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The properties of nanoparticles depend on their sizes, and these size effects in face-centered-cubic (FCC)
nanoparticles are attributed to the edge and vertex effects. However, the effects of edges and vertices on the
properties of nanoparticles have not yet been explicitly investigated. In this study, we propose a method to
evaluate the edge and vertex effects in FCC nanoparticles using density functional theory atomistic simulations.

Pd and Au FCC nanoparticles are modeled as conventional truncated octahedra with {111} and {100} faces.
The changes in the excess energy due to the edges and vertices are separately described and are calculated
with respect to the size of the nanoparticles. Through explicit calculations, we confirmed that for Pd and Au
nanoparticles with several hundred atoms, the vertex effects are negligible, whereas the edge effects are still

significant.

1. Introduction

Nanoparticles exhibit unique properties that depend on their shape
and size. In particular, the properties of small nanoparticles differ
from those of large nanoparticles and bulk metals [1-11]. The prop-
erties of nanoparticles have been extensively investigated to develop
nanoparticles with desirable characteristics [12-14]. The metals Pd,
Pt, Au and Ag have been conventionally used to prepare nanoparticles
because they exhibit high stabilities [15,16]. These metals usually
have face-centered-cubic (FCC) crystal structures and FCC nanoparti-
cles have truncated octahedral structures with {111} (hexagons) and
{100} faces (tetragons) as stable shapes [11,17,18]. Apart from the
{111} and {100} faces, the edges between {111} and another {111}
planes ({111}/{111}), {111} and {100} planes ({111}/{100}) and the
vertices between {111}, {100} and another {111} planes are geometri-
cally necessary to construct such octahedral nanoparticles. Hence, the
size effect in such FCC nanoparticles can reasonably be attributed to
the edges and vertices of the octahedra. Nevertheless, the effects of
edges and vertices on the properties of nanoparticles have not yet been
explicitly investigated and they remain unclear because of the lack of a
methodological study to examine the effect. To understand such effect
is useful in understanding the thermodynamic and mechanical stability
of crystals and it is also connected to the nucleation of extended defect
such as dislocations in nano-scale metals, which is informative to the
mechanical properties.

In this study, we propose a method to evaluate the energetical
effects of the edges and vertices of FCC nanoparticles using density
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functional theory (DFT) atomistic simulations. We model Pd and Au
FCC nanoparticles as conventional truncated octahedra with {111} and
{100} faces. The changes in excess energy due to the edges and vertices
are separately described and calculated with respect to the size of
nanoparticles. In the following sections, we simply denote the excess
energies as “edge” and “vertex” energies.

2. Calculation of the edge energy

First, we calculated the edge energy of the conventional truncated
octahedral FCC nanoparticle with {111} and {100} faces using a 2D
atomic model. A schematic of the 2D atomic model used herein is
shown in Fig. 1. The 2D model is a hexagonal prism with {111}/{111}
and {111}/{100} edges and an infinite length along the longitudinal
direction z. Herein, aﬁD, the thickness of the unit cell along the z
direction, is very small owing to the periodicity along the z direction.
The {111}/{111} and {111}/{100} edges correspond to those of the
conventional truncated octahedral FCC nanoparticle but no vertices
exist owing to the periodicity along z direction in this model. Thus,
we distinguish between the effects of edges and the effects of vertices
and the edge energy of the nanoparticle is defined as follows:
a2LD (EZD _ N2D pbulk _ y{lll}A%I])”} _ y{|00)A%|]300}) . o)

z

AES =

Here, E?P denotes the potential energy of the 2D atomic model for
the optimized atomic structures calculated via DFT; E" denotes the
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Fig. 1. The schematic of 2D atomic model (hexagonal prism shape). The atomic model
has periodicity (infinite length) only along z direction.

Table 1

Bulk energy and surface energy for orientations {111} and
{100} of the FCC structure of Pd and Au, calculated using DFT
atomistic simulations, those were derived from the Materials
Project database [22].

Pd Au
EM I (eV/atom) -5.22 -3.22
ylm (J/mz) 1.34 0.710
y1o0) (3/m*) 1.52 0.861

Table 2
Calculated edge energy AE®‘® with respect to the number of
the atom of 2D atomic models in Fig. 2. The unit is eV/A.

N?P Pd Au

14 0.910 0.545
19 0.912 0.528
24 0.933 0.489
29 0.933 0.485
34 0.937 0.487

bulk energy (per atom) of the materials without any surfaces; y!!!1}
and y!1%) denote the surface energies of the {111} and {100} faces,
respectively; N2 denotes the number of atoms in the 2D atomic model;
and A%?] , and A%?OO) denote the surface areas of {111} and {100} in the
2D atomic model.

To verify the convergence of the edge energy AE®2® with respect
to the size of the atomic models for Pd and Au, we first constructed
atomic models with different distances between the {111}/{100} edges
as shown in Fig. 2, and the AE®¢ for these models were calculated. The
Vienna Ab initio Simulation Package was used for the DFT atomistic
simulations [19]. The electron-ion interactions were described using
the projector-augmented wave method [20]. The exchange—correlation
between the electrons was treated using the Perdew-Burke-Ernzerhof
generalized gradient approximation [21] with an energy cutoff of 520
eV for the plane-wave basis set. The energy convergence criteria for
the electronic and ionic structure relaxations were set to 1.0 x 1076
and 1.0 x 1073 eV, respectively. A 1 x 1 x 8 k-point mesh was used.
The size of the supercell was set to 50 x 50 x a0 A to describe the
vacuum around the faces on xy plane. E2P for each atomic model was
calculated after structural optimization (including the cell length along
z direction). The values of Ebuk y{111} apnd 4100} obtained from the
Materials Project database [22], are listed in Table 1. Table 2 lists the
calculated AE®%° values for each atomic model. The results show that
the value of the edge energy converged at N2° = 24, and the energy
difference was lower than 10~2 eV/A. Thus, the range of the interaction
between the edges is a mere six {110} atomic layers.

The convergence of AE®® for the {111}/{100} edges was con-
firmed. Next, we examined the convergence for the {111}/{100} edges.
Based on the atomic models with N?P = 29 in Fig. 2, which AE®d° is
converged, we constructed two atomic models with different distance
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N?P =19

N?P =14

Fig. 2. 2D atomic models with different distance between {111}/{100} edges to check
the convergence of AE®. The thickness of the unit cell along z direction is two (110)
atomic layers for all models. The atomic structures are visualized using the OVITO
software [23].

Table 3

Calculated edge energy AE®‘z® with respect to the number of
the atom of 2D atomic models in Fig. 3. The unit is eV/A.
The value of N?® = 29 model in Table 2 is also listed as an

reference.
N? Pd Au
29 0.933 0.485
44 0.933 0.500
61 0.929 0.491

between {111}/{111} edges as in Fig. 3 and the edge energies were
calculated. Note that the settings of DFT calculation, including the
size of the supercell, are same as those we previously mentioned in this
section. The results are presented in Table 3. The difference in AE®dg®
for N2 = 44 and N?® = 61 was small, and we believe that AE®de
converged with respect to the distance between the {111}/{111} edges.
Hence, the converged AE®%° values for Pd and Au were determined as
0.93 and 0.49 eV/A. The value of AE®® calculated in this section may
not be physically very important because it includes the information on
both the {111}/{111} and {111}/{100} edges due to the settings of 2D
atomic model. A more practical calculation of the edge energy of the
nanoparticle is presented in the appendix, wherein the edge energy is
calculated separately for the {111}/{111} and {111}/{100} edges.

3. Calculation of the vertex energy

Once AE®® was calculated, we calculated the vertex energy AEYertex
using the atomic model of an actual truncated octahedral FCC nanopar-
ticle with identical edge lengths a. Fig. 4 shows a schematic of our 2D
atomic model which corresponds to the model with 2 {111}/{111} and
4 {111}/{100} edges from the nanoparticle, which have 12 {111}/
{111} and 24 {111}/{100} edges. Thus, the vertex energy AEe''X,
which corresponds to the effect of the vertex, can be obtained from the
potential energy of nanoparticle E™"F and calculated 4E®%° to cancel
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Fig. 3. 2D atomic models with different distance between {111} edges to examine the
convergence of AE®*¢. The thickness of the unit cell along z direction is two (110)
atomic layers for all models. The atomic model of N?P =29 in Fig. 2 is also shown as
an reference. The atomic structures are visualized using the OVITO software [23].

the edge effect:

AEvertex = i (EnanoP _ NnanoPEbulk _ 6AEedgea _ (12\/5}/(111} + 6}'“00)) 02) .
24

(2)

Here, NP denotes the number of atoms in the nanoparticle; 12\/§a2
and 6a? indicate the total areas of the {111} and {100} faces of the
truncated octahedron, respectively; and 24 corresponds to the number
of vertices in the truncated octahedron.

We constructed three atomic models with different sizes, as shown
in Fig. 5, to investigate the size effect of the nanoparticles. Note only
the three atomic structures in Fig. 5 are possible as truncated octahedral
FCC nanoparticles with {111} and {100} faces and same length of
edges in the calculatable size using our computational resource. The
converged AE®%° values obtained in the previous section were used.
That is, in this calculation, the size effect of the nanoparticle was
considered to correspond to the change in the vertex energy AEYer'x,
Moreover, the k-point mesh was changed to 1 x 1 x 1, and the size of
the supercell was set to 50 x 50 x 50 A to describe the vacuum around
the nanoparticle; no periodicity was assumed in the atomic models of
the nanoparticles.

Table 4 lists the calculated vertex energies AEY*''** with respect to
the size of the nanoparticle. The value of AEY"*®* decreased with an
increase in the nanoparticle size. Table 5 shows the percentages of the
surface, edge, and vertex energies that contribute to the total excess
energy of the nanoparticle (the energy increment from the bulk FCC).
Although the effect of the vertex energy AEY*"'** on Pd was minimal
(less than 10%), the effect of vertex energy was significant for small
Au nanoparticles. For the large nanoparticle with 500 atoms, the vertex
energy AEV""* was largely negligible for both nanoparticles. However,
the edge effect was significant: the edge energy AE®%® accounted
for 20% of the excess energy. In this calculation, the change in the
vertex energy with respect to N™P was considered to correspond
to the size effect of the nanoparticle. Hence, we conclude that the
size effect is negligible for Pd and Au nanoparticles with more than
200 atoms wherein the vertex energy AEY®''** accounted for less than
10% of the excess energy. We think that our result is consistent with
the experimental observation of spherical shape for the nanoparticles
with the relatively large size [2,24]. Because many edges and vertices
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2D hexagonal prism model

A

{111}/{100} edge: 4
{111}/{111} edge: 2

FCC truncated octahedral nanoparticle

{100}

Vertex

{111}/{100} edge: 24

{111}/{111} edge: 12
Vertex: 24

Fig. 4. The relationship between the 2D atomic model and the truncated octahedral

FCC nanoparticle with the identical length « for all edges. The broken lines indicated
the hidden edges from the viewpoint.

Table 4
Calculated vertex energy AE“"'*™* with respect to the number of
the atom in nanoparticle in Fig. 5. The unit is eV (per vertex).

NndnnP Pd Au

38 0.137 0.228
201 0.102 0.204
586 0.056 0.168

are necessary to construct spherical nanoparticles, this indicates that
the excess energies due to edges and vertices become very small or
negligible for the large nanoparticle. Note we also implemented the
calculation of edge and vertex energies using preexisting empirical and
machine learning potentials in our appendix to investigate the size
effect of edge and vertex energies for larger nanoparticles and the
validity of such potentials for the analysis of nanoparticles. From the
result, we think the accuracy of the present empirical potentials may
be not enough to calculate edge and vertex energy.

4. Conclusion

In this study, we proposed a method to evaluate the energetical ef-
fects of the edges and vertices of FCC nanoparticles using DFT atomistic
simulations. Pd and Au nanoparticles were modeled as FCC nanopar-
ticles with conventional truncated octahedra with {111} and {100}
faces. The changes in the excess energy due to the edges and vertices
were described separately and were calculated with respect to the size
of the nanoparticles. We confirmed through explicit calculations that



A. Ishii

NnanoP =201

NnanoP =38

Fig. 5. Atomic models of the nanoparticles with different size for the calculation of
AE“*"'**, Broken lines are the guides of the eyes for a certain {111} face. The atomic
structures are visualized using the OVITO software [23].

Table 5
The fraction of surface, edge and vertex energy in the total excess energy
of the nanoparticle. The unit is %.

[N nanoP Surface Edge Vertex
Pd
38 48 43 9
201 68 30 2
586 77 23 Lower than 1
Au
38 42 35 23
201 65 27 8
586 76 21 3
Table A.1

Calculated edge energies for {111}/{111} and {111}/{100}.
The unit is eV/A.

Pd Au
d;
AEFR ) 0.201 0.166
AE®® 0.131 0.039

{111)/{100}

the vertex effects were negligible for Pd and Au nanoparticles with
several hundred atoms, although the edge effects were still significant.

Our approach is also applicable to the calculation of the energies for
edges and vertices of nanovoids (or bubbles) [25] and coherent nano
inclusions [26-28]. Once the edge and vertex energies are obtained, it
is useful to give the energetics to larger-scale computational simulation,
such as phase-field or other micromechanics-based meso-scale simula-
tions [29-32]. These large-scale simulations are usually limited by the

Computational Materials Science 243 (2024) 113122

chemical interfacial energy obtained in atomistic simulations. Thus, our
approach can help achieve parameter-free multi-scale computational
analysis, and these aspects will be considered in future studies.
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Appendix A. The dissolution of the edge energy to {111}/{111}
and {111}/{100} edges

The edge energy can be separated into AE*¢

{(1y/{111
ing to the {111}/{111} edge) and AE???T}/“OO} (corresponding to the
{111}/{100} edge). This can be achieved using the calculated AE®dz°
and AE'"** values and E™"°F2, Here, E""°P2 denotes the potential
energy of the truncated octahedral FCC nanoparticle with different edge
lengths for {111}/{111} and {111}/{100} (a;yy1}/(111y @nd @111y /{100})>
as shown in Fig. A.1. Compared with the edge energy of nanoparticles
with identical length of the edges a;;;;;/(100), the excess edge energy for
{111}/{111} exists in the nanoparticle in Fig. A.1 due to the difference
between the lengths of {111}/{111} and {111}/{100} edges. Thus,

! (correspond-

edge edge . s .
AE(111)/(111} and AE(m)/(loo) can be derived as following:
1
AEedge —
(VA 12(“{111)/(111)—“(111}/(100})
x (EnanoPZ _ NnanoPZ Ebulk _ D4 AEVertex
d 11} 4nanoP2 100} 4nanoP2
— 6AE**ayyy) 00y — v AT — 1O ATR),
edge _ 1 edge _ edge
AE(111;/(100) Y (AE 12AE(111}/{111))' (a1

Here, N"P2 denotes the number of atoms in the nanoparticle; A'('Trl“f‘)’z

and A'('*l‘gg‘)’z denote the total areas of the {111} and {100} faces of
the nanoparticle, respectively; the numbers of the {111}/{111} edges,
{111}/{100} edges, and vertices of the nanoparticle are 12, 24 and 24,
respectively. The values of AE'®"'®* for N"°P = 586 nanoparticles were
used in the calculations. Although a larger nanoparticle may help to
reduce the size effect and examine the convergence of the edge energy,
we only calculated the edge energy for N™°F2 = 314 nanoparticle in
Fig. A.1 due to computational limitations; we emphasize here that an
atomic model with N"°P2 = 314 is very large for conventional DFT
calculations. The settings of DFT calculation, including the size of the
supercell, are same as those in Section 3. The results are listed in

Table A.1. The value of AE{e‘lifT) /100y 15 usually smaller than that of
A Eedge

iy We believe this is because the angle between {111} and
{100} faces is obtuse though that between {111} and {111} faces is
acute.
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Fig. A.1. The atomic model of the nanoparticle with different length of the edges
of {111}/{111} and {111}/{100} for the dissolution of edge energy (NP2 = 314).
Broken lines are the guides of the eyes for a certain {111} face. The atomic structures
are visualized using the OVITO software [23].

Appendix B. Calculation of the edge and vertex energies using
empirical and machine learning potentials

To investigate the size effect of edge and vertex energies and the
validity of preexisting empirical and machine learning potentials (MLP)
for the analysis of nanoparticles, we also implemented the calculation
of edge and vertex energies using such potentials. For the calculation
of edge energy, addition to N?° = 14 model in Fig. 2, we prepared
four 2D hexagonal prism atomic models with different size: N2P = 43,
149, 319 and 694 as in Fig. B.1. For the calculation of vertex energy,
addition to N?P = 201 and 586 models in Fig. 5, we prepared three
truncated octahedral FCC nanoparticles with identical edge lengths,
which have different size: N""P = 1289, 4033 and 9201 as in Fig. B.2.
Molecular statics simulation (structure relaxation) was implemented
using LAMMPS code [33]. For both Pd and Au nanoparticles, Shan
et al. embedded atom method (EAM) potential [34,35] and Seko’s
polynominal MLP [36] were used, respectively. The energy tolerance
for the convergence of the structure relaxation of LAMMPS code was
set to 1.0 x 10710,

First, we show the calculated bulk and surface energies for each
potentials in Table B.1. Here we do not explain the detail of the method
to calculate surface energy because it already becomes common [37].
Although the difference between the surface energies are small, the
EAM potential seems to reproduce the trend of the DFT calculation.
On the other hand, we confirmed MLP suffers from the reproduction of
the DFT result; the negative surface energies are calculated for Au as
in Table B.1. And even for Pd case, we confirmed the calculated edge
energies using MLP becomes negative and the hexagonal structures of
the 2D atomic models collapsed during the relaxation, e.g., AEI® =
—1.25 eV/A for N2P = 149 model. We think this is because the training
for the heterogeneous structures are not enough. In Tables B.2 and
B.3, the calculated edge and vertex energies using the EAM potentials
are shown. Although the values are positive, both edge and vertex
energies did not converge and tend to increase with respect to the size
of atomic models. As we discussed in Section 3, this is not consistent
with the experimental observation [2,24] and unrealistic. Note AE®%2¢ =
0.40 and 0.24 eV/A were used for Pd and Au representatively for the
calculation of the vertex energy because the edge energies did not
converge. Eventually, we concluded the accuracy of the EAM potential
and MLP are not enough to calculate edge and vertex energy.

Computational Materials Science 243 (2024) 113122

= 2D
z[110] <= 694

Fig. B.1. 2D atomic models with different size for the calculation of AE® using
empirical and machine learning potentials. The thickness of the unit cell along z
direction is two (110) atomic layers for all models. The atomic structures are visualized
using the OVITO software [23].

Table B.1

Calculated bulk energy and surface energy for orientations
{111} and {100} of the FCC structure of Pd and Au using EAM
potential [34,35] and MLP [36].

Pd Au

EAM

EMk (eV/atom) -2.76 —2.40
y @/m?) 0.60 0.33
1100 (1/m?) 0.67 0.36
MLP

Ebulk -3.75 -3.04
ytn 1.26 -0.88
ylool 1.72 -0.73

Table B.2

Calculated edge energy AE®‘z® with respect to the number of
the atom of 2D atomic models using EAM potentials. The unit

is eV/A.
NP Pd Au
14 0.404 0.231
43 0.400 0.241
149 0.402 0.244
319 0.417 0.250
694 0.446 0.262

Table B.3

Calculated vertex energy AE“*"*** with respect to the number of
the atom in nanoparticle using EAM potentials. The unit is eV
(per vertex).

NmanoP Pd Au

201 0.101 0.068
586 0.133 0.092
1289 0.152 0.100
4033 0.245 0.134
9201 0.307 0.187
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N"anoP = 1289
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NnanoP = 9201

Fig. B.2. Atomic models of the nanoparticles with different size for the calculation of AE¥"*** using empirical and machine learning potentials. Broken lines are the guides of the
eyes for a certain {111} face. The atomic structures are visualized using the OVITO software [23].
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