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Abstract: During development of substitute anode materials suitable for solid oxide fuel cell (SOFC),
understanding of sintering mechanisms and effects is significant for synthesized porous structures
and performance. A molecular dynamics (MD) model is developed and applied in this study for
the SOFC anode sintered materials to reveal the sintering condition effects. It is predicted that,
for the case of two nanoparticles of electron-conducting La-doped SrTiO3 (LST), the higher the
sintering temperature, the faster the aggregation of nanoparticles and the higher the sintering degree.
An increase in the nanoparticle size could delay the sintering, process but does not affect the final
sintering degree. The MD model is further applied for the case of the multi-nanoparticles containing
LST and ion-conducting electrolyte materials of gadolinium-doped ceria (GDC), i.e., the LST-GDC
particles. The sintering conditions and effects on the LST-GDC particles are evaluated, in terms of
the mean square displacement (MSD) and various structural parameters. Two important thermal
properties are also calculated that agree well with the experimental values. The findings obtained
from this study are useful to identify the optimized sintering parameters for development of the
SOFC electrode materials.

Keywords: solid oxide fuel cell (SOFC); molecular dynamics; sintering process; LST-GDC;
multi-nanoparticles

1. Introduction

Solid oxide fuel cell (SOFC) is considered to be an effective electrical device for hydrogen energy and
utilization [1]. High performance of SOFC electrodes requires effective transport of reactants/products
through pores, while ensuring tightness of involved catalyst and electrolyte materials to provide
effective electronic/ionic conductivity and large, three-phase boundary (TPB) length for electrochemical
reactions. Understanding the effects of the SOFC electrode microstructures has drawn intensive
attention over recent decades [2].

Perovskite La-doped SrTiO3 (LST) materials have strong carbon deposition resistance and sulfur
resistance, chemical stability, as well as high electronic conductivity under high temperature reduction
conditions, which is regarded as one of the potential SOFC anode materials [3,4]. The solid state
material sintering process, often employed for fabricating SOFC anodes, plays a decisive role in the
effective transport processes [5]. In the literature, an analysis and simulation method of sintering
kinetics and microstructure changes mostly stays at a mesoscale level, about 10−6 m for the synthesis
process of the SOFC electrodes [6], and for modeling of the catalytic layer and gas diffusion layer [7].
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This kind of modeling method includes, for instance, the Discrete Element Method [8,9], Kinetic Monte
Carlo [10,11], Lattice Boltzmann method [12], etc.

The molecular dynamics (MD) modeling method can be a good way to study the sintering process
at the microscopic scale, able to observe the anode morphology evolution. Since the first usage by Alder
in 1956 [13], the MD method has become a popular one for molecular level simulation (~ 10−9 m) [6],
particularly in theoretical research for modern condensed matter. At present, MD research on the porous
microstructure and processing of SOFC electrodes focuses on the molecular adsorption/desorption [14],
exploring alternative materials [15], and effect of the electrolyte doping on the electrode performance
degradation [16]. Furthermore, most of the MD studies developed for the substitute anode materials
(such as LST, gadolinium-doped ceria (GDC), etc.) have been limited to investigate the effects of doping
on the lattice constants, pair correlation function (PCF), etc. There is no study yet being put on the
co-sintered metal oxide materials at the nanoparticles scale (<10 nm, i.e., <100 Å) [17], relating to the
sintering process and effects of the substitute materials.

Firstly, the complete sintering process of LST nanoparticles is investigated by the MD method
developed in this study, which describes the physical phenomena from adhesion and neck growth to
full coalescence up to several hundred picosecond (ps). This method allows determining the sintering
rate of very small LST nanoparticles (with particle diameter (dp) < 5 nm) by monitoring the evolution
of their surface areas. Via this way, the sintering mechanism of LST may be unraveled, and rate of the
sintering or coalescence process may be quantified to bridge the knowledge gap from a few molecules
to several nanometers.

Further for practical SOFC applications, the ideal anode material should not only be an appropriate
electronic conductor, but also an ionic conductor [18]. The manufacturing process of SOFC anode
requires both materials being sintered together, which is often known as the co-sintering process [19].
Among various dopants studied, gadolinium-doped ceria (GDC) has been reported to have the highest
ionic conductivity, which is often used as an electrolyte material with LST being the electron-conducting
material in SOFC anodes [20]. Consequently, both GDC and LST nanoparticles are selected and
investigated in this work by a multi-nanoparticles MD model to reconstruct the anode sintered
structure. Various structural parameters have also been calculated to reveal the LST-GDC co-sintering
process mechanism. In addition, the thermal parameters (e.g., the volume heat capacity and thermal
conductivity) are calculated and evaluated, which are also compared with the available data for
validating this multi-nanoparticles model.

2. Modeling Development and Experimental Validation Method

2.1. Mathematic Equations

The Verlet algorithm [21] and Ewald summation [22] are both employed in this study,
as implemented by Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) [23],
while the following equations are employed for the MD model to investigate the sintering process of
two LST nanoparticles and multi-nanoparticles of the LST-GDC material.

In the MD modeling, the potential interactions include the bonded and non-bonded terms. For the
nanoparticles appeared in the crystal materials, the bonded interactions contributed by the bond, angle
and dihedral are omitted, and only non-bonded interactions Enonbond(rij) are considered as below:

Enonbond(ri j) = ECoulomb(ri j) + Evan_der_Waals(ri j), (1)

where ECoulomb (rij) represents the interaction of long-term Coulombic electrostatic force between
atoms i and j, EVan_der_Waals (rij) represents the Van der Waals interaction between different particles, rij
is the distance between atoms i and j.
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The Coulombic term is described as:

ECoulomb(ri j) =
qiq j

4πε0εrri j
, (2)

where qi and qj are the charges for each ion, ε0 is the vacuum permittivity which equals to 8.85 × 10−12

F/m, εr is the relative permittivity equals to 1 in the vacuum condition.
For the Van de Waals interaction between the different particles in the crystal materials,

the Born-Mayer-Huggins (BMH) potential function is commonly employed to describe the ionic
interactions in the crystal particles, which is also appropriated to determine the ion diffusion and
thermal properties as below:

EBMH(ri j) = f0(bi + b j) exp(
ai + a j − ri j

bi + b j
) −

CiC j

r6
i j

, (3)

where the first term represents the effects of Pauli exclusion, and f 0 is the parameter for the unit adoption
which equals to 4.19 kJ/(mol × Å), ai and aj are the length parameter depending on the interaction, bi
and bj are the length parameters relating to the ionic pair; while the second term indicates the attraction
effect, where Ci and Cj are the coefficients of attraction interaction. In LAMMPS, the cut-off distance of
the long-range Coulomb potential is usually set to be longer than half of the box length. Here, we
choose the cut-off distance of the hybrid potential to be 15 Å.

The above mentioned pair-style potential functions have been developed and reported in
the literature: Lewis and Catlow assumed that all O2−-O2− interactions were identical for all the
metal-oxides; for the interaction between anion and cation, the Coulombic potential and BMH potential
were assumed as the long-term and short-term effects, respectively, while the effects between anions
were ignored [24]. Based on these assumptions, researchers have parameterized the potential functions
of LST and GDC using, e.g., ab initio calculation and density functional theory (DFT)method. In the
current work, the potential functions and parameters used to describe LST and GDC are derived from
the potential function fitting studies by Thomas and Inaba [25,26], as shown in Table 1, which are also
employed by the recent work [27,28]. It should be noted that the classical force field is used because of
its simple description of the inter-atomic potential and its fast computation speed, which is suitable for
the simulation involving several thousand atoms. The classical force field is strongly dependent on
the parameters of the potential function and has a much lower computational quality compared to
quantum mechanical methods. It should be noted that the classical force field applied in this study
cannot accurately reflect the energy change caused by the existence and migration of the oxygen
vacancies, which affects the sintering behavior and related parameters. These kinds of limitations may
be lighted by the first principles or density functional theory approaches.

Table 1. Born-Mayer-Huggins (BMH) potential parameters and partial charges for the La-doped SrTiO3

(LST) [25,26].

Atom qi ai (Å) bi (Å)

Ti 2.36 1.055 0.18
Sr 1.84 1.198 0.16
La 2.76 0.6 0.16
O −1.4 1.893 0.1636
Ce 2.8 1.33 0.0454
Gd 2.1 1.1778 0.0127

In order to validate the employed potential function and parameters, the bulk materials sintered
from two LST nanoparticles was annealed, and the thermal physical properties (e.g., thermal
conductivity, volume heat capacity) and lattice parameter of the bulk material were calculated
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and further compared with the data obtained from the synthesized materials (described in Section 2.4).
As shown in Table 2, the simulated volume heat capacity increases from 1.602 to 1.695 J cm−3 K−1,
while the experimental data increase from 1.660 to 1.689 J cm−3 K−1, which gives the error between the
experimental and the simulation result within 5.5%. Similarly, the error for the thermal conductivity
and lattice parameters is less than 3%. In other words, the above- mentioned potential function and
selected parameters are suitable for the current study.

Table 2. Comparison of simulation results and experimental data (volume heat capacity (VHC), thermal
conductivity (TC), and lattice parameter).

Temperature (K) VHC (J cm−3 K−1) TC (W m−1 K−1) Lattice Parameter (Å)

300
1.602 4.232 3.908

1.660 * 4.163 * 3.897 *

1100
1.695 3.456 3.911

1.689 * 3.561 * 3.907 *

* Experimental data.

2.2. Modeling Methods of LST Nanoparticle and Sintering Process

A single nanoparticle model was designed for La0.3Sr0.7TiO3-δ based on the crystal data of the
STO perovskite structure by using Atomic Simulation Environment (ASE) package, which provides
Python-based modules for building and manipulating atoms, analyzing and visualizations, etc., at the
atom level, as shown in Figure 1a. The obtained unit lattice model was extended to have a larger-scale
periodic structure of LST crystal (i.e., a LST supercell), as shown in Figure 1b. Then, a spherical particle
with diameter = 3.5 nm has been obtained from the supercell model. The atoms on the surface of the
particle are deleted to keep the system electrically neutral and to generate a certain amount of oxygen
vacancies. The processed single LST nanoparticle model contains 1212 atoms (La-56, Sr-170, Ti-299,
O-836), as shown in Figure 1c.
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Figure 1. Schematic diagram showing establishment of single LST nanoparticle. (a) Unit lattice model;
(b) supercell model; (c) single nanoparticle model.

Two of the above-mentioned LST nanoparticles are placed in a simulation box, with the initial
distance between them set to 12.5 Å to meet the potential cutoff distance, for the objective to better
observe the approaching process of these nanoparticles. The Ewald summation method is employed
to calculate the long-range Coulomb potential in LAMMPS, which is applicable to the simulation only
with periodic boundary conditions (PBC). It is worth to mention that the PBC is applied in all directions
in this study, which will cause mirror effect, i.e., the nanoparticles will rotate or move unnecessarily
due to the existence of mirror particles, which obviously causes trouble to the modeling and predicted
results. In order to eliminate this mirror effect, a vacuum layer of 40 Å was set up in each of all
directions of the box, as shown in Figure 2.
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Figure 2. Initial structure of two LST nanoparticles sintering process to be modeled.

The sintering process simulations have been carried out in the regular ensemble (NVT) method
used in LAMMPS. The Verlet algorithm is performed to integrate the Newton motion equations
with time, and the timestep is set as 1 fs. In order to avoid large electric dipoles due to the atom
deletion, single nanoparticles were annealed, and the energy was minimized and equilibrated for 5000
timesteps at 300 K before conducting the sintering process simulation. It is found that the mean square
displacement (MSD) value of the system does not change after 4 ps relaxation time, indicating that the
initial configuration is reasonable. Then the sintering process simulation is performed at 1673 K for a
total time of 500 ps by MD.

2.3. Modeling Method for LST-GDC Multi-Nanoparticles and Co-Sintering Process

The above-mentioned modeling method for the sintering process of the LST nanoparticles is
further developed and applied to the SOFC sintered anode involving two different types of the
materials, i.e., the electron-conducting material (e.g., LST) and the ion-conducting one. In this part,
GdxCe1-xO2-δ is selected as the ion-conducting electrolyte material, which is modeled using the same
method as the one for the LST particles. GDC lattice model was obtained by replacing Ce ions with Gd
ions, and the Gd doping ratio x was selected to be 0.2. A single GDC nanoparticle after the electrical
neutralization with a diameter of 3.5 nm contains 1319 atoms (i.e., Gd-82, Ce-359, O-890).

Ten GDC and ten LST nanoparticles were replicated and randomly distributed in a simulation
box. The size of the initial box is continuously adjusted to 245 Å × 130 Å × 100 Å, which is longer in
the x direction than that in y and z directions to better observe the electrode morphology evolution.
More details of the specific adjustment will be discussed in Section 2.4. Similar to the one employed in
the two LST nanoparticle model, the periodic boundary condition was also imposed in the co-sintering
simulations. It is worth it to note that different atoms in LST and GDC nanoparticles are rendered in
different colors for easy viewing, as shown in Figure 3a.

All above-mentioned simulations were performed in the LAMMPS package. The equations
of motion were integrated using the velocity Verlet algorithm with timesteps of 1 fs. The isobaric-
isothermal (NPT) ensemble was employed by the Nose–Hoover thermostat and the Berendsen barostat.
Before performing the sintering simulation, the equilibrated multi-nanoparticles model was stabilized
for 50 ps at 300 K and 1 bar in the NPT ensemble. It is found that the total mean square displacement
(MSD) of the system no longer changes at the time of 36 ps, which indicates that the structure has been
fully equilibrated, and the size of the simulation box is reduced to 216.9 Å × 114.4 Å × 89.0 Å, as shown
in Figure 3b.
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Figure 3. Methodology for the LST-gadolinium-doped ceria (GDC) multi-nanoparticles co-sintering
process. (a) Initial stage of nanoparticles randomly packed; (b) final stage of the sintered particles (LST
particles are represented by red color and GDC particles by blue color).

2.4. Modeling Conditions and Validation

For validating the sintered LST nanoparticles predicted, the experimental preparation method of
LST powder is employed. The La doping ratio was selected as 0.3 in the LST model, which was also
employed by Park et al. [29], in which the authors pointed out that the nanostructure of La0.3Sr0.7TiO3-δ

has the best thermoelectric performance and high thermal stability at the SOFC operating temperature.
Generally, in order to achieve a suitable porous structure and a required density of the SOFC electrode,
the sintering temperature should be higher than 1000 ◦C [30]. Here, using strontium nitrate, lanthanum
nitrate, tetrabutyl titanate, etc., as raw materials, La0.3Sr0.7TiO3-δ powder synthesized by ourselves
via sol-gel method after sintering at 1400 ◦C for 5 h. The X-ray diffraction (XRD) patterns and the
high-resolution transmission electron microscopy (HRTEM) image of LST powder are shown in
Figure 4.
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Figure 4. (a) X-ray diffraction pattern (b) high-resolution transmission electron microscopy (HRTEM)
image of La0.3Sr0.7TiO3-δ powder.

Figure 4a indicates that about 30% of the A-site Sr ions in the lattices structure of SrTiO3 are
replaced by La ions, which is consistent with the unit lattice model operation of La-substituted.
The lattice fringes of 0.276 nm shown in the HRTEM image (Figure 4b) correspond to typical (110) facets
of cubic perovskite SrTiO3. To achieve the same crystal structure, our supercell model is expanded by
multiple unit lattices, which can be ensured that the spherical LST nanoparticles cut from the supercell
have the same perovskite lattice structure with the synthesized powders. Regarding choice of the
nanoparticle size, a number of studies have revealed that the 3–4 nm diameter nanoparticles can well
study the sintering process behavior of two nanoparticles for, e.g., nickels [31], coppers [32], golds [33],
silicons, or titanium oxides [34,35]. Considering the balance of computation load and the sintering
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effect, it is very reasonable to select nanoparticle diameters of 3.5 and 4 nm for the sintering process
modeling in this work.

The LST materials cannot be directly applied as SOFC anodes because it has a poor ionic
conduction [36] and electrocatalytic activity [37]. Adding the GDC phase, which has a good O2- ionic
conduction, into the LST phase to form composite anodes is a well-known and effective method [4,38].
GDC was thus selected as the ion-conducting or electrolyte material in our multi-nanoparticles model.

Experimentally, LST-GDC is synthesized by a solid-phase reaction method. It is worth noting that
GDC powder with Gd doping ratio of 0.2 is selected to co-sintering with the previously prepared LST
powder. This ratio is found to be the optimum value of the GDC impregnation phases [39]. The powders
of the same quantity as GDC and LST were weighed, with the proportion (i.e., LST: GDC = 1:1) derived
from the experimental exploration by Fan et al. [40]. It is found that with increasing amount of
infiltrated GDC, the polarization resistance (Rp) value of the LST-GDC composite anodes gradually
decreases. While the activation energy (Ea) decreases from 1.07 eV for LST-GDC (1:0.52) to 0.98 eV for
LST-GDC (1:1.22). These results clearly indicate that doping amount of GDC remarkably enhances
the catalytic activity of LST-GDC composite electrodes. The density of the processed powder was
about 2.367 g/cm3, which is basically consistent with the equilibrated density of modeling (2.38 g/cm3).
After 5 h of the solid state sintering at 1400 ◦C, the temperature was lowered to the room temperature
with the furnace to synthesis the LST-GDC composite powder.

Figure 5 shows the HRTEM image of the sintered composite powder of LST-GDC. The lattice fringes
of 0.276 nm and 0.270 nm correspond to typical (110) and (210) facets of LST and GDC, respectively.
The obvious dividing boundary between the two materials indicates that the sintering process of
composite powder at the temperature of 1400 ◦C has been performed well. This phenomena observed
in the experiment verifies the setting of the parameters in the established LST-GDC multi-nanoparticles
model, including the selection of the ratio of LST to GDC (10:10) and the setting of the simulated
temperature (1673 K).
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3. Result and Discussion

3.1. Simulation Process of Two LST Nanoparticles

Four typical stages of the sintering process are shown in Figure 6. Initially, the two LST
nanoparticles approach each other and slightly rotate to adjust their lattice planes, which has also been
observed in the modeled gold nanoparticles [33] and experimentally [41]. This phenomenon might
be an indication of an oriented attachment mechanism for the LST particles. Under the action of the
electron cloud and Van der Waals force, the two nanoparticles approach slowly, and their centroid
distance reaches about 3.5 nm at 24 ps. At the same time, the sintering process begins from the
initial stage (24–50 ps), and the two contacting nanoparticles rapidly formed the sintering neck, i.e.,
the centroid distance decreases rapidly. Then, for a next stage (50–300 ps), the width of the sintered
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neck grows slowly, while the breach between the two particles is gradually filled to widen the sintered
neck. Meanwhile, the centroid distance is linearly decreasing. After the time of 300 ps, the width of
the sintered neck does not change, and the whole system is stable, which indicates that the sintering
process reaches the final stage.
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Figure 6 also presents the evolution of the normalized surface area of the two nanoparticles at
1673 K. First, the normalized surface area remains essentially constant due to the slow approaching
movement before the time of 24 ps, then it decreases rapidly by about 12% duo to the sintering process
at the time of 50 ps. From the time of 50 ps, the sintering process is slow, and the normalized surface
area decreases by about 7% at the time of 300 ps. After the time stage of 300 ps, the system tends to be
stabilized and the trend of its curve gradually becomes flat.

The atoms located at different internal positions (e.g., surface layer, intermediate layer and interior
layer) of one LST nanoparticle may have different migration mechanisms, which show different
characteristics in the sintering process. In order to analyze the microscopic mechanism of the single
LST nanoparticle sintering process, with a 1/3 radius as the interval, each single nanoparticle is divided
by three regions (i.e., a surface layer, an intermediate layer and an interior layer), as shown in Figure 7.
The diffusion in the single LST nanoparticle was quantified and evaluated by MSD during the sintering
process. The MSD can be mathematically described as follows [42]:

〈
r2(t)

〉
=

〈
1
n

N∑
i = 0

∣∣∣ri(t) − ri(0)
∣∣∣2〉, (4)

where r2(t) is the total MSD value of the atoms in the divided area, N is the total number of diffused
atoms in the divided area, and t is the time of the simulation.

The MSD predicted for the atoms in different layers of a single nanoparticle are pretended in
Figure 8. Before the two nanoparticles contact (0–24 ps), the value of MSD shows a J-shaped growth
because the atoms move away from the initial positions and accelerate to approach each other for
a contact. Furthermore, there is a mutation at the time of 24 ps due to the existence of the speed of
movement. At the time stage of 24–50 ps, MSD experiences an increase, which is consistent with that
shown in Figure 6, due to the rapid diffusion of two contacting nanoparticles to establish a sintered
neck. In addition, the MSD of each atomic species located in the surface layer at this stage is calculated,
and the diffusion rate of Sr ions (1.33 Å2/ps) and O ions (1.28 Å2/ps) is obtained by a linear fitting
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method. These diffusion rates are larger than that of the Ti ions (0.84 Å2/ps) and La ions (0.82 Å2/ps),
which reveals that the width of the sintered neck is increased mostly by Sr ions and O ions.Energies 2020, 13, x FOR PEER REVIEW 9 of 18 
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Figure 8. Mean square displacement (MSD) predicted for atoms located in different layers of a
single nanoparticle.

It can be seen, in Figure 8, that the MSD of the surface atoms is bigger than that of the intermediate
and interior atoms, indicating that the diffusion speed of the surface atoms is the biggest, which is
consistent with the sintering simulation of Ni/YSZ calculated by Xu et al. [43]. With the thermodynamic
diffusion of the surface atoms, the intermediate and interior atoms of the LST nanoparticles tend to
rearrange and migrate to outward, which may increase the MSD of these two layers of the atoms before
50 ps. However, in the next stage (50–100 ps), the interior atoms generally show no relative diffusion
after moving to the neck region. At this time, the interior atoms behave like the solid state, while the
surface atoms remain in the liquid state. This can explain why the MSD of the internal atoms tends to
gradually increases during the slow sintering process after the time of 50 ps, while the MSD of the
intermediate atoms and the surface atoms still shows a slight increase.

The characteristic of the sintering process at 1873 K is further studied in terms of the influence of the
sintering temperature. The comparison of the sintered structure evolution is shown in Figure 9 for both
the temperature of 1873 K and 1673 K. Compared with the sintering process at 1673 K, the coalescence
of the particles also occurs starting from the time of 24 ps at 1873 K, i.e., the nanoparticles’ approaching
process is not affected by the sintering temperature before the contacting neck is formed, which is
caused by the driving force of the Van der Waals force and the Coulombic interaction. However,
the width of the neck at the low temperature (1673 K) is smaller than that predicted at the high
temperature (1873 K) at the same time stage, which indicates that a high sintering temperature can
accelerate the formation of the sintered neck, and ultimately leads to a larger width of the sintered neck.
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1873 K (e–h).

In order to evaluate the order/disorder of the sintered structure and characterize the sintering
degree, the radial distribution function (RDF) of the sintered structure is further studied for different
sintering temperature at 1673 K and 1873 K, as shown in Figure 10. The g(r) is predicted for 1673 K
(red lines) and 1873 K (black lines), respectively, at 500 ps. The first peak of the g(r) (i.e., the peak of the
nearest neighbor atoms) is broader for 1873 K, which indicates that the crystallinity is lower and the
degree of sintering is higher at a higher sintering temperature.
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Moreover, the influence of the initial nanoparticle size is analyzed for the sintered structure of
the two LST nanoparticles. The evolution of the different nanoparticle sizes with the diameters of
3.5 nm and 4nm is shown in Figure 11. It is obvious that the particles with a large diameter contact
later, but they will form the same structural morphology after a long enough sintering time. It can be
concluded that the increase in the size of the nanoparticle slows the sintering process, whereas the
sintering mechanism is not changed. This is consistent with that found in the previous studies [31,44].Energies 2020, 13, x FOR PEER REVIEW 11 of 18 
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3.2. Simulation of Co-Sintering LST-GDC Multi-Nanoparticles

An initial structure is stabilized at 300 K, as shown in Figure 12a. The box size after the relaxation
is compressed to 216.9 × 114.4 × 89.0 Å, and the LST and GDC nanoparticles were randomly distributed
in the box. Using this relaxed structure, the co-sintering process was performed at 1673 K. The structure
of multi-nanoparticles after the co-sintering for 500 ps is shown in Figure 12b. It is found that most
of the particles are deformed and sintered together in 500 ps, and the dimensions of the simulation
box is further reduced under the sintering conditions due to the growth of the sintered neck between
the nanoparticles. As highlighted by the black-circle areas shown in Figure 12b, the interface regions
between different nanoparticles representing electronic conductors (LST) and ionic conductors (GDC)
increase, and the junction formed between this interface and the gas phase is the so-called three-phase
boundary (TPB). The volume of the simulation box is reduced by 67% at 500 ps, due to the shrinkage
in the sintering condition with the density of 3.92 g/cm3. When the sintered structure is annealed and
equilibrated for 500 ps at 300 K in NPT canonical ensemble, the density increases up to 4.16 g/cm3,
which agrees with our experimental data (i.e., 4.05–4.21 g/cm3), obtained for the LST-GDC powders
synthesized at 300 K.
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Figure 12. Evolution of co-sintered multi-nanoparticles for (a) initial state, and (b) coalescence at 500 ps.

The detailed structures of the co-sintered LST-GDC multi-nanoparticles are further presented and
examined by the cross-sectional snapshots obtained at different time points during the sintering process.
The cross-sectional snapshots along the X direction is thus cleaved to observe the microstructure inside.
Figure 13a–c shows the cross-section morphology of the LST-GDC multi-nanoparticles simulated
at 0, 36, and 500 ps, respectively. To identify the sintering of atoms in the simulated box boundary,
the area shown in the snapshot has been expanded in the Y and Z directions based on periodic
boundary conditions. It is shown that the distance between the nanoparticles is gradually decreasing
with the increase of the sintering time. In the contrast, LST nanoparticles move faster than GDC
nanoparticles. At the time of 36 ps, the two LST nanoparticles come into contact and form the sintered
neck. The sintering process of LST particles is becoming slower after the necks are stable, as shown in
Figure 13b,c. On the other hand, the aggregations of GDC nanoparticles are relatively slower, and the
final structure after the sintering time of 500 ps indicates that the LST and GDC nanoparticles are
obviously gathered to form electronic/ionic conductors, respectively. Meanwhile, the pores with the
continuous channels are formed, which can be observed from Figure 13.
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Considering that LST and GDC have different atom migration mechanisms, the MSD values
of the two different kinds of the nanoparticles is further evaluated by measuring MSD during the
sintering simulation, as shown in Figure 14. Before the formation of the sintered neck, the MSD of
the nanoparticles increased rapidly from the time stage of 0 to 36 ps, which is highly related to the
thermal diffusion. During the time between 36 ps to 100 ps, the MSD of the atoms in the LST and
GDC nanoparticles gradually tends to be stable, indicating that the diffusion of the atoms in the LST
nanoparticles is close to be dynamic equilibrium after the simulation time of 100 ps. In addition, it is
found that the MSD of the atoms in the LST nanoparticles is higher than that of the atoms in the GDC
nanoparticles, indicating that the diffusion of the atoms in the LST nanoparticles is stronger than that
in the LST nanoparticles, which may dominate a rebuilding of LST-GDC composite structure in the
sintering conditions. In other words, its diffusion process controls the sintered nanoparticles.
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It is a fact that MSD and TPB length (LTPB) affected by the sintering conditions are highly
correlated with surface catalytic reactions and charge exchange reactions. For evaluating the TPB
length changes in the sintering process, the LTPB is calculated by using the Meyer method [45],
as shown in Figure 15. The entire simulation domain is divided into several cubic grids with a length
of 0.2 Å in three-dimensional space. The grids belonging to both the LST and GDC nanoparticles
simultaneously are defined as the overlapping grids (green grids in Figure 15), and the surface grids
of LST nanoparticles (red grids) in direct contact with the surface grids of GDC nanoparticles (black
grids) are defined as the contact grids. The overlapping and contact grids being contacted with the
pore phase grids are then determined as the TPB grids.
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Figure 15. Simple theoretical schematic diagram of Meyer method for three-phase boundary (TPB)
length calculation.

In Figure 16, it is found that the TPB length increases rapidly during the initial stage of the
sintering process. For instance, the TPB length increases to 5783.1 Å/Å3 at the time stage of 50 ps,
which is about 93.6% of the maximum TPB length (i.e., 6172.3 Å/Å3 at the time of 53 ps). It is so because,
along the LST-GDC co-sintering process, the distance between LST and GDC nanoparticles is reduced,
and the contact surface is formed, as discussed in Figure 13. During the time of 53 to 300 ps, the TPB
length is slightly down due to the increase of the density and the decrease of the pore volume in the
sintering process. After the time of 300 ps, LTPB is stable.
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Furthermore, the surface area of the particles per volume (SV) is also evaluated and presented.
In contrast with the TPB length, the surface area of the nanoparticles decreases rapidly within the
initial stage since the nanoparticles are attracted and sintered together rapidly, leading to the rapid
reduction of the surface area for each single nanoparticle. The specific surface area of LST (Sv(LST)) is
larger than that of GDC. For instance, the Sv(LST) equals to 12,926.53 Å2/Å3, which is about 63.4% of
the total particle surface area, Sv(total), at the time of 500 ps. As the main carrier for the hydrogen fuel
adsorption and dissociation, the larger effective surface area of the LST nanoparticles leads to more
hydrogen adsorption sites, which is beneficial to H2 adsorption/desorption reactions occurring on the
surface of the LST catalyst particles. Overall, it is beneficial to increase TPB with the sintering time.
At the same time, a significant decrease in Sv may affect the surface catalytic reactions. There seems to
be a contradictory relationship between these two parameters. In a fact, further grinding the particles
during the experimental synthesis process can increase both the TPB length and effective surface area,
thereby reducing the negative impact of the sintering process.
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Two thermal properties are also evaluated and presented in this part, partially for a purpose to
verify the accuracy of the code developed. One of these is the volume heat capacity (VHC), which is
an important parameter in the design and operation of SOFCs. In this study, VHC is defined as the
ability of a substance of a given volume to store internal energy while undergoing a given temperature
change without undergoing a phase transition, as described below [46]:

CV =
∇E
∇T·V

, (5)

where CV is VHC (J cm−3 K−1); E is the internal energy (J); T is temperature (K); V is volume (cm3).
The predicted VHC of the sintered structure is presented in Figure 17 for a temperature range from 500
◦C to 1000 ◦C.
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It is clearly noticed that the VHC is increased due to the particle densification with the increased
sintering temperature. The predicted VHC is also compared with the experimental data of the sintered
LST-GDC powder synthesized at 1673 K by ourselves, as shown in Figure 17. The gap between MD
simulation results and our experimental data is observed, which can be explained by the small-scale
simulation box effect [47]. Nevertheless, the error is within a small range (~0.02 J cm−3 K−1).

Thermal conductivity (κ) is also an important parameter for evaluating SOFC electrode
performance. It is obtained by using the equilibrium molecular dynamics (EMD) simulation based
on Green-Kubo (GK) [48] method. In the GK method, the thermal conductivity is related to the heat
current auto-correlation function (HCACF) via the GK formula [27]:

κ =
V

3kBT2

∫
∞

0

〈
J(0) · J(t)

〉
dt, (6)

where κ is thermal conductivity, V is volume of the studied case, kB is Boltzmann constant, J is heat flux
auto-correlation function, and t is time correlation. The HCACF can be obtained from the equilibrium
MD simulations, in which the heat flux is evaluated as follows:

J =
1
V

∑
i

(Eivi − Si · vi), (7)

where Ei and vi denote the energy and velocity of the atom i, respectively, and the per-atom viral stress
Si is expressed as the outer product of relative position (rij = rj − ri) and derivative of the potential
energy of the neighboring atoms with respect to the relative position.

Figure 18 shows the thermal conductivity of the co-sintered LST-GDC particles at 1673 K, and the
inset is a plot for the representative normalized HCACF. It is observed that a correlation time of 100 ps
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is sufficient to achieve a converged value of the multi-nanoparticles model. The thermal conductivity
of the co-sintered LST-GDC particles is predicted to have a value of 5.83 W m−1 K−1 at the sintered
temperature of 1673 K, with a time correlation of 100 ps. Compared with the results of previous work
(5–8 W m−1 K−1) [49,50], the evaluated thermal conductivity value from this study is well within
the range.
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4. Conclusions

In this work, an MD simulation method is developed for evaluating and understanding the
sintering of the LST and the co-sintering of the LST-GDC composite materials. The modeling hypothesis
and conditions applied are validated by comparing the predicted structural and thermal properties
with the experimental data or the findings presented in the literature. The simulation results reveal
that the surface diffusion is the dominant sintering mechanism in the sintered LST nanoparticles,
and the migration of Sr ions and O ions is the main driving factor for the growth of the sintering
neck width. It is also found that the approaching process of the nanoparticles is not affected by
the sintering temperature—the increase in the particle size will not change the sintering mechanism.
For the co-sintered LST-GDC composite anode materials, the MSD of the atoms in the LST nanoparticles
is higher than that in the GDC nanoparticles, indicating that the diffusion of the atoms in the LST
nanoparticles is stronger than that in the GDC nanoparticles. The TPB length increases to 93.6% of
its maximum value at 50 ps, i.e., the initial sintering process is an important stage for the formation
of TPB in the sintering process. LST nanoparticles provide a larger specific surface area than GDC,
which is beneficial to improve the H2 adsorption/desorption reactions occurring on the surfaces of
the LST catalyst particles. This MD simulation method may be served as a useful research tool for
optimizing of the sintering process connected to SOFC electrode development.
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