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Determination of Interatomic Potential Parameters for Ni, YSZ, ScSZ, and Ni/ScSZ

In this study, we used the interatomic potential parameters that were determined and employed
in the previous studies.!? The present parameters of Morse and BMH potentials were successfully
used to investigate the Ni and ceramic (YSZ, and ScSZ) systems at around 1073K, respectively,
in the previous studies.’*® They showed that the present parameters of Morse and BMH potentials
well reproduce the interactions of the Ni and ceramic (YSZ, and ScSZ), respectively. The melting
points of Ni, YSZ, and ScSZ bulks calculated by the MD using the present potential parameters
are 2320 K, 5230 K, and 5140 K, respectively. The experimental values for melting points of Ni
and YSZ are 1728 K and 3053 K, respectively. Ni, YSZ, and ScSZ lattices in the experiment
include many defects and grain boundaries, etc., however, the simulation models of Ni, YSZ, and
ScSZ in our MD calculations are perfect lattice. Thus, it is reasonable that the melting points
calculated by the MD using the present potential parameters are higher than their experimental
values. Actually, it is difficult to obtain the melting point of perfect lattice by the experiment.
Furthermore, in this study, all the sintering simulations were performed at 1073 K that is much
lower than their melting temperature. Thus, although our melting points of Ni and YSZ calculated
by the MD using the present potential parameters are higher than their experimental values, it is
suggested that the interatomic potential parameters for Ni, YSZ, and ScSZ do not have significant
influence on our simulation in this study.

To validate the parameters using in this study, we calculated the surface and interfacial energies
by molecular dynamics (MD) method. The surface energies of Ni, YSZ, and ScSZ are calculated
by V' = Estap = Eput " N)/2S pere Esiab is the total energy of the Ni(111), YSZ(111), and
ScSZ(111) slabs, E ik is the reference energy for a Ni, YSZ, and ScSZ unit in bulk phase, N s
the number of Ni, YSZ, and ScSZ units in the Ni(111), YSZ(111), and ScSZ(111) slabs, and S is
the surface area of Ni(111), YSZ(111), and ScSZ(111) slabs. The calculated surface energies of
Ni(111), YSZ(111), and ScSZ(111) are 2.10, 1.28, 1.44 J-m, respectively. The previous
experimental study’ reported that the surface energy of Ni is 2.38 J-m2. The surface energy of Ni
calculated by the MD using the present potential parameters is similar to its experimental value.
In this study, the calculated surface energy of YSZ is 1.28 J-m; the experimental value is 1.38
J-m2.8 Hence, the surface energy of YSZ calculated by the MD using the present potential
parameters is similar to its experimental value. In this study, the surface energies of YSZ(111)
and ScSZ(111) calculated by the MD using the present potential parameters are 1.28 and 1.44
J-m2, respectively. The previous density functional study® reported that the surface energies of
YSZ(111) and ScSZ(111) are 0.70 and 0.78 J-m?2, respectively. In our MD simulations, the
surface energy of YSZ(111) is smaller than that of ScSZ(111), which is consistent with the results
calculated by the DFT. Therefore, we conclude that the present interatomic potential parameters

are sufficient to reproduce the surface energies.



The interfacial energy of Ni/YSZ is calculated by Y= (EBinding Vit Vys2)/ S, where
Epinding is equal to Enijysz = Enisiap ~ Eysz slab, and Enijvsz is the total energy of the
Ni(111)/YSZ(111) (Figure S1a). Enisiap and Eysz siab are the total energies of YSZ(111) (Figure
S1b) and Ni(111) (Figure Sic) slabs. The interfacial energy of Ni/ScSZ is also calculated by the
same method. The interfacial energies of Ni/YSZ and Ni/ScSZ calculated by the MD using the
present potential parameters are 1.92 and 1.59 J-m2, respectively. Actually, it is difficult to obtain
the interfacial energies of the metal/metal oxide interface by the experiment. Then, we calculated
the interfacial energies of Ni(111)/YSZ(111) and Ni(111)/ScSZ(111) by the DFT with GGA-PBE
functional. The interfacial energies of Ni(111)/YSZ(111) and Ni(111)/ScSZ(111) obtained by
DFT calculations are 1.47 and 1.39 J/m2 respectively; the interfacial energies of
Ni(111)/YSZ(111) and Ni(111)/ScSZ(111) calculated by the MD using the present potential
parameters are 1.92 and 1.59 J/m?, respectively. In both results, the interfacial energy of
Ni(111)/ScSZ(111) is smaller than that of Ni(111)/YSZ(111). Hence, the interfacial energies by
the MD using the present potential parameters are consistent with the results calculated by the
DFT. Therefore, we conclude that the present interatomic potential parameters are sufficient to
reproduce the interfacial energies.

We used our previous method!? for determining accurate Morse potential parameters to describe
the interaction between Ni and the ScSZ. The interaction energies between Ni and ScSZ were
calculated by using the DMol® DFT package.'!!2 In the DFT calculations, a generalized gradient
approximation using the Perdew—Burke-Ernzerhof'® correlation functional was applied to the
exchange-correlation term in all the calculations. The effective core potentials were used to model
the core electrons. The double numerical plus polarization basis sets were used to describe the
atomic orbitals. We used one Ni atom on the ScSZ(111) surface as the DFT calculation model
(Figure S2). The Ni atom was located on the on-top sites of the Zr, O, and Sc atoms in the
ScSZ(111) surface with vertical distance, R, to the surface of 1.5 to 5.0 A at intervals of 0.1 A.
Here, the interaction energy is defined as

E= ENi/ScSZ(lll) ~ \ENiatom +EScSZ(1H)slab )’ (1
where FE is the interaction energy of the Ni atom and the ScSZ(111) surface; Eniscszi11) 15 the total
energy of the adsorbed Ni atom and the ScSZ(111) surface; and Enjaom and Egcsz(111 are the total
energies of the isolated Ni atom and the ScSZ(111) surface, respectively.

We divided the interaction energies between Ni and ScSZ obtained from the DFT calculations
into three sets of interaction energies (Ni-Zr, Ni-O, and Ni-Sc) to describe the interactions of the
Ni/ScSZ system. To fit the potential parameters, the basic Morse potential function is rewritten

as the following.
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Here, the parameters Dyi-x , Bri-x , and TNi- X are related to the bond energy, stiffness, and the

bond length between Ni and X, respectively. In this, X represents any atom in the ScSZ(111)
surface (Zr, O, or Sc). The three sets of interaction energies, £, were obtained as a function of the
vertical distance between the Ni atom and the ScSZ(111) surface. The least-squares criterion for

fitting is defined as

min{ZZ(Eﬂt - EDFT)Z} ) (3)
site R

where R is the vertical distance between the Ni atom and the sites on the ScSZ(111) surface, and
Eg and Eppr are the interaction energy values obtained by fitting the Morse potential and from
the DFT calculations, respectively. The two sets (Ni-O and Ni-Zr) of potential parameters were
already determined in our previous study.! Here, we need to determine the set of potential
parameters only between Ni and Sc, because the potential parameters for Ni-O and Ni-Zr in the
Ni/ScSZ system should be consistent with those in the Ni/YSZ system. The Levenberg—
Marquardt method'4!> was used to solve the test function (Eq. 3) and determine the parameters
D, B, and r*, which are related to the bond energy, stiffness, and bond length, respectively, of the
Ni-Sc bond in the rewritten Morse functions (Eq. 2). The periodic boundary condition within the
cutoff value corresponding to half of the unit cell length was employed. The fitting is based on
Eq. 3 with the interaction energies at 12, 12, and 11 points for the on-top sites of the O, Zr, and
Sc atoms in the ScSZ(111) surface. The determined DFT-based potential parameters for Ni and
ScSZ are listed in Table 3. The dependence of the interaction energies on the distance between
the Ni atom and the ScSZ(111) surface at three sites is shown in Figure S3. The fitted Morse

potential curves accurately reproduced the DFT interaction energies at 35 points for the on-top

sites of the O, Zr, and Sc atoms in the ScSZ(111) surface. The "ij values related to the Ni-Zr,

Ni-Y, and Ni-Sc bond lengths are 3.80, 4.17, and 3.96 A, respectively; the experimental ionic
radii of Zr**, Y**, and Sc3" are 0.84, 1.02, and 0.87 A, respectively.'¢ Hence, the order of the



parameters related to the ionic bond length is consistent with the experimental values of the ionic
radii of Zr*", Y3*, and Sc3*.

Modeling of YSZ and ScSZ Nanoparticles

In our multi-nanoparticle modeling method, the ceramic (YSZ and ScSZ) nanoparticles were
obtained by cutting the ceramic (YSZ and ScSZ) bulk as a sphere. We used the ceramic (YSZ and
ScSZ) supercell by 10x10x10 as the bulk. The atoms whose distance from the center of the bulk
is smaller than or equal to 20 A construct the sphere. Figure S5 shows the surface structures of
YSZ nanoparticle with a diameter of 40 A obtained by our method. The (111), (110), and (100)
planes are observed in Figure S5. The surface structures of YSZ nanoparticle mainly consists of
the (111), (110), and (100) planes, which are reported by both experiments!”'* and density
functional theory calculation.?® Thus, our method is effective to model the (111), (110), and (100)
planes of ceramic nanoparticles and our model can reflect the effect of the surface structures of

ceramic nanoparticles on the sintering.
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Figure S1. Models for calculating surface energies of (a) Ni(111) slab and (b) YSZ(111) slab, and
interfacial energy of (¢) Ni(111)/YSZ(111).
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Figure S2. Front view of one Ni atom on the ScSZ(111) surface. The interaction energies were

calculated for each distance, R, at each site. R is the vertical distance between the Ni atom and
sites on the ScSZ(111) surface from 1.5 to 5.0 A.
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Figure S3. Interaction energies obtained from the DFT calculations and the fitted Morse
potential curve of the Ni atom at (a) O, (b) Zr, and (c) Sc sites. The squares and the solid line
indicate the interaction energies obtained by the DFT calculations and the potential curves

determined by the least-squares fitting method.
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Figure S4. Time evolution of the relative surface loss at 1073 K in the Ni/YSZ and Ni/ScSZ multi-

nanoparticle models whose size of Ni and ceramic (YSZ and ScSZ) nanoparticles is 48 A.

Figure S5. Surface structures of YSZ nanoparticle with a diameter of 40 A.
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