are increasing,
and it means that the bond energy and the kinetic energy of Co§* also increase as the
temperature rises.

3.2.2. The ADF of Na,CO3

To learn more about the microstructure of sodium carbonate, the ADF of Na,COj3 at
different temperatures was calculated and characterized on the basis of RDF simulation
analysis, and the interatomic angular distribution and temperature variation of sodium
carbonate were studied.

The Na-C-Na angular distribution function of Na,COj at different temperatures is
shown in Figure 8a. At 500 K and 700 K, there are four obvious peaks in the angular
function of Na-C-Na at 50°, 90°, 140° and 170°. When the temperature rises to 900 K, the
angular function becomes two peaks (about 50° and 100°) and the peak shape becomes
wider, and especially the intensity of the second peak decreases. It shows that the angle
between Na-C-Na has changed significantly in this process. According to the literature [43],
the solid-state phase transition of NayCOj3 occurs at 723 K (phase f to phase «), which may
cause the peak value of the angular distribution function to be changed.

| [~m—500K —m— 500K
37 e 700k T\. (@ 81 |e—700k ' (b)
- A 900K /. A 900K I
07 |—v— 1,100K] I 54 |—v—1,100K] o
+ 1200K |  1200K I\
2.5 |[—<— 1,300K| \,-\ < 1,300K |
> 1,400K ‘/' 44 > 1,400K [
50 e 1500k w |l —e— 1,500K [

T T
120 140

T
160

1
180

T T T 1
80 100 120 140 160 180

—m— 500K
—e— 700K
A 900K
—v— 1,100K
+ 1200K
< 1300K
> 1,400K
®— 1,500K

T T T
100 120 140

T
160

Figure 8. The ADF of Na,COj3: (a) Na-C-Na; (b) O-C-O; (c) C-C-C.
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When Na,COs is solid, the angle distribution range of Na-C-Na is 40-180°. It trans-
forms from solid-state to liquid state as the temperature rises, the angle distribution range
of Na-C-Na expands to 30-180°, and the peak shape becomes wider and weakens. After the
solid-liquid transformation, the angle distribution range of Na-C-Na of sodium carbonate
expands significantly, which is also consistent with the report in the literature [24].

Figure 8b shows the angular distribution function of O-C-O in Nay;COj at different
temperatures. The angular function has two peaks in the range of 60-100° and 150-180°.
When the temperature increases from 500 K to 900 K, the peak shape and peak intensity
become significantly wider and weaken, and the change of peak shape and peak intensity
becomes weaker when the temperature is over 900 K. In the solid-state, the included angle
distribution range of O-C-O is 70-100°, while when the system temperature rises and
becomes liquid, the included angle distribution range of O-C-O extends to 50-100°. As
shown in Figure 8a,c, the change of angle between Na-C-Na is basically consistent with
C-C-C.

This phenomenon shows that the atomic motion in Na,CO3; becomes more and more
intense as the temperature rises, the activity range expands, the periodicity of the arrange-
ment becomes worse and leading to the widening of the angular distribution, which is
consistent with the change of the angular distribution function of Na,CO5 at different
temperatures. The angular distribution of Na,COs in the liquid state is wider than that in
the solid state. With the increase of liquid temperature, the order of its short-range structure
becomes worse. When it becomes the liquid phase, the atomic activity range is larger, the
periodicity of the arrangement becomes worse, and the distribution of the included angle
between atoms continues to expand, but the change of the angular distribution in the liquid
phase gradually slows down with the increase of temperature.

4. Conclusions

In this paper, molecular dynamics (MD) software LAMMPS was used for modeling
and simulation. Thermodynamic properties and local structure of alkali carbonate Na,COs
have been simulated by means of MD method with an effective pair potential model. The
main conclusions are as follows:

(1) The self-diffusion coefficient (D) of Na,COj3 increases as the temperature rises, and
the D changes significantly with temperature during solid-liquid transformation. The
simulated solid-liquid phase change temperature is 1200 K, and the error is 5.4%.

(2) The enthalpy of Na,COj3 increases as temperature rises, and the specific heat capacity
(Cp) is higher in liquid than in solid. The C, has a peak in the temperature range of
700~800 K. The average specific heat capacity of solid is 1.45 ] /g and that of liquid is
1.79 ]/ g, the minimum error is 2.8%.

(3) When the NayCOj transforms from solid to liquid, the thermal expansion coefficient
changes suddenly and the density decreases rapidly. The calculated expansion coeffi-
cient shows that the expansion coefficient was the largest in the solid-liquid phase
transformation (1200~1400 K), and the maximum expansion coefficient was 22-10~4 K~1.

(4) The RDF and ADF results show that the atomic spacing of Na,COj increases, the
coordination number decreases, and the angle distribution between atoms becomes
wider as the temperature rises. When the solid state changes to the liquid state, the
long-range peak disappears and the short-range peak widens in the RDF curve, the
distribution of the included angle between atoms widens and the periodicity of the
arrangement worsens. The degree of short-range peak broadening increases, and the
order of short-range structure becomes worse, as the temperature of the liquid rises.

(5) The microscopic changes of ions during the phase transition of NayCO3 from solid to

liquid shows that the angle change of CO? in the liquid state is sharper.
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